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遠⼼⼒加速というアイデア
〜とても期待されたアイデア〜

⾼速に回転する磁⽯ 周りのプラズマは
電磁誘導で共回転

遠⼼⼒で吹き⾶ぶ
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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パルサーによる粒⼦加速には⼆つの顔があるが
今⽇考えるのは電磁流体と⾒たときの遠⼼⼒加速という
基礎的な問題

https://chandra.harvard.edu/press/23_releases/crabx_864.jpg

• 電磁誘導でプラズマを振
り回してè遠⼼⼒加速

• 起電⼒を使ってè沿磁⼒
線電場E// 加速

回転駆動型パルサーは⾼速⾃転
する磁⽯で、電波からガンマま
で広域で光っている。

加速には⼆つの顔がある

プラズマ密度が低い場合
プラズマ密度が⾼い場合

今回はこちらの場合
全領域で電磁流体⼒学
が使える状態と仮定

ngj = Ω B /2 πce
Goldreich-Julian density

磁気圏放射(パルス成分) パルサー星雲(定常,変動)



遠⼼⼒加速問題
光度 L 〜 μ 2 Ω 4 / c 3

(振り回すという)
粒⼦加速が起こるか︖ σ問題
電磁場のエネルギー flux : EME
粒⼦のエネルギー flux : KE 

σ = EME / KE  

実際には分布があるσ(θ)

high sigma : Poynting energy dominant
low sigma: Kinetic energy dominant

μ 磁気モーメント
Ω 自転角速度
c 光速



Model
• 相対論的な電磁流体⼒学で記述
• 中⼼にダイポール磁場︓軸対象
• 定常問題



遠⼼⼒⾵を持つ磁気圏の⼤体の構造
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Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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The outflow must be along the open magnetic field lines, so breakup of the field lines

should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does
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4.17. A REVIEW ON RECONNECTION

It is sometimes said that the centrifugal acceleration is analogous to a bead thrown

away on the rotating rigid rod. In this analogy, the reality is that the rod is elastic and

that the bending is too large to accelerate a bead.

Let us see how the toroidal field Bϕ is made. According to the Améar’s law, The

toroidal field appears in the poloidal current loop. The poloidal current loop is such that

it starts from the neutron star, goes out along the equatorial region toward infinity, and

turns back to the star in higher latitudes. It is notable that the toroidal field disappears,

Bϕ → 0 on the outer rim of the current loop. Thus, a very vicinity of the Y-point is the

possible place where the nearly strict co-rotation and subsequent catastrophic increase of

inertia takes place.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oi

ng
)

Y-point 近傍
加速領域

B φ 〜 0 cu
rre

nt
 (o

ut
go

in
g)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide

a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the

MNRAS 000, 1–8 (2024)

Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 1,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the

MNRAS 000, 1–8 (2024)

2 S. Shibata

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.

ACKNOWLEDGEMENTS
The Acknowledgements section is not numbered. Here you can thank
helpful colleagues, acknowledge funding agencies, telescopes and
facilities used etc. Try to keep it short.

DATA AVAILABILITY
The inclusion of a Data Availability Statement is a requirement for
articles published in MNRAS. Data Availability Statements provide
a standardised format for readers to understand the availability of data
underlying the research results described in the article. The statement
may refer to original data generated in the course of the study or to
third-party data analysed in the article. The statement should describe
and provide means of access, where possible, by linking to the data or
providing the required accession numbers for the relevant databases
or DOIs.

APPENDIX A: SOME EXTRA MATERIAL
If you want to present additional material which would interrupt the
flow of the main paper, it can be placed in an Appendix which appears
after the list of references.

This paper has been typeset from a TEX/LATEX file prepared by the author.

MNRAS 000, 1–2 (2024)

Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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図 4.18.2: 軸対称パルサーモデル
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図 4.18.2: 軸対称パルサーモデル
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It

MNRAS 000, 1–8 (2024)

Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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poloidal current function

I=⼀定の線がpoloidal current の流線になる

Note:

cold 近似

(代数⽅程式)

(GS⽅程式)

poloidal 磁場形状因⼦仮定︓
BC:磁場の根本の plasma injection 密度、速度
è trans-fast solution が唯⼀決まる

も決まる。

を与えて

Alfven surface でなめらかに
なるように
が決められる。



•パルサー発⾒後、これらの⽅程式系は⾮常に熱⼼に研究された。
(e.g. Michel 1969; Goldreich and Julian 1970; Li and Melrose 1994; 
Begalman and Li 1994; Takahashi and Shibata 1998,… AGN jet のコン
テンツでも注⽬された)

•磁⼒線に沿った流れを解くとè遠⼼⼒加速は起こらない
(Poynting energy dominant wind になる)
γ ∞ =σ 0

1/3.     eg. if σ 0 = 10 6 , γ ∞=100. 

•ただし が減少する時、反⽐例して加速
èAGN jetに応⽤

field-aligned eq. + trans-field eq. を連⽴して解くのはハードルが⾼すぎて
誰もできていない。



8 S.S.Komissarov

Figure 3. Inner part of the solution at t = 55. Top left panel: The contours show the magnetic flux function, Ψ, and the colour image
shows Hφ; Top right panel: The contours show the magnetic flux function, Ψ, the arrows show the flow velocity, and the colour image
shows the magnitude of the poloidal electric current density multiplied by r2; Bottom left panel: The contours show the magnetic flux
function, the arrows show the flow velocity, and the colour image shows the log10(wW 2/B2); Bottom right panel: The contours show
the magnetic flux function, the arrows show the flow velocity, and the colour image shows B2.

the effects of reducing rs in Section 5.) The dependence of
b(1) on the azimuthal angle was introduce in order to reduce
the possible adverse effect on the current sheet should it be
formed inside the light cylinder. The actual value of b(0) is
to be found by the method of trial and error. Finally, we use
the following targets for the pressure and density

ps = a(2)ρsc
2, ρsc

2 = a(1)B
2, (38)

where a(1) = 0.01 and a(2) = 0.001.
In these simulations, the computational grid covered the

axisymmetric domain (r, θ) = [0.1, 50]× [0, π] and hence the
star radius was set to r∗ = 0.1. In order to speed up the
calculation we started with a relatively low resolution grid,
124 × 61, and then increased the resolution twice after the
solution seemed to have reached a steady-state on the scale
of several ϖlc. Hence the final grid had 496 × 244 cells.

磁⼒線と速度場、
流体のエネルギー/電磁場のエネルギーの図

Komisarov 2006
遠⼼⼒加速が起こる場所がある。
E>B の扱いが問題 (sRMHD
simulationで結果が出ない)

磁場が弱くなる Y-point , equatorial 
current sheet 近傍では遠⼼⼒加速が
起こるようだ。
この領域は数値計算上いろいろ問題
を起こす場所ではっきりしない。
加速の効率も決まらない。
è RMHDのアプローチは放置状態

open field line の流れでは遠⼼⼒加速は起
こらないのは正しい

数値的に解いて解決できるか︖
RMHD simulation から

では、Particle simulationでは (PIC simulation)



PICで磁気圏全体をsimulation ?
Wada, T. & Shibata, S. 2007, mnras, 376, 1460. doi:10.1111/j.1365-2966.2007.11440.x

その後、⾬後の筍のように盛んになった。

Wada and Shibata, 2007)
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the numerical experiments do not reconstruct concrete
observed pulsars. The achieved separation of scales and the
multiplicity of e± creation are still below those in real objects.
In addition, photon free paths were drawn from a simple
prescribed distribution. More detailed calculations of photon
−photon collisions will require expensive simulations of
radiative transfer (and vastly vary between different pulsars).

Our main results may be summarized as follows.
The energy release and e± creation are strongly concentrated

in the thin, Y-shaped current sheet, with a peak in a small
volume at the Y-point. This is a remarkable feature, especially
taking into account that the mean free path of gamma rays near
the light cylinder is comparable to RLC in our simulation. This
self-organized concentration of e± creation is achieved by the
system via developing an enormous rotation rate at the Y-point,
which results in nearly perfect beaming of gamma-ray emission
along the azimuthal direction. The plasma develops super-
rotation by absorbing the angular momentum flux flowing from
the star along the poloidal magnetic lines.
The simulation shows that the radius of the Y-point circle RY

is shifted inward from the light cylinder by about 15% and
“breathes” with a small amplitude around this average position.
This implies a mildly relativistic corotation speed at the
Y-point, vco≈ 0.85c. The actual ultrarelativistic rotation of the
plasma far exceeds corotation with the star. Therefore, we call
it superrotation.
We have studied in detail the Y-shaped current sheet. The

separatrix current at r< RY is mainly supported by the electron
backflow from the dense Y-point cloud (with smaller fractions
supplied by e± discharge in the separatrix itself and by ion
extraction from the star). The thickness of the separatrix current
sheet Δsh is self-regulated to marginal charge starvation and
therefore related to the plasma density at the Y-point. The
system achieves a small Δsh by sustaining a high density at RY
via the concentrated pair creation. The accumulated pair
density at the Y-point is limited by the confinement condition,
as plasma excess is intermittently ejected into the equatorial
outflow through the elastic magnetic nozzle at RY. It will be
interesting to investigate in future simulations whether a higher
multiplicity of e± creation near the star could significantly
change the processes at the light cylinder. Simulations by

Figure 13. Plasmoids formed by magnetic reconnection in the equatorial outflow. The snapshot was taken at t = 213.2 Rå/c, at the end of the simulation. Top:
electron density ne. Bottom: contours of the normalized magnetic flux function f fmax.

Figure 14. Vertical speed of the plasma flow toward the equatorial current
sheet. It approximately represents the reconnection speed, which is originally
defined as the drift speed ¢vD in the wind rest frame ¢K (where the horizontal
drift vanishes). Here, the hydrodynamic speed of electrons was used as a proxy
of the plasma flow. It was measured at z = ±0.15Rå, as a function of x. The
values are averaged over the last revolution, 176 < ct/Rå < 213.
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damping is applied where m> B R0.1 3. Effectively, in this
region, particles are constrained to move along the rotating
magnetic field line, like beads on a wire. This prevents artificial
magnetic bottles and allows the particles to sink along the field
lines toward the star.

We have also implemented e± annihilation, which helps
control the number of simulated particles. The minimum
particle flux in the equatorial current sheet is I0/e, which would
correspond to the positron outflow = ´ N c R2.26 100

6 in
our simulation. The actual outflow is greater by the multiplicity
factor   1. We use annihilation at large distances
r> 3RLC, where the spatial cells Δr∝ r become overpopulated
by the dense e± outflow.

3. Structure of the Magnetosphere

The magnetosphere does not find a true steady state and
continues to “breathe,” ejecting chunks of plasma (“plas-
moids”) along the equatorial plane. However, many of its
important features can be studied using time-averaged
quantities. The time averaging smears out the plasmoids
moving in the equatorial current sheet (which will be discussed
separately in Section 5). However, it still gives a sufficiently
crispy image of the magnetosphere and provides a clear picture
of dissipation, gamma-ray emission, and e± creation. In this
section, we present the magnetospheric structure averaged over
two rotation periods during the quasi-steady state observed
toward the end of the simulation, between t= 136Rå/c and
213Rå/c.

Figure 1 shows the time-averaged electric current (poloidal
component Jpol), charge density ρ, and toroidal magnetic field
Bf. One can see the three basic components predicted by the
FFE model: the closed zone with Jpol= 0 and Bf= 0, the
negative current from the polar caps (which sustains Bf≠ 0 in
the open field line bundle), and the Y-shaped current sheet with
Jr> 0 (the return current). The Y-point is located at radius
RY< RLC.

The observed configuration also displays the charge
density ρ predicted by the FFE model. In particular, the
separatrix bounding the closed zone is negatively charged

(Lyubarsky 1990), and the equatorial current sheet outside
the Y-point is positively charged. In addition, the kinetic
simulation shows that the charged layer along the separatrix
at r< RY is actually a double layer, resembling a charged
capacitor, with a positive surface charge residing just inward
of the negatively charged current sheet.
Figure 2 shows the densities and electric currents carried by

the three particle species: electrons, positrons, and ions. We
observe that the polar-cap current is charge separated, i.e., it is
carried by one species—the electrons extracted from the star.
There is practically no e± creation in the polar region. The
electrons flow out along the magnetic field lines with modest
energies and carry a negligible fraction of the pulsar spin-down
power. The charge density of the polar outflow is close to the
corotation density ρco≈−Ω ·B/2πc.
Note that ρco changes sign along the “null surface” where

Ω ·B= 0.6 At this surface, the charge-separated outflow was
expected to form an “outer gap” (Cheng et al. 1986). We find in
our simulation that this region is marginally capable of
accelerating electrons and positrons to Lorentz factors∼ γthr.
Furthermore, the current flowing through this region is small,
and therefore the null line does not cause strong dissipation or
gamma-ray emission. A further increase in resolution and
voltage (a higher γ0/γthr) would activate the discharge around
the null surface, somewhat helping the “return” (positive)
current to flow through the region (Bransgrove et al. 2022).
The positive return current flowing through the magneto-

sphere of the aligned rotator is dominated by the thin, Y-shaped
current sheet. Hence, to the first approximation, the sheet
carries the current

» ( )I I , 15sh 0

where I0 is given in Equation (3). At r< RY, this current sheet
has α< 0 (Equation (6)), which prohibits sustaining Ish by a
charge-separated ion flow extracted from the star. Instead, the
system employs copious e± creation to sustain Ish. We have

Figure 1. Time-averaged poloidal current density Jpol, total charge density ρ, and toroidal magnetic field Bf. Green curves show the poloidal magnetic field lines
(poloidal cross sections of the axisymmetric magnetic flux surfaces), uniformly spaced in the magnetic flux function. The white dashed vertical line indicates the light
cylinder. The plots have a resolution of 42 times coarser than the native resolution in the simulation.

6 In the dipolar approximation,W qµ - =· ( )B 3 cos 1 02 is satisfied on the
cone θnull ≈ 55°. The actual magnetic field configuration changes from dipolar
at r ∼ RLC, and the null surface is bent.
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PICsimulationは author ごとに条件が異なるためいろいろな現象が起
きて、はっきりしたことが何かわかったという状況ではない。Y-
point 近傍で、プラズモイドの放出が広くみられたがなぜプラズモ
イドが出るか説明できない。

PIC simulation の例

ejection of plasmoids

r> RY. Thus, color visualizes the breathing history of the
Y-point, as well as reconnection at r> RY.

Practically all large plasmoids observed in the simulation
were initially formed at the Y-point and later grew through
spontaneous reconnection at r> RY, accreting more magnetic
flux as they flowed outward. The Y-point ejection approxi-
mately spans light green to light orange, 0.245

f f 0.255max , i.e., the Y-point breaths through ∼1% of the
total magnetic flux of the star fmax or ∼5% of the open
magnetic flux »f f0.2open max. Note also that in the vicinity of

the Y-point the equatorial current sheet occupies a
tiny d ~ -f f10 3

max.
One can also see from Figure 13 that the total magnetic flux

entering the dissipative equatorial current sheet spans the range
 f f0.235 0.255max . Thus, the total flux δf≈ 0.1fopen

penetrates the equatorial current sheet. This sets the total
energy budget for the equatorial dissipation. The energy is
delivered from the star to the dissipation region along the flux
surfaces, and overall ∼6% of the spin-down power Lsd
becomes dissipated. The Poynting flux along flux surfaces
0.245 f 0.255 mainly goes to the Y-point dissipation, and
the Poynting flux along flux surfaces 0.235 f 0.245 is
released through reconnection in the outer equatorial current
sheet. Part of the released energy is carried by the outflowing
plasma and part by the escaping gamma rays.

6. Conclusions

This paper has presented a global relativistic kinetic
simulation of an axisymmetric pulsar magnetosphere with
self-consistent e± pair production. Our PIC simulation used
log-spherical coordinates with a grid size of 4096× 4096
covering the radial domain r< 30Rå, several times larger than
the pulsar light cylinder chosen in the model, RLC= 6Rå. The
simulation has advanced features including a thin, dense
atmospheric layer sustained on the star’s surface, which
provides a sufficient reservoir of particles at the magneto-
spheric footprints. Importantly, the simulation did not impose
any plasma injection into the magnetosphere. Pairs were
created only in response to particle acceleration, through a two-
step process—emission of gamma rays followed by their
conversion to e±, as occurs in real pulsars. The high resolution
allowed us to push the maximum accelerating voltage to a high
value, which corresponds to the electron Lorentz factor
γ0= 104, and to achieve a good separation of important energy
scales γ0: γthr: εph= 104: 102: 10.
Such first-principles numerical experiments aim to uncover

physical mechanisms operating in pulsars, in particular how the
plasma magnetosphere self-organizes through pair creation and
dissipates electromagnetic energy. As a disclaimer, we note that

Figure 11. Time-averaged number density of gamma rays nγ (left), gamma-ray emission rate per unit volume nem (middle), and e± creation rate n per unit volume
(right).

Figure 12. Average f velocity of an emitted photon.
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FIG. 1.ÈNumerical checks of our integration routine. In (a) we run a simulation with 80 ] 80 points with AA@ \ 0 inside the light cylinder. We plot the
Ñux surfaces ( \ 0.15, 0.4, 1.0, 1.4, 1.59 (heavy line), and respectively (we remind the reader that ( \ 0 along the axis). The solution compares well1.7(pc,with Michel (1991), Fig. 4.9. In (b) we run a simulation with 30 ] 30 points inside the light cylinder and another 30 ] 30 points outside for a rotating (split)
monopole at the origin. The Ñux and current distributions, and , respectively, are obtained with high(

m
\ (open (1 [ cos h) A

m
\ [RLC~1 ((2 [ (/(open)precision. We plot the Ñux surfaces ( \ 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 (heavy line). In (c) we run a comparison with Michel (1991),times(openFig. 4.12, to show that, although the monopole current distribution comes close to a smooth solution, it is not the Ðnal answer (a numerical problem in that

solution is discussed in the text). In that simulation, we used the values of ((x \ 1~, z) obtained from the interior solution as boundary values ((x \ 1`, z) in
the exterior solution. Here, and We plot the Ñux surfaces ( \ 0.05, 0.2, 0.5, 0.9, 1.0, 1.1, and 1.5 timesA \ [((2 [ (/(open), (open \ 1.742(pc . (open.

pole (Michel 1973a), and the solution in Michel (1982). As
we said, we generate the distributions ( \ ((x, z) that
solve equation (5) inside and outside the light cylinder, and
then correct the electric current distribution to one that will
(hopefully) lower the di†erences ((x \ 1`, z) [ ((x \ 1~,
z) along the light cylinder. The reader can get an idea of the
discontinuities that the electric current distribution correc-
tion iteration goes through in Figure 2. The solution is
extremely sensitive to the electric current distribution, and
small deviations from the correct current distribution reÑect
to large kinks/discontinuities at the light cylinder. In view of
this sensitivity of the solution to the current distribution, it
becomes apparent that a simple guess of its form is likely to
result in discontinuities in the solutions.

4. THE SOLUTION

The procedure described in the previous section is repeat-
ed 50 times, at which point we obtain a magnetospheric
structure that is sufficiently smooth and continuous around
the light cylinder (Fig. 3). The last open Ðeld line (thick line)
corresponds to

(open \ 1.36(pc , (13)

where corresponds to the last Ðeld line which(pc 4 m/RLC

closes inside the distance to the light cylinder in the non-
relativistic dipole solution. As expected from our intuition
based on the current-free distorted dipole solution, (open [

and contrary to our naive intuition, the present mag-(pc,netically dominated system does not reach a closed Ðeld line
structure outside the light cylinder but rather opts (as we
will see) for a quasi-radial structure. A nice physical way to
see this e†ect is that the equivalent ““ weight ÏÏ associated
with the electromagnetic Ðeld energy pulls the lines open
because of the magnetospheric rotation (Bogovalov 1997).

The main electric current (which, for an aligned rotator,
Ñows into the star) is equal to

I \ 0.6IGJ , (14)

where is the electric current one obtains byIGJ 4 )2m/c
assuming that electrons (positrons in a counteraligned
rotator) with GJ number density stream outward at the
speed of light from the nonrelativistic dipole polar cap. This
electric current is distributed along the inner open Ðeld lines

as seen in Figure 4. The electric current0 \ ( \ 1.08(pc,distribution is close to the one which corresponds to a
rotating monopole with the same amount of open Ðeld lines
(dashed line), but varies slightly, in particular in that a small
amount of return current Ñows in the(Ireturn \ 0.03IGJ)

FIG. 2.ÈEvolution of the simulation for a rotating dipole at the origin, as the correct current distribution is approached in our iteration scheme (Ðrst,
second, third, and Ðfth iterations in [a], [b], and [c], respectively). Lines plotted as in Fig. 3.
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FIG. 3.ÈFinal numerical solution for the structure of the axisymmetric
force-free magnetosphere of an aligned rotating magnetic dipole. We used
a grid of 30 ] 30 points inside and another 30 ] 30 points outside the light
cylinder. Thin lines represent Ñux surfaces in intervals of with0.1(pc ,( \ 0 along the axis. A small amount of return current Ñows between the
dashed Ðeld line and the thick line at which( \ 1.08(pc (open \ 1.36(pc ,determines the boundary between closed and open Ðeld lines, and where
the bulk of the return current Ñows. The null line, along which iso

e
\ 0,

shown dotted. The solution asymptotically approaches the dash-dotted
lines obtained through the integration of eq. (15).

outer (the bulk of the return1.08(pc \ ( \ 1.36(pccurrent obviously Ñows along the boundary between open
and closed lines, and along the equator, i.e., the thick line in
Fig. 3). This is very interesting in view of the fact that the
equivalent monopole current distribution comes close to
generating a continuous solution, although the physical
behavior of the inside and outside solutions di†er near the
light cylinder (Fig. 1c ; see Michel 1982). We would like to
emphasize that several trials of this procedure with di†erent
initial current distributions have all converged to the same
Ðnal distribution shown in Figure 4. This suggests that

there may in fact exist a unique poloidal electric current
distribution consistent with the assumptions of our treatment.

We would like to give particular emphasis to a subtle
point in our numerical treatment of the interface between
the open and closed Ðeld lines within the light cylinder. The
numerical relaxation procedure determines AA@((), and
A(() is obtained by integrating AA@ from ( \ 0 to (open.
This implies that there is no a priori guarantee that A((open)is equal to zero, and in fact it is not. The reader can con-
vince himself/herself that, because of north-south symmetry,
this implies that a return current sheet equal to [ A((open)Ñows along the equator and along the interface between
open and closed Ðeld lines. Since no poloidal electric
current can Ñow inside the closed domain, there is an
unavoidable discontinuity in across the interface, andBÕthis can only be balanced by a similar discontinuity in B

p
!

This e†ect is numerically entirely missed if one naively con-
siders the expression for AA@ as given in Figure 4, where
AA@ ] 0 for since one will then be missing the( ] (open,
delta function (not shown in Fig. 4) that corresponds to the
step discontinuity in A (e.g., Michel 1982). A Ðnite-
resolution numerical grid will not discern an inÐnite jump
in A((), and therefore we treat this problem by artiÐcially
transforming the step discontinuity into a smooth
(Gaussian) transition in A over an interval We0.1(open.
note that a similar problem does not arise in the split mono-
pole case, since the current sheet there extends all the way to
the origin, and can be simply treated as an equatorial
boundary.

The null line, i.e., the line with zero GJ space charge, is
shown dotted. The crossings of the null line by open Ðeld
lines have often been suspected to be the regions where
pulsar emission originates (Cheng et al. 1986 ; Romani
1996). We plan to investigate the detailed microphysics of
the gaps that will appear around these regions in a forth-
coming publication (see also ° 6). According to equation (6),
at large distances, the null line asymptotically approaches
the Ðeld line along which AA@ \ 0. Well within( \ 1.08(pcthe light cylinder, the null line is simply given by the locus
of points where the condition X Æ B \ 0 (or equivalently

is satisÐed.B
z
\ 0)
Knowing the poloidal electric current distribution along

the open magnetic Ðeld lines, we can also derive the asymp-
totic structure of our solution at distances x ? 1. One can

FIG. 4.ÈElectric current distribution A \ A(() (solid line) along the open Ðeld lines that allows for the solution presented in Fig. 3. Compare this with the
equivalent monopole (i.e., a monopole with the same amount of open Ðeld lines) electric current distribution (dashed line).A

m
[ \ [RLC~1 ((2 [ (/(open)Although our numerical iteration scheme seems to be relaxing only to this unique distribution, we have no theoretical arguments that this distribution is

indeed unique.
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4.17. A REVIEW ON RECONNECTION

1946 K. N. Gourgouliatos and D. Lynden-Bell

Figure 2. Magnetic field structure for the isolated force-free magnetosphere P0 and runs A1 and A2 (top row from left to right) and runs A3, A4, and A6
(bottom left to right). Black lines correspond to surfaces of constant !, the colour scale is AA

′
. The thick red line is the last open field line, and the dashed

blue line is the light cylinder. The dotted red line is the boundary between regions IIa and IIb. Notice the absence of regions IIb and III in the isolated pulsar
solution (P0) and the absence of region IIa in the A6 solution, where no field lines starting from the pulsar cross the light cylinder.

cross the light cylinder. The flux function satisfies !(1, z → ∞) <

! IIa(R, z) < !(1, 0). Region IIb contains open magnetic field lines
that are connected to the pulsar, corotate, have a toroidal magnetic
field but do not cross the light cylinder. The flux function satisfies
! IIb(R, z) < !(1, z → ∞). Finally, region III contains magnetic
field lines not connected to the pulsar, without any toroidal field that
are not corotating. The field there is potential and the magnetic flux
function satisfies ! III(R, z) > !(1, 0) and R > 1. One can see that
the magnetic flux in regions I and III may have the same value but
they distinguished by the fact that the former lies within the light
cylinder and the latter outside.

The magnetic field satisfies the following equations in each
region:

(1 − R2)

(
∂2!

∂R2
− 1

R

∂!

∂R
+ ∂2!

∂z2

)
− 2R

∂!

∂R
= 0 (I), (24)

(1−R2)

(
∂2!

∂R2
− 1

R

∂!

∂R
+ ∂2!

∂z2

)
−2R

∂!

∂R
= −AA′ (IIa, IIb),

(25)

∂2!

∂R2
− 1

R

∂!

∂R
+ ∂2!

∂z2
= 0 (III). (26)

Next we consider the boundary conditions. Near the origin R2 + z2

→ 0 the magnetic field is a dipole. Thus, we set on the surface of the
star (r2

NS = R2 + z2) the flux function to be ! = R2/(R2 + z2)3/2. On
the z-axis it holds that BR(0, z) = 0, which in terms of ! becomes
!(0, z) = 0. Here, we have used the fact that ! is determined up

to an additive constant, which is set equal to zero. On the equator
and while inside the light cylinder it is BR(R < 1, 0) = 0, therefore,
∂!/∂z|R<1, z=0 = 0; outside the light cylinder and in the region of
the equatorial current sheet it is Bz(1 < R < l0, 0) = 0, thus !(1
< R < l0, 0) = !(1, 0) = !0 that corresponds to the last open
field line. Beyond the separatrix, the field on the equator is BR(R >

l0, 0) = 0, thus ∂!/∂z|R>1, z=0 = 0. At large distances the external
field is expected to dominate. In particular at large axial distance
(R → ∞) it is Bz = B0 and BR = 0. The situation is somewhat
more complicated for the field lines of regions IIa and IIb at z →
∞. Setting Bz = B0 does not correspond to a solution unless a
special choice of A = A(!) is made. To allow for a more general
solution, we demand that BR(R, z → ∞) = 0. Since, in practice we
are simulating a finite rectangular box in R ∈ [0, Rmax] and z ∈ [0,
zmax], thus the actual conditions employed at the boundaries of the
computational box are !(Rmax, z) = !max and ∂!/∂z|R,zmax = 0,
where !max = B0R

2
max/2.

In the isolated pulsar magnetosphere solution, the form of A =
A(!) is determined by the demand that the magnetic field lines
cross smoothly the light cylinder. This is used for the field lines of
region IIa, however, the magnetic field lines of region IIb do not
cross the light cylinder, thus we cannot make use of equation (23)
to determine A. In principle, one can make a choice of A(!) and
then find the corresponding solution. In our approach we make
the choice that the poloidal magnetic field in this region is equal
to the externally imposed magnetic field B0. For this to hold, the
flux function needs to be !(R < 1, z → ∞) = B0R2/2. Substituting
this expression into equation (25) we obtain AA′

IIb = 2B0R
2 = 4!.

This choice for AA
′

is then used to solve the pulsar equation in
region IIb.
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Figure 2. Calculation domain and imposed boundary conditions. See text
for explanation.

domains with known positions of the boundaries. We wish to em-
phasize here that the choice of the topology of the magnetosphere is
an additional assumption in the frame of the stationary problem. In
the following we investigate in detail the force-free magnetosphere
of an aligned rotator assuming topology with a Y-like neutral point.

3 N U M E R I C A L M O D E L

We solve equation (38) in a rectangular domain, see Fig. 2. The
boundary conditions are as follows. On the rotation axis (z-axis)

ψ(0, z) = 0, zNS < z ! zmax . (41)

At the equatorial plane, in the closed field line zone

∂zψ(x, 0) = 0, xNS < x < x0 , (42)

following from the symmetry of the system. In the open field line
domain

ψ(x, 0) = ψ(x0, 0), x0 < x ! xmax , (43)

i.e. the separatrix lies in the equatorial plane. Close to the NS the
magnetic field is assumed to be dipolar, so for x = x NS, 0 ! zNS

and 0 ! x ! x NS, z = zNS

ψ(x, z) = ψdip(x, z) ≡ x2

(x2 + z2)3/2
. (44)

Magnetic surfaces should become radial at large distances from the
NS, see Ingraham (1973). On the other hand, in the calculations of
Contopoulos et al. (1999), where the pulsar equation was solved in
the unbounded domain, with boundary conditions at infinity imply-
ing the finiteness of the total magnetic flux, the magnetic surfaces
became nearly radial already at several sizes of the LC. Rather dif-
ferent outer boundary conditions, with a finite magnetic flux inside
the LC at infinity, have been used by Sulkanen & Lovelace (1990).
However, the time-dependent simulations of Komissarov (2006),
Spitkovsky (2005) and McKinney (2006) provide strong evidence
for the correctness of the outer boundary conditions when magnetic
surfaces at large distances from the NS are radial. Thus, at the outer
boundaries of the calculation domain for 0 < x ! x max, z = zmax

and x = x max, 0 < z ! zmax

x ∂xψ + z ∂zψ = 0. (45)

At the LC two conditions should be satisfied: (i) the solution
should be continuous,

ψ(x → 1−, z) = ψ(x → 1+, z) , (46)

and (ii) the condition (39). These conditions together provide a
smooth transition through the LC. Following Goodwin et al. (2004)
we expand the function ψ at the LC in the Taylor series over x,
imposing the continuity condition (46). By substituting the result-
ing expansion into the pulsar equation (38) and retaining the terms
up to the second order we get the following approximation to the
pulsar equation at the LC:

4∂xxψ(1, z) + 2∂zzψ(1, z) = ∂x [SS′(1, z)] . (47)

This equation is nothing more than a reformulation of the smooth-
ness conditions (46) and (39), valid for the first- and second-order
terms in the Taylor series expansion of ψ . As the numerical scheme
we have used is of the second order, this approximation, as well as its
discretization, has the same accuracy as the discretized equation in
the rest of the numerical domain. In the course of the relaxation
procedure we are trying to satisfy the conditions (46) and (39),
i.e. we solve equation (47) at the LC instead of the original equa-
tion (38), which is singular there. Equation (39) is used for the de-
termination of the poloidal current term SS′(ψ) along the open field
lines.

In the closed field lines zone, ψ > ψ last ≡ ψ(x 0, 0), there is no
poloidal current, so SS′ ≡ 0. The return current needed to keep the
system charge neutral flows along the separatrix. In the open field
line domain for x > x0, the presence of an infinite thin current sheet
is already incorporated into the solution procedure by setting the
boundary condition (43). However, when the separatrix goes above
the equatorial plane we have to model the current sheet. We assume
that the return current is flowing along the field lines corresponding
to the magnetic surfaces [ψ last, ψ last + dψ]. The total return current
flowing in this region is calculated by integrating the term SS′:

Sreturn =

√

2

∫ ψlast

0

SS′ dψ . (48)

We model the poloidal current density distribution over ψ in the
current sheet ψ last ! ψ ! ψ last + dψ by an even-order polynomial
function going to zero at the boundaries of the current sheet

S′(ψ) = A

{[
ψ −

(
ψlast + dψ

2

)]2k

−
(

dψ

2

)2k
}

, (49)

where the constant A is determined from the requirement∫ ψlast+dψ

0
S(ψ) dψ = 0 and k is an integer constant. The pulsar

equation is then solved in the whole domain including the current
sheet. The current sheet cannot be considered as a force-free domain,
but in doing so we correctly calculate the influence of the current
sheet on to the global magnetospheric structure, even though the ob-
tained values of the physical parameters inside the current sheet are
fake.

We developed a multigrid numerical scheme for the solution of
equations (38) and (47). These equations have been discretized
using the five-point Gauss–Seidel rule. The coarsest numerical
grid was constructed in such a way that the LC is at the cell
boundaries. Each subgrid was obtained by halving the previ-
ous grid. Cell sizes in the region x < 1, z < 1 are smaller
in order to accurately calculate the current along the separatrix.
We use the Full Approximation Scheme with V-type cycles (see
Trottenberg et al. 2001). The Gauss–Seidel scheme was used as
both a smoother and a solver at the coarsest level. At each itera-
tion step, both in the solver and the smoother, the new value of
the poloidal current term SS′(1, z) was calculated from the relation
(39) at each point of the LC. Then a piece-polynomial interpola-
tion of SS′ in the interval (0, ψ last) was constructed and the return

C⃝ 2006 The Author. Journal compilation C⃝ 2006 RAS, MNRAS 368, 1055–1072

外に電流がある
内側に電流がある

last open field line Φopenと current sheet の位置が問題。
force-free solution を求めるときに poloidal current の分布 I(Ψ)の自由度を使って l.c.で解が regular になるようにした。つまり、poloidal current 分布が決まってしまう。結果的に open field flux ないで電流が全て閉じない結果になってしまった。そして、一部の電流を薄い current sheet に押し込むことになった。
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Ñux surfaces ( \ 0.15, 0.4, 1.0, 1.4, 1.59 (heavy line), and respectively (we remind the reader that ( \ 0 along the axis). The solution compares well1.7(pc,with Michel (1991), Fig. 4.9. In (b) we run a simulation with 30 ] 30 points inside the light cylinder and another 30 ] 30 points outside for a rotating (split)
monopole at the origin. The Ñux and current distributions, and , respectively, are obtained with high(
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pole (Michel 1973a), and the solution in Michel (1982). As
we said, we generate the distributions ( \ ((x, z) that
solve equation (5) inside and outside the light cylinder, and
then correct the electric current distribution to one that will
(hopefully) lower the di†erences ((x \ 1`, z) [ ((x \ 1~,
z) along the light cylinder. The reader can get an idea of the
discontinuities that the electric current distribution correc-
tion iteration goes through in Figure 2. The solution is
extremely sensitive to the electric current distribution, and
small deviations from the correct current distribution reÑect
to large kinks/discontinuities at the light cylinder. In view of
this sensitivity of the solution to the current distribution, it
becomes apparent that a simple guess of its form is likely to
result in discontinuities in the solutions.

4. THE SOLUTION

The procedure described in the previous section is repeat-
ed 50 times, at which point we obtain a magnetospheric
structure that is sufficiently smooth and continuous around
the light cylinder (Fig. 3). The last open Ðeld line (thick line)
corresponds to

(open \ 1.36(pc , (13)

where corresponds to the last Ðeld line which(pc 4 m/RLC

closes inside the distance to the light cylinder in the non-
relativistic dipole solution. As expected from our intuition
based on the current-free distorted dipole solution, (open [

and contrary to our naive intuition, the present mag-(pc,netically dominated system does not reach a closed Ðeld line
structure outside the light cylinder but rather opts (as we
will see) for a quasi-radial structure. A nice physical way to
see this e†ect is that the equivalent ““ weight ÏÏ associated
with the electromagnetic Ðeld energy pulls the lines open
because of the magnetospheric rotation (Bogovalov 1997).

The main electric current (which, for an aligned rotator,
Ñows into the star) is equal to

I \ 0.6IGJ , (14)

where is the electric current one obtains byIGJ 4 )2m/c
assuming that electrons (positrons in a counteraligned
rotator) with GJ number density stream outward at the
speed of light from the nonrelativistic dipole polar cap. This
electric current is distributed along the inner open Ðeld lines

as seen in Figure 4. The electric current0 \ ( \ 1.08(pc,distribution is close to the one which corresponds to a
rotating monopole with the same amount of open Ðeld lines
(dashed line), but varies slightly, in particular in that a small
amount of return current Ñows in the(Ireturn \ 0.03IGJ)

FIG. 2.ÈEvolution of the simulation for a rotating dipole at the origin, as the correct current distribution is approached in our iteration scheme (Ðrst,
second, third, and Ðfth iterations in [a], [b], and [c], respectively). Lines plotted as in Fig. 3.
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FIG. 3.ÈFinal numerical solution for the structure of the axisymmetric
force-free magnetosphere of an aligned rotating magnetic dipole. We used
a grid of 30 ] 30 points inside and another 30 ] 30 points outside the light
cylinder. Thin lines represent Ñux surfaces in intervals of with0.1(pc ,( \ 0 along the axis. A small amount of return current Ñows between the
dashed Ðeld line and the thick line at which( \ 1.08(pc (open \ 1.36(pc ,determines the boundary between closed and open Ðeld lines, and where
the bulk of the return current Ñows. The null line, along which iso

e
\ 0,

shown dotted. The solution asymptotically approaches the dash-dotted
lines obtained through the integration of eq. (15).

outer (the bulk of the return1.08(pc \ ( \ 1.36(pccurrent obviously Ñows along the boundary between open
and closed lines, and along the equator, i.e., the thick line in
Fig. 3). This is very interesting in view of the fact that the
equivalent monopole current distribution comes close to
generating a continuous solution, although the physical
behavior of the inside and outside solutions di†er near the
light cylinder (Fig. 1c ; see Michel 1982). We would like to
emphasize that several trials of this procedure with di†erent
initial current distributions have all converged to the same
Ðnal distribution shown in Figure 4. This suggests that

there may in fact exist a unique poloidal electric current
distribution consistent with the assumptions of our treatment.

We would like to give particular emphasis to a subtle
point in our numerical treatment of the interface between
the open and closed Ðeld lines within the light cylinder. The
numerical relaxation procedure determines AA@((), and
A(() is obtained by integrating AA@ from ( \ 0 to (open.
This implies that there is no a priori guarantee that A((open)is equal to zero, and in fact it is not. The reader can con-
vince himself/herself that, because of north-south symmetry,
this implies that a return current sheet equal to [ A((open)Ñows along the equator and along the interface between
open and closed Ðeld lines. Since no poloidal electric
current can Ñow inside the closed domain, there is an
unavoidable discontinuity in across the interface, andBÕthis can only be balanced by a similar discontinuity in B

p
!

This e†ect is numerically entirely missed if one naively con-
siders the expression for AA@ as given in Figure 4, where
AA@ ] 0 for since one will then be missing the( ] (open,
delta function (not shown in Fig. 4) that corresponds to the
step discontinuity in A (e.g., Michel 1982). A Ðnite-
resolution numerical grid will not discern an inÐnite jump
in A((), and therefore we treat this problem by artiÐcially
transforming the step discontinuity into a smooth
(Gaussian) transition in A over an interval We0.1(open.
note that a similar problem does not arise in the split mono-
pole case, since the current sheet there extends all the way to
the origin, and can be simply treated as an equatorial
boundary.

The null line, i.e., the line with zero GJ space charge, is
shown dotted. The crossings of the null line by open Ðeld
lines have often been suspected to be the regions where
pulsar emission originates (Cheng et al. 1986 ; Romani
1996). We plan to investigate the detailed microphysics of
the gaps that will appear around these regions in a forth-
coming publication (see also ° 6). According to equation (6),
at large distances, the null line asymptotically approaches
the Ðeld line along which AA@ \ 0. Well within( \ 1.08(pcthe light cylinder, the null line is simply given by the locus
of points where the condition X Æ B \ 0 (or equivalently

is satisÐed.B
z
\ 0)
Knowing the poloidal electric current distribution along

the open magnetic Ðeld lines, we can also derive the asymp-
totic structure of our solution at distances x ? 1. One can

FIG. 4.ÈElectric current distribution A \ A(() (solid line) along the open Ðeld lines that allows for the solution presented in Fig. 3. Compare this with the
equivalent monopole (i.e., a monopole with the same amount of open Ðeld lines) electric current distribution (dashed line).A

m
[ \ [RLC~1 ((2 [ (/(open)Although our numerical iteration scheme seems to be relaxing only to this unique distribution, we have no theoretical arguments that this distribution is

indeed unique.
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その薄い部分は閉じた磁場領域の中になるように取り扱った。厚みを δΨとすると
Ψopen < Ψ < Ψopen + δΨ (4.17.89)

の間に poloidal current を閉じ込めている。数値計算上、この範囲は force-free の pulsar

equation は成り立っていないという取り扱いになる。例はTimokhin (2006)。
Gourgouliatos & Lynden-Bell(2019) やNtotsikas et al.(2023)では、

Ψopen − δΨ < Ψ < Ψopen (4.17.90)

に薄い current sheetを入れている。われわれは高精度の数値解を求めた。(800 × 800) current sheet は Ψopenを中心に (有限幅 0.005Ψopne だけど)δ-function的に入れている。確かにT-pointになった。
312 global

Contopoulos, I., Kazanas, D., ¥& 
Fendt, C.¥ 1999, ¥apj, 511, 351

trans-field equation + 慣性無視 = pulsar equation (force free model)
とても流⾏った

を調整して Alfven surface でregular な解を得た、
電流が不釣り合いで定常にならない。無限に薄
い電流シートが必要(non-force free regionが必要)

慣性無視なのに開いた磁⼒線ができる理由はない。
⼿で⼊れた。x Y はフリーパラメータ
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Figure 5. Poloidal magnetic field strength in the equatorial plane as a func-
tion of R/RLC for the high-resolution solutions shown in figure 4. Bz is nor-
malized to B⇤r3

⇤/R3
LC. The divergence of Bz near the Y-point is much more

pronounced than in all previous solutions in the literature.

be locally favorable to form and eject plasmoids from the Y-point as
seen in the Hu & Beloborodov (2022) numerical simulations. Plas-
moid formation at the Y-point for various positions of the Y-point
needs further investigation.

4 CONCLUSIONS

In this short letter we corrected some common misconseptions
about the shape and the position of the magnetospheric Y-point.
We showed that the pulsar magnetosphere manifests a subtle global
electromagnetic energy minimum when its closed-line region ends
at about 90% of the light cylinder distance. This explains a result
seen in all global PIC numerical simulations of the past decade. This
subtle modification of the pulsar magnetosphere does not a↵ect sig-
nificantly its main properties, namely its electromagnetic energy loss
and the resulting pulsar spin down rate. It also does not explain the
divergence of the pulsar braking index n from its canonical dipolar
field value (according to eq. 1, for a fixed value of xY, the electro-
magnetic energy loss rate remains proportional to ⌦4, hence n = 3).
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation. We
solved the field-aligned equations of motion for flows inside the current layer, which is a thin sheet in the force-free model. We
find that flows coming into the vicinity of a Y-point become super-fast. The centrifugal acceleration takes place efficiently, and
most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough centrifugal
drift current to open the magnetic field. Opening of the magnetic field becomes possible by injection of the plasmas that are
accelerated in the azumuthal direction with a large Lorentz factor at the Y-point. Magnetic reconnetion with plasmoid emission
plays an important role there. We also find a solution that explains how the corotating plasma injected with a large Lorentz
factor is created. This process requires an increase of the poloidal field strength just inside the Y-point, which is expected in the
force-free solution.
Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in as-
trophysics. In an early stage of investigation, the idea of the
relativistic centrifugal wind is intensively studied (Michel 1969;
Goldreich & Julian 1970; Li & Melrose 1994). Since the centrifu-
gal acceleration is based on the corotation motion of the mag-
netospheric plasmas, plasama density is assumed to be high,
and the ideal-MHD condition holds everywhere. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how much electron-positron paris
are created. Then particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are ap-
plied to underdtand the global strucuture of the
pulsar magnetosphere (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). They are able to treat both the field-aligned paritcle acceler-
ation and the centrifugal accelation. However, the problem of the
centrifugal acceleration still remains unresolved. In this paper, we
revisit this problem, and compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment at the center parallel to the angular velocity.
The plasma density is much higher than the Goldrech-Julian densiy
everywhere, so that the ideal-MHD approximation holds. We do not
ask pair creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,
𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)
where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia would be so large that the centrifugal drift
current would open the magnetic field lines. The plasma acceler-
ated in azimuthal direction with a large Lorentz factor would finally
be thrown away along the open field lines. This is the idea of the
centrifugal acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

© 2024 The Authors

Y-point と薄い電流層の中では、toroidal 磁場が
⼩さくなっていて

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

ローレンツ因⼦の発散

に近いことが起こっている。そのような流れの存在を⽰そう︕
閉じた磁場を開く遠⼼⼒ドリフト電流の発⽣と、重くなった共回転プラズマ
の噴出が⽭盾なく説明できることを⽰せる︖
èfield-aligned eqs.を解く。

ideal-MHD è iso-rotation law



加速しない流れ

加速しそうな流れ

ideal-MHD が成⽴しているとして、
MHD eq.の
field-aligned equations を解くことにする。

Flow A
と
Flow B
を考える



field-agigned equation

4.18. パルサー磁気圏の構造と遠心力加速
以下の６本の式である。

Nκ = g(ψ) = const. 質量保存 (4.18.96)

vp = κBp, κ =
vp
Bp

= 定義 (4.18.97)

mγϖvϕ − I

4πg(ψ)
= ℓ(ψ) = const. 角運動量保存 (4.18.98)

mc2γ − Ω(ψ)I

4πg(ψ)
= ϵ(ψ) = const. エネルギー保存 (4.18.99)

(1− (v2ϕ + v2p)/c
2)−1/2 = γ 定義 (4.18.100)

Ω(ψ)ϖ + κI/ϖ = vϕ iso-rotation (4.18.101)

ここで、vp = vp ·Bp/|Bp|2、I = ϖBϕは current function.未知数は６個：N ,κ,γ,vϕ, vp, Iで解ける。保存量であるパラメータは、g(ψ), ℓ(ψ), ϵ(ψ), Ω(ψ) は与える必要がある。境界条件で４つのうち３つを与えて、最後の一つは定常解である条件 fast critical pointを通るによって決定される。
• gは injection particle flux で

g(ψ) =

(
Nvp
Bp

)

inj

(4.18.102)

で決められる。ここで injection pointでの typical GJ dinsity で密度を規格化して
multiplicity を使うとN = M(ΩBp/2πce)と書いて、

global.9.gdef; g(ψ) =
Ω(ψ)

2πe

(
Mvp
c

)

inj

(4.18.103)

が後で使いやすい。
• Ω(ψ)は起電力を表すパラメータで、星表面で iso-rotationで評価すると、vϕ = Ω∗ϖ∗,

Bϕ ≪ Bpとすれば
Ω(ψ) ≈ Ω∗ (4.18.104)

になる。ただし、Poynting flux がある限りBϕ ̸= 0なのでわずかなズレがある。また、考えている領域の磁力線が星につながっていて途中にE∥加速領域があればΩ(ψ)はΩ∗とは異なる。しかし、考えている領域の範囲で ideal-MHDが成り立っていれば磁力線に沿った保存量であることには変わりない。
• ϵ(ψ)については、

ϵ∗(ψ) = ϵ(ψ)− Ω(ψ)ℓ(ψ) = mc2γ

(
1− Ωϖ

c

vϕ
c

)
(4.18.105)
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Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.
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where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
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で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
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M

𝑅Y
Δ

𝐵Y
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(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc
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eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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C
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
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condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
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. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
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Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oi

ng
)

Y-point 近傍
加速領域

B φ 〜 0 cu
rre

nt
 (o

ut
go

in
g)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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eB2
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B
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eBYRY
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で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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lines to open is an essential ingredient for the centrifugal acceleration, but this is also an
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫
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jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2
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Δ

𝐵Y
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≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304

global

centrifugal wind 

The outflow must be along the open magnetic field lines, so breakup of the field lines

should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

304 global

equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic

© 2024 The Authors

2 S. Shibata

field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oi

ng
)

Y-point 近傍
加速領域

B φ 〜 0 cu
rre

nt
 (o

ut
go

in
g)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z

|I |

z

|I |

x

b xA acc
ele
rat
ion

a
Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oi

ng
)

Y-point 近傍
加速領域

B φ 〜 0 cu
rr

en
t (

ou
tg

oi
ng

)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
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tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
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and ejection of plasmoid is found, although the results are dependent
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2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
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The centrifugal drift velocity, which has opposit directions depending
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𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
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closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.
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azimuthal direction such as expected in the centrifugal acceleration
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on their prescription.
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DRIFT CURRENT
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of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π
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∫
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B · ds (4.18.3)
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c
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になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π
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∫
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jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
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may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2
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. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
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4πcmc2
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the

MNRAS 000, 1–8 (2024)

pulsar with centrifugal acceleration 3

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
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on their prescription.

In the following, we study the centrifugal acceleration which takes
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DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
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where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
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done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆
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(4.18.5)

318 global

MNRAS 000, 1–2 (2024) Preprint 17 January 2024 Compiled using MNRAS LATEX style file v3.0

The structure of the pulsar magnetosphere with centrifugal acceleration

S. Shibata1★
1Faculty of Science, Yamagata University, Kojirakawa 1-4-12, Yamagata 990-8560, JAPAN

Accepted XXX. Received YYY; in original form 2024.1.x

ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
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closed field line. This region has weak 𝐵𝜑 , the plasma may show
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place in the vicinity of the Y-point.
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The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place
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With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
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∆
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BY
(4.18.5)

318 global

4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oi

ng
)

Y-point 近傍
加速領域

B φ 〜 0 cu
rre

nt
 (o

ut
go

in
g)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At

MNRAS 000, 1–9 (2024)

pulsar with centrifugal acceleration 3

A
B

2 S. Shibata

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

304 global

x

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M
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Δ
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(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304

global

centrifugal wind 

The outflow must be along the open magnetic field lines, so breakup of the field lines

should be associated.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

304 global

equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much
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would hold as long as the Lorentz factor of the particles is moderate.
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thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
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Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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図 4.18.2: 軸対称パルサーモデル
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図 4.18.2: 軸対称パルサーモデル
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density
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Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive

© 2024 The Authors
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)

318 global

MNRAS 000, 1–2 (2024) Preprint 17 January 2024 Compiled using MNRAS LATEX style file v3.0

The structure of the pulsar magnetosphere with centrifugal acceleration

S. Shibata1★
1Faculty of Science, Yamagata University, Kojirakawa 1-4-12, Yamagata 990-8560, JAPAN

Accepted XXX. Received YYY; in original form 2024.1.x

ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 1,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
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may guessΔ the Larmore radius of the accelerated particles. This may
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z

|I |

z

|I |

x

b xA acc
ele
rat
ion

a
Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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at the outer edge of the current loop.With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)
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where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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4π
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jφL∆ = 2BpL (4.18.4)
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∆
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 3. Two types of field-alined flows. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows; Flow A locates
outside of the current layer, while flow B runs inside the current layer. The
𝜛-axis indicates the axial distance. The thin dashed line 𝑥A is the Alvéen
surface. The thin dotted line 𝜛 = 𝑅L is the ligh cylinder.

the current density as a function of the distance from the equator, we
might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the solution of the field-aligned flow de-
termins the value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well.
The field-aligend equations are solved with a given set of bound-
ary conditions and the condition that the solution passes through
the fast critical point. As a result, 𝐼 is uniquely determined. On
the other hand, as was done in obtaining the force-free solution
(Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the trans-
field equation that gives the poloidal field structure determines the
current function 𝐼 so that the field lines are regular on the Alfvén sur-
face, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. The self-consistent solution has never been
obtained so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration there. This is supported
by the PIC simulations and the RMHD simulations, which give the
results very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. Let
us assume that a strong acceleration takes place along the flow B,
and that most of the Poynting energy is converted into kinetic energy.
Then, the current function |𝐼 | decreases along the flow stream line.
In other words, the current stream lines crosses the flow stream line
causing the acceleration. This situation is illustrated in Figure 3. As
seen in this figure, the current function at a large distance decreases
gradually to zero as |𝑍 | toward the equatorial plane, while on the
Alfvén surface it suddenly jump down to zero at the equatorial plane.
Since the acceleration is expected to take place beyond the Alfvén
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
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eBYRY
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で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
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(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2
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Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure ??).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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Figure 2. Schematic picture of the region where the centrifugal drift current
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with

X

4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)

318 global

a
b

z

x1xA

Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z

|I |

z

|I |

x

b xA acc
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a
Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 4. The expected current stream lines, 𝐼 = 𝜛𝐵𝜑 =constant, inside the
current layer. The dashed and solic curves in the 𝜛-𝑍 plane are, respectively,
the stream linses and current lines. The value of |𝐼 | as funcitons of 𝑍 is also
indicated for the diferent values of 𝜛, the Alfvén point and a large distance.

surface, the current layer with finite thickness shrinks into a very thin
sheet on the Alfvén surface. This meets the condition of regularity
for the trans-field solution.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER
In this section, we find the solutions of the field-aligned equations
for the flow A and B. The field-aligned equations are composed of
the three conservation laws and the iso-rotation law. Given a stream
function 𝜓 of the poloidal magnetic field, the particle flux 𝑔(𝜓), the
angular momentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along the
steam line. In the iso-rotation law, the angular velocity Ω(𝜓) is also
constant along the field line. These quantities are all determined by
a set of boundary conditions and the condition that the flow passes
through a fast-critical point.

The field-aligned equations are algebraic equations, and are joined
into a single expression called the Bernoulli function 𝜖 (𝜉, 𝑣). Here,
we normalize the axial distance 𝜛 and the ploidal 4-velosity 𝑢p by
the valuses at the Alfé point, i.e., 𝜉 = 𝜛/𝜛A and 𝑣 = 𝑢p/𝑢A. A
solution 𝑣(𝜉) is obtained as a curve 𝜖 (𝜉, 𝑣) =constant on the 𝜉-𝑣
plane. The Bernoulli function 𝜖 (𝜉, 𝑣) has a form (Okamoto 1978;
Camenzind 1986; Takahashi 1991),
(
𝜖 (𝜉, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝜉2 − (1 − 𝜆)𝑣𝜉2]2
(1 − 𝑣𝜉2)2 − 𝜆𝜉2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and

𝜎 =
Ω(𝜓)2𝐵p𝜛2

4𝜋𝑚𝑐3𝑔(𝜓)
. (8)

The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A = (1 −

𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family of
solutions is easily drawn as contours of 𝜖 (𝜉, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote the fast point as (𝜉f , 𝑣f). At
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Bernoulli function のパラメータ⼆つ

これは遠⼼⼒⾵ではほとんど１
で境界条件、特に、plasmaの
injection条件に関係

critical condition と境界条件で
決める量

flowの性質をきめる唯⼀のパラメータはこれだけ︕
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Figure 5. A model of �̂�(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

is given by

𝜎 = 𝜎0 �̂�, (8)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (9)

�̂� =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (10)

where the subscript "inj" indicates the value at the injection point.
The configuration of the poloidal magnetic field only comes into
the parameter �̂� ∝ 𝐵𝑝𝜛2. The final parameter 𝜎0 is essentially the
electromotive force of the star divided by the multiplicity of the flow
considered, featuring the magnetosphere. If 𝛾 ∼ 𝜎0, then it indicates
that most of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is �̂�. We introduce a simple model for �̂�.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for �̂� is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L sin 𝜃/𝑟 , where the spherical polar coordinates (𝑟, 𝜃, 𝜑) has
been used. For the dipole field, we have

�̂�dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (11)

where 𝑥 = 𝜛/𝑅L. Since �̂� is constant for radial field, we assume that
it gradually changes to a constant,

�̂�radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

at about 𝑥𝑐 , so that �̂� for the flow A is assumed to be

�̂�a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
�̂�dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
�̂�radial (𝑥), (13)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝑧-𝑣 plane are shown in
Figure 6, where the critical solution is colored in red. It is known
that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a borbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝑧

𝑧(𝑧 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝑧

𝑧(𝑧 −
√
𝜆)

, (14)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖

𝜕𝑣
= 0 and 𝜕𝜖

𝜕𝑧
= 0 meet. These

Figure 6. A family of the solutions and the critical solution (red) of the field
aligned flow A. The dashed curves indicate the boundaries of the forbidden
region. The green and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝑧 =
0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line). Rright panel: The azimuthal velosity 𝑣𝜑 as a function of 𝑥.

curves are also plotted in Figure 6. Since �̂� is essentially constant
beyon the Alfvén point, the X-type critical point goes to infinity as
in the case of the pure radial flow. After an iteration, the value of 𝜆 is
determined so that the injection point locates at about 𝑧 = 0.1. The
obtained parameters of the critical solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝑧 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In Figure 7, we plot the two values, 𝛾 and 𝜖f/𝑚𝑐2,
difference of which is the Poyinting flux, showing that the flow A
is a Poynting dominant flow. The azimuthal velocity shows large
deviation from the corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect decrease of �̂�
just outside of the Alfvén point. We model this by

�̂�b (𝑥) =
[
(1 − 𝐷) 𝑆

(
𝑥d − 𝑥

𝛿d

)
+ 𝐷

]
�̂�a, (15)

where 𝐷 and 𝑥d, respectively, determine how strong and where the
magnetic field decreases. If 𝐷 = 0, there is no decrease, but if it is
finite, �̂� drops down to 𝐷�̂�radial at large distances. In a following
example of solutions, we use 𝐷 = 0.01, 𝑥d = 1.2, and 𝛿𝑑 = 0.1, as
shown in Figure 5. The value of 𝜎0 is set to be the same as the flow
A, i.e., 𝜎0 = 104.

There is a topological change in the curves as shown in Figure 8.
An X-type critical point, the fast point, appears just beyond the Alfvén
point; 𝑧f = 1.13. The Lorentz factor glows up around the fast point
from the value at the injection (𝛾 = 1.1) to 2.95 × 103, which means
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Figure 5. Models of �̂�(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

the same time, the flow energy 𝜖f = 𝜖 (𝜉f , 𝑣f). is obtaind such as an
eigen value.

The Bernoulli function 𝜖 (𝜉, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
is given by

𝜎 = 𝜎0 �̂�, (9)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (10)

�̂� =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (11)

where 𝑔(𝜓) = 𝑛𝜅 = 𝑛𝑣p/𝐵p, and the subscript "inj" indicates the
value at the injection point. The configuration of the poloidal mag-
netic field only comes into the parameter �̂� ∝ 𝐵𝑝𝜛2. The final
parameter 𝜎0 is essentially the electromotive force of the star di-
vided by the multiplicity of the flow considered. If 𝛾 ∼ 𝜎0, then most
of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is �̂�. We introduce a simple model for �̂�.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for �̂� is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L𝜛/𝑟2, where 𝑟 = (𝑍2+𝜛2)1/2. For the dipole field, �̂� becomes

�̂�dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

where 𝑥 = 𝜛/𝑅L. Since �̂� is constant for radial field, we assume that
it gradually changes to a constant,

�̂�radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (13)

at about 𝑥𝑐 , so that �̂� for the flow A is assumed to be

�̂�a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
�̂�dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
�̂�radial (𝑥), (14)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝜉-𝑣 plane are shown
in Figure 6, where the critical solution is colored in red. It is known

Figure 6. A family of the solutions and the critical solution (red) of the flow A.
The dashed curves indicate the boundaries of the forbidden region. The green
and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝜉 = 0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line) as functions of log 𝜉 . Rright panel: The azimuthal velosity
𝑣𝜑 as a function of 𝑥 = 𝜛/𝑅L. The dashed curve indicates the corotation
for 𝑥 < 1 and the free emission tangent to the light cylinder for 𝑥 > 1.

that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a forbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝜉

𝜉 (𝜉 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝜉

𝜉 (𝜉 −
√
𝜆)

, (15)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖/𝜕𝑣 = 0 and 𝜕𝜖/𝜕𝜉 = 0 meet.
These curves are also plotted in Figure 6. Since �̂� is essentially
constant beyond the Alfvén point, the X-type critical point, namely
the fast point, goes to infinity as in the case of the pure radial flow.
After an iteration, the value of 𝜆 is determined so that the injection
point locates at about 𝜉 = 0.1. The obtained parameters of the critical
solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝜉 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In the left panel of Figure 7, we plot 𝛾 as a
function of log 𝜉 with 𝜖f/𝑚𝑐2, which is constant. Difference of 𝛾
and 𝜖f/𝑚𝑐2 gives the Poyinting flux, showing that the flow A is a
Poynting dominant flow. The azimuthal velocity deviates from the
corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect a significant
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磁気圏の磁場のエネルギー密度と
プラズマのエネルギー密度の⽐

poloidal 磁場の
パラメータ(幾何因⼦)

今回は10 7

10 3

遠⼼⼒加速がないradial flow だと 1で⼀定
Y-point に侵⼊すると⼩さくなる



B hat の変化でさまざまな流れの性質が変わる



Flow A

fast-point は無限遠



4.18. パルサー磁気圏の構造と遠心力加速
以下の６本の式である。

Nκ = g(ψ) = const. 質量保存 (4.18.96)

vp = κBp, κ =
vp
Bp

= 定義 (4.18.97)

mγϖvϕ − I

4πg(ψ)
= ℓ(ψ) = const. 角運動量保存 (4.18.98)

mc2γ − Ω(ψ)I

4πg(ψ)
= ϵ(ψ) = const. エネルギー保存 (4.18.99)

(1− (v2ϕ + v2p)/c
2)−1/2 = γ 定義 (4.18.100)

Ω(ψ)ϖ + κI/ϖ = vϕ iso-rotation (4.18.101)

ここで、vp = vp ·Bp/|Bp|2、I = ϖBϕは current function.未知数は６個：N ,κ,γ,vϕ, vp, Iで解ける。保存量であるパラメータは、g(ψ), ℓ(ψ), ϵ(ψ), Ω(ψ) は与える必要がある。境界条件で４つのうち３つを与えて、最後の一つは定常解である条件 fast critical pointを通るによって決定される。
• gは injection particle flux で

g(ψ) =

(
Nvp
Bp

)

inj

(4.18.102)

で決められる。ここで injection pointでの typical GJ dinsity で密度を規格化して
multiplicity を使うとN = M(ΩBp/2πce)と書いて、

global.9.gdef; g(ψ) =
Ω(ψ)

2πe

(
Mvp
c

)

inj

(4.18.103)

が後で使いやすい。
• Ω(ψ)は起電力を表すパラメータで、星表面で iso-rotationで評価すると、vϕ = Ω∗ϖ∗,

Bϕ ≪ Bpとすれば
Ω(ψ) ≈ Ω∗ (4.18.104)

になる。ただし、Poynting flux がある限りBϕ ̸= 0なのでわずかなズレがある。また、考えている領域の磁力線が星につながっていて途中にE∥加速領域があればΩ(ψ)はΩ∗とは異なる。しかし、考えている領域の範囲で ideal-MHDが成り立っていれば磁力線に沿った保存量であることには変わりない。
• ϵ(ψ)については、

ϵ∗(ψ) = ϵ(ψ)− Ω(ψ)ℓ(ψ) = mc2γ

(
1− Ωϖ

c

vϕ
c

)
(4.18.105)
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation. We
solved the field-aligned equations of motion for flows inside the current layer, which is a thin sheet in the force-free model. We
find that flows coming into the vicinity of a Y-point become super-fast. The centrifugal acceleration takes place efficiently, and
most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough centrifugal
drift current to open the magnetic field. Opening of the magnetic field becomes possible by injection of the plasmas that are
accelerated in the azumuthal direction with a large Lorentz factor at the Y-point. Magnetic reconnetion with plasmoid emission
plays an important role there. We also find a solution that explains how the corotating plasma injected with a large Lorentz
factor is created. This process requires an increase of the poloidal field strength just inside the Y-point, which is expected in the
force-free solution.
Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in as-
trophysics. In an early stage of investigation, the idea of the
relativistic centrifugal wind is intensively studied (Michel 1969;
Goldreich & Julian 1970; Li & Melrose 1994). Since the centrifu-
gal acceleration is based on the corotation motion of the mag-
netospheric plasmas, plasama density is assumed to be high,
and the ideal-MHD condition holds everywhere. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how much electron-positron paris
are created. Then particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are ap-
plied to underdtand the global strucuture of the
pulsar magnetosphere (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). They are able to treat both the field-aligned paritcle acceler-
ation and the centrifugal accelation. However, the problem of the
centrifugal acceleration still remains unresolved. In this paper, we
revisit this problem, and compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment at the center parallel to the angular velocity.
The plasma density is much higher than the Goldrech-Julian densiy
everywhere, so that the ideal-MHD approximation holds. We do not
ask pair creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,
𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)
where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia would be so large that the centrifugal drift
current would open the magnetic field lines. The plasma acceler-
ated in azimuthal direction with a large Lorentz factor would finally
be thrown away along the open field lines. This is the idea of the
centrifugal acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

© 2024 The Authors
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Figure 5. A model of �̂�(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

is given by

𝜎 = 𝜎0 �̂�, (8)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (9)

�̂� =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (10)

where the subscript "inj" indicates the value at the injection point.
The configuration of the poloidal magnetic field only comes into
the parameter �̂� ∝ 𝐵𝑝𝜛2. The final parameter 𝜎0 is essentially the
electromotive force of the star divided by the multiplicity of the flow
considered, featuring the magnetosphere. If 𝛾 ∼ 𝜎0, then it indicates
that most of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is �̂�. We introduce a simple model for �̂�.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for �̂� is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L sin 𝜃/𝑟 , where the spherical polar coordinates (𝑟, 𝜃, 𝜑) has
been used. For the dipole field, we have

�̂�dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (11)

where 𝑥 = 𝜛/𝑅L. Since �̂� is constant for radial field, we assume that
it gradually changes to a constant,

�̂�radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

at about 𝑥𝑐 , so that �̂� for the flow A is assumed to be

�̂�a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
�̂�dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
�̂�radial (𝑥), (13)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝑧-𝑣 plane are shown in
Figure 6, where the critical solution is colored in red. It is known
that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a borbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝑧

𝑧(𝑧 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝑧

𝑧(𝑧 −
√
𝜆)

, (14)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖

𝜕𝑣
= 0 and 𝜕𝜖

𝜕𝑧
= 0 meet. These

Figure 6. A family of the solutions and the critical solution (red) of the field
aligned flow A. The dashed curves indicate the boundaries of the forbidden
region. The green and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝑧 =
0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line). Rright panel: The azimuthal velosity 𝑣𝜑 as a function of 𝑥.

curves are also plotted in Figure 6. Since �̂� is essentially constant
beyon the Alfvén point, the X-type critical point goes to infinity as
in the case of the pure radial flow. After an iteration, the value of 𝜆 is
determined so that the injection point locates at about 𝑧 = 0.1. The
obtained parameters of the critical solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝑧 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In Figure 7, we plot the two values, 𝛾 and 𝜖f/𝑚𝑐2,
difference of which is the Poyinting flux, showing that the flow A
is a Poynting dominant flow. The azimuthal velocity shows large
deviation from the corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect decrease of �̂�
just outside of the Alfvén point. We model this by

�̂�b (𝑥) =
[
(1 − 𝐷) 𝑆

(
𝑥d − 𝑥

𝛿d

)
+ 𝐷

]
�̂�a, (15)

where 𝐷 and 𝑥d, respectively, determine how strong and where the
magnetic field decreases. If 𝐷 = 0, there is no decrease, but if it is
finite, �̂� drops down to 𝐷�̂�radial at large distances. In a following
example of solutions, we use 𝐷 = 0.01, 𝑥d = 1.2, and 𝛿𝑑 = 0.1, as
shown in Figure 5. The value of 𝜎0 is set to be the same as the flow
A, i.e., 𝜎0 = 104.

There is a topological change in the curves as shown in Figure 8.
An X-type critical point, the fast point, appears just beyond the Alfvén
point; 𝑧f = 1.13. The Lorentz factor glows up around the fast point
from the value at the injection (𝛾 = 1.1) to 2.95 × 103, which means
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Figure 5. Models of �̂�(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

the same time, the flow energy 𝜖f = 𝜖 (𝜉f , 𝑣f). is obtaind such as an
eigen value.

The Bernoulli function 𝜖 (𝜉, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
is given by

𝜎 = 𝜎0 �̂�, (9)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (10)

�̂� =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (11)

where 𝑔(𝜓) = 𝑛𝜅 = 𝑛𝑣p/𝐵p, and the subscript "inj" indicates the
value at the injection point. The configuration of the poloidal mag-
netic field only comes into the parameter �̂� ∝ 𝐵𝑝𝜛2. The final
parameter 𝜎0 is essentially the electromotive force of the star di-
vided by the multiplicity of the flow considered. If 𝛾 ∼ 𝜎0, then most
of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is �̂�. We introduce a simple model for �̂�.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for �̂� is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L𝜛/𝑟2, where 𝑟 = (𝑍2+𝜛2)1/2. For the dipole field, �̂� becomes

�̂�dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

where 𝑥 = 𝜛/𝑅L. Since �̂� is constant for radial field, we assume that
it gradually changes to a constant,

�̂�radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (13)

at about 𝑥𝑐 , so that �̂� for the flow A is assumed to be

�̂�a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
�̂�dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
�̂�radial (𝑥), (14)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝜉-𝑣 plane are shown
in Figure 6, where the critical solution is colored in red. It is known

Figure 6. A family of the solutions and the critical solution (red) of the flow A.
The dashed curves indicate the boundaries of the forbidden region. The green
and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝜉 = 0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line) as functions of log 𝜉 . Rright panel: The azimuthal velosity
𝑣𝜑 as a function of 𝑥 = 𝜛/𝑅L. The dashed curve indicates the corotation
for 𝑥 < 1 and the free emission tangent to the light cylinder for 𝑥 > 1.

that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a forbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝜉

𝜉 (𝜉 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝜉

𝜉 (𝜉 −
√
𝜆)

, (15)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖/𝜕𝑣 = 0 and 𝜕𝜖/𝜕𝜉 = 0 meet.
These curves are also plotted in Figure 6. Since �̂� is essentially
constant beyond the Alfvén point, the X-type critical point, namely
the fast point, goes to infinity as in the case of the pure radial flow.
After an iteration, the value of 𝜆 is determined so that the injection
point locates at about 𝜉 = 0.1. The obtained parameters of the critical
solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝜉 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In the left panel of Figure 7, we plot 𝛾 as a
function of log 𝜉 with 𝜖f/𝑚𝑐2, which is constant. Difference of 𝛾
and 𝜖f/𝑚𝑐2 gives the Poyinting flux, showing that the flow A is a
Poynting dominant flow. The azimuthal velocity deviates from the
corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect a significant
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Table 1. Some parameters for the critical solution.

Type 𝜎0 log 𝜉 𝑓 log 𝑣 𝑓 𝜖 𝑓 1 − 𝜆 1 − 𝑥A 𝛾

flow A 104 ∞ 1.3275 0.9905 × 104 1.02 × 10−4 5.15 × 10−5 21.4(a)
flow B 104 0.0525 0.9075 3.039 × 103 4.0 × 10−4 2.0 × 10−4 2.95 × 103 (b)
flow C (c) 104 1 1 102 4.0 × 10−4 2.0 × 10−4 102

(a): evaluated at 𝜉 = 100, (b): evaluated at 𝜉 = 3.14, (c):𝜆 is assumed.

Figure 8. The same as Figure 6, but for the flow B.

decrease of �̂� just outside of the Alfvén point. We model this by

�̂�b (𝑥) =
[
(1 − 𝐷) 𝑆

(
𝑥d − 𝑥

𝛿d

)
+ 𝐷

]
�̂�a, (16)

where 𝐷 and 𝑥d, respectively, determine how strong and where the
magnetic field decreases. If 𝐷 = 0, there is no decrease, but if it is
finite, �̂� drops down to 𝐷�̂�radial at large distances. In a following
example, we use 𝐷 = 0.01, 𝑥d = 1.2, and 𝛿𝑑 = 0.1, as shown in
Figure 5. The value of 𝜎0 is set to be the same as the flow A, i.e.,
𝜎0 = 104.

There is a topological change in the solution curves as shown
in Figure 8. An X-type critical point, the fast point, appears just
beyond the Alfvén point; 𝜉f = 1.13. The Lorentz factor glows up
around the fast point from the value at the injection (𝛾 = 1.1) to
2.95 × 103, which means 98% of the total energy 𝜖f (Figure 9). In
contrast with the flow A, deviation of the azimuthal velocity from the
corotation is weaker, and 𝑣𝜑 peaks at ∼ 0.85𝑐. More importantly the
curve eventually follows almost the analytic curve of the tangential
ejection at the Alfvén radius. The flow is effectively corotation up
to the Alfvén point. The total energy 𝜖 is about 30% of the value of
the flow A. This is reasonable because the flow B is in the middle of
the current layer where the Poynting flux is on its way of decreasing
down to zero on the equator.

The fact that a decrease of �̂� causes efficient convertion from the
Poynting energy to kinetic energy has been known and discussed in
the context of the AGN jets that have a non-radial and collimated
geometry (Camenzind 1989; Begelman & Li 1994).

5 AN ESTIMATE OF CENTRIFUGAL DRIFT CURRENT
We find that the flow in the current layer is super-fast, and that the
Poynting energy efficiently convets into kinetic energy in azimuthal
motion. We now estimate the centrifugal drift current produced by the
super-fast flow, and see whether it is enough to open the field lines.

Figure 9. The same as Figure 7, but for the flow B.

The centrifugal drift velocity is 𝑣± = ±(𝑐/𝑒)(𝛾𝑚𝑣2
𝜑/𝑅Y𝐵Y). For

the condition to open the magnetic field lines, we have (4𝜋/𝑐) 𝑗𝜑Δ =
2𝐵out

p , where 𝑗𝜑 = 2𝑒𝑛|𝑣±|. We also have the conservatin law
𝑛𝑣p/𝐵p = 𝑔(𝜓). Combining these relation, we arrive at

Δ
𝑅Y

=
(𝑣p/𝑐)
(𝑣𝜑/𝑐)2

𝜎0
𝛾

𝐵Y
𝐵p

𝐵out
p
𝐵L

. (17)

If Δ/𝑅𝑌 is much smaller than unity, then the drift current is enough
large. However, the expression indicates that Δ/𝑅𝑌 seems around
unity. The last factor 𝐵out

p /𝐵L is about unity. The factor 𝐵Y/𝐵p
will not be much smaller than unity. The effective field to produce
the drift current 𝐵Y is 𝑍-component of the field, while 𝐵p is the
field-aligned component. If the flow were nearly parallel to the equa-
torial plane, 𝐵Y/𝐵p would be very small. However, the region with
a large azimuthal velocity would be where the flow comes into the
Y-point, and 𝐵Y/𝐵p will not be so small. If the Y-point is actu-
ally T-point as suggeste by Contopoulos, Ntotsikas, & Gourgouliatos
(2024), 𝐵Y/𝐵p ≈ 1. The efficient energy conversion in the flow B
makes 𝛾 as large as 𝜎0, but never be much larger than 𝜎0. Since
𝑣𝜑 is something around ∼ 0.85, the factor (𝑣p/𝑐)/(𝑣𝜑/𝑐)2 will not
be very small. In conclusion, accelerated flows such as B will not
produce enough the centrifugal drift current to open the magnetic
field.

This may sound strange when one compares with (4). In the flow
B, the centrifugal drift velocity is indeed large since the particles
are accelerated in azimuthal direction with a high Lorentz factor of
the order of 𝛾max/M. However, as is seen in the expression 𝑛 =
𝑔(𝜓)𝐵p/𝑣p, the plasma density decreases due to the decrease of the
magnetic field or increase of cross section of the flow. As a result,
the drift current density does not increase.
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unity. The last factor 𝐵out

p /𝐵L is about unity. The factor 𝐵Y/𝐵p
will not be much smaller than unity. The effective field to produce
the drift current 𝐵Y is 𝑍-component of the field, while 𝐵p is the
field-aligned component. If the flow were nearly parallel to the equa-
torial plane, 𝐵Y/𝐵p would be very small. However, the region with
a large azimuthal velocity would be where the flow comes into the
Y-point, and 𝐵Y/𝐵p will not be so small. If the Y-point is actu-
ally T-point as suggeste by Contopoulos, Ntotsikas, & Gourgouliatos
(2024), 𝐵Y/𝐵p ≈ 1. The efficient energy conversion in the flow B
makes 𝛾 as large as 𝜎0, but never be much larger than 𝜎0. Since
𝑣𝜑 is something around ∼ 0.85, the factor (𝑣p/𝑐)/(𝑣𝜑/𝑐)2 will not
be very small. In conclusion, accelerated flows such as B will not
produce enough the centrifugal drift current to open the magnetic
field.

This may sound strange when one compares with (4). In the flow
B, the centrifugal drift velocity is indeed large since the particles
are accelerated in azimuthal direction with a high Lorentz factor of
the order of 𝛾max/M. However, as is seen in the expression 𝑛 =
𝑔(𝜓)𝐵p/𝑣p, the plasma density decreases due to the decrease of the
magnetic field or increase of cross section of the flow. As a result,
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis
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magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of an axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate poloidal currents,
which form a loop in each hemisphere starting from the star in lower latitudes
and go back to the star in higher latitudes. The top of the close field lines is a
junction of the current sheets in the force-free limit, called a Y-point.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in a reagion where the
equatorial current sheet touches the closed field region or in a very
vicinity of a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations are
avairable to provide detailed analysis for the cen-
trifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet. On the other hand,
acceleretion by the field-aligned electric field is also indicated in
some cases. These results seems to show different faces of the
magnetosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity of
the Y-point as shown in Figure 1. In the following sections, we use
the cylindrical coordinate (𝑍 ,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑍 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite

X

4.18. パルサーの遠心力加速と磁気リコネクション

current (outgoing)

weak centrifugal acceleration
Poynting Dominant Centrifugal Wind

Kinetic dominant wind

Poynting flux

centrifugal-driven opening 
of the magnetic field lines 

with magnetic reconnection

green: magnetic field
orange: current
red: Poynting flux

cu
rre

nt
 (i

ng
oi

ng
)

Y-point 近傍
加速領域

B φ 〜 0 cu
rre

nt
 (o

ut
go

in
g)

図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18.0.1 遠心力ドリフト電流による磁場の opening
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jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3
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(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
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closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.
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equatorial current sheet is Poynting energy dominant, and that Poynt-
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on their prescription.
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The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫
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jφda =

∫
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∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2
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Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,
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We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p
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𝛾max
2M

𝑅Y
Δ

𝐵Y
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p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force on an electron of mass 𝑚 and the Lorentz
factor 𝛾 is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and the magnetic field
𝑩 must be weakened very much as compared with 𝐵L, denoted by
𝐵Y. In the last expression, 𝑅Y is the axial distance of this region.
The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2
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. (3)

Applying the Ampère’s law with the closed curve C in Figure 2, the
condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵 (out)

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out
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We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy. The condition |𝑭/𝑒 | < 𝐵Y gives Δ/𝑅Y > M−1.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer.
We call it the flow A as is shown Figure 3. Since the flow A is inside
of the poloidal current loop, there is some amount of toroidal field,
so that the azimuthal velocity would be much behind the corotaion
due to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a
flow much closer to the equator in the current layer, indicated by
B in the figure, might have a larger azimuthal velocity because the
toroidal field is smaller. Such a flow may have a large Lorentz factor
and provide enough centrifugal drift current to open magnetic field
lines. If we were able to solve the motion of these flow and obtain
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.

rotation axis

4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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place where efficient centrifugal acceleration can take place.
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4.17. A REVIEW ON RECONNECTION4.17.2 What happens in the pulsar: revisit
Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen inglobal-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω,
(4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.
Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB,
(4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.
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1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the
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magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)
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where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 10. The flow C injected just within the Alfvén point. The flow D is
the flow before the injection.

6 PLASMA INJECTION AT THE Y-POINT
The magnetic field should be opened in the centrifugal wind. How-
ever, we find that sufficient toroidal current is not produced in the
super-fast flows in the current layer. Although decrease of the poloidal
field causes the fast point located just outside the Alfvén point, it also
causes decrease of the plasma density through increase of cross sec-
tion of the flow tube, and in turn decrease in the centrifugal drift
current.

One possible and very likely way to avoid the density decrease is
an injection of plasma at the Y-point. Let us consider a flow injected
from a top of the closed field region, such as the flow C in Figure 10.

The parameters characterize the flow C would be such that �̂� is
small and constant because the poloidal field stays small, and that 𝜎0
is also small because the face value of Minj gets large. Note that M
in the definition (10) of 𝜎0 is based on the Goldrech-Julian density
at the injection point, where the magnetic field is small. Therefore,
even if the plasma density is the same as those in the flow A and
the flow B, Minj becomes large, and in turn 𝜎0 gets small. As an
example, we suppose that the magnetic field strength at the injection
point is one hundredth of the field outside the current layer. Then, we
have 𝜎0 = 100, and �̂�c = 0.01.

A family of the solutions is shown in Figure 11. We find another
topology for the flow C. Although 𝜎 = 𝜎0 �̂� is constant, the topology
is different from the Michel’s radial-field solution, where the X-
type critical point goes to infinity. The two curves 𝜕𝜖/𝜕𝜉 = 0 and
𝜕𝜖/𝜕𝑣 = 0 meet at large distance, or maybe at infinity, where a
O-type critical point appears. On the other hand, the X-type critical
point seems to go to the Alfvén point as shown in a closeup view
around the Alfvén point (the right panel of Figure 11). The numerical
solutions suggest that both 𝜕𝜖/𝜕𝑣 = 0 and 𝜕𝜖/𝜕𝜉 = 0 curves reach to
the Alfén point tangentially to the 𝑣-axis. Thus, the critical solution
becomes almost the vertical line coinciding with the 𝑣-axis as far as
𝑣 is not so large. Other solutions are two-valued functions of 𝜉, and
are inappropriate. When 𝜉 = 1 with 𝑣 ≠ 1, the Bernoulli function
becomes(
𝜖 (1, 𝑣)
𝑚𝑐2

)2
=

1
1 − 𝜆

[
1 −

(
1 − 𝜆

𝜆

)2
𝜎2𝑣2

]
. (18)

It follows from this expression that in the limit 1 − 𝜆 → 0, in other
words, the centrifugal-driven limit Ω(𝜓)ℓ(𝜓) → 𝜖 (𝜓), the fast en-
ergy must be 𝜖f = (1−𝜆)−1/2, regardless of 𝜎. Figure 12 is drawn for
1 − 𝜆 = 1 − 10−4, and therefore 𝜖f = 100. In this case, the injection
point is always very closed to the Alfén point, as we intend. The
toplogy of this type with other types as function of 𝜎 was studied

Figure 11. Left panel: The critical solution for the flow C injected from the
vicinity of the Y-point. Right panel: A close-up view of the left around the
Alfvén point.

Figure 12. (Left) The Lorenz factor (solid line) and the energy of the flow
(dashed line) as functions of log 𝜉 , and (Right) The azimuthal velocity as a
function of 𝑥 for the flow C that is injected from the vicinity of the Alfvén
point.

earlier by Takahashi (1991) and applied in the context of a disc wind
around compact stars.

The Lorentz factor of the flow and the azimuthal velocity are shown
in Figure 12. It can be seen that the flow energy is injected totally as
kinetic energy. Since 𝜆 = Ωℓ/𝜖 ≈ 1, angular momentum is brought
in as well.

In contrast with the flow A and B, we cannot determine the value
of 𝜆 uniquely since the critical solutions are degenerated. The flow
C can have any value of 𝛾 = (1 − 𝜆)−1/2. As a result, 𝜎0/𝛾 in (17)
can be very small. This means that the magnetosphere can have open
field lines. The value of 𝜆 will be determined in a self-consistent way
so that the magnetic field is opened.

Injection of plasma may be pair creation in the vicinity of the
Y-point, but a more likely way is magnetic reconnection. At the top
of the closed field region or just the inside of the Y-point, a high
density corotating plasma with a large Lorentz factor accumulates,
and it is likely transferred onto the open field lines. As seen in
Figure 10, the reconnection process will need a help of plasmoid
emission which is indicated by the dashed small loop. The injection
process may be intermittent. We suppose that the plasmoid formation
seen in PIC simulations corresponds to the injection process. Since
the MHD equation of motion in the cold limit is equivalent to the
equation of motion of individual particles, it is likely that motion
of a plasmoid may also be represented by the cold MHD equation.
Therefore, individual plasmoids might follow the solutions of the
flow C.
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Figure 5. A model of �̂�(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

is given by

𝜎 = 𝜎0 �̂�, (8)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (9)

�̂� =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (10)

where the subscript "inj" indicates the value at the injection point.
The configuration of the poloidal magnetic field only comes into
the parameter �̂� ∝ 𝐵𝑝𝜛2. The final parameter 𝜎0 is essentially the
electromotive force of the star divided by the multiplicity of the flow
considered, featuring the magnetosphere. If 𝛾 ∼ 𝜎0, then it indicates
that most of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is �̂�. We introduce a simple model for �̂�.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for �̂� is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L sin 𝜃/𝑟 , where the spherical polar coordinates (𝑟, 𝜃, 𝜑) has
been used. For the dipole field, we have

�̂�dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (11)

where 𝑥 = 𝜛/𝑅L. Since �̂� is constant for radial field, we assume that
it gradually changes to a constant,

�̂�radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

at about 𝑥𝑐 , so that �̂� for the flow A is assumed to be

�̂�a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
�̂�dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
�̂�radial (𝑥), (13)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝑧-𝑣 plane are shown in
Figure 6, where the critical solution is colored in red. It is known
that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a borbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝑧

𝑧(𝑧 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝑧

𝑧(𝑧 −
√
𝜆)

, (14)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖

𝜕𝑣
= 0 and 𝜕𝜖

𝜕𝑧
= 0 meet. These

Figure 6. A family of the solutions and the critical solution (red) of the field
aligned flow A. The dashed curves indicate the boundaries of the forbidden
region. The green and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝑧 =
0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line). Rright panel: The azimuthal velosity 𝑣𝜑 as a function of 𝑥.

curves are also plotted in Figure 6. Since �̂� is essentially constant
beyon the Alfvén point, the X-type critical point goes to infinity as
in the case of the pure radial flow. After an iteration, the value of 𝜆 is
determined so that the injection point locates at about 𝑧 = 0.1. The
obtained parameters of the critical solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝑧 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In Figure 7, we plot the two values, 𝛾 and 𝜖f/𝑚𝑐2,
difference of which is the Poyinting flux, showing that the flow A
is a Poynting dominant flow. The azimuthal velocity shows large
deviation from the corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect decrease of �̂�
just outside of the Alfvén point. We model this by

�̂�b (𝑥) =
[
(1 − 𝐷) 𝑆

(
𝑥d − 𝑥

𝛿d

)
+ 𝐷

]
�̂�a, (15)

where 𝐷 and 𝑥d, respectively, determine how strong and where the
magnetic field decreases. If 𝐷 = 0, there is no decrease, but if it is
finite, �̂� drops down to 𝐷�̂�radial at large distances. In a following
example of solutions, we use 𝐷 = 0.01, 𝑥d = 1.2, and 𝛿𝑑 = 0.1, as
shown in Figure 5. The value of 𝜎0 is set to be the same as the flow
A, i.e., 𝜎0 = 104.

There is a topological change in the curves as shown in Figure 8.
An X-type critical point, the fast point, appears just beyond the Alfvén
point; 𝑧f = 1.13. The Lorentz factor glows up around the fast point
from the value at the injection (𝛾 = 1.1) to 2.95 × 103, which means
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Figure 5. Models of �̂�(𝑥 ) ∝ 𝐵p𝜛2 for the flow A, B and C.

the same time, the flow energy 𝜖f = 𝜖 (𝜉f , 𝑣f). is obtaind such as an
eigen value.

The Bernoulli function 𝜖 (𝜉, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
is given by

𝜎 = 𝜎0 �̂�, (9)

𝜎0 =
𝐵𝐿

4𝜋𝑚𝑐𝑔(𝜓) = 𝛾max

(
𝑣p/𝑐
2M

)
inj

(
Ω∗

Ω(𝜓)

)
≈ 𝛾max

Minj
, (10)

�̂� =
𝐵𝑝𝜛2

𝐵𝐿𝑅2
𝐿

, (11)

where 𝑔(𝜓) = 𝑛𝜅 = 𝑛𝑣p/𝐵p, and the subscript "inj" indicates the
value at the injection point. The configuration of the poloidal mag-
netic field only comes into the parameter �̂� ∝ 𝐵𝑝𝜛2. The final
parameter 𝜎0 is essentially the electromotive force of the star di-
vided by the multiplicity of the flow considered. If 𝛾 ∼ 𝜎0, then most
of Poynting energy is converted into kinetic energy.

The key parameter that makes difference between the flow A and
the flow B is �̂�. We introduce a simple model for �̂�.

The poloidal magnetic field would be something like dipole near
the star, and changes to something like radial near and beyond the
light cylinder. Mimicking this, a simple function for �̂� is introduced
as follows. The magnetic stream function for a dipole field is 𝜓 =
𝐵L𝑅3

L𝜛/𝑟2, where 𝑟 = (𝑍2+𝜛2)1/2. For the dipole field, �̂� becomes

�̂�dip (𝑥) = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥/𝐵L𝑅

2
L)

2/3
]1/2

, (12)

where 𝑥 = 𝜛/𝑅L. Since �̂� is constant for radial field, we assume that
it gradually changes to a constant,

�̂�radial = (𝜓/𝐵L𝑅
2
L)

[
4 − 3(𝜓𝑥c/𝐵L𝑅

2
L)

2/3
]1/2

, (13)

at about 𝑥𝑐 , so that �̂� for the flow A is assumed to be

�̂�a (𝑥) = 𝑆

(
𝑥𝑐 − 𝑥

𝛿𝑐

)
�̂�dip (𝑥) + 𝑆

(
𝑥 − 𝑥𝑐
𝛿𝑐

)
�̂�radial (𝑥), (14)

where 𝑆(𝑥) = 1/[exp(−𝑥) +1] is the sigmoid function (see Figure 5).
As an example of the flow A, we take 𝛾max = 107 and Minj = 103,

and therefore 𝜎0 = 104. The solutions in the 𝜉-𝑣 plane are shown
in Figure 6, where the critical solution is colored in red. It is known

Figure 6. A family of the solutions and the critical solution (red) of the flow A.
The dashed curves indicate the boundaries of the forbidden region. The green
and orange curves shows where 𝜕𝜖 /𝜕𝑣 = 0 and 𝜕𝜖 /𝜕𝜉 = 0, respectively.

Figure 7. Left panel: The particle energy 𝛾 (solid curve), and the total energy
𝜖f (dashed line) as functions of log 𝜉 . Rright panel: The azimuthal velosity
𝑣𝜑 as a function of 𝑥 = 𝜛/𝑅L. The dashed curve indicates the corotation
for 𝑥 < 1 and the free emission tangent to the light cylinder for 𝑥 > 1.

that all the solutions pass through the Alfvén point. The denominator
of (5) must be positive, so that there is a forbidden region, which is
bounded by the two curves,

𝑣+ =
1 +

√
𝜆𝜉

𝜉 (𝜉 +
√
𝜆)

, 𝑣− =
1 −

√
𝜆𝜉

𝜉 (𝜉 −
√
𝜆)

, (15)

indicated by the dashed curves in the figure. The critical points are
the points where the two curves, 𝜕𝜖/𝜕𝑣 = 0 and 𝜕𝜖/𝜕𝜉 = 0 meet.
These curves are also plotted in Figure 6. Since �̂� is essentially
constant beyond the Alfvén point, the X-type critical point, namely
the fast point, goes to infinity as in the case of the pure radial flow.
After an iteration, the value of 𝜆 is determined so that the injection
point locates at about 𝜉 = 0.1. The obtained parameters of the critical
solution is given in Table 1.

The critical solution gives 𝛾 = 21.4 at 𝜉 = 100, which is consistent
with the Michel’s solution 𝜖1/3

f = 21.5 for the radial flow. The total
energy 𝜖f is ≈ 𝜎0. In the left panel of Figure 7, we plot 𝛾 as a
function of log 𝜉 with 𝜖f/𝑚𝑐2, which is constant. Difference of 𝛾
and 𝜖f/𝑚𝑐2 gives the Poyinting flux, showing that the flow A is a
Poynting dominant flow. The azimuthal velocity deviates from the
corotation as seen in the right panel of Figure 7.

Next, we consider the flow B. In this case, the flow comes into a
weak field region near the Y-point, so that we expect a significant
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fast point がAlfven point に漸近
cf. Takahashi 1991
AGN disc wind の⽂脈で
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϖ → RL = c/Ω, (4.17.65)

where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force

increases up to some critical value to break up the ideal-MHD, and the plasma might be

thrown away with a high Lorentz factor. This is an idea of the “centrifugal wind”.
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wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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equatorial current sheet

Y-point

Figure 1. Schematic picture of the axisymmetric magnetosphere with close
and open magnetic field lines. The small arrows indicate the poloidal current,
which forms loops starting from the star in lower latitudes and go back to the
star in higher latitudes. The top of the close field lines is a junction of the
current sheet in the force-free limit, called a Y-point.

force of the star. Then the field aligned flow is Poyinting energy
dominant. However, due to symmetry, the equatorial plane is the
place where the toroidal field vanishes. The plasma motion may
become very close to the pure corotaion in the equatorial current
sheet where it touches the closed field region or in a very vicinity of
a so-called Y-point (Figure 1).

Meanwhile, highly accurate PIC simulations be-
come possible to provide detailed analysis for the
centrifugal acceleration (Chen & Beloborodov 2014;
Belyaev 2015; Hakobyan, Philippov, & Spitkovsky 2023;
Bransgrove, Beloborodov, & Levin 2023; Hu & Beloborodov
2022). It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that
Poynting energy is converted to kinetic energy in the vicinity of
the Y-point and the equatorial current sheet, while acceleretion
by the field-aligned electric field is also indicated in some cases.
The obtained results seems to show different faces of the mag-
netosphere, depending on the code prescriptions. It is interesting
that Hu & Beloborodov (2022) show an acceleration in azimuthal
direction such as expected in the centrifugal acceleration. Another
interesting feature of their simulations is ejection of plasmoids.

In the following, we study the centrifugal acceleration that is ex-
pected in a vicinity of the Y-point. It will be shown that super-fast
flows appear inside the thin current layer. The super-fast flows pro-
vide the azimuthal drift current to open the closed magnetic field.
We will propose a self-consistent structure of the centrifugal wind.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure 2. In the following sections, we
use the cylindrical coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted
by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 . The centrifugal drift velocity, which has opposite
directions depending on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifugal force is evaluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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ABSTRACT
We have studied the internal structure of the thin current sheet which is exluded in the force-free model. It is shown that the

centrifugal particle accerelation takes place in the open-closed boundary of the magnetic field lines, so called Y-point. The
particles are accelerated in the azimthal direction causing centrifugal drift current, which changes the closed field line to be
openend. We show that the particles becomes super-fast flows. However, the trans-super-fast flow would not provie enough
current to open the closed magnetic field. We suggest that the injection of super-fast flow by magnetic reconection at the Y-point
can provied such a strong current.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
(brief history)

(assumption: situlation under consideration)
axisymmetry steady magnetosphere
ideal-MHD holds

The magnetospheric plasma tends to corotate with the star. Strict
corotaion,

𝑣𝜑 = 𝜛Ω → 𝑐 as 𝜛 = 𝑐/Ω ≡ 𝑅L, (1)

would lead us to a divergence of the Lorentz factor at the light cylin-
der. In reality, before that, the inertia becomes very large, and the
centrifugal drift current increases to open magnetic field lines. The
plasma accelerated in azimuthal direction would be thrown away
along the open field lines. This is the idea of the centrifugal acceler-
ation, just like a trebuchet.

After large efforts (citation here), however, the centrifugal accel-
eration in the flow along the open field lines is concluded to be inef-
ficient. With the ideal-MHD condition, the azimuthal velocity does
not follow the corotation but does iso-rotation law, 𝑣𝜑 = Ω𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. In an open field region,
the magnetic field lines trail backward due to rotation, resulting in
negative 𝜅𝐵𝜑 , meaning departure from the corotation. Thus the sling-
shot acceleration fails. Typical Lorentz factor to be reached is 𝛾1/3

0
(Michel ...), where 𝛾0 = 𝐵2

𝐿/4𝜋𝑛𝑚𝑐2 = 𝛾max/M is the magnetiza-
tion parameter evaluated at the light cylinder. With this acceleration
we cannot explain the gamma-ray emission from the pulsars, neither
have enough drift current for magnetic field lines to open.

The toroidal magnetic field is maintained by a ploidal current loos
as shown in Figure 1. The loop current has an essential role to carry
Poyinting energy away from the neutron star, since the Poyinting flux
is given by 𝑐𝑬⊥ × 𝑩𝜑/4𝜋, where 𝑬⊥ is the electric field across the

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

magnetic field produced by electrotive force of the star. Then the
field aligned flow is Poyinting energy dominant. Due to symmetry
the equatorial plane is the place where the toroidal field vanishes.
As seen in Figure 1, the most probable place of the centrifugal
acceleration is the vicinity of the Y-point located, where the magnetic
field configuration changes from close to open at the top of the last
closed field line. This region has weak 𝐵𝜑 , the plasma may show
corotation.

Thus, the strong centrifugal acceleration would expected to be
localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-
tions become possible to provide detailed analysis for the centrifugal
acceleration. It has been shown that most of the space outside the
equatorial current sheet is Poynting energy dominant, and that Poynt-
ing energy is converted to kinetic energy in the vicinity of the Y-point
and the equatorial current sheet. In the simulations, an acceleration in
azimuthal direction such as expected in the centrifugal acceleration
and ejection of plasmoid is found, although the results are dependent
on their prescription.

In the following, we study the centrifugal acceleration which takes
place in the vicinity of the Y-point.

2 MAGNETIC FIELD OPENING BY THE CENTRIFUGAL
DRIFT CURRENT

Let us estimate the Lorentz factor to open the magnetic field lines by
the centrifugal drift current. The region we consider is the vicinity
of the Y-point as shown in Figure x. We will use the cylindrical
coordinate (𝑧,𝜛, 𝜑) with the unit vectors denoted by 𝒆𝑧 , 𝒆𝜛 , 𝒆𝜑 .
The centrifugal drift velocity, which has opposit directions depending
on the charge sign, would be

𝒗d = 𝑐
𝑭 × 𝑩

±𝑒𝐵2 ≈ ± 𝛾𝑚𝑐2

𝑒𝐵Y𝑅Y
𝑐𝒆𝜑 , (2)

where the centrifucal force is eveluated as 𝑭 = (𝛾𝑚𝑐2/𝑅Y)𝒆𝜛 , and
the magnetic field 𝑩 must be weakened very much as compared with
𝐵L. In the last expression, 𝐵Y and 𝑅Y are, respectively, the magnetic
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field strength in this region and the axial distance. We have the current
density

𝑗𝜑 = 2𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure x, the
condition for opening the magnic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵p, where
𝐵p is the ploidal field strength and Δ is the thicknes of the current
sheet. With this condition, we have the Lorentz factor with which the
centrifugal dirift current has enough strength to open the magnetic
field,

𝛾𝑐 ≈
𝐵2

p
4𝜋𝑚𝑐2

𝑅Y
Δ

𝐵Y
𝐵p

≈ 𝛾max
M

𝑅Y
Δ

𝐵Y
𝐵p

(4)

We expect a thin layer as Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y <<
𝐵L. If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/M. This value of the
Lorentz factor is just expected one because 𝛾max/M is the Lorentz
factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find Δ and 𝐵Y in a self-consistent manner,
considering the magnetohydrodynamics inside the current layer. One
may guessΔ the Larmore radius of the accelerated particles. This may
be the case if the plasma density is near or less than the Goldreich-
Julian density. However, in the case of dense plasma, magnetohydro-
dinamical process may determine the thickness Δ. In the following
sections, we will take a slightly deeper MHD approach.

2.1 Structure of the current sheet
3 CONCLUSIONS
The last numbered section should briefly summarise what has been
done, and describe the final conclusions which the authors draw from
their work.
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Figure 1. This is an example figure. Captions appear below each figure. Give
enough detail for the reader to understand what they’re looking at, but leave
detailed discussion to the main body of the text.
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Figure 2. Schematic picture of the region where the centrifugal drift current
opens the closed magnetic field lines.

𝐵L, denoted by 𝐵Y. In the last expression, 𝑅Y is the axial distance
of this region. The drift current density may be

𝑗𝜑 = 2𝑒𝑛|𝒗d | ≈ 2𝑛𝑐 𝛾𝑚𝑐2

𝐵Y𝑅Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,
the condition for opening the magnetic field is (4𝜋/𝑐) 𝑗𝜑Δ = 2𝐵out

p ,
where 𝐵 (out)

p is the poloidal field strength outside the current layer,
and Δ is a typical thickness. With this condition, we have the Lorentz
factor to open the magnetic field,

𝛾𝑐 ≈
(𝐵out

p )2

4𝜋𝑛𝑚𝑐2
𝑅Y
Δ

𝐵Y
𝐵p

=
𝛾max
2M

𝑅Y
Δ

𝐵Y
𝐵out

p
. (4)

We expect a thin layer,Δ ≪ 𝑅Y, and weak magnetic field, 𝐵Y ≪ 𝐵L.
If (𝑅Y/Δ) (𝐵Y/𝐵L) ≈ 1, 𝛾c ≈ 𝛾max/2M. This value of the Lorentz
factor is just expected one if most of the Poynting energy is converted
to kinetic energy.

It is one of our objectives to find Δ and 𝐵Y in a self-consistent
manner, considering the magnetohydrodynamics inside the current
layer. One may guess that Δ would be some thing like the Larmor
radius of the accelerated particles. This may be the case if the plasma
density is near or less than the Goldreich-Julian density. However,
in the case of dense plasma, magnetohydrodinamical process may
determine the thickness Δ.

3 STRUCTURE OF THE CURRENT SHEET
Suppose a flow running just outside of the equatorial current layer,
in other words, inside of the poloidal current loop, indicated by A in
the Figure 3. There is some amount of toroidal field in the flow A, so
that the azimuthal velocity would be much behind the corotaion due
to the 𝜅𝐵𝜑 term in the iso-rotation law. On the other hand, a flow
much closer to the equator in the current layer, indicated by B in the
figure, may have a larger azimuthal velocity because the toroidal field
is small. Such a flow may have a large Lorentz factor and provide
enough centrifugal drift current to open the magnetic field. If we
were able to obtain the current density as a function of the distance
from the equator, we might obtain thickness of the current layer.

We assume that the plasma density in the current layer is large
enough to satisfy the ideal-MHD condition. In this case, the flow can
be solved by using the field-aliged equations in the MHD system of
equations.

It must be noticed here that the field-aligned flow determins the
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ABSTRACT
We investigate the centrifugal acceleration in an axisymmetric pulsar magnetosphere under the ideal-MHD approximation.

We find that flows coming into the vicinity of the Y-point become super-fast. The centrifugal particle acceleration takes place
efficiently, and most of the Poynting energy is converted into kinetic energy. However, the super-fast flow does not provide enough
current to open the magnetic field. We find a solution with which the toroidal current to open the magnetic field is produced if
there is an injection of corotating plasma with a large Lorentz factor at the Y-point. The plasma injection at the Y-point would
be possible by magnetic reconnection with plasmoid emissions. We also find a solution that explains how the corotating plasma
with a large Lorentz factor is created. To obtain this, an intensive increase of the poloidal field strength just inside the Y-point is
necessary. This behavior of the magnetic field is aligned with the force-free solution.

Key words: keyword1 – keyword2 – keyword3

1 INTRODUCTION
Particle acceleration by pulsars is a long-standing problem in
astrophysics. In an early stage of investigation, the idea of
the relativistic centrifugal wind is intensively studied (Michel
1969; Goldreich & Julian 1970; Li & Melrose 1994). Since the
centrifugal acceleration is based on the rorotational motion of
the magnetospheric plasmas, a high plasama density is as-
sumed, so that the ideal-MHD condition holds. In reality, how-
ever, acceleration mechanism depends on plasma density, and
more specifically on where and how mach electron-positron
paris are created. Particle acceleration by field-aligned electric
field also interests us to explane the pulsed emission from ra-
dio to gamma-ray (Jackson 1976; Cheng, Ruderman, & Sutherland
1976; Takata, Wang, & Cheng 2011; Ruderman & Sutherland 1975;
Shibata 1997; Timokhin 2010)

Recently, Particle-in-Cell (PIC) simulations are applied to underd-
tand the global strucuture of the pulsar magnetosphere (Michel 1969;
Begelman & Li 1994; Takahashi & Shibata 1998). They are able to
treat both the field-aligned paritcle acceleration and the centrifu-
gal accelation. However, the problem of the centrifugal acceleration
still remains unresolved. In this paper, we revisit this problem, and
compare with recent PIC simulations.

We consider an axisymmetry steady magnetosphere with a mag-
netic diople moment parallel to the angular velocity. The plasma
density is much higher than the Goldrech-Julian densiy everywhere,
so that the ideal-MHD approximation holds. We do not ask pair
creation processes at the moment.

The magnetospheric plasma tends to corotate with the star. Strict
corotaion would lead us to a divergence of the Lorentz factor at the
light cylinder, i.e.,

𝑣𝜑 = 𝜛Ω∗ → 𝑐 as 𝜛 → 𝑐/Ω∗ ≡ 𝑅L, (1)

★ E-mail: shibata@sci.kj.yamagata-u.ac.jp

where Ω∗ is the angular velocity of the star, 𝜛 is the axial distance,
and 𝑅𝐿 is the radius of the light cylinder. In reality, just within the
light cylinder, the inertia becomes so large that the centrifugal drift
current opens the magnetic field lines. The plasma accelerated in az-
imuthal direction with a large Lorentz factor would finally be thrown
away along the open field lines. This is the idea of the centrifugal
acceleration, just like a trebuchet.

However, after some works (eg., Michel 1969; Begelman & Li
1994; Takahashi & Shibata 1998), it is concluded that the centrifu-
gal acceleration is inefficient, and flows on the open field lines are
Poynting energy dominant. There is toroidal magnetic field 𝐵𝜑 in
the open field region due to the poloidal current, which circulates
globally as shown in Figure 1. The azimuthal velocity does not fol-
low the corotation but does the iso-rotation law, 𝑣𝜑 = Ω∗𝜛 + 𝜅𝐵𝜑 ,
where 𝜅 is a scalar function to be determined. The open magnetic
field lines trail backward due to rotation, resulting in negative 𝜅𝐵𝜑 ,
meaning departure from the corotation. Thus the slingshot accel-
eration fails. Typical Lorentz factor to be reached is 𝜎1/3

∗ (Michel
1969, and elsewhere) where 𝜎∗ = 𝐵2/4𝜋𝑛𝑚𝑐2, is the magnetiza-
tion parameter, and 𝐵 and 𝑛 are the field strength and the number
density, respectively. An expression 𝜎∗ = 𝛾max/2M may be useful,
where 𝛾max = 𝑒𝐵L/𝑚𝑐Ω∗ is the maximum reachable Lorentz factor,
M = 𝑛/(Ω∗𝐵L/2𝜋𝑒𝑐) is the multiplicity of the plasma, and 𝐵L is
the light cylinder field. The value of 𝜎∗ gives the typical flow Lorentz
factor when most of the Poynting energy is converted into plasma. As
typical values, a period of 1 second, a surface field of 1012 G, and a
multiplicity of 103, we have 𝛾max ∼ 107, 𝜎∗ ∼ 104, and 𝜎1/3

∗ ∼ 200.
With this centrifugal acceleration we cannot explain the gamma-ray
emission from the pulsars, neither enough drift current for magnetic
field lines to open.

The poloidal current loop has an essential role to carry Poynting
energy away from the neutron star, since the toroidal magnetic field
in the loop makes the Poyinting flux, 𝑐𝑬⊥×𝑩𝜑/4𝜋, where 𝑬⊥ is the
electric field across the magnetic field produced by the electrotive
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4.18. パルサーの遠心力加速と磁気リコネクション
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図 4.18.2: 軸対称パルサーモデル
以下では、Y-point 近傍の物理を検討する。しかし、Y-point付近の構造は、outer gapの活動性や磁気圏内の各場所でのペア生成率とも強くリンクしているのでそのことを含めてグローバルな議論も含める。また、Y-pointからの赤道面に沿ったプラズマはいわゆる

plasmoid を含む流れでありこの領域における reconnectionも議論しなければならない。
4.18.0.1 遠心力ドリフト電流による磁場の opening

Y-point 近傍で共回転速度が光速に近づき Lorentz factor が大きくなったプラズマがあるとする。密度を nとする。弱い poloidal 磁場が存在する。遠心力ドリフト速度は電子と陽電子とは反対方向で
v± = c

F ×B

±eB2
= ± γmc2

eBYRY
ceφ (4.18.1)

で与えられるだろう。ここで、Y-pointの位置をϖ = RY、弱いながらも存在する磁場の大きさをBY として、遠心力をF = (γmc2/RY )eϖで見積もった。遠心力ドリフト電流密度は
jφ = 2n|v±| = 2nc

γmc2

eBYRY
(4.18.2)

である。磁場が開かれている条件は Ampéreの法則∇×B = (4π/c)jで図のような閉曲線 Cを考えて
4π

c

∫

inside C
jφda =

∫

inside C
∇×B · eφda =

∫

C
B · ds (4.18.3)

4π

c
jφL∆ = 2BpL (4.18.4)

になる。ここで、赤道面の加速領域外の開いた磁場の強さをBp、jφ-corrent sheet の実効的な厚みを∆とした。この条件を課すことで必要な Lorentz factor を
γ =

eB2
p

4πcmc2
RY

∆

Bp

BY
(4.18.5)
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Figure 3. Field-alined flows to be examined. The solid curves indicate the
magnetic field lines. The dashed curves are field-aligned flows. Flow A locates
outside of the current sheet, while flow B runs inside the current sheet. The
𝑥-axis indicates the axial distance normalized by 𝑅L. The thin dashed line
𝑥A indicates the Alvéen surface. The thin dotted line 𝑥 = 1 indicates the ligh
cylinder.

value of 𝐵𝜑 and the current function 𝐼 = 𝜛𝐵𝜑 as well. The field-
aligend equations are solved with a given set of boundary conditions
and the condition that the solution passes through the fast critical
point. As a result, the field-aligned flow and therefore 𝐼 is uniquely
determined. On the other hand, as was done in obtaining the force-free
solution (Contopoulos, Kazanas, & Fendt 1999; Timokhin 2006), the
trans-field equation that solves the poloidal field structure determines
the current function 𝐼 so that the field lines are regular on the Alfvén
surface, which coincides with the light cylinder in the force-free limit.
Thus, the both systems of equations can determine 𝐼. The pulsar
problem is only solved simultaneously the field-aligned equations
and the transf-field equation, i.e., the two 𝐼’s obtained in the two
ways must be identical. This has never been done so far.

The force-free solution may be a good approximation for the field
structure in high and middle latitudes, because the field-aligned so-
lutions give weak centrifugal acceleration. This is suported by the
PIC simulations and the RMHD simulations, which give the results
very similar to the force-free solution.

The problem is how the current runs inside the current layer and in
the vicinity of the Y-point. This problem is ignored in the force-free
solution. The internal structure of the current layer with a finite thick-
ness can be investigated if the plasma inertia is taken into account.

The flow A has a relatively large |𝐼 | because it is inside the poloidal
current loop, and the value of |𝐼 | would be almost constant along the
flow stream line because the centrifugal acceleration is modest. This
is exactly so in the force-free limit. Let us assume that a strong accel-
eration takes place along the flow B, and that most of the Poynting
energy is converted into kinetic energy. Then, the current function
|𝐼 | decreases along the flow stream line. In other words, the current
stream lines crosses the flow stream line causing the acceleration.
This situation is illustrated in Figure 4.

As seen in this figure, the current function at a large distance
decreases gradually to zero as 𝑧 decreases toward the equatorial
plane, while on the Alfvén surface it suddenly jump down to zero at
the equatorial plane. Since the acceleration is expected to take place
beyond the Alfvén surface, the current layer with finite thickness
shrinks into a very thin sheet on the Alfvén surface. This meets the
condition of regularity for the trans-field solution.

z
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|I |

x

b xA acc
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Figure 4. The expected current stream lines inside the current layer.

4 FIELD-ALIGNED FLOWS IN THE CURRENT LAYER

We would like to show that the expected flows of type A and B really
exit.

The field-aligned equations are composed of the three conserva-
tion laws and the iso-rotation law. Given the stream function of the
poloidal magnetic field 𝜓, the particle flux 𝑔(𝜓), the angular mo-
mentum ℓ(𝜓), and the energy 𝜖 (𝜓) are constant along a given steam
line. In the iso-rotation law, the angula velocity Ω(𝜓) is also constant
along the field line. These quantities are all determined with a set of
boundary conditions and the condition that the flow passes through
a fast-critical point.

The field-aligned equations are all argebraic equations, and are
joined into a single expression called the Bernoulli function 𝜖 (𝑧, 𝑣).
Here, we normalize the axial distance 𝜛 and the ploidal 4-velosity
𝑢p by the valuses at the Alfé point, i.e., 𝑧 = 𝜛/𝜛A and the poloidal
4-velosty 𝑣 = 𝑢p/𝑢A. The Bernoulli function 𝜖 (𝑧, 𝑣) has a form
(Okamoto 1978; Camenzind 1986; Takahashi 1991),

(
𝜖 (𝑧, 𝑣)
𝑚𝑐2

)2
=

(1 + 𝑢2
p)

(1 − 𝜆)2
[1 − 𝜆𝑧2 − (1 − 𝜆)𝑣𝑧2]2
(1 − 𝑣𝑧2)2 − 𝜆𝑧2 (1 − 𝑣)2

, (5)

where

𝑢p =
1 − 𝜆

𝜆
𝜎𝑣, (6)

with the two parameters

𝜆 =
Ω(𝜓)ℓ(𝜓)

𝜖 (𝜓) , (7)

and 𝜎. The Alfvén point locates at 𝜛A =
√
𝜆𝑐/Ω(𝜓) and 𝑢A/𝜎A =

(1 − 𝜆)/𝜆, where 𝜎A is the value of 𝜎 at the Alfvén point. A family
of solutions is obtained as contours of 𝜖 (𝑧, 𝑣) for a given set of 𝜆
and 𝜎. We chose one solution among them that passes through the
fast-critical point; hereafter we denote as (𝑧f , 𝑣f). At the same time,
the flow energy 𝜖f = 𝜖 (𝑧f , 𝑣f). is obtaind such as an eigen value.

The Bernoulli function 𝜖 (𝑧, 𝑣) has two free parameters, 𝜆 and 𝜎.
However, the value of 𝜆 is detemined implicitly by a given boundary
condition. Firstly we assume 𝜆, and obtain a critical solution which
passes through the fast-point. Then we examine whether the solution
satisfies the boundary conditions. If not, we must change 𝜆 until the
boundary conditions are satisfied.

Thus, 𝜎 is the only parameter that detemines the flow property. It
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Figure 10. The flow C injected just within the Alfvén point. The flow D is
the flow before the injection.

6 PLASMA INJECTION AT THE Y-POINT
The magnetic field should be opened in the centrifugal wind. How-
ever, we find that sufficient toroidal current is not produced in the
super-fast flows in the current layer. Although decrease of the poloidal
field causes the fast point located just outside the Alfvén point, it also
causes decrease of the plasma density through increase of cross sec-
tion of the flow tube, and in turn decrease in the centrifugal drift
current.

One possible and very likely way to avoid the density decrease is
an injection of plasma at the Y-point. Let us consider a flow injected
from a top of the closed field region, such as the flow C in Figure 10.

The parameters characterize the flow C would be such that �̂� is
small and constant because the poloidal field stays small, and that 𝜎0
is also small because the face value of Minj gets large. Note that M
in the definition (10) of 𝜎0 is based on the Goldrech-Julian density
at the injection point, where the magnetic field is small. Therefore,
even if the plasma density is the same as those in the flow A and
the flow B, Minj becomes large, and in turn 𝜎0 gets small. As an
example, we suppose that the magnetic field strength at the injection
point is one hundredth of the field outside the current layer. Then, we
have 𝜎0 = 100, and �̂�c = 0.01.

A family of the solutions is shown in Figure 11. We find another
topology for the flow C. Although 𝜎 = 𝜎0 �̂� is constant, the topology
is different from the Michel’s radial-field solution, where the X-
type critical point goes to infinity. The two curves 𝜕𝜖/𝜕𝜉 = 0 and
𝜕𝜖/𝜕𝑣 = 0 meet at large distance, or maybe at infinity, where a
O-type critical point appears. On the other hand, the X-type critical
point seems to go to the Alfvén point as shown in a closeup view
around the Alfvén point (the right panel of Figure 11). The numerical
solutions suggest that both 𝜕𝜖/𝜕𝑣 = 0 and 𝜕𝜖/𝜕𝜉 = 0 curves reach to
the Alfén point tangentially to the 𝑣-axis. Thus, the critical solution
becomes almost the vertical line coinciding with the 𝑣-axis as far as
𝑣 is not so large. Other solutions are two-valued functions of 𝜉, and
are inappropriate. When 𝜉 = 1 with 𝑣 ≠ 1, the Bernoulli function
becomes(
𝜖 (1, 𝑣)
𝑚𝑐2

)2
=

1
1 − 𝜆

[
1 −

(
1 − 𝜆

𝜆

)2
𝜎2𝑣2

]
. (18)

It follows from this expression that in the limit 1 − 𝜆 → 0, in other
words, the centrifugal-driven limit Ω(𝜓)ℓ(𝜓) → 𝜖 (𝜓), the fast en-
ergy must be 𝜖f = (1−𝜆)−1/2, regardless of 𝜎. Figure 12 is drawn for
1 − 𝜆 = 1 − 10−4, and therefore 𝜖f = 100. In this case, the injection
point is always very closed to the Alfén point, as we intend. The
toplogy of this type with other types as function of 𝜎 was studied

Figure 11. Left panel: The critical solution for the flow C injected from the
vicinity of the Y-point. Right panel: A close-up view of the left around the
Alfvén point.

Figure 12. (Left) The Lorenz factor (solid line) and the energy of the flow
(dashed line) as functions of log 𝜉 , and (Right) The azimuthal velocity as a
function of 𝑥 for the flow C that is injected from the vicinity of the Alfvén
point.

earlier by Takahashi (1991) and applied in the context of a disc wind
around compact stars.

The Lorentz factor of the flow and the azimuthal velocity are shown
in Figure 12. It can be seen that the flow energy is injected totally as
kinetic energy. Since 𝜆 = Ωℓ/𝜖 ≈ 1, angular momentum is brought
in as well.

In contrast with the flow A and B, we cannot determine the value
of 𝜆 uniquely since the critical solutions are degenerated. The flow
C can have any value of 𝛾 = (1 − 𝜆)−1/2. As a result, 𝜎0/𝛾 in (17)
can be very small. This means that the magnetosphere can have open
field lines. The value of 𝜆 will be determined in a self-consistent way
so that the magnetic field is opened.

Injection of plasma may be pair creation in the vicinity of the
Y-point, but a more likely way is magnetic reconnection. At the top
of the closed field region or just the inside of the Y-point, a high
density corotating plasma with a large Lorentz factor accumulates,
and it is likely transferred onto the open field lines. As seen in
Figure 10, the reconnection process will need a help of plasmoid
emission which is indicated by the dashed small loop. The injection
process may be intermittent. We suppose that the plasmoid formation
seen in PIC simulations corresponds to the injection process. Since
the MHD equation of motion in the cold limit is equivalent to the
equation of motion of individual particles, it is likely that motion
of a plasmoid may also be represented by the cold MHD equation.
Therefore, individual plasmoids might follow the solutions of the
flow C.
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Table 1. Some parameters for the critical solution.

Type 𝜎0 log 𝜉 𝑓 log 𝑣 𝑓 𝜖 𝑓 1 − 𝜆 1 − 𝑥A 𝛾

flow A 104 ∞ 1.3275 0.9905 × 104 1.02 × 10−4 5.15 × 10−5 21.4(a)
flow B 104 0.0525 0.9075 3.039 × 103 4.0 × 10−4 2.0 × 10−4 2.95 × 103 (b)
flow C (c) 104 1 1 102 4.0 × 10−4 2.0 × 10−4 102

(a): evaluated at 𝜉 = 100, (b): evaluated at 𝜉 = 3.14, (c):𝜆 is assumed.

Figure 8. The same as Figure 6, but for the flow B.

decrease of �̂� just outside of the Alfvén point. We model this by

�̂�b (𝑥) =
[
(1 − 𝐷) 𝑆

(
𝑥d − 𝑥

𝛿d

)
+ 𝐷

]
�̂�a, (16)

where 𝐷 and 𝑥d, respectively, determine how strong and where the
magnetic field decreases. If 𝐷 = 0, there is no decrease, but if it is
finite, �̂� drops down to 𝐷�̂�radial at large distances. In a following
example, we use 𝐷 = 0.01, 𝑥d = 1.2, and 𝛿𝑑 = 0.1, as shown in
Figure 5. The value of 𝜎0 is set to be the same as the flow A, i.e.,
𝜎0 = 104.

There is a topological change in the solution curves as shown
in Figure 8. An X-type critical point, the fast point, appears just
beyond the Alfvén point; 𝜉f = 1.13. The Lorentz factor glows up
around the fast point from the value at the injection (𝛾 = 1.1) to
2.95 × 103, which means 98% of the total energy 𝜖f (Figure 9). In
contrast with the flow A, deviation of the azimuthal velocity from the
corotation is weaker, and 𝑣𝜑 peaks at ∼ 0.85𝑐. More importantly the
curve eventually follows almost the analytic curve of the tangential
ejection at the Alfvén radius. The flow is effectively corotation up
to the Alfvén point. The total energy 𝜖 is about 30% of the value of
the flow A. This is reasonable because the flow B is in the middle of
the current layer where the Poynting flux is on its way of decreasing
down to zero on the equator.

The fact that a decrease of �̂� causes efficient convertion from the
Poynting energy to kinetic energy has been known and discussed in
the context of the AGN jets that have a non-radial and collimated
geometry (Camenzind 1989; Begelman & Li 1994).

5 AN ESTIMATE OF CENTRIFUGAL DRIFT CURRENT
We find that the flow in the current layer is super-fast, and that the
Poynting energy efficiently convets into kinetic energy in azimuthal
motion. We now estimate the centrifugal drift current produced by the
super-fast flow, and see whether it is enough to open the field lines.

Figure 9. The same as Figure 7, but for the flow B.

The centrifugal drift velocity is 𝑣± = ±(𝑐/𝑒)(𝛾𝑚𝑣2
𝜑/𝑅Y𝐵Y). For

the condition to open the magnetic field lines, we have (4𝜋/𝑐) 𝑗𝜑Δ =
2𝐵out

p , where 𝑗𝜑 = 2𝑒𝑛|𝑣±|. We also have the conservatin law
𝑛𝑣p/𝐵p = 𝑔(𝜓). Combining these relation, we arrive at

Δ
𝑅Y

=
(𝑣p/𝑐)
(𝑣𝜑/𝑐)2

𝜎0
𝛾

𝐵Y
𝐵p

𝐵out
p
𝐵L

. (17)

If Δ/𝑅𝑌 is much smaller than unity, then the drift current is enough
large. However, the expression indicates that Δ/𝑅𝑌 seems around
unity. The last factor 𝐵out

p /𝐵L is about unity. The factor 𝐵Y/𝐵p
will not be much smaller than unity. The effective field to produce
the drift current 𝐵Y is 𝑍-component of the field, while 𝐵p is the
field-aligned component. If the flow were nearly parallel to the equa-
torial plane, 𝐵Y/𝐵p would be very small. However, the region with
a large azimuthal velocity would be where the flow comes into the
Y-point, and 𝐵Y/𝐵p will not be so small. If the Y-point is actu-
ally T-point as suggeste by Contopoulos, Ntotsikas, & Gourgouliatos
(2024), 𝐵Y/𝐵p ≈ 1. The efficient energy conversion in the flow B
makes 𝛾 as large as 𝜎0, but never be much larger than 𝜎0. Since
𝑣𝜑 is something around ∼ 0.85, the factor (𝑣p/𝑐)/(𝑣𝜑/𝑐)2 will not
be very small. In conclusion, accelerated flows such as B will not
produce enough the centrifugal drift current to open the magnetic
field.

This may sound strange when one compares with (4). In the flow
B, the centrifugal drift velocity is indeed large since the particles
are accelerated in azimuthal direction with a high Lorentz factor of
the order of 𝛾max/M. However, as is seen in the expression 𝑛 =
𝑔(𝜓)𝐵p/𝑣p, the plasma density decreases due to the decrease of the
magnetic field or increase of cross section of the flow. As a result,
the drift current density does not increase.
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.

304 global

ローレンツ因⼦の発散

closed loop top で起こっていること
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Figure 12. The Lorenz factor (solid line) and the energy of
the flow (dashed line) as functions of log ξ, and the azimuthal
velocity as a function of x for Flow D.

therefore magnetic reconnection must be included in the480

self-consistent treatment.481482

8. DISCUSSION483

Our results seem aligned well with the recent results484

of PIC simulations (Chen & Beloborodov 2014; Belyaev485

2015; Hakobyan et al. 2023; Bransgrove et al. 2023; Hu486

& Beloborodov 2022), in witch kinetic energy dominant487

flows appear around the equatorial current sheet, and488

plasmoids are ejected from the top of the last closed489

field lines.490

A problem found in the previous sections is that our491

model does not predict the thickness of the current sheet492

or the Lorentz factor to be reached. This is because493

the fast critical point degenerates into the Alfén point494

under the circumstances of equipartition between the495

magnetic field and the plasma energy densities (σ ∼ 1).496

We need to undertake reconnection processes. However,497

before that, we can make an estimate by assuming that498

the thickness is of order of Larmor radius (Asano et al.499

2004; Hoshino 2020). We employ (3) in which we set500

B(out)
p ≈ BL, and the density is the value in the Y-501

point, denoted by nY, which is distinguished from the502

density outside the current sheet, n. With the condition503

∆ ∼ (eB/γmc2)−1, where we assume B ≈ BL as a mean504

value of a strong field in the closed region and a weak505

field in the open region, (3) yields506

1 ≈ 2Mγ2(mc2)2

(eBLRL)2
BL

BY

nY

n
. (17)507

The continuity implies (BL/BY)(nY/n) ≈ 1 for the both508

sides of the Y-point. Then we have509

γ ≈ γmax

(2M)1/2
, and

∆

RL
≈ 1

(2M)1/2
. (18)510

We also find that the drift velocity is well below c by a511

factor of 1/(2M)1/2. We suggest that the highest energy512

can be much higher than a simple estimate of γmax/M.513

A significant difference between the present model and514

the previous PIC simulations is the location of the Y-515

point. In our previous particle simulations (see Figure 5516

of Yuki & Shibata (2012)), we have implied that field-517

aligned potential drop inside the light cylinder makes a518

superrotation, and the Y-point move inward. The PIC519

simulation by Hu & Beloborodov (2022) also shows su-520

percorotation. In their simulation, there is field-aligned521

acceleration around the null surface. The field-aligned522

acceleration, superrotation, and subrotation are interact523

to each other to establish the proper net loss of the an-524

gular momentum as shown in Shibata & Kisaka (2021).525

Another possible reason for the Y-point within the526

light cylinder is that λ becomes much smaller than unity.527

In this case, the outflow is not driven by the centrifugal528

force, but by an injection energy that is introduced in529

the code prescription.530

9. CONCLUSIONS531

We investigate the centrifugal acceleration in an ax-532

isymmetric pulsar magnetosphere under the ideal-MHD533

approximation. Anticipating the poloidal field structure534

we have solved the field-aligned equations for different535

field lines to construct a self-consistent view of the cen-536

trifugal wind. The poloidal field structure comes into537

the flow model through B̂ ∝ Bpϖ2.538

Flows on the open field lines running apart form the539

equatorial current sheet, called Flow A, are Poyinting540

energy dominant, and there is no efficient centrifugal541

acceleration. Flow B that comes into the vicinity of542

a Y-point and goes out in a current layer with finite543

thickness is characterized by decrease of B̂ just beyond544

the Alfvén point. Flow B becomes a super fast flow,545

and the centrifugal acceleration takes place efficiently.546

However, the centrifugal drift current is not enough to547

open the magnetic field lines. Flow D is a flow coming548

from an inner part of the magnetosphere and reaches the549

top of the closed field reagion. The key feature of Flow550

D is an increase of the poloidal field strength toward551

the Alfvén point, the loop top. The azimuthal velocity552

follows the corotaion, and the plasma gains a very large553

Lorentz factor, γ ∼ B̂(xA). The corotating plasma with554

a large Lorentz factor produced in Flow D is expected to555

be injected as Flow C via magnetic reconnection. Flow556

C is a super fast flow, and goes out in the equatorial557

current layer. The region around the junction of the558

two flows have a centrifugal drift current large enough559

to open field lines. A jump from Flow D to Flow C560

require magnetic reconnection and plasmoid emission.561

Although we have not investigate the reconnection562

process, an simple estimate suggests that the Lorentz563

factor of the centrifugal driven outflow goes up to564
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the numerical experiments do not reconstruct concrete
observed pulsars. The achieved separation of scales and the
multiplicity of e± creation are still below those in real objects.
In addition, photon free paths were drawn from a simple
prescribed distribution. More detailed calculations of photon
−photon collisions will require expensive simulations of
radiative transfer (and vastly vary between different pulsars).

Our main results may be summarized as follows.
The energy release and e± creation are strongly concentrated

in the thin, Y-shaped current sheet, with a peak in a small
volume at the Y-point. This is a remarkable feature, especially
taking into account that the mean free path of gamma rays near
the light cylinder is comparable to RLC in our simulation. This
self-organized concentration of e± creation is achieved by the
system via developing an enormous rotation rate at the Y-point,
which results in nearly perfect beaming of gamma-ray emission
along the azimuthal direction. The plasma develops super-
rotation by absorbing the angular momentum flux flowing from
the star along the poloidal magnetic lines.
The simulation shows that the radius of the Y-point circle RY

is shifted inward from the light cylinder by about 15% and
“breathes” with a small amplitude around this average position.
This implies a mildly relativistic corotation speed at the
Y-point, vco≈ 0.85c. The actual ultrarelativistic rotation of the
plasma far exceeds corotation with the star. Therefore, we call
it superrotation.
We have studied in detail the Y-shaped current sheet. The

separatrix current at r< RY is mainly supported by the electron
backflow from the dense Y-point cloud (with smaller fractions
supplied by e± discharge in the separatrix itself and by ion
extraction from the star). The thickness of the separatrix current
sheet Δsh is self-regulated to marginal charge starvation and
therefore related to the plasma density at the Y-point. The
system achieves a small Δsh by sustaining a high density at RY
via the concentrated pair creation. The accumulated pair
density at the Y-point is limited by the confinement condition,
as plasma excess is intermittently ejected into the equatorial
outflow through the elastic magnetic nozzle at RY. It will be
interesting to investigate in future simulations whether a higher
multiplicity of e± creation near the star could significantly
change the processes at the light cylinder. Simulations by

Figure 13. Plasmoids formed by magnetic reconnection in the equatorial outflow. The snapshot was taken at t = 213.2 Rå/c, at the end of the simulation. Top:
electron density ne. Bottom: contours of the normalized magnetic flux function f fmax.

Figure 14. Vertical speed of the plasma flow toward the equatorial current
sheet. It approximately represents the reconnection speed, which is originally
defined as the drift speed ¢vD in the wind rest frame ¢K (where the horizontal
drift vanishes). Here, the hydrodynamic speed of electrons was used as a proxy
of the plasma flow. It was measured at z = ±0.15Rå, as a function of x. The
values are averaged over the last revolution, 176 < ct/Rå < 213.
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damping is applied where m> B R0.1 3. Effectively, in this
region, particles are constrained to move along the rotating
magnetic field line, like beads on a wire. This prevents artificial
magnetic bottles and allows the particles to sink along the field
lines toward the star.

We have also implemented e± annihilation, which helps
control the number of simulated particles. The minimum
particle flux in the equatorial current sheet is I0/e, which would
correspond to the positron outflow = ´ N c R2.26 100

6 in
our simulation. The actual outflow is greater by the multiplicity
factor   1. We use annihilation at large distances
r> 3RLC, where the spatial cells Δr∝ r become overpopulated
by the dense e± outflow.

3. Structure of the Magnetosphere

The magnetosphere does not find a true steady state and
continues to “breathe,” ejecting chunks of plasma (“plas-
moids”) along the equatorial plane. However, many of its
important features can be studied using time-averaged
quantities. The time averaging smears out the plasmoids
moving in the equatorial current sheet (which will be discussed
separately in Section 5). However, it still gives a sufficiently
crispy image of the magnetosphere and provides a clear picture
of dissipation, gamma-ray emission, and e± creation. In this
section, we present the magnetospheric structure averaged over
two rotation periods during the quasi-steady state observed
toward the end of the simulation, between t= 136Rå/c and
213Rå/c.

Figure 1 shows the time-averaged electric current (poloidal
component Jpol), charge density ρ, and toroidal magnetic field
Bf. One can see the three basic components predicted by the
FFE model: the closed zone with Jpol= 0 and Bf= 0, the
negative current from the polar caps (which sustains Bf≠ 0 in
the open field line bundle), and the Y-shaped current sheet with
Jr> 0 (the return current). The Y-point is located at radius
RY< RLC.

The observed configuration also displays the charge
density ρ predicted by the FFE model. In particular, the
separatrix bounding the closed zone is negatively charged

(Lyubarsky 1990), and the equatorial current sheet outside
the Y-point is positively charged. In addition, the kinetic
simulation shows that the charged layer along the separatrix
at r< RY is actually a double layer, resembling a charged
capacitor, with a positive surface charge residing just inward
of the negatively charged current sheet.
Figure 2 shows the densities and electric currents carried by

the three particle species: electrons, positrons, and ions. We
observe that the polar-cap current is charge separated, i.e., it is
carried by one species—the electrons extracted from the star.
There is practically no e± creation in the polar region. The
electrons flow out along the magnetic field lines with modest
energies and carry a negligible fraction of the pulsar spin-down
power. The charge density of the polar outflow is close to the
corotation density ρco≈−Ω ·B/2πc.
Note that ρco changes sign along the “null surface” where

Ω ·B= 0.6 At this surface, the charge-separated outflow was
expected to form an “outer gap” (Cheng et al. 1986). We find in
our simulation that this region is marginally capable of
accelerating electrons and positrons to Lorentz factors∼ γthr.
Furthermore, the current flowing through this region is small,
and therefore the null line does not cause strong dissipation or
gamma-ray emission. A further increase in resolution and
voltage (a higher γ0/γthr) would activate the discharge around
the null surface, somewhat helping the “return” (positive)
current to flow through the region (Bransgrove et al. 2022).
The positive return current flowing through the magneto-

sphere of the aligned rotator is dominated by the thin, Y-shaped
current sheet. Hence, to the first approximation, the sheet
carries the current

» ( )I I , 15sh 0

where I0 is given in Equation (3). At r< RY, this current sheet
has α< 0 (Equation (6)), which prohibits sustaining Ish by a
charge-separated ion flow extracted from the star. Instead, the
system employs copious e± creation to sustain Ish. We have

Figure 1. Time-averaged poloidal current density Jpol, total charge density ρ, and toroidal magnetic field Bf. Green curves show the poloidal magnetic field lines
(poloidal cross sections of the axisymmetric magnetic flux surfaces), uniformly spaced in the magnetic flux function. The white dashed vertical line indicates the light
cylinder. The plots have a resolution of 42 times coarser than the native resolution in the simulation.

6 In the dipolar approximation,W qµ - =· ( )B 3 cos 1 02 is satisfied on the
cone θnull ≈ 55°. The actual magnetic field configuration changes from dipolar
at r ∼ RLC, and the null surface is bent.
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r> RY. Thus, color visualizes the breathing history of the
Y-point, as well as reconnection at r> RY.

Practically all large plasmoids observed in the simulation
were initially formed at the Y-point and later grew through
spontaneous reconnection at r> RY, accreting more magnetic
flux as they flowed outward. The Y-point ejection approxi-
mately spans light green to light orange, 0.245

f f 0.255max , i.e., the Y-point breaths through ∼1% of the
total magnetic flux of the star fmax or ∼5% of the open
magnetic flux »f f0.2open max. Note also that in the vicinity of

the Y-point the equatorial current sheet occupies a
tiny d ~ -f f10 3

max.
One can also see from Figure 13 that the total magnetic flux

entering the dissipative equatorial current sheet spans the range
 f f0.235 0.255max . Thus, the total flux δf≈ 0.1fopen

penetrates the equatorial current sheet. This sets the total
energy budget for the equatorial dissipation. The energy is
delivered from the star to the dissipation region along the flux
surfaces, and overall ∼6% of the spin-down power Lsd
becomes dissipated. The Poynting flux along flux surfaces
0.245 f 0.255 mainly goes to the Y-point dissipation, and
the Poynting flux along flux surfaces 0.235 f 0.245 is
released through reconnection in the outer equatorial current
sheet. Part of the released energy is carried by the outflowing
plasma and part by the escaping gamma rays.

6. Conclusions

This paper has presented a global relativistic kinetic
simulation of an axisymmetric pulsar magnetosphere with
self-consistent e± pair production. Our PIC simulation used
log-spherical coordinates with a grid size of 4096× 4096
covering the radial domain r< 30Rå, several times larger than
the pulsar light cylinder chosen in the model, RLC= 6Rå. The
simulation has advanced features including a thin, dense
atmospheric layer sustained on the star’s surface, which
provides a sufficient reservoir of particles at the magneto-
spheric footprints. Importantly, the simulation did not impose
any plasma injection into the magnetosphere. Pairs were
created only in response to particle acceleration, through a two-
step process—emission of gamma rays followed by their
conversion to e±, as occurs in real pulsars. The high resolution
allowed us to push the maximum accelerating voltage to a high
value, which corresponds to the electron Lorentz factor
γ0= 104, and to achieve a good separation of important energy
scales γ0: γthr: εph= 104: 102: 10.
Such first-principles numerical experiments aim to uncover

physical mechanisms operating in pulsars, in particular how the
plasma magnetosphere self-organizes through pair creation and
dissipates electromagnetic energy. As a disclaimer, we note that

Figure 11. Time-averaged number density of gamma rays nγ (left), gamma-ray emission rate per unit volume nem (middle), and e± creation rate n per unit volume
(right).

Figure 12. Average f velocity of an emitted photon.

11

The Astrophysical Journal, 939:42 (13pp), 2022 November 1 Hu & Beloborodov

Hu, R. ¥& Beloborodov, A.~M.¥ 2022, ¥apj, 939, 42. doi:10.3847/1538-4357/ac961d



Fast critical ポイントが Alfven critical point に縮退した
ため、current sheet の厚さや到達するローレンツ因⼦
がもとまらなくなった。
reconnection process による。
厚みをgyro radius 〜慣性⻑で評価すれば⾒積もれる。
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Figure 12. The Lorenz factor (solid line) and the energy of
the flow (dashed line) as functions of log ξ, and the azimuthal
velocity as a function of x for Flow D.
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or the Lorentz factor to be reached. This is because493

the fast critical point degenerates into the Alfén point494

under the circumstances of equipartition between the495

magnetic field and the plasma energy densities (σ ∼ 1).496

We need to undertake reconnection processes. However,497

before that, we can make an estimate by assuming that498

the thickness is of order of Larmor radius (Asano et al.499

2004; Hoshino 2020). We employ (3) in which we set500

B(out)
p ≈ BL, and the density is the value in the Y-501

point, denoted by nY, which is distinguished from the502

density outside the current sheet, n. With the condition503

∆ ∼ (eB/γmc2)−1, where we assume B ≈ BL as a mean504

value of a strong field in the closed region and a weak505

field in the open region, (3) yields506

1 ≈ 2Mγ2(mc2)2

(eBLRL)2
BL

BY

nY

n
. (17)507

The continuity implies (BL/BY)(nY/n) ≈ 1 for the both508

sides of the Y-point. Then we have509

γ ≈ γmax

(2M)1/2
, and

∆

RL
≈ 1

(2M)1/2
. (18)510

We also find that the drift velocity is well below c by a511

factor of 1/(2M)1/2. We suggest that the highest energy512

can be much higher than a simple estimate of γmax/M.513

A significant difference between the present model and514

the previous PIC simulations is the location of the Y-515

point. In our previous particle simulations (see Figure 5516

of Yuki & Shibata (2012)), we have implied that field-517

aligned potential drop inside the light cylinder makes a518

superrotation, and the Y-point move inward. The PIC519

simulation by Hu & Beloborodov (2022) also shows su-520

percorotation. In their simulation, there is field-aligned521

acceleration around the null surface. The field-aligned522

acceleration, superrotation, and subrotation are interact523

to each other to establish the proper net loss of the an-524

gular momentum as shown in Shibata & Kisaka (2021).525

Another possible reason for the Y-point within the526

light cylinder is that λ becomes much smaller than unity.527

In this case, the outflow is not driven by the centrifugal528

force, but by an injection energy that is introduced in529

the code prescription.530

9. CONCLUSIONS531

We investigate the centrifugal acceleration in an ax-532

isymmetric pulsar magnetosphere under the ideal-MHD533

approximation. Anticipating the poloidal field structure534

we have solved the field-aligned equations for different535

field lines to construct a self-consistent view of the cen-536

trifugal wind. The poloidal field structure comes into537

the flow model through B̂ ∝ Bpϖ2.538

Flows on the open field lines running apart form the539

equatorial current sheet, called Flow A, are Poyinting540

energy dominant, and there is no efficient centrifugal541

acceleration. Flow B that comes into the vicinity of542

a Y-point and goes out in a current layer with finite543

thickness is characterized by decrease of B̂ just beyond544

the Alfvén point. Flow B becomes a super fast flow,545

and the centrifugal acceleration takes place efficiently.546

However, the centrifugal drift current is not enough to547

open the magnetic field lines. Flow D is a flow coming548

from an inner part of the magnetosphere and reaches the549

top of the closed field reagion. The key feature of Flow550

D is an increase of the poloidal field strength toward551

the Alfvén point, the loop top. The azimuthal velocity552

follows the corotaion, and the plasma gains a very large553

Lorentz factor, γ ∼ B̂(xA). The corotating plasma with554

a large Lorentz factor produced in Flow D is expected to555

be injected as Flow C via magnetic reconnection. Flow556

C is a super fast flow, and goes out in the equatorial557

current layer. The region around the junction of the558

two flows have a centrifugal drift current large enough559

to open field lines. A jump from Flow D to Flow C560

require magnetic reconnection and plasmoid emission.561

Although we have not investigate the reconnection562

process, an simple estimate suggests that the Lorentz563

factor of the centrifugal driven outflow goes up to564
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Figure 13. A schematic picture of the vicinity of the Y-
point. The location of Flow A, B, C and D are indicated.
The dushed curves are the streamlins, and the thin curves
are the poloidal current lines.

≈ γmaxM−1/2. In a global point of view, the cen-565

trifugal acceleration takes place in a small fraction of566

∆/RL ≈ M−1/2, and the most of the spin-down power567

is carried by the Poynting energy in the open magnetic568

flux. The role of the centrifugal force is to open the mag-569

netic field and to establish the poloidal current loop.570

The centrifugal acceleration takes place in Flow B and571

Flow D just outside and inside of the Alfvén point, re-572

spectively. The ploidal current lines crosses the stream573

lines there as indicate in in Figure 13. As a result, the574

current sheets shrinks at the Y-point. This may be a575

favored poloidal current distribution if the regularity of576

the ploidal field on the Alfvén surface requires an in-577

finitely thin current as seen in the force-free solution578

(Contopoulos et al. 1999; Timokhin 2006).579580
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4.17. A REVIEW ON RECONNECTION

4.17.2 What happens in the pulsar: revisit

Let us consider a magnetosphere filled with quasi-neutral plasma, ie, its density is much

higher than the Goldreich-Julian (GJ) density. In this case, the ideal-MHD condition

would hold as long as the Lorentz factor of the particles is moderate.

Under the ideal-MHD, the plasma tends to co-rotate with the star because of electro-

magnetic induction. The strict co-rotation suggests a catastrophe as seen in

global-2corot; vϕ = Ωϖ → c as ϕ→ RL = c/Ω, (4.17.65)

where the Lorentz factor would diverge toward the light cylinder. Then, actually, centrifu-

gal force increases up to some critical value to break up the ideal-MHD, and the plasma

might be thrown away with a high Lorentz factor. This is an idea of the “centrifugal

wind”. The outflow must be along the open magnetic field lines, so breakup of the field

lines to open is an essential ingredient for the centrifugal acceleration, but this is also an

result of the enhanced inertia of the plasma.

Along the open field lines, however, the flow velocity does not follow (4.17.65) but does

the iso-rotation law,

global-2isorot; v = Ωϖeϕ + κB, (4.17.66)

where κ is a scaler function to be determined. As seen in its azimuthal component

Vϕ = Ωϕ+κBϕ, a delay from the strict co-rotation takes place due to bending of magnetic

field backward, Bϕ < 0 in the upper hemisphere z > 0, and vice versa in the lower

hemisphere. This suppress increase of the Lorentz factor. Many authors have shown

that the centrifugal acceleration is moderate, say γ∞ ∼ σ1/3 in the Michel solution. It is

sometimes said that the centrifugal acceleration is analogous to a bead thrown away on

the rotating rigid rod. In this analogy, the reality is that the rod is elastic and that the

bending is too large to accelerate a bead.

The toroidal field Bϕ appears in the poloidal current loop according to the Améar’s

law. The poloidal current loop is such that it starts from the neutron star, goes out along

the equatorial region toward infinity, and turns back to the star in higher latitudes. It is

notable that the toroidal field disappears, and the strict co-rotation could be takes place

at the outer edge of the current loop.

With keeping in these points in mind, we find that vicinity of the Y-point is only the

place where efficient centrifugal acceleration can take place.
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ポロイダル電流を完成するのが遠⼼⼒の役割
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FIG. 3.ÈFinal numerical solution for the structure of the axisymmetric
force-free magnetosphere of an aligned rotating magnetic dipole. We used
a grid of 30 ] 30 points inside and another 30 ] 30 points outside the light
cylinder. Thin lines represent Ñux surfaces in intervals of with0.1(pc ,( \ 0 along the axis. A small amount of return current Ñows between the
dashed Ðeld line and the thick line at which( \ 1.08(pc (open \ 1.36(pc ,determines the boundary between closed and open Ðeld lines, and where
the bulk of the return current Ñows. The null line, along which iso

e
\ 0,

shown dotted. The solution asymptotically approaches the dash-dotted
lines obtained through the integration of eq. (15).

outer (the bulk of the return1.08(pc \ ( \ 1.36(pccurrent obviously Ñows along the boundary between open
and closed lines, and along the equator, i.e., the thick line in
Fig. 3). This is very interesting in view of the fact that the
equivalent monopole current distribution comes close to
generating a continuous solution, although the physical
behavior of the inside and outside solutions di†er near the
light cylinder (Fig. 1c ; see Michel 1982). We would like to
emphasize that several trials of this procedure with di†erent
initial current distributions have all converged to the same
Ðnal distribution shown in Figure 4. This suggests that

there may in fact exist a unique poloidal electric current
distribution consistent with the assumptions of our treatment.

We would like to give particular emphasis to a subtle
point in our numerical treatment of the interface between
the open and closed Ðeld lines within the light cylinder. The
numerical relaxation procedure determines AA@((), and
A(() is obtained by integrating AA@ from ( \ 0 to (open.
This implies that there is no a priori guarantee that A((open)is equal to zero, and in fact it is not. The reader can con-
vince himself/herself that, because of north-south symmetry,
this implies that a return current sheet equal to [ A((open)Ñows along the equator and along the interface between
open and closed Ðeld lines. Since no poloidal electric
current can Ñow inside the closed domain, there is an
unavoidable discontinuity in across the interface, andBÕthis can only be balanced by a similar discontinuity in B

p
!

This e†ect is numerically entirely missed if one naively con-
siders the expression for AA@ as given in Figure 4, where
AA@ ] 0 for since one will then be missing the( ] (open,
delta function (not shown in Fig. 4) that corresponds to the
step discontinuity in A (e.g., Michel 1982). A Ðnite-
resolution numerical grid will not discern an inÐnite jump
in A((), and therefore we treat this problem by artiÐcially
transforming the step discontinuity into a smooth
(Gaussian) transition in A over an interval We0.1(open.
note that a similar problem does not arise in the split mono-
pole case, since the current sheet there extends all the way to
the origin, and can be simply treated as an equatorial
boundary.

The null line, i.e., the line with zero GJ space charge, is
shown dotted. The crossings of the null line by open Ðeld
lines have often been suspected to be the regions where
pulsar emission originates (Cheng et al. 1986 ; Romani
1996). We plan to investigate the detailed microphysics of
the gaps that will appear around these regions in a forth-
coming publication (see also ° 6). According to equation (6),
at large distances, the null line asymptotically approaches
the Ðeld line along which AA@ \ 0. Well within( \ 1.08(pcthe light cylinder, the null line is simply given by the locus
of points where the condition X Æ B \ 0 (or equivalently

is satisÐed.B
z
\ 0)
Knowing the poloidal electric current distribution along

the open magnetic Ðeld lines, we can also derive the asymp-
totic structure of our solution at distances x ? 1. One can

FIG. 4.ÈElectric current distribution A \ A(() (solid line) along the open Ðeld lines that allows for the solution presented in Fig. 3. Compare this with the
equivalent monopole (i.e., a monopole with the same amount of open Ðeld lines) electric current distribution (dashed line).A

m
[ \ [RLC~1 ((2 [ (/(open)Although our numerical iteration scheme seems to be relaxing only to this unique distribution, we have no theoretical arguments that this distribution is

indeed unique.
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Figure 12. The Lorenz factor (solid line) and the energy of
the flow (dashed line) as functions of log ξ, and the azimuthal
velocity as a function of x for Flow D.

therefore magnetic reconnection must be included in the480

self-consistent treatment.481482

8. DISCUSSION483

Our results seem aligned well with the recent results484

of PIC simulations (Chen & Beloborodov 2014; Belyaev485

2015; Hakobyan et al. 2023; Bransgrove et al. 2023; Hu486

& Beloborodov 2022), in witch kinetic energy dominant487

flows appear around the equatorial current sheet, and488

plasmoids are ejected from the top of the last closed489

field lines.490

A problem found in the previous sections is that our491

model does not predict the thickness of the current sheet492

or the Lorentz factor to be reached. This is because493

the fast critical point degenerates into the Alfén point494

under the circumstances of equipartition between the495

magnetic field and the plasma energy densities (σ ∼ 1).496

We need to undertake reconnection processes. However,497

before that, we can make an estimate by assuming that498

the thickness is of order of Larmor radius (Asano et al.499

2004; Hoshino 2020). We employ (3) in which we set500

B(out)
p ≈ BL, and the density is the value in the Y-501

point, denoted by nY, which is distinguished from the502

density outside the current sheet, n. With the condition503

∆ ∼ (eB/γmc2)−1, where we assume B ≈ BL as a mean504

value of a strong field in the closed region and a weak505

field in the open region, (3) yields506

1 ≈ 2Mγ2(mc2)2

(eBLRL)2
BL

BY

nY

n
. (17)507

The continuity implies (BL/BY)(nY/n) ≈ 1 for the both508

sides of the Y-point. Then we have509

γ ≈ γmax

(2M)1/2
, and

∆

RL
≈ 1

(2M)1/2
. (18)510

We also find that the drift velocity is well below c by a511

factor of 1/(2M)1/2. We suggest that the highest energy512

can be much higher than a simple estimate of γmax/M.513

A significant difference between the present model and514

the previous PIC simulations is the location of the Y-515

point. In our previous particle simulations (see Figure 5516

of Yuki & Shibata (2012)), we have implied that field-517

aligned potential drop inside the light cylinder makes a518

superrotation, and the Y-point move inward. The PIC519

simulation by Hu & Beloborodov (2022) also shows su-520

percorotation. In their simulation, there is field-aligned521

acceleration around the null surface. The field-aligned522

acceleration, superrotation, and subrotation are interact523

to each other to establish the proper net loss of the an-524

gular momentum as shown in Shibata & Kisaka (2021).525

Another possible reason for the Y-point within the526

light cylinder is that λ becomes much smaller than unity.527

In this case, the outflow is not driven by the centrifugal528

force, but by an injection energy that is introduced in529

the code prescription.530

9. CONCLUSIONS531

We investigate the centrifugal acceleration in an ax-532

isymmetric pulsar magnetosphere under the ideal-MHD533

approximation. Anticipating the poloidal field structure534

we have solved the field-aligned equations for different535

field lines to construct a self-consistent view of the cen-536

trifugal wind. The poloidal field structure comes into537

the flow model through B̂ ∝ Bpϖ2.538

Flows on the open field lines running apart form the539

equatorial current sheet, called Flow A, are Poyinting540

energy dominant, and there is no efficient centrifugal541

acceleration. Flow B that comes into the vicinity of542

a Y-point and goes out in a current layer with finite543

thickness is characterized by decrease of B̂ just beyond544

the Alfvén point. Flow B becomes a super fast flow,545

and the centrifugal acceleration takes place efficiently.546

However, the centrifugal drift current is not enough to547

open the magnetic field lines. Flow D is a flow coming548

from an inner part of the magnetosphere and reaches the549

top of the closed field reagion. The key feature of Flow550

D is an increase of the poloidal field strength toward551

the Alfvén point, the loop top. The azimuthal velocity552

follows the corotaion, and the plasma gains a very large553

Lorentz factor, γ ∼ B̂(xA). The corotating plasma with554

a large Lorentz factor produced in Flow D is expected to555

be injected as Flow C via magnetic reconnection. Flow556

C is a super fast flow, and goes out in the equatorial557

current layer. The region around the junction of the558

two flows have a centrifugal drift current large enough559

to open field lines. A jump from Flow D to Flow C560

require magnetic reconnection and plasmoid emission.561

Although we have not investigate the reconnection562

process, an simple estimate suggests that the Lorentz563

factor of the centrifugal driven outflow goes up to564
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= L KE/ L total



field-aligned eq. + trans-field eq. を連⽴して解くのはハードルが⾼
すぎて誰も試みていない。

今後

いよいよこれを実⾏する時がやってきた︕ 歴史に残る仕事になる。

GS⽅程式を解くバートを共同してくれる⽅、いませんか︖

aligned equation の trans-fast flow は解けるプログラムは出てきている。


