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遠心力加速メカニズムの解明

今回の報告
1. 共回転プラズマが光速に近

づく過程を示す解を得た。
2. 遠心力加速の効率を推定で

きた。
3. 今後の見通し。



Introduction



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

AGN 
Kerr BH or 降着円盤

中性子星合体

回転駆動型パルサー

候補となる現象

ピュアーな実例となる
回転駆動型パルサーのモデル



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

4.17. A REVIEW ON RECONNECTION

4.17.2 W hat happens in t he pulsar : revisi t

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 condit ion

would hold as long as the Lorentz factor of the part icles is moderate.

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

magnet ic induct ion. The strict co-rotat ion suggests a catastrophe as seen in

global-2corot ; v ϕ = 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 crit ical 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 crit ical 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 magnet ic field lines, so breakup of the field

lines to open is an essent ial ingredient for the centrifugal accelerat ion, but this is also an

result of the enhanced inert ia of the plasma.

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

the iso-rotat ion law,

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

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

Vϕ = Ωϕ + κBϕ , a delay from the strict co-rotat ion takes place due to bending of magnet ic

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 accelerat ion is moderate, say γ∞ ∼ σ1/ 3 in the Michel solut ion. It is

somet imes said that the centrifugal accelerat ion is analogous to a bead thrown away on

the rotat ing rigid rod. In this analogy, the reality is that the rod is elast ic 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 lat itudes. It is

notable that the toroidal field disappears, and the strict co-rotat ion 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 accelerat ion can take place.
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相対論的遠心力風のMHD方程式の構造

運動方程式

質量保存

ideal-MHD

Maxwell eq.s

field-aligned equations

trans-field equation

磁力線に沿った保存則とiso-rotation law

poloidal 磁場を決める方程式
stream function に関する2階の偏
微分方程式

軸対称定常の場合

pulsar with centrifugal acceleration 3
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the rotat ing rigid rod. In this analogy, the reality is that the rod is elast ic and that the

bending is too large to accelerate a bead.
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where the Lorentz factor would go up toward the light cylinder. Actually, centrifugal force
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Figure1. Schematic picture of the axisymmetric magnetosphere with close

and open magnetic field lines. Thesmall arrows indicate thepoloidal 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 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic 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

usethecylindrical coordinate ( , , ) with theunit vectorsdenoted

by , , . The centrifugal drift velocity, which has opposite

directions depending on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifugal force is evaluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared 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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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

j φda =
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∇ × B · eφda =
C

B · ds (4.18.3)

4π

c
j φL∆ = 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、 j φ-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 =
eB 2

p
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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 theclosed magnetic field. Wesuggest that the injection of super-fast flow by magnetic reconection at theY-point

can provied such a strong current.

Keywords: 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,

= → as = / ≡ L , (1)

would lead us to adivergenceof theLorentz 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 theflow along the open field lines is concluded to be inef-

ficient. With the ideal-MHD condition, the azimuthal velocity does

not follow thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain the gamma-ray emission from the pulsars, neither

have enough drift current for magnetic field lines to open.

The toroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, an acceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if thePoynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamics insidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw 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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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 inside 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、 j φ-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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current to open theclosed magnetic field. Wesuggest that the injection of super-fast flow by magnetic reconection at theY-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,

= → as = / ≡ L , (1)

would lead us to adivergenceof theLorentz 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 theflow along the open field lines is concluded to be inef-

ficient. With the ideal-MHD condition, the azimuthal velocity does

not follow thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain thegamma-ray emission from thepulsars, neither

have enough drift current for magnetic field lines to open.

Thetoroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, anacceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if thePoynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamics insidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw from

their work.
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Figure1.This isan examplefigure. Captionsappear 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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Figure2.Schematic picture of the region where the centrifugal drift current

opens the closed magnetic field lines.

L , denoted by Y . In the last expression, Y is the axial distance

of this region. The drift current density may be

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,

the condition for opening the magnetic field is (4 / ) = 2 out
p ,

where
(out)
p is the poloidal field strength outside the current layer,

and isatypical thickness. With thiscondition, wehavetheLorentz

factor to open the magnetic field,

≈
( out

p )2

4 2

Y Y

p
=

max

2M

Y Y
out
p

. (4)

Weexpect athin layer, Y , and weak magnetic field, Y L .

If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ 2M . This value of the Lorentz

factor is just expected oneif most of thePoynting energy isconverted

to kinetic energy.

It is one of our objectives to find and Y in a self-consistent

manner, considering the magnetohydrodynamics inside the current

layer. One may guess that would be some thing like the Larmor

radiusof theaccelerated particles. Thismay bethecase if theplasma

density is near or less than the Goldreich-Julian density. However,

in the case of dense plasma, magnetohydrodinamical process may

determine the thickness .

3 STRUCTUREOFTHECURRENTSHEET

Suppose a flow running just outside of the equatorial current layer,

in other words, inside of the poloidal current loop, indicated by A in

theFigure3. There issomeamount of toroidal field in theflow A, so

that the azimuthal velocity would be much behind the corotaion due

to the 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 havealarger azimuthal velocity becausethetoroidal 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 thiscase, theflow 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 thePoynting energy isconverted into kinetic energy. However, thesuper-fast flow doesnot provideenough

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.

Keywords: 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) simulationsareapplied to underd-

tand theglobal strucutureof thepulsar 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.,

= ∗ → as → / ∗ ≡ L , (1)

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

where ∗ is the angular velocity of the star, is the axial distance,

and 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 themagnetic field lines. Theplasma accelerated in az-

imuthal direction with a largeLorentz 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 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, = ∗ + ,

where is a scalar function to be determined. The open magnetic

field lines trail backward due to rotation, resulting in negative ,

meaning departure from the corotation. Thus the slingshot accel-

eration fails. Typical Lorentz factor to be reached is
1/ 3
∗ (Michel

1969, and elsewhere) where ∗ = 2/ 4 2, is the magnetiza-

tion parameter, and and are the field strength and the number

density, respectively. An expression ∗ = max/ 2M may be useful,

where max = L / ∗ is themaximum reachableLorentz factor,

M = / ( ∗ L / 2 ) is the multiplicity of the plasma, and L is

thelight cylinder field. Thevalueof ∗ givesthetypical flow Lorentz

factor when most of thePoynting energy isconverted into plasma. As

typical values, a period of 1 second, a surface field of 1012 G, and a

multiplicity of 103, wehave max ∼ 107, ∗ ∼ 104, and
1/ 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 makesthePoyinting flux, ⊥ × / 4 , where ⊥ 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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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

j φda =
inside C

∇ × B · eφda =
C

B · ds (4.18.3)

4π

c
j φL∆ = 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、 j φ-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 =
eB 2

p

4πcmc2

RY

∆

Bp

BY

(4.18.5)
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Figure3. Field-alined flows to be examined. The solid curves indicate the

magnetic field lines. Thedashed curvesarefield-aligned flows. Flow A locates

outside of the current sheet, while flow B runs inside the current sheet. The

-axis indicates the axial distance normalized by L . The thin dashed line

A indicates the Alvéen surface. The thin dotted line = 1 indicates the ligh

cylinder.

value of and the current function = as well. The field-

aligend equations aresolved with agiven 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 is uniquely

determined. Ontheother hand, aswasdoneinobtaining theforce-free

solution(Contopoulos, Kazanas, & Fendt 1999; Timokhin2006), the

trans-field equation that solvesthepoloidal field structuredetermines

thecurrent function so that thefield linesare regular on theAlfvén

surface, whichcoincideswith thelight cylinder in theforce-freelimit.

Thus, the both systems of equations can determine . The pulsar

problem is only solved simultaneously the field-aligned equations

and the transf-field equation, i.e., the two ’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 thefield

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.

Theproblem ishow thecurrent runsinsidethecurrent layer and in

the vicinity of the Y-point. This problem is ignored in the force-free

solution. Theinternal structureof thecurrent layer with afinitethick-

ness can be investigated if the plasma inertia is taken into account.

Theflow A hasarelatively large | | becauseit isinsidethepoloidal

current loop, and thevalueof | | would bealmost constant along the

flow stream linebecause the centrifugal acceleration ismodest. This

isexactly so in theforce-free limit. Let usassumethat astrong accel-

eration takes place along the flow B, and that most of the Poynting

energy is converted into kinetic energy. Then, the current function

| | 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 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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Figure4.The expected current stream lines inside the current layer.

4 FIELD-ALIGNEDFLOWSINTHECURRENTLAYER

Wewould like to show that theexpected flowsof typeA 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 , the particle flux ( ), the angular mo-

mentum ( ), and the energy ( ) are constant along a given steam

line. In theiso-rotation law, theangulavelocity ( ) isalso constant

along thefield 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 ( , ).

Here, we normalize the axial distance and the ploidal 4-velosity

p by the valuses at the Alfé point, i.e., = / A and the poloidal

4-velosty = p/ A . The Bernoulli function ( , ) has a form

(Okamoto 1978; Camenzind 1986; Takahashi 1991),

( , )
2

2

=
(1 + 2

p)

(1 − )2

[1 − 2 − (1 − ) 2]2

(1 − 2)2 − 2(1 − )2
, (5)

where

p =
1 −

, (6)

with the two parameters

=
( ) ( )

( )
, (7)

and . The Alfvén point locates at A =
√

/ ( ) and A / A =

(1 − )/ , where A is the value of at the Alfvén point. A family

of solutions is obtained as contours of ( , ) for a given set of

and . We chose one solution among them that passes through the

fast-critical point; hereafter we denote as ( f , f ). At the same time,

the flow energy f = ( f , f ). is obtaind such as an eigen value.

The Bernoulli function ( , ) has two free parameters, and .

However, thevalueof isdetemined implicitly by agiven boundary

condition. Firstly we assume , and obtain a critical solution which

passes through the fast-point. Then weexaminewhether thesolution

satisfies the boundary conditions. If not, we must change until the

boundary conditions are satisfied.

Thus, 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. Thedashedcurvesarefield-aligned flows; Flow A locates

outside of the current layer, while flow B runs inside the current layer. The

-axis indicates the axial distance. The thin dashed line A is the Alvéen

surface. The thin dotted line = L is the ligh cylinder.

the current density asa 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 thiscase, theflow can

be solved by using the field-aliged equations in the MHD system of

equations.

It must benoticed herethat thesolution of thefield-aligned flow de-

termins the value of and the current function = 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, 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 so that thefield linesareregular on theAlfvén sur-

face, which coincides with the light cylinder in the force-free limit.

Thus, the both systems of equations can determine . The pulsar

problem is only solved simultaneously the field-aligned equations

and the transf-field equation, i.e., the two ’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.

Theproblem ishow thecurrent runs inside thecurrent layer and in

the vicinity of the Y-point. This problem is ignored in the force-free

solution. Theinternal structureof thecurrent layer with afinite thick-

ness can be investigated if the plasma inertia is taken into account.

Theflow A hasarelatively large | | becauseit isinsidethepoloidal

current loop, and the value of | | 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 thePoynting energy isconverted into kinetic energy.

Then, the current function | | 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 | | toward the equatorial plane, while on the

Alfvén surfaceit suddenly jump down to zero at theequatorial 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 W hat happens in t he pulsar : r evisi t

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

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

would hold as long as the Lorentz factor of the part icles is moderate.

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

magnet ic induct ion. The st rict co-rotat ion suggests a catast rophe as seen in

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

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

increases up to some crit ical 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 “ cent rifugal wind” .
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magnet ic induct ion. The st rict co-rotat ion suggests a catast rophe as seen in
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where the Lorentz factor would diverge toward the light cylinder. Then, actually, cent rifu-

gal force increases up to some crit ical 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 magnet ic field lines, so breakup of the field

lines to open is an essent ial ingredient for the centrifugal accelerat ion, but this is also an

result of the enhanced inert ia of the plasma.

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

the iso-rotat ion law,

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

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

Vϕ = Ωϕ + κBϕ , a delay from the st rict co-rotat ion takes place due to bending of magnet ic

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 accelerat ion is moderate, say γ∞ ∼ σ1/ 3 in the Michel solut ion. It is

somet imes said that the centrifugal accelerat ion is analogous to a bead thrown away on

the rotat ing rigid rod. In this analogy, the reality is that the rod is elast ic 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 lat itudes. It is

notable that the toroidal field disappears, and the st rict co-rotat ion 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 accelerat ion can take place.
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equatorial current sheet

Y-point

Figure1. Schematic picture of an axisymmetric magnetosphere with close

and open magnetic field lines. The small arrows indicate poloidal currents,

which form aloop in each hemisphere starting from thestar 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 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open the magnetic field linesby

thecentrifugal drift current. The region weconsider is thevicinity of

the Y-point as shown in Figure 1. In the following sections, we use

the cylindrical coordinate ( , , ) with the unit vectors denoted

by , , . The centrifugal drift velocity, which has opposite

directions depending on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifugal force is evaluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared 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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weak centrifugal acceleration
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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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フ ト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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

j φda =
inside C

∇ × B · eφda =
C

B · ds (4.18.3)

4π

c
j φL∆ = 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、 j φ-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 =
eB 2

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 theclosed magnetic field. Wesuggest that the injection of super-fast flow by magnetic reconection at theY-point

can provied such a strong current.

Keywords: 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,

= → as = / ≡ L , (1)

would lead us to adivergenceof 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 thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain thegamma-ray emission from thepulsars, neither

have enough drift current for magnetic field lines to open.

The toroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, an acceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregion and theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if the Poynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamics insidethecurrent layer. One

may guess theLarmoreradiusof theaccelerated particles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw 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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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

j φda =
inside C

∇ × B · eφda =
C

B · ds (4.18.3)

4π

c
j φL∆ = 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、 j φ-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 =
eB 2

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 theclosed magnetic field. Wesuggest that the injection of super-fast flow by magnetic reconection at theY-point

can provied such a strong current.

Keywords: 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,

= → as = / ≡ L , (1)

would lead us to adivergenceof theLorentz 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 theflow along the open field lines is concluded to be inef-

ficient. With the ideal-MHD condition, the azimuthal velocity does

not follow thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain thegamma-ray emission from thepulsars, neither

have enough drift current for magnetic field lines to open.

Thetoroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, an acceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if thePoynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamics insidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw from

their work.
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4.17. A REVIEW ON RECONNECTION

4.17.2 W hat happens in t he pulsar : rev isi t

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 condit ion

would hold as long as the Lorentz factor of the part icles is moderate.

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

magnet ic induct ion. The strict co-rotat ion suggests a catast rophe as seen in

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

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

increases up to some crit ical 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 ; v ϕ = Ω → 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 crit ical 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 magnet ic field lines, so breakup of the field

lines to open is an essent ial ingredient for the centrifugal accelerat ion, but this is also an

result of the enhanced inert ia of the plasma.

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

the iso-rotat ion law,

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

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

Vϕ = Ωϕ + κBϕ , a delay from the strict co-rotat ion takes place due to bending of magnet ic

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 accelerat ion is moderate, say γ∞ ∼ σ1/ 3 in the Michel solut ion. It is

somet imes said that the centrifugal accelerat ion is analogous to a bead thrown away on

the rotat ing rigid rod. In this analogy, the reality is that the rod is elast ic 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 lat itudes. It is

notable that the toroidal field disappears, and the strict co-rotat ion 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 accelerat ion can take place.
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place where efficient centrifugal accelerat ion can take place.
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The outflow must be along the open magnet ic 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-rotat ion law,

global-2isorot ; v = Ω eϕ + κB , (4.17.66)
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somet imes said that the centrifugal accelerat ion is analogous to a bead thrown away on

the rotat ing rigid rod. In this analogy, the reality is that the rod is elast ic and that the

bending is too large to accelerate a bead.
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Figure1. Schematic picture of the axisymmetric magnetosphere with close

and open magnetic field lines. Thesmall arrowsindicate thepoloidal current,

which forms loopsstarting 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
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vide the azimuthal drift current to open the closed magnetic field.
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2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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

usethecylindrical coordinate ( , , ) with theunit vectorsdenoted

by , , . The centrifugal drift velocity, which has opposite

directions depending on the charge sign, would be

d =
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± 2
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2

Y Y
, (2)

where the centrifugal force is evaluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared 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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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

j φda =
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∇ × B · eφda =
C

B · ds (4.18.3)

4π

c
j φL∆ = 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、 j φ-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 =
eB 2

p

4πcmc2

RY

∆
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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 theclosed magnetic field. Wesuggest that the injection of super-fast flow by magnetic reconection at theY-point

can provied such a strong current.

Keywords: 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,

= → as = / ≡ L , (1)

would lead us to adivergenceof theLorentz 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 theflow along the open field lines is concluded to be inef-

ficient. With the ideal-MHD condition, the azimuthal velocity does

not follow thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain thegamma-ray emission from thepulsars, neither

have enough drift current for magnetic field lines to open.

Thetoroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, an acceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if the Poynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamicsinsidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw 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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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

j φda =
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∇ × B · eφda =
C
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4π

c
j φL∆ = 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、 j φ-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 theclosed magnetic field. Wesuggest that the injection of super-fast flow by magnetic reconection at theY-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,

= → as = / ≡ L , (1)

would lead us to adivergenceof theLorentz 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 theflow along the open field lines is concluded to be inef-

ficient. With the ideal-MHD condition, the azimuthal velocity does

not follow thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain thegamma-ray emission from thepulsars, neither

have enough drift current for magnetic field lines to open.

Thetoroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, anacceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

We expect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamics insidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet
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Figure1.This isan examplefigure. 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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Figure2.Schematic picture of the region where the centrifugal drift current

opens the closed magnetic field lines.

L , denoted by Y . In the last expression, Y is the axial distance

of this region. The drift current density may be

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,

the condition for opening the magnetic field is (4 / ) = 2 out
p ,

where
(out)
p is the poloidal field strength outside the current layer,

and isatypical thickness. With thiscondition, wehavetheLorentz

factor to open the magnetic field,

≈
( out

p )2

4 2

Y Y

p
=

max

2M

Y Y
out
p

. (4)

Weexpect athin layer, Y , and weak magnetic field, Y L .

If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ 2M . This value of the Lorentz

factor is just expected oneif most of thePoynting energy isconverted

to kinetic energy.

It is one of our objectives to find and Y in a self-consistent

manner, considering the magnetohydrodynamics inside the current

layer. One may guess that would be some thing like the Larmor

radiusof theaccelerated particles. Thismay bethecaseif theplasma

density is near or less than the Goldreich-Julian density. However,

in the case of dense plasma, magnetohydrodinamical process may

determine the thickness .

3 STRUCTUREOFTHECURRENTSHEET

Suppose a flow running just outside of the equatorial current layer,

in other words, inside of the poloidal current loop, indicated by A in

theFigure 3. There issomeamount of toroidal field in theflow A, so

that the azimuthal velocity would be much behind the corotaion due

to the 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 havealarger azimuthal velocity becausethetoroidal 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 thiscase, theflow 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 W hat happens in t he pulsar : r evisi t

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

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

would hold as long as the Lorentz factor of the part icles is moderate.

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

magnet ic induct ion. The st rict co-rotat ion suggests a catast rophe as seen in

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

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

increases up to some crit ical 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 “ cent rifugal wind” .

rotation axis
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where the Lorentz factor would diverge toward the light cylinder. Then, actually, cent rifu-

gal force increases up to some crit ical 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 magnet ic field lines, so breakup of the field

lines to open is an essent ial ingredient for the centrifugal accelerat ion, but this is also an

result of the enhanced inert ia of the plasma.

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

the iso-rotat ion law,

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

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

Vϕ = Ωϕ + κBϕ , a delay from the st rict co-rotat ion takes place due to bending of magnet ic

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 accelerat ion is moderate, say γ∞ ∼ σ1/ 3 in the Michel solut ion. It is

somet imes said that the centrifugal accelerat ion is analogous to a bead thrown away on

the rotat ing rigid rod. In this analogy, the reality is that the rod is elast ic 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 lat itudes. It is

notable that the toroidal field disappears, and the st rict co-rotat ion 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 accelerat ion can take place.
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equatorial current sheet

Y-point

Figure1. Schematic picture of an axisymmetric magnetosphere with close

and open magnetic field lines. The small arrows indicate poloidal currents,

which form aloop in each hemisphere starting from thestar 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 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate the Lorentz factor to open themagnetic field lines by

thecentrifugal drift current. The region weconsider is thevicinity of

the Y-point as shown in Figure 1. In the following sections, we use

the cylindrical coordinate ( , , ) with the unit vectors denoted

by , , . The centrifugal drift velocity, which has opposite

directions depending on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifugal force is evaluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared 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
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red: Poynting flux
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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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フ ト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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

j φda =
inside C

∇ × B · eφda =
C

B · ds (4.18.3)

4π

c
j φL∆ = 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、 j φ-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 theclosed magnetic field. Wesuggest that the injection of super-fast flow by magnetic reconection at theY-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,

= → as = / ≡ L , (1)

would lead us to adivergenceof theLorentz 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 theflow along the open field lines is concluded to be inef-

ficient. With the ideal-MHD condition, the azimuthal velocity does

not follow thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain the gamma-ray emission from thepulsars, neither

have enough drift current for magnetic field lines to open.

Thetoroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, an acceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregion and theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if the Poynting energy is converted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamics insidethecurrent layer. One

may guess theLarmoreradiusof theaccelerated particles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw 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
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v ± = c
F × B

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(4.18.2)
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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,

= → as = / ≡ L , (1)

would lead us to adivergenceof theLorentz 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 theflow along the open field lines is concluded to be inef-

ficient. With the ideal-MHD condition, the azimuthal velocity does

not follow thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain thegamma-ray emission from thepulsars, neither

have enough drift current for magnetic field lines to open.

Thetoroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, anacceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if thePoynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamics insidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw from

their work.
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4.17. A REVIEW ON RECONNECTION

4.17.2 W hat happens in t he pulsar : rev isi t

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 condit ion

would hold as long as the Lorentz factor of the part icles is moderate.

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

magnet ic induct ion. The strict co-rotat ion suggests a catast rophe as seen in

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

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

increases up to some crit ical 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 crit ical 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 magnet ic field lines, so breakup of the field

lines to open is an essent ial ingredient for the centrifugal accelerat ion, but this is also an

result of the enhanced inert ia of the plasma.

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

the iso-rotat ion law,

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

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

Vϕ = Ωϕ + κBϕ , a delay from the strict co-rotat ion takes place due to bending of magnet ic

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 accelerat ion is moderate, say γ∞ ∼ σ1/ 3 in the Michel solut ion. It is

somet imes said that the centrifugal accelerat ion is analogous to a bead thrown away on

the rotat ing rigid rod. In this analogy, the reality is that the rod is elast ic 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 lat itudes. It is

notable that the toroidal field disappears, and the strict co-rotat ion 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 accelerat ion can take place.
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equatorial current sheet

Y-point

Figure1. Schematic picture of the axisymmetric magnetosphere with close

and open magnetic field lines. Thesmall arrowsindicate thepoloidal 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 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic 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

usethecylindrical coordinate ( , , ) with theunit vectorsdenoted

by , , . The centrifugal drift velocity, which has opposite

directions depending on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifugal force is evaluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared 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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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

j φda =
inside C

∇ × B · eφda =
C

B · ds (4.18.3)

4π

c
j φL∆ = 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、 j φ-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 =
eB 2

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 theclosed magnetic field. Wesuggest that the injection of super-fast flow by magnetic reconection at theY-point

can provied such a strong current.

Keywords: 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,

= → as = / ≡ L , (1)

would lead us to adivergenceof theLorentz 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 theflow along the open field lines is concluded to be inef-

ficient. With the ideal-MHD condition, the azimuthal velocity does

not follow thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain thegamma-ray emission from thepulsars, neither

have enough drift current for magnetic field lines to open.

Thetoroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, an acceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

We expect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if the Poynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamicsinsidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw from

their work.

ACKNOWLEDGEMENTS

TheAcknowledgementssection isnot numbered. Hereyou can thank

helpful colleagues, acknowledge funding agencies, telescopes and

facilities used etc. Try to keep it short.

DATAAVAILABILITY

The inclusion of a Data Availability Statement is a requirement for

articles published in MNRAS. Data Availability Statements provide

astandardised format for readerstounderstand theavailability of data

underlying theresearch resultsdescribed in thearticle. Thestatement

may refer to original data generated in the course of the study or to

third-party dataanalysed in thearticle. Thestatement shoulddescribe

and providemeansof access, wherepossible, by linking to thedataor

providing the required accession numbers for the relevant databases

or DOIs.

APPENDIXA: SOMEEXTRAMATERIAL

If you want to present additional material which would interrupt the

flow of themainpaper, it canbeplaced inanAppendix whichappears

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

fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if thePoynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamics insidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw from

their work.

ACKNOWLEDGEMENTS

TheAcknowledgementssection isnot numbered. Hereyou can thank

helpful colleagues, acknowledge funding agencies, telescopes and

facilities used etc. Try to keep it short.

DATAAVAILABILITY

The inclusion of a Data Availability Statement is a requirement for

articles published in MNRAS. Data Availability Statements provide

astandardised format for readerstounderstand theavailability of data

underlying theresearch resultsdescribed in thearticle. Thestatement

may refer to original data generated in the course of the study or to

third-party dataanalysed in thearticle. Thestatement shoulddescribe

and providemeansof access, wherepossible, by linking to thedataor

providing the required accession numbers for the relevant databases

or DOIs.

APPENDIXA: SOMEEXTRAMATERIAL

If you want to present additional material which would interrupt the

flow of themainpaper, it canbeplaced inanAppendix whichappears

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

fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if the Poynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamics insidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw from

their work.

ACKNOWLEDGEMENTS

TheAcknowledgementssection isnot numbered. Hereyou can thank

helpful colleagues, acknowledge funding agencies, telescopes and

facilities used etc. Try to keep it short.

DATAAVAILABILITY

The inclusion of a Data Availability Statement is a requirement for

articles published in MNRAS. Data Availability Statements provide

astandardised format for readerstounderstand theavailability of data

underlying theresearch resultsdescribed in thearticle. Thestatement

may refer to original data generated in the course of the study or to

third-party dataanalysed in thearticle. Thestatement shoulddescribe

and providemeansof access, wherepossible, by linking to thedataor

providing the required accession numbers for the relevant databases

or DOIs.

APPENDIXA: SOMEEXTRAMATERIAL

If you want to present additional material which would interrupt the

flow of themainpaper, it canbeplaced inanAppendix whichappears

after the list of references.

This paper has been typeset from a TEX/LATEX fileprepared 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

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

c
u
rr

e
n
t 

(i
n
g
o
in

g
)

Y-point 近傍

加速領域

B φ 〜 0

c
u

rr
e
n

t 
(o

u
tg

o
in

g
)

図 4.18.2: 軸対称パルサーモデル
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eBY RY

ceφ (4.18.1)
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4π

c
j φL∆ = 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 theclosed magnetic field. Wesuggest that the injection of super-fast flow by magnetic reconection at theY-point

can provied such a strong current.

Keywords: 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,

= → as = / ≡ L , (1)

would lead us to adivergenceof theLorentz 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 theflow along the open field lines is concluded to be inef-

ficient. With the ideal-MHD condition, the azimuthal velocity does

not follow thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain thegamma-ray emission from thepulsars, neither

have enough drift current for magnetic field lines to open.

Thetoroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, an acceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if the Poynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamics insidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw from

their work.
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Figure1.This isan examplefigure. 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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Figure2.Schematic picture of the region where the centrifugal drift current

opens the closed magnetic field lines.

L , denoted by Y . In the last expression, Y is the axial distance

of this region. The drift current density may be

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,

the condition for opening the magnetic field is (4 / ) = 2 out
p ,

where
(out)
p is the poloidal field strength outside the current layer,

and isatypical thickness. With thiscondition, wehavetheLorentz

factor to open the magnetic field,

≈
( out

p )2

4 2

Y Y

p
=

max

2M

Y Y
out
p

. (4)

Weexpect athin layer, Y , and weak magnetic field, Y L .

If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ 2M . This value of the Lorentz

factor is just expected oneif most of thePoynting energy isconverted

to kinetic energy.

It is one of our objectives to find and Y in a self-consistent

manner, considering the magnetohydrodynamics inside the current

layer. One may guess that would be some thing like the Larmor

radiusof theaccelerated particles. Thismay bethecase if theplasma

density is near or less than the Goldreich-Julian density. However,

in the case of dense plasma, magnetohydrodinamical process may

determine the thickness .

3 STRUCTUREOFTHECURRENTSHEET

Suppose a flow running just outside of the equatorial current layer,

in other words, inside of the poloidal current loop, indicated by A in

theFigure3. There issomeamount of toroidal field in theflow A, so

that the azimuthal velocity would be much behind the corotaion due

to the 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 havealarger azimuthal velocity becausethetoroidal 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 thiscase, theflow 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)

Figure2.Schematic picture of the region where the centrifugal drift current

opens the closed magnetic field lines.

L , denoted by Y . In the last expression, Y is the axial distance

of this region. The drift current density may be

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 1,

the condition for opening the magnetic field is (4 / ) = 2 out
p ,

where
(out)
p is the poloidal field strength outside the current layer,

and isa typical thickness. With thiscondition, wehavetheLorentz

factor to open the magnetic field,

≈
( out

p )2

4 2

Y Y

p
=

max

2M

Y Y
out
p

. (4)

Weexpect athin layer, Y , and weak magnetic field, Y L .

If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ 2M . This value of the Lorentz

factor is just expected oneif most of thePoynting energy isconverted

to kinetic energy.

It is one of our objectives to find and Y in a self-consistent

manner, considering the magnetohydrodynamics inside the current

layer. One may guess that would be some thing like the Larmor

radiusof theaccelerated particles. Thismay bethecase if theplasma

density is near or less than the Goldreich-Julian density. However,

in the case of dense plasma, magnetohydrodinamical process may

determine the thickness .

3 STRUCTUREOFTHECURRENTSHEET

Suppose a flow running just outside of the equatorial current layer,

in other words, inside of the poloidal current loop, indicated by A in

theFigure 3. There issomeamount of toroidal field in theflow A, so

that the azimuthal velocity would be much behind the corotaion due

to the 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 havealarger azimuthal velocity becausethetoroidal 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 thiscase, theflow 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 W hat happens in t he pulsar : r ev isi t

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 condit ion

would hold as long as the Lorentz factor of the part icles is moderate.

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

magnet ic induct ion. The strict co-rotat ion suggests a catast rophe as seen in

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

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

increases up to some crit ical 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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magnet ic induct ion. The strict co-rotat ion suggests a catast rophe as seen in

global-2corot ; v ϕ = Ω → 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 crit ical 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 magnet ic field lines, so breakup of the field

lines to open is an essent ial ingredient for the centrifugal accelerat ion, but this is also an

result of the enhanced inert ia of the plasma.

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

the iso-rotat ion law,

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

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

Vϕ = Ωϕ + κBϕ , a delay from the strict co-rotat ion takes place due to bending of magnet ic

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 accelerat ion is moderate, say γ∞ ∼ σ1/ 3 in the Michel solut ion. It is

somet imes said that the centrifugal accelerat ion is analogous to a bead thrown away on

the rotat ing rigid rod. In this analogy, the reality is that the rod is elast ic 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 lat itudes. It is

notable that the toroidal field disappears, and the strict co-rotat ion 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 accelerat ion 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 lat itudes. It is

notable that the toroidal field disappears, and the strict co-rotat ion 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 accelerat ion can take place.
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Figure1. Schematic picture of the axisymmetric magnetosphere with close

and open magnetic field lines. Thesmall arrowsindicate thepoloidal 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 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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

usethecylindrical coordinate ( , , ) with theunit vectorsdenoted

by , , . The centrifugal drift velocity, which has opposite

directions depending on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifugal force is evaluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared 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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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

j φda =
inside C

∇ × B · eφda =
C

B · ds (4.18.3)

4π

c
j φL∆ = 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、 j φ-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 =
eB 2

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 theclosed magnetic field. Wesuggest that the injection of super-fast flow by magnetic reconection at theY-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,

= → as = / ≡ L , (1)

would lead us to adivergenceof theLorentz 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 theflow along the open field lines is concluded to be inef-

ficient. With the ideal-MHD condition, the azimuthal velocity does

not follow thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain the gamma-ray emission from the pulsars, neither

have enough drift current for magnetic field lines to open.

The toroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, an acceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the

Lorentz factor is just expected one because max/ M is the Lorentz

factor obtained if thePoynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamics insidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet

3 CONCLUSIONS

The last numbered section should briefly summarise what has been

done, and describethefinal conclusionswhich theauthorsdraw 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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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

j φda =
inside C

∇ × B · eφda =
C

B · ds (4.18.3)

4π

c
j φL∆ = 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、 j φ-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 =
eB 2

p

4πcmc2

RY

∆
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(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 theclosed magnetic field. Wesuggest that the injection of super-fast flow by magnetic reconection at theY-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,

= → as = / ≡ L , (1)

would lead us to adivergenceof theLorentz 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 theflow along the open field lines is concluded to be inef-

ficient. With the ideal-MHD condition, the azimuthal velocity does

not follow thecorotation but does iso-rotation law, = + ,

where isascalar function to bedetermined. In an open field region,

the magnetic field lines trail backward due to rotation, resulting in

negative , meaningdeparturefromthecorotation. Thusthesling-

shot acceleration fails. Typical Lorentz factor to be reached is
1/ 3
0

(Michel ...), where 0 = 2 / 4 2 = max/ M is the magnetiza-

tion parameter evaluated at the light cylinder. With this acceleration

wecannot explain thegamma-ray emission from thepulsars, neither

have enough drift current for magnetic field lines to open.

Thetoroidal magnetic field ismaintained by aploidal current loos

as shown in Figure 1. The loop current has an essential role to carry

Poyinting energy away from theneutron star, sincethePoyinting flux

is given by ⊥ × / 4 , where ⊥ 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 isthevicinity of theY-point located, wherethemagnetic

field configuration changes from close to open at the top of the last

closed field line. This region has weak , the plasma may show

corotation.

Thus, the strong centrifugal acceleration would expected to be

localized. Meanwhile, highly accurate particle-in-cell (PIC) simula-

tionsbecomepossible to providedetailed analysis for thecentrifugal

acceleration. It has been shown that most of the space outside the

equatorial current sheet isPoynting energy dominant, and that Poynt-

ing energy isconverted to kinetic energy in thevicinity of theY-point

and theequatorial current sheet. In thesimulations, anacceleration in

azimuthal direction such as expected in the centrifugal acceleration

and ejection of plasmoid is found, although theresultsaredependent

on their prescription.

In thefollowing, westudy thecentrifugal acceleration which takes

place in the vicinity of the Y-point.

2 MAGNETICFIELDOPENINGBYTHECENTRIFUGAL

DRIFTCURRENT

Let usestimate theLorentz factor to open themagnetic field linesby

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 ( , , ) with the unit vectors denoted by , , .

Thecentrifugal drift velocity, whichhasopposit directionsdepending

on the charge sign, would be

d =
×

± 2
≈ ±

2

Y Y
, (2)

where the centrifucal force is eveluated as = ( 2/ Y ) , and

themagnetic field must beweakened very much ascompared with

L . In the last expression, Y and Y are, respectively, themagnetic
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fieldstrength in thisregionand theaxial distance. Wehavethecurrent

density

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying theAmpère’s law with the closed curve C in Figure x, the

condition for opening the magnic field is (4 / ) = 2 p, where

p is the ploidal field strength and is the thicknes of the current

sheet. With thiscondition, wehavetheLorentz factor with which the

centrifugal dirift current has enough strength to open the magnetic

field,

≈

2
p

4 2

Y Y

p
≈

max

M

Y Y

p
(4)

Weexpect a thin layer as Y , and weak magnetic field, Y <<

L . If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ M . This value of the
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factor obtained if the Poynting energy isconverted to kinetic energy.

It would be nice to find and Y in a self-consistent manner,

considering themagnetohydrodynamicsinsidethecurrent layer. One

may guess theLarmoreradiusof theacceleratedparticles. Thismay

be the case if the plasma density is near or less than the Goldreich-

Julian density. However, in thecaseof denseplasma, magnetohydro-

dinamical process may determine the thickness . In the following

sections, we will take a slightly deeper MHD approach.

2.1 Structureof thecurrentsheet
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Figure1.This isan examplefigure. Captionsappear 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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Figure2.Schematic picture of the region where the centrifugal drift current

opens the closed magnetic field lines.

L , denoted by Y . In the last expression, Y is the axial distance

of this region. The drift current density may be

= 2 | d| ≈ 2
2

Y Y
. (3)

Applying the Ampère’s law with the closed curve C in Figure 2,

the condition for opening the magnetic field is (4 / ) = 2 out
p ,

where
(out)
p is the poloidal field strength outside the current layer,

and isatypical thickness. With thiscondition, wehavetheLorentz

factor to open the magnetic field,

≈
( out

p )2

4 2

Y Y

p
=

max

2M

Y Y
out
p

. (4)

Weexpect athin layer, Y , and weak magnetic field, Y L .

If ( Y / ) ( Y / L ) ≈ 1, c ≈ max/ 2M . This value of the Lorentz

factor is just expected oneif most of thePoynting energy isconverted

to kinetic energy.

It is one of our objectives to find and Y in a self-consistent

manner, considering the magnetohydrodynamics inside the current

layer. One may guess that would be some thing like the Larmor

radiusof theaccelerated particles. Thismay bethecase if theplasma

density is near or less than the Goldreich-Julian density. However,

in the case of dense plasma, magnetohydrodinamical process may

determine the thickness .

3 STRUCTUREOFTHECURRENTSHEET

Suppose a flow running just outside of the equatorial current layer,

in other words, inside of the poloidal current loop, indicated by A in

theFigure3. There issomeamount of toroidal field in theflow A, so

that the azimuthal velocity would be much behind the corotaion due

to the 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 havealarger azimuthal velocity becausethetoroidal 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 thiscase, theflow 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 reconnect ion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

± eB 2
= ±

γmc2

eBY RY

ceφ (4.18.1)

で与えられるだろう 。 ここで、 Y-point の位置を = 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 )e で見積もった。

遠心力ド リ フト 電流密度は

j φ = 2n|v± | = 2nc
γmc2

eBY RY

(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

j φda =
inside C

∇ × B · eφda =
C

B · ds (4.18.3)

4π

c
j φL∆ = 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、 j φ-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 =
eB 2

p

4πcmc2

RY

∆

Bp

BY

(4.18.5)
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Figure3. Field-alined flows to be examined. The solid curves indicate the

magnetic field lines. Thedashed curvesarefield-aligned flows. Flow A locates

outside of the current sheet, while flow B runs inside the current sheet. The

-axis indicates the axial distance normalized by L . The thin dashed line

A indicates the Alvéen surface. The thin dotted line = 1 indicates the ligh

cylinder.

value of and the current function = as well. The field-

aligend equationsaresolved with agiven 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 is uniquely

determined.Ontheother hand,aswasdoneinobtaining theforce-free

solution(Contopoulos, Kazanas, & Fendt 1999; Timokhin2006), the

trans-field equation that solvesthepoloidal field structuredetermines

thecurrent function so that thefield lines are regular on theAlfvén

surface, whichcoincideswith thelight cylinder in theforce-freelimit.

Thus, the both systems of equations can determine . The pulsar

problem is only solved simultaneously the field-aligned equations

and the transf-field equation, i.e., the two ’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.

Theproblem ishow thecurrent runsinsidethecurrent layer and in

the vicinity of the Y-point. This problem is ignored in the force-free

solution. Theinternal structureof thecurrent layer with afinite thick-

ness can be investigated if the plasma inertia is taken into account.

Theflow A hasarelatively large | | becauseit isinsidethepoloidal

current loop, and thevalue of | | would bealmost constant along the

flow stream line because thecentrifugal acceleration is modest. This

isexactly so in theforce-free limit. Let usassumethat astrong accel-

eration takes place along the flow B, and that most of the Poynting

energy is converted into kinetic energy. Then, the current function

| | 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 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
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ce

le
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Figure4.The expected current stream lines inside the current layer.

4 FIELD-ALIGNEDFLOWSINTHECURRENTLAYER

Wewould like to show that theexpected flowsof typeA 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 , the particle flux ( ), the angular mo-

mentum ( ), and the energy ( ) are constant along a given steam

line. In theiso-rotation law, theangulavelocity ( ) isalso constant

along thefield 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 ( , ).

Here, we normalize the axial distance and the ploidal 4-velosity

p by the valuses at the Alfé point, i.e., = / A and the poloidal

4-velosty = p/ A . The Bernoulli function ( , ) has a form

(Okamoto 1978; Camenzind 1986; Takahashi 1991),

( , )
2

2

=
(1 + 2

p)

(1 − )2

[1 − 2 − (1 − ) 2] 2

(1 − 2)2 − 2(1 − )2
, (5)

where

p =
1 −

, (6)

with the two parameters

=
( ) ( )

( )
, (7)

and . The Alfvén point locates at A =
√

/ ( ) and A / A =

(1 − )/ , where A is the value of at the Alfvén point. A family

of solutions is obtained as contours of ( , ) for a given set of

and . We chose one solution among them that passes through the

fast-critical point; hereafter we denote as ( f , f ). At the same time,

the flow energy f = ( f , f ). is obtaind such as an eigen value.

The Bernoulli function ( , ) has two free parameters, and .

However, thevalueof isdetemined implicitly by agiven boundary

condition. Firstly we assume , and obtain a critical solution which

passes through the fast-point. Then weexaminewhether thesolution

satisfies the boundary conditions. If not, we must change until the

boundary conditions are satisfied.

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

MNRAS 000, 1–8 (2024)

Figure4. Theexpected current stream lines, = =constant, inside the

current layer. Thedashed and solic curves in the - planeare, respectively,

the stream linses and current lines. The value of | | as funcitons of is also

indicated for the diferent values of , the Alfvén point and a large distance.

surface, thecurrent layer with finite thicknessshrinks into avery 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 of the poloidal magnetic field, the particle flux ( ), the

angular momentum ( ), and theenergy ( ) areconstant along the

steam line. In the iso-rotation law, the angular velocity ( ) 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.

Thefield-aligned equationsarealgebraic equations, and arejoined

into a single expression called the Bernoulli function ( , ). Here,

we normalize the axial distance and the ploidal 4-velosity p by

the valuses at the Alfé point, i.e., = / A and = p/ A . A

solution ( ) is obtained as a curve ( , ) =constant on the -

plane. The Bernoulli function ( , ) has a form (Okamoto 1978;

Camenzind 1986; Takahashi 1991),

( , )
2

2

=
(1 + 2

p)

(1 − )2

[1 − 2 − (1 − ) 2]2

(1 − 2)2 − 2(1 − )2
, (5)

where

p =
1 −

, (6)

with the two parameters

=
( ) ( )

( )
, (7)

and

=
( )2

p
2

4 3 ( )
. (8)

The Alfvén point locates at A =
√

/ ( ) and A / A = (1 −

)/ , where A is the value of at the Alfvén point. A family of

solutions is easily drawn as contours of ( , ) for a given set of

and . We chose one solution among them that passes through the

fast-critical point; hereafter we denote the fast point as ( f , f ). 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
 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。



Previous Results
& 

Difficulty



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

• ただし が減少する時加速する。しかし、この時の慣
性ドリフト電流では磁場は開けない

(e.g. Michel 1969; Goldreich and Julian 1970; Li and Melrose 1994; 
Begalman and Li 1994; Takahashi and Shibata 1998,… )

field-aligned equation の答

fast point



Contopoulos, I., Kazanas, D., \& 
Fendt, C.\ 1999, \apj, 511, 351

Trans-field equation; force-free sol. が知られている。

解の外で、電流を閉じさせる
必要がる。

Contopoulos et al.(2024)

閉じた磁場、separatrix 近傍で磁場の発
散が起こる



解決！



ローレンツ因子の発散

closed loop top で起こっていること

慣性が増大して
磁場をちぎって
流出

結果 1

γ



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 〜 慣性長で評価すれば見積もれる。

結果 ２

multiplicity ＝ プラズマ密度/Goldreich-Julian 密度

光度 L 〜 μ 2 Ω 4 / c 3 の 1/M程度 が kinetic energy flux



将来展望

field-aligned equation と
transf-field equation を連立し
て解いて軸対象遠心力風の定
常解を決定する見通しがたっ
た。 解のguessが出た！ force-free 解

でOK

Alfven critical surface



Thank you!


