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Abstract

Abstract

Coronal mass ejections (CMEs) belong to large-scale solar active phenom-

ena and cause strong disturbances on the geospace environment, being a main

source of disastrous space weather. The observational and theoretical study

of CMEs serves as an active frontier subject in the fields of solar physics and

solar-terrestrial space physics. In recent years, the coronal flux rope catastro-

phe as one of the important mechanisms for triggering CMEs has attracted

a general concern among the scientific community. On the basis of previous

relevant researches, this thesis carries out numerical simulation studies of the

same subject from a new aspect.

After a brief review of observational features and current research status

of CMEs, this thesis focuses on the latest progress in the study of theoretical

models of CMEs, especially the coronal flux rope catastrophe model closely

related to this thesis. On this basis, we will describe the results we have

obtained in the study of coronal flux rope catastrophe models.

This thesis uses a 2.5-dimensional ideal MHD model in spherical geome-

try and constructs an equilibrium system consisting of a background magnetic

field and an isolated magnetic rope. Starting from it, we investigate the in-

fluence of the photospheric magnetic flux distribution of the background field

and the background solar wind on the equilibrium properties and catastrophic

behavior of the coronal flux rope system.

In order to reveal the physical effects of the photospheric magnetic flux

distribution on the coronal flux rope catastrophe, we first assume that the

background field is a bipolar potential field, whose photospheric flux distribu-

tion is adjusted in a proper way. When the flux distribution is concentrated

toward the poles, the decay of the corresponding potential field slows down

with heliocentric distance, and thus the background field becomes stronger at

large distance. The opposite is true if the magnetic flux distribution shifts to-
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Abstract

wards the equator. Among various distributions there is a special one, which

corresponds to a uniform radial component of the magnetic field at the photo-

sphere. Such a distribution is the same as that of the so-called split monopole

field. Next, the magnetic field within the magnetic flux rope is assumed to be

force free and the rope is characterized by two magnetic flux parameters, the

annular and axial fluxes, and two geometrical parameters, the height of the

axis of the flux rope and the length of the vertical electric current sheet below

the rope. For a given annular flux, we adjust the axial flux and calculate the

geometrical parameters of the flux rope in equilibrium, and then analyze the

equilibrium and catastrophic properties of the whole system. It is shown that

taking the flux distribution of the split monopole field as a standard, if the

photospheric flux is more concentrated to the equator, i.e., the background

field becomes relatively weaker at large distance, then the geometrical param-

eters changes smoothly with increasing axial flux of the rope, no catastrophe

takes place. Correspondingly, the magnetic energy of the system is lower than

the open field energy. Under this situation, a certain critical axial flux exists

for each given annular flux: the geometrical parameters change sharply with

axial flux in the vicinity of the critical flux, and approach infinity once the

critical flux is surpassed. As a result, the bipolar potential field becomes fully

opened. On the contrary, if the photospheric flux is more concentrated to the

poles than it is for the split monopole field, i.e., the background field becomes

relatively stronger, then the geometrical parameters will present a variation

with a jump somewhere as the axial flux of the rope increases. In other words,

a catastrophe exists for the system. The magnetic energy at the catastrophic

point, i.e., the catastrophic energy threshold, exceeds the open field energy.

The stronger the background field is over the rope, the higher the catastrophic

energy threshold and its percentage in excess of the open field energy will be,

and thus the faster the flux rope erupts upward after catastrophe. These re-

sults demonstrate that the observational velocity spectrum of CMEs can be

reproduced by the coronal flux rope catastrophe model merely by adjusting

the photospheric flux distribution of the background field.

Most previous coronal flux rope catastrophe models adopted force-free or

magnetostatic equilibrium approximations without considering the the phys-
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ical effect of the solar wind. To incorporate the influence of the solar wind on

the equilibrium and catastrophic properties of the coronal flux rope system, we

assume that the background field has the same photospheric flux distribution

as the dipole field, but a coronal streamer and a steady solar wind exist out-

side the flux rope. In addition to the annular and axial fluxes, the mass of the

coronal plasma within the flux rope is taken as another parameter of the rope

in order to reflect the physical effect of gravity. The simulations show that

the coronal flux rope system also has a catastrophic behavior. The geometri-

cal parameters present a variation with a jump somewhere, or a catastrophe

occurs, when either the annular or the axial flux increases, or the mass within

the rope decreases. The catastrophic energy threshold increases with increas-

ing mass in the rope, and the increment equals the magnitude of the so-called

excess gravitational energy associated with the mass in the rope, defined as

the difference between the true gravitational energy and that for a plasma in

hydrostatic equilibrium. When the contribution of the gravitational energy

is deducted, the result is still larger than the open field energy by about 8%,

a conclusion which is almost the same as that reached for cases without the

background solar wind. This indicates that the presence of the background

solar wind essentially does not affect the catastrophic energy threshold. Once

a catastrophe occurs, the background solar wind exerts a significant influence

on the movement of the flux rope after catastrophe. In comparison with the

results obtained in terms of magnetostatic approximation, there is no artificial

deceleration brought about by the static plasma ahead of the erupting flux

rope, so the rope can acquire a much larger asymptotic speed, which is closer

to reality. The acceleration and asymptotic speed depend on the strength of

the background field: the stronger the background field is, the faster the accel-

eration and the higher the asymptotic speed will be. The obtained temporal

profile of velocity of the flux rope is essentially consistent with the typical

observed velocity profiles of CMEs. Therefore, we have found another way

to reproduce the observational velocity spectrum of CMEs in terms of the

coronal flux rope catastrophe model, i.e., by adjusting the strength of the

background field.
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F�Ô����'X����, �ö´é/¥K������¹Äy�[e.g.,
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§ 1.1.2 F`�u(Prominence Eruptions)
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Gaizauskas et al., 1997; Van Ballegooijen et al., 2000; Martens and Zwaan,
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§ 1.1.3 F�Ô���(Coronal Mass Ejections)
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�Ú^| /. CME´F��ºÝ^|�²ï;�»���Ô, §´î8

��*ÿ����ºÝ���¹Äy�. CME�����Ø�, À���l

AÝ�360Ý, �Ýl20km s−1�2000km s−1Ø�, ²þ�Ý�400km s−1[e.g.,

Gosling et al., 1976; Hundhausen et al., 1994; St. Cyr et al., 1999, 2000]. �

gCME�	��Ñ1015 ∼ 1016g�Ô�, º�Ñ1031 ∼ 1032erg�Uþ, Ó��

)�þpUâf, ¿��Xl�>�X��õÅã�>^Ë�Or. 3��

¹Ä$c, ²þzUu)0.5gCME; 
3��¹Äpc, K��5g.

;.�CMEäkn©þ(�[Illing and Hundhausen, 1985]: ¥mk��

$§p�Ý��Ø, ��@�´�uF`; �Ø	¡k���é�V�

$�ÝVn; �	¡k����Ú��, ��@�´�Ø �F�Ô�.

ã1-3�Ñ�g;.�CME¯�, §´32000c2�27F�*ÿ��. �,d

aCME�Óoê�30%[Gopalswamy et al., 2006], ����“IOCME”~^

uCME�nØ�.ïÄ¥[e.g., Chen et al., 1997; Wu et al., 1997b; Gibson

and Low, 1998]. �õ�CMEäk�«E,(�, X�G!÷G!��G�.

gl1996cSOHOþU±�, <�éCME�ïÄ��
­�?Ð. �X

ïÄ��\, <�Åì¿£�CME´é<aK������¹Äy�, §

�¹�^�(�Ú°Ä�1(S-Å´/^��Ì�6Ä
. CMEÚ

õ«ØÓa.���¹ÄkX���'X, ù
¹Ä�)^2y!^é

�!Sigmoids(�!Dimming!�>�!����!F`�u�. ù�,

CME9Ù�'��¹Äy��ïÄÅì¤���Ôn¥�9���K.

§ 1.1.4 ���uy��m�'X

CME²~��X��¹Äy�A�Ó�u), ù
¹Äy��mqk

��E,�éX. CMEÚ��!F`�u�'Xc���. *ÿL², ��

�'CMEª��õ, 
�z��CMEA�Ñ��ØÓ§Ý���[Zhou et

al., 2003]. Ïd<�åÐ@���>u
CME[e.g., Dryer, 1982]. �5�

�
*ÿL², õêCME�å©��Ñ@u��, Ïdqk
<@���

´CME���y�[e.g., Harrison, 1986]. �XïÄ�?�Ú�\, <�u

y: ��ÚCMEÑ�´^Uº��	3Ly, §��p'é%�7�p>

u[Harrison, 1996].

CMEÚF`�u�'X��©��. 90%±þ�F`�u��kCMEu

)[Gilbert et al., 2000; Hori and Culhane, 2002; Zhou et al., 2003; Gopalswamy

5



§ 1.2 �CMEnØ�.�'��µ�£

et al., 2003]; �L5�k70 ∼ 90%�CME�F`�uk'[St. Cyr and Webb,

1991; Gopalswamy et al., 2003].

<�@��p���CME!����±9F`�u�¹Äy�´Ó�Ô

nL§�ØÓLy, Ï
��u^“CME”ù�â�L«�CME�'���

ÔnL§[Forbes, 2000], 
Ø==L«dÂ�Ô���y�. 3�©1©¥

�ò¦^ù�2Â�CMEVg.

CMEéF/�m�¸�K�ã�, g,<�F"Uïá�'nØ�.5

)º�, ?
¢yé§�ý�. ,
, CME´Xd�E,õ�, ±�u�c�

�.ÿØU��)ºù�y�. �c��.Ì�8¥3éCME>uÅ�ÚU

þ5
�ïÄþ, �A½��.�U)ºA½�CME¯�. e¡·�kQã

�CMEnØ�.�'��µ�£, ��0�A«k�L5�CME>u�.,

­:�3�·�ó��'�F�^-/C�.�¡.

§ 1.2 �CMEnØ�.�'��µ�£

§ 1.2.1 CME�Ý©Ù�ÚOA�

�Ý´CME�A�ëê��. 3*ÿ¥, CMEØÓ �äkØÓ�$

Ä�Ý, 
CME�Ú��äk²w�I�, �éõÆö±§�$Ä�ÝL

�CME��Ý. þ!J�, CME��Ý��ªÝé�, lA��AZúpz

¦Ø�. @ÏéCME�Ý�ÚOïÄ¥, Gosling et al.[1976] uy, ���

��ÚII.�>���u)�CME�²þ�Ý�é�p, 
�F`�u�

�u)�CMEK��. MacQueen and Fisher [1983] ÄuéMauna LoaþK-

F�¤P¹��12��GCME�Ý�©Û, JÑüaCME�Vg: ���

¯���u)�CME 3$F�«äk�éþ!��Ý, ùaCME��Ý

�p, ¡�¯CME; �F`�u��u)�CME3$F�«Åì\�, ù

aCME��ª�Ý(3À�>�)�$, ¡�úCME. É�u���*ÿ^

�(Skylab�mÕþ�x1F�¤À�Ø�L6R0, K-F�¤�À���),

Ø�ÙCME´Ä��½�CÙ�ª�1(S�Ý. �5, ÄuLASCO�ê

â, Sheeley et al.[1999] ïÄ
ùüaCME �\�L§, ¿éÙ½Â�Ñ?

�: �F`�u��u)�CME, ÙÚ��´Åì\��, 3À�>��²

þ�Ý�400 − 600km s−1, ¡�ìCªCME (Gradual CME); �����

u)�CME, ÙÚ���ÝåÐâ,O\, 3���/�q�3~�L§,

6
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ããã 1-4: LASCO* ÿ � � n � ; .CME� � Ý Ú \ � Ý ¿ ¡. ã(a)£ã
�´1997c6�11F*ÿ��CME, éAu�uªCME; ã(b)´2000c10�25F

�CME, éAu¥ma.�CME; ã(c)´1997c10�19F�CME, éAuì?

ªCME. Ù¥ã(a)Ú(b)¥�¢�©OL«GOES¥(ÿ��X-rayÏþ9ÙCz

Ç. ÚgZhang et al.[2004].
7



§ 1.2 �CMEnØ�.�'��µ�£

��À�>��§�²þ�Ý�L750km s−1, ¡��uªCME (Impulsive

CME). ��, ü«CME�Vg?�Ú¼�*ÿþ�|±[e.g., St. Cyr et al.,

1999, 2000; Andrews and Howard, 2001; Low and Zhang, 2002; Moon et al.,

2002; Chen and Krall, 2003]. éùüaCME��)Å�, �ckØÓ�)º.

3Low and Zhang[2002]ÚZhang and Golub[2003]�ïÄ¥, Äu�~45Ú

�~45F`�3�¯¢[Leroy, 1989; Tandberg-Hanssen, 1995], ¦�@�¯

úüaCME ©O�ùü«F`��u�'; 
Lin and Ballegooijen[2002]K

@�/C^-�ªéAu¯CME, �/C^-�ªéAuúCME. 'u/C

�Vg, ·�ò3�!"��Ñ.

�XVršnak et al.[2005]�Ñ�@�, @Ï'uCME��
ÚOïÄ, du

��ê8���, Ù(Jäk���Ø(½5. �XSOHO¥((1995)±

9TRACE* ÿ ì(1998)� u�¿ Ý \ $ 1, * ÿêâ Å ì O õ, < �

éCME�©a9Ù�����Ú�uF`�éX�¡�)
ØÓ�@£.

Zhang et al.[2004]3ïÄ¥uy, Ø
;.��uªCMEÚì?ªCME�

	, �k�a¥mCME, ã1-4©O�ÑùnaCME��ÝÚ\�Ý¿¡, Ù

¥“†”L«CME��Ý½\�Ý, ¢��ÑGOES¥(ÿ��X��Ïþ½

ÙCzÇ(XJ��X��Or�{). âd¦��Ñ, CME�ì?�Ý�

ûuÙ\�Ý���Ú\��m, 
ù
Ônþ�ØÓ�¯��U�Oé

�; CME��Ý©Ù´ëY�, �k�CME©a�U¿Ø·Ü. Vršnak et

al.[2005]Ó�éüaCME�VgJÑ�¦, ©Û
êz�CME¯��, ¦�

uy: �L30%������u)�CMEáuì?ª, Ó�'~��V^�

u��u��CMEáu�uª. ù��k�CME©anØk¤ØÓ. d	,

8céJ��*ÿx1CMEl�.m©�u�Ð©�ã, k��éJ(½�

mÚ�mÑ�C���ÚCME¯�´Äáu��¯�, Ï
'uCME´Ä

÷vþã©a�¯K, �I�?�ÚïÄ.

§ 1.2.2 F�¥�^Ïþ-(�

^Ïþ-´©Ù3F�¥�^Ïþ+. <�~*ÿ�F`ÚCME¥k

Ú^(�[Chen et al., 1997; Dere et al., 1999; Wood et al., 1999; Ciaravella

et al., 2000; Liu et al., 2003], ��@�ù
Ú^(�éAu^-(�. ã1-

5(a)Ú(b)©O�Ñý¡Ú�¡þ^-(��«¿ã, §�ÌN uF�

¥, üàÏL^å�Ú1¥�ë. ^-�^|�©�¶�©þÚ��©

8
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ããã 1-5: ã(a)Ú ã(b)© O�^-ý ¡ Ú � ¡ �«¿ ã, Ú gChen[2001];
ã(c)´2000c7�14F*ÿ��1¥�þ^|, ±9ddæ^Ãå|�ü���

^-(�, ÚgYan et al.[2001].

þ; XJ^^ÏþL«�{, ©OéAu¶�^ÏÚ��^Ï. ã1-5(c)�

Ñ2000c7�14F01:19UT��dF�^rOP¹��1¥�þ^|, ±9d

dÏLÃå|�ü¼��F�^-(�[Yan et al., 2001]. ê���, T¹Ä

«u)
Í¶�“Bastille Day Event”. d	, CME��1(S��±/¤^

�, ù�V«XF�^-(���3.

éu^-(�¤éA�*ÿÔ, 8c�kØÓ�w{, k<@�^-Ò´

F`[Forbes and Isenberg, 1991; Choe and Lee, 1992; Low and Hundhausen,

1995; Chen et al., 1997; Gibson and Low, 2000]; �k<@�^-´CME�u

�w��Vn[Low, 1994; Low and Hundhausen, 1995]. é^-�/¤�Ï,

8c�vk½Ø, õê<@�^-´l1¥e�2yÑ5�. F�^-�E

3±�����í�¸¥, ��@�ÙSÜäk�r�^|. �¡·�ò!

�, ^-�Vg3NõCME�nØ�.¥åX�~­���^.

§ 1.2.3 CME�Uþ5


�g;.�CME3á�mSº�Ñ1032erg�Uþ[Gosling, 1990; Webb et

al., 1994], ù
Uþl=p5? XJ�u�Uþ��d1¥5\�Ô�Ú

^|5Jø, �âLin et al.[2003] �©Û, �u«�éA�1¥6Ä7L�

��12.5km s−1, ù'8c*ÿ���u�1¥Ô�6Ä�Ý(�k2km s−1

[Anwar et al., 1993])���þ?, ÏdCME�UþØ�U��5gu1¥.

ù�, <�¿£�CME´ýk;�3F�¥Uþ���º�L§. ?�Ú

�©Ûuy, CME�Uþ
uF�^|;U[e.g. Hundhausen, 1999; Forbes,

9



§ 1.2 �CMEnØ�.�'��µ�£

LLL 1-1: F�¥��«Uþ�Ý, ÚgForbes[2000].

Uþ/ª *ÿ��Ônþþ? Uþ�Ýergs cm−3

ÄU n = 109cm−3, v = 1km s−1 10−5

9U 106K 0.1
­å³U h = 105km 0.5

^U B = 100G 400

2000]. L1-1�ÑF�¥�«Uþ�Ý��O�. �g;.�CMEI�F�

¥�Uþ�Ý��100erg cm−3�þ?, L1-1�êâL², �k^U�Ý��

ù�þ?, Ù§��)ÄU!9U!­å³U�, Ñ��uù�þ?[Forbes,

2000].

,��¡, F�¥�^UE,5gu1¥$Ä. 1¥þ�3��m�Y²

$ÄÚR�$Ä. du1¥´û�N, ^È(�AwÍ, 1¥$Ä��F�^

|�}�Ú/C, ¦^U3F�¥ØäÈ\. d1¥$ÄÚu��ºÝ�^

¹Ä, X^2yÚ^}�[e.g., Kusano et al., 2002]�, Øä�F�¥Ñx^

U, �ªÚu�ºÝ����uy�[Gopalswamy et al., 2006]. Ïd, 8c�

�@����u´ü�ãL§: ^UÄkÏL,«Å�;�3F�¥, ù�

L§´�ú�; �^U;���½§Ý, u),«Ø­½5, l
/¤�u,

ù�L§´¯��.

I�`²�´, �éu�uy�p�êzúpz¦��Ýþ?, *ÿ��

1¥$Ä´�~�ú�, Ï
3�uÏm�A��S, �±@�^å�31

¥�v:Ä�´ØÄ�; d	, du1¥ÚF�¥�lfN�Ý�ã��É,

u)3F�¥��uy�é1¥$Ä�K�Ä��±�Ñ.

§ 1.2.4 Aly-SturrockUþ�

du1¥ÚF�A��Ý�ã��É, <���@�u)CMEI��

Uþ3�u�c®²;�3F�¥. ù�, �uc�^| /7LPkv


�^U. ,
, �½.Ü^Ï©Ù�, XÚU;��^U¿�´Ã��.

òvirial½nA^uü ¥	��Ã��m¥[e.g., Priest, 1982; Aly, 1984],

3�½.Ü^Ï©Ù��¹e(��u®�.Ü>.�{�^|),Ãå|�

10
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��Uþ�

Wmax =
1

2µ0

∮

r=R0

B2
r |r=R0

sin θdθdϕ, (1-1)

Ù¥�¦

|B|r→∞ → 0,

=^|3�?7LP~�v
¯.

�é“(.«�”	Ü�Ã��mSÿÀ{ü�Ãå|, Aly[1984]JÑ


Í¶�Alyß�: äk�Ó.Ü^Ï©Ù�¤kÃå|, ÙUþØ�L�

A�m�|Uþ(Ù¥, ÿÀ{ü´�¤k�^å�Ø�(, ���k�

à�.Ü>.�ë�. �A�m�|´�¤k�^å��à�.Üë�,

,�àò��Ã¡�, �3>.þ��^|äk�Ó�{�©þ). ��,

Aly[1991]ÚSturrock[1991]©OéAlyß��Ñ
y², ¦+ù
y²lêÆ

þù¿Øî�[Aly, 1991], õê<�´�&Alyß���(5. u´, é�½

.Ü^Ï©Ù�Ãå|, Ù�A�m�|UþWopen�¡�Aly-SturrockUþ

�, §é�uU
¯K�ïÄäk­�¿Â. ��F�w,áu‘(.«�”	

Ü�Ã��m, 1¥´ù�«��>., $F�^|�CqÀ�Ãå|, ÷

vÃ¡�?^|�"�^�. Ïd, Alyß�·^uù�«�. �X��ïÄ

ó�Ñ|±Alyß���(5[Wolfson, 1993; Mikić and Linker, 1994; Amari

and Luciani, 1999]. ?�Ú, Hu and Wang[2005]�ïÄ(JL², Alyß�$

��±í2�Ü©m�|��¹: éÿÀ{ü�^ÿ?1Ü©}�, Ù��

U�éAu�A�Ü©m�|.

, 
, < � Ê H @�; � 3 F � ¥ � ^ U´CMEU þ � 5 
, Ó

�CME��uU�m�µ^|, ¦��lfNl��L¡6Ñ. �âAlyß

�, ÿÀ{ü�Ãå|U
;��^U�õ�UfÐò^|�m, vk�{

�^gdU�^u\9Ú\��lfN, ù�CME�nØïÄ�5î���

�. �d, <�Áã^�«�{7mAlyß�. Forbes[2000]ÚLin et al.[2003]©

OJÑA«7mAlyß���U�{. Ù¥, ~^uCMEï���{k: (1)

F�¥�3�(½]2�^å�; (2)CME�I�Ü©�m�µ|; (3) ^|

­é�U�ü­��Ú�. ·�ò31.3!£�A�;.��CME�.�'

�~f.

11



§ 1.2 �CMEnØ�.�'��µ�£

§ 1.2.5 /C�Vg

ããã 1-6: ü«Ä�/C�«¿ã. ã(a)Úã(b)©OL«fold-.ÚS-./C. Ú

gHu[2005].

/CnØ´þ�­V8Ô�c�uÐå5�êÆÛ:nØ���©|.

{IêÆ[Thom31972cC½
/CnØ�Ä:, ¦ò/C(��âC)½

Â�: ��XÚ�G�d�
ëê5û½, ù
ëê�)G�ëêÚ��ë

ê, k�XÚ¬kù��5�, XÚ���ëê����UC�, XÚ�G

�ëêu)a�5�Cz. Poston and Sterwart[1978]ÚSaunders[1980]@�:

/C´���ëê���UC�XÚâ,dO½�LÞ�ÄåÆG�, ´

�ºÝ���5Ø­½5L§. ã1-6�Ñü«;.�Ä�/C(fold-./C

ÚS-./C)�«¿ã, Ù¥h´G�Cþ, λ´��Cþ. �Xλ��úCz,

XÚ�G��Ñ�A�UC. �λ²L,�:λ∗½λ∗1�, hu)â,���5

Cz. éufold-./C, �L:C(λ∗, h∗)�XÚvk²ï�, /C´Ã�ÌÝ

�; éuS-./C, �L:C(λ∗, h∗)½:C1(λ
∗
1, h

∗
1) �, XÚ3,
λ���3

­½�²ï�, /C´k�ÌÝ�. ùp:CÚC1¡�/C:.

/CnØ�±éÐ�)º��þ��
�uy�. 'X, 3CMEu)c,

XÚ?u;U�ã, ù��ã�^| /Cz�ú, éAu/CnØ¥��

Cþ��úUC. �XÚüz��½§Ý�, CMEâ,�), F��(�u

)­�Cz, éAu/CnØ¥�L/C:�XÚG�Cþ�wÍCz. �

�)º���u¹Ä�ÜnÅ���, g,<�F"3F�XÚ¥é�/C,

l
)ºùa�u¹Ä��)Å�. �´, F�¥�¯�þ�^6NåÆL

§, ùaXÚ�~E,, ��½ÙüzL§¥kÔn¿Â���Cþ±9T

12
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CþÛ�r¤/Cu)¿�´¯. Ïd, 8c<�3ïÄF�XÚ�/C�

Ï~���½§Ý�Cq©Û.

§ 1.3 CME�nØ�.£�

c¡0�
CME�Ä�A�±9�CMEnØ�.�'��µ�£, e¡

·�éCME�nØ�.?1{ü�£�.

*ÿL², ý�õêCMEþu)u4Ü|«, ù
4Ü|«�)¹Ä«!

w·V^«ÚªL»��^«, §��mØ�3���«O, ==´^|r

ÝØÓ[Gopalswamy et al., 2006]. ù�´�cïáCME�.�Ä:. <�3

�ïCME�nØ�.�, XJ=�ÄÃå|��¹, KI�ÏLÚ\^|­

é½öE,^| /, ±7mAlyß����. e¡·�{üòCME�nØ

�.©�/C�.Ú�/C�., ¿©O]ÑA����L£ã�.

§ 1.3.1 �/C�.

�! ^ÿ}��.

*ÿL², CME�
«Ï~�3ér�^}�[e.g., Canfield and Pevtsov,

1998; Moore et al., 2001], §�^U;��'[Kusano et al., 2002]. ¦+�

õê<@�^}��#^Ïþ2yk'[Magara and Longcope, 2001; Nindos

and Zhang, 2002], }�$Ä3nØïÄ¥Ek­�¿Â.

�
)Ûó�[e.g., Priest and Forbes, 1990]Úê��[ó�[Mikić and

Linker, 1994; Amari et al., 1996a; Hu and Wang, 2005]L², é{ü�^ÿ

XÚ, �X^å�v:}�$Ä�O\, XÚ�UþÅì,p, Ó�^ÿÅì

��m, �Ø¬�)�u. ã1-7´Mikić and Linker[1994]éó4^ÿ}��

[�(J. 3t = 0�540τA�mS, �±>{�", éª�»��^ÿ�v:

�}�$Ä, ¬3»�¡þ/¤�a>6¡(�. XJ�±>{�", UY�

}�$Ä, ^ÿ¬Åì��m, �ù��mL§´ìC�, vk�uy�. X

Jd�Ú\>{, K>6¡u)­é, ¬k^��), Ó�^�¬×��	�

u. 'u^|�¯�­é, 8c�3�
nØ, ~X3>6¡��Ý�u°

Ý�2π��u)�e��Ø­½[Furth et al., 1963], >6�Ý�L,�K�

��)�*Ø­½5��É~>{[e.g., Galeev and Zelenyi, 1975; Heyvaerts

13



§ 1.3 CME�nØ�.£�

ããã 1-7: Mikić and Linker[1994]�^ÿ}��.. (a)é¶é¡�ó4^ÿ, H�

¥Ú��¥�^|©O±�����÷� ��}�$Ä. üz�t = 540τA�,
»�¡þ/¤�a>6¡(�. XJUY�±>{η = 0, }�$Ä��126 ◦�,
^|3t = 900τA�����m; XJâ,O\>{, K¬/¤��^�, �T^

��	�u. (b)XÚ�Uþ��müz­�(Uþ^éA�³|Uþ8�z). Ú

gForbes[2000].

14
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and Priest, 1976], ��, �3F�ù�p§���>l��¸¥, k'^|

­é�nØ�k�u?�ÚïÄ.

Antiochos et al.[1999]�
,��^ÿ}��ó�, Ð©^|����l

4f|U\��ó4|, }�=�u¥%^ÿ. ù��Ð©^|¥, »�þ�

,?k��¥5:. 3}�L§¥, XJØ�Ä>{�{, T¥5:¬uÐ¤

î�>6¡, §ée¡�^ÿåØ��^; XJÚ\­é, e¡�^ÿ¬�þ

�u¿ò��Ã¡�, Ó�Ü©�m�µ|.

�! Û�^-�.

AmariÚ¦�Ó¯�
�X�'u^-�n��[ó�[Amari et al.,

1996b; Amari and Luciani, 1999; Amari et al., 2000, 2003a,b]. ¦�l��

V4³|Ñu(Xã1-8(a)¤«), 3¥5�üýÚ\}�$Ä, ¦�^å�

u)Û­, l
È\^UÚÚÝ(ã1-8(b)). Ú\­é�, UYÛ�$Ä½

ö¦^å�v:�é$Ä, ¥5�þ��±/¤��^-, ^-þ�´^

ÿ(ã1-8(c)). Amari�<éù���Û�^-��
�\ïÄ, uyXJ

3.Ü>.Ú\^é�[Amari et al., 2000], ½öUY¦^å�v:��

$Ä[Amari et al., 2003a], ½´é.Ü�^å��\ëÄ*Ñ[Amari et al.,

2003b], Ñ�±¦^-�u(ã1-8(d)), ?
/¤CME.

daÛ�^-�.é>.^���¦ép, g,�éJé��A�*ÿ

�â. =BXd, ���@��n��.��, Amari�<�ó�é8��n

�ïÄäk�½���¿Â.

n! ^2y�.

^2y´F�¥ÊH�3�^¹Äy�[Liggett and Zirin, 1984]. �


CMEu)c, 3
«*ÿ�ér�^2y[e.g., Feynman and Martin,

1995; Nindos and Zhang, 2002], #2y�^Ïþ�± uV^Ï�(Filament

Channel)S, � � ± u V ^ ±�. �
 )ºù � y �, Chen and Shi-

bata[2000]JÑ����^2y�., Xã1-9¤«. 3¦���.¥, 3

V^Ï�S½Ï�	2y��/^|�����^Ï, #2y^Ï��µ

^|u)­é, l
~f
�µ^|, ?
��^��	�u. 3dÄ:þ,

Chen et al.[2002]é2y^Ï�A5�
?�ÚïÄ. Lin et al.[2001] ÏL)

Û�{©Û
^2yéCME�K�, ¦�@�^2y���u¤�6�^�
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§ 1.3 CME�nØ�.£�

ããã 1-8: Amari et al.[2000]�Û�^-�.. (a)Ð©V4³|; (b)ÏLv:}�$

ÄÈ\^UÚÚÝ; (c)UYÛ�½ö¦^å�v:�é$Ä, ^-/¤, þ�´^

ÿ; (d)�«Ï���^-�u, /¤CME.
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1�Ù Vã

ããã 1-9: ^2y����u. (a)3V^Ï�S2y^Ï; (b)3V^Ï�	2y^Ï.
Úg[Chen and Shibata, 2000].

éE,, �2y«�45!2y�rÝ!2y¤3� ��^�Ñk��'

X.

o! �6¨^-�^�.

±þ�A��.¥, Ð© /þ��4Ü^ÿ, �­é�üX'���

Ú. Wu9ÙÜ�öò�ÿU��6, 4^-l�6.Ü2y, ?
ïÄXÚ

�üz[Wu et al., 1995, 1997a, 1999; Guo et al., 1996]. ¦�uy, �X2y

^-�ëêØÓ, �6¨^-XÚkn«G�: ­½�!�­½�Ú�uG

�. ã1-10(b)Ú(c)©O�Ñ?u­½�Ú�uG��^| /, Ù¥ã(c)¥

��Ñ�A��Ý©Ù. ã(a)�Ñ^-2yc��6 /. éuÓ���6,

XJ2y�^-���^�U�åP, KéAuXÚ�­½�, ��KéA
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§ 1.3 CME�nØ�.£�

ããã 1-10: �6«^-2y�CME�.. (a) ^-2yc��6^| /; (b)­½�

F�^- /, 2y�^-�»��, ^|�f; (c) �u�F�^- /, ^u�

[CME, 2y�^-�»��, ^|�r. Úg[Wu et al., 1997a].

u�uG�, �ö�±��CME�>u�.[Wu et al., 1999]. Ó�, Guo and

Wu[1998]�ïÄ�uy, éu,
¹�n�F�^-XÚ, ÙUþ�±�L

�A�Aly-SturrockUþ�.

Gibson and Low[1998, 2000]�Ñ��F�^-�., �Ä
­å��^,

Ï
�±7mAlyß�éXÚ;U���. 3d�.Ä:þ, Manchester et

al.[2004a]�
�n��CME�[: Ð©�^- u�6S, 	¡´­½��

�º. 3,���â,~�^-��þ, l
�»
XÚ�²ïG�, ^-l

�6«�	�u, /¤CME.

ù
�.�Ä
�6Ú��º, ��C¢S�¹. �3¦��ïÄ¥, v

k�Ñ���â: �o^�e^-U
�u. Ó�, �.¥�^-2y½ö

^-ëêUCL¯, �Ï~�*ÿØ�¬Ü. d	, ¦+¦�Ñæ^n�^6

NåÆ(MHD)�., �é^-�u�/¤�>6¡þ��AO?n, ±�ê

�­é�K�¿��Ø.

§ 1.3.2 ^-/C�.

Sturrock[1966]�@^/Cg�5ïÄ���uy�. ¦�Ñ, XÚ¬�X

,���ëêµüz, �µ�úUC�, XÚ¬ëY²{�X��²ï�; �

ëê��,��.�µc�, XÚ�G�¬u)â,UC, ù��Cz�¡�

/explosive0, Strurrock��^/explosive0ù�Vg5)º��y�. lþ

­V70c�±5, �X/CnØ�uÐ, <�Åìòù�Vg²(�///CCC.

ïÄuy, {ü^ÿ�}�ØU��/C[e.g., Klimchunk and Sturrock,

1989; Mikić and Linker, 1994]. Ï
, �
Ïé/C, ?
)º���uy�,

õê</ÏuE,�^| /, F�^-XÚB´Ù¥��L. éuF�¥

18
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�n�^-(Xã1-5(a)(b)¤«), §É�±e�^å: ­å; 9Øå; �µ^

|��åå; ^-¶�>6�­ÇÜå[Lin et al., 1998; Chen et al., 2006b];

^-��>6��^å[Chen et al., 2006b]; XJ�3>6¡�{, ��)§

é^-��^å. Ó�, du1¥´û�N, Ï
I��Ä¤k�>6��^

å. ^-�G��ûu¤k�\3Ùþ�^å�Üå�5�. �^-g��

A5u)UC, ½ö�µ^|�G�u)UC�, �\3^-þ�Üå��

Cz, XÚG�½u)UC. 3,
^�e, XÚÃ{�±éþãCz�ëY

�A, ½=XÚG�u)mäª�âC, ½ö`XÚu)/C.

��±5, ºYkNõ'uF�^-/C�ïÄó�, Ù¥�))Ûó�

Úê��[ó�. e¡·�{ü£��e/C�.�uÐL§.

�! )Û�.

ÄuéF�^-Éå�)Û, �
<ïÄXÚ�²ï�(^-Éå�"�

�) �	.^|½ö^-g�ëê�Cz, uy3,
A½��¹eXÚ�

3/C.

ããã 1-11: F�^-�(a)�>6�.; (b)[-Cq�.; (c)o-�.. ÚgHu
[2005].

�@^�>6�.ïÄ^-XÚ/C�´Van Tend and Kuperus[1978],

ã1-11(a)�Ñ^-�>6�.�«¿ã. 3¦��ïÄ¥, ^-�À��>

6. ¦�uy, ��¹�>6�XÚ�±�±­½; ��>6�L,�K�

�, ^-¬�þ$Ä, XÚu)/C. �,, T�.Ø´MHD �., �µ´

ý�¥�^|
��lfN, ù�XÚ¥[�Ø¬�)>6¡. Priest and

Forbes[1990]QéT�.�
�
U?, U?���.#N3,
^�e�)
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§ 1.3 CME�nØ�.£�

�½�Ý�>6¡. ,
�>6�.Lu{z, Ó��3Ãõ¯K. <�é¯

=�ïÄMHD�..

Forbes9ÙÓ¯[Forbes and Isenberg, 1991; Isenberg et al., 1993; Forbes

and Priest, 1995]æ^)Û�{ïÄF�^-XÚ�/C, ±d�Ä:JÑ


CME�^-/C�.. 3¦���.¥, ��ÑêÆþ�(J, ^-�À

��»v
��“[-”, k�^�r^-Ú�µ^|©m, Xã1-11(b)¤«.

¦�uy, 1¥L¡^å�v:�$ÄUUC1¥L¡^Ï©Ù¿¦�3A

½�:þu)^é�(�3)�SÙ§/�´n�MHDL§); �1¥$Ä�

�,��.��, XÚu)/C, ^-U×�þ,��½pÝ, ¿3e��

)>6¡. *ÿþy¢^é�3�
CME>uL§¥�üX­��Ú[e.g.,

Liu and Zhang, 2001; Zhang et al., 2001]. ¦��uy, �µ^|�E,, u

)/Cé^-�»��¦��°, �ù
/CÑÃ{�m�µ|. Lin and

Forbes[2000]ïÄ
/C/¤�>6¡��Ñ, ��>6¡NCu)­é, =

¦´éf�­é, ÒU�m�µ^|¦^-�u.

ããã 1-12: Lin et al.[1998]�¶é¡F�^-�., ÏL~f�µ|Úå/C. (a)/
Cc�^| /; (b)/C��^| /; (c)/C­�, Ù¥î�IL«�µó4|

�rÝ, p�I´^-�pÝ. �±w��µ|~f�,��.:�, ^-pÝâ,

×�UC, =u)
/C. /C­�¥mk�ã�:�, ù
)´�â­�ü>�®

�)	í���, ¢S¿�¦�ù�Ü©�). ÚgForbes[2000].

cãù
ïÄ´3���IXe?1�. 3T�IX¥, XJ��Ä�

��¹�{, �m�µ^|I��Ã¡��õ[e.g., Hu et al., 2003a], ù�,

éXÚUþ�©Û´vk¿Â�. 
�m�µ^|´�)CME�7�^

�[Hundhausen, 1988]. Ï
k7�3¥�IeïÄF�^-/Cy�¿?
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1Uþ©Û.

Lin et al.[1998]ò[-)Û�.��¥�IX¥, ¿éXÚ�
Uþ©Û,

¦���.Xã1-12¤«. ¦�uy, éu­½�]2^-XÚ(ã(a)), Åì

~f�µ^|, Ð©�^-�±3�$�pÝ��²ï�; ���µ^|~

f�,�K��, ^-â,þ,, éAuã(c)¥:��eà:. 3ù��.

:?, XÚ�Uþ���A³|Uþ�1.53�, �uAly-SturrockUþ�, Ï

d¦�@�^-�þ$ÄØ¬�m�µ|, 
´3,�pÝ��²ï, ¿3

e�/¤��>6¡. ,
, duêÆþ�(J, ¦�¢Sþ¿vk��ù�

e�k>6¡�²ï�). ÏLì?©Û, ¦���T^-�lF¡��²

ï�, 3ã(c)¥L«�¢��þ|. ã(c)¥�:�´�â¢�L«�)	í

���, Ø�L¢Sþ�).

¦+3Lin et al.[1998]�ïÄ¥�Ä�´��[-Cq, XÚUþ¿��

LAly-SturrockUþ�, �ù�ïÄEäk­�¿Â. ¯¢þ, [-�.¥^

�(Bubble)��3´ØÜn�, ^Üå¬��^-3^�¥�)ä. Ï
, ý

¢�^-AT´k��»�, ùÒI��Ä¤¢�“o-”�..

�! /o-0�ê��.

ããã 1-13: ���IX¥O\^-���^ÏÚ¶�^Ï���XÚ/C. (a)XÚ

/C­�: î�ICE´��^-���^ÏÚ¶�^Ï�ëê, p�I´^-�p

Ý!°Ý±9^-e�>6¡��Ý, �±w��XCE�O\, XÚ�3k�ÌÝ

�/C; (b)/CcXÚ�^| /; (c)/C�XÚ�^| /, e�/¤�>6¡.
ÚgHu[2001].
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§ 1.3 CME�nØ�.£�

duêÆþLuE,, éo-�.�ïÄ�Uæ^ê��[. ã1-11(c)

�Ño-�.�«¿ã, ^-ÏL��^ÏΦpÚ¶�^ÏΦt£ã. Hu9ÙÜ

�öéF�^-�A5�
�\�ïÄ. ù
ê��[ó�Äk´3���

IXe?1�. ¦��ïÄ(JL²: 34Ü�µ|¥, ^-XÚØ�3/

C[Hu and Liu, 2000; Wang and Hu, 2003]; 3Ü©m��µ|¥, ÃØ´O

\^-�¶�^Ï½��^Ï[Hu, 2001], �´1¥L¡�µ|
�UC[Hu

and Jiang, 2001], Ñ�±��XÚk�ÌÝ�/C. ã1-13�ÑO\^-^

Ï��/C�~f.

ããã 1-14: ¥�IX¥O\^-¶�^Ï���XÚ/C. (a)­½�^| /; (b)/
C�,����^| /, ^-e�k�R�>6¡. ÚgHu et al.[2003a].

?
, �
©ÛXÚ�Uþ, ¦�òo-�.Ú\¥�IX¥. �Ä2.5�

¶é¡�¹, ^-3ϕ��þ�7���±, Ù^å�´]2�, Ï
Ø

ÉAlyß����. ¦�uy, 3n�MHDµee, ÃØ´4Ü�½´Ü©m

��V4|[Hu et al., 2003a; Li and Hu, 2003], �´E,�õ4�µ|[Peng

and Hu, 2005; Zhang et al., 2005; Ding and Hu, 2006], XÚþ�3/Cy�,

Ó�õê/C�Ã¡ÌÝ�. ã1-14´ó4�µ|¥UC^-¶�^ÏÚå

XÚ/C�~f, (a)Ú(b)©OéAu­½�Ú/C�XÚ�^| /, ¥

%4Ü^å�L«^-«. ¦��uy, XÚ�/CUK(=XÚ3/C:

?�^U)o´�L�A�m�|Uþ. ±ó4|�~, §éA�m�|U

þ�1.662�³|Uþ, 
Li and Hu[2003]���/CUK���A³|Uþ

�1.80�, ù�LAly-SturrockUþ�(=�A�m�|Uþ)�8%. ù�, /

Cu)�, XÚ;��^UØ
�mF��µ^|	, �k�{�gdU^

u\9Ú\��lfN. Ïd, Hu�<�ïÄØ=l>uÅ�þ, �lUþ

�Ý�ã
CME�)��15, ùén)CMEÚCMEï�kXéÐ�éu
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�^.

§ 1.4 �(

CME´� º Ý � � � ¹ Ä y �, § é F / � m � ¸ k 4 � K �,

�CME�'�ïÄ´�c��Ôn+��9�{K��. 3�Ùm©,

·�0�
CME��
*ÿA�, Ó��Ñ�CMEnØï��'��µ�

£. ��·�£�
�
;.�CMEnØ�.. �
Qã�B, {ü�ò§

�©��/C�.Ú/C�.. �/C�.¥, ^|­éé>uCMEå'�

�^, Ïdù
�.�¡�>{MHD�.[Forbes, 2000; Lin et al., 2003]. /

C�.¥, CME�>u´n�MHDL§, /C���k>6¡/¤. XJ#

N>6¡­é, K^-e��^å�¬­#4Ü, Ó�XÚ?�Úº�Uþ,

�±)º�CME������±9����[Priest and Forbes, 2002]. �c

éCME�nØïÄ¥, ��¡Øä�y
Alyß���(5, ,��¡�J

Ñ««7LAlyß���1Å�. ,
, CME´XdE,, ØÓ�CMEÃØl

�u
«!CME���/�, �´l�����¹Äþ, Ñ�Uk²w�Ø

Ó, Ïd�8c��ÿ�k��Ï^��.5)º. 8c�nØ�.Ä�8

¥3XÛgT�)ºCME�>uÅ�ÚUþ5
þ, ¿���
�½�¤

J.

�c�ïÄ�Ü©´���, ^-´]2�^(�. ý¢�n�^-üà

Ñ¬á£1¥, Ò�ã1-5(a)(b)¤«�@�. �,Amari�<�n�ïÄ¿�

uy/Cy�, �8c��vkyâL²n�^-XÚØ�3/C. �*þ,

^-üàá£1¥�, du.5�å�K�(1¥�Ý���LF��Ý),

^-��u�UC��\(J.

duêÆ�E,5, 8c'u^-XÚ�)ÛïÄ�UÛ�u,
A½

�^�e. éE,�XÚ, ê��[ïÄäk2,��m, �c�éõCME

�.Ñ´æ^ê��{5ïÄ�. Acc, ·���P�ÐméF�^-/

C�.�ê�ïÄ, e¡AÙò0�·3ôÖÆ¬Æ Ïm¤���'ïÄ

ó�. Ù¥, 1�Ù0�1¥^Ï©Ùé^-/C�K�, 1nÙ0��µ�

�º¥�F�^-/C, 1oÙ´o(Ú?Ø.

23



§ 1.4 �(

24



1�Ù 1¥^Ï©ÙéF�^-/C�K�

111���ÙÙÙ 111¥¥¥^̂̂ÏÏÏ©©©ÙÙÙéééFFF���^̂̂---

///CCC���KKK���

§ 2.1 Úó

Cc5, F�^-/Cy���2��ïÄ, Ï~�À�>uCME��«

Å�[Lin et al., 2003; Hu, 2005]. 3TnØµee, ÏL^Ï2y[e.g., Lin et

al., 2001], ^å�Û�[e.g., Amari and Luciani, 1999], ½öÙ¦�
Å�,¦

�Ô�!^ÏþÚUþ3F�¥ÅìÈ\; �ù«È\���½§Ý�, /

Cy�u), ¦���åP34Ü^å�¥�^-â,�u, ?
ÚåCME.

kc'uo-�.��
ê�ïÄ¥, ÀJ��µ|½ö�V4|[e.g., Hu

et al., 2003a; Chen et al., 2006a], ½ö�õ4|[e.g., Zhang et al., 2005; Peng

and Hu, 2005; Ding and Hu, 2006]. ù
|äk�Ó�A:: §��1¥^

Ï©Ù´�½�, ��Ñ�±ÏL)Û�{²(�Ñ. ù
ïÄL², 3õ«

�µ|¥, F�^-XÚÑ�3/Cy�, Ó�XÚ�/CUK(XÚ3/C

:?�^U)Ñ�L�A�m�|Uþ.

,
, éØÓ�1¥^Ï©Ù�¹, F�^-XÚ�/C1�Ä¾¬É�

Û«K�? 3��F�^|;U�©Ù¥, Wolfson[2003]uy, �1¥^å

��4«8¥�(éAu)�Sål1¥��?äk�r��µ³|), XJ

SÜ�^å�ÏÉ�}��^¥yÑ�³5, KXÚ�±;��õ�Uþ.

d	, Wang and Hu[2003]3���IXeéØÓ�µ|¥F�^-XÚ�

²ïA5©ÛL², 1¥^Ï©Ù�ØÓé^-�²ï /K�wÍ. Äu

þãïÄ, ·�ßÿ¥�IX¥1¥^Ï©ÙéF�^-/C1��3­�

�K�. ±eA!ò�ã·��ïÄL§Ú(J. �{Bå�, ·�æ^Ãå

|Cq.
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§ 2.2 Ä��§Úê��{

§ 2.2 Ä��§Úê��{

Äk, ·�0��
�ê��[�'�¯K, �)Ä��§Úü �!�

�Ú>.?n!ê��{�. ù
¯K�Ó�·u�©�YÙ!.

§ 2.2.1 Ä��§Úü �

3�©�9�¤kïÄ¥, ·�þ�Ñ
>{�K�. 3dµee, n

�MHD�§|L«�:

∂ρ

∂t
+ ∇ · (ρv) = 0, (2-1a)

∂v

∂t
+ (v · ∇)v = −1

ρ
∇p+

1

ρ
j ×B + g, (2-1b)

∂B

∂t
= ∇× (v ×B), (2-1c)

∂T

∂t
+ v · ∇T + (γ − 1)T∇ · v = 0. (2-1d)

Ù¥, ØåpÚ>6�Ýj�L�ª�µ

p = ρRT, j =
1

µ0
∇× B,

g�­å\�Ý, µ0 = 4π × 10−7H m−1 �ý�¥�^�Ç, R = 1.653 ×
104J kg−1 K−1�íN~ê, γ�íNõ��ê. �§|¥�oª©O�ë

Y5�§!Äþ�§!^aA�§ÚUþ�§. Ù¥Äþ�§¥�Ñ
Ê

5, Uþ�§¥�Ñ
9D�ÚË���. �§|�ÕáÏCþ��Ýρ!

�Ýv!^aArÝBÚ§ÝT , �9�Ê�Õáþjü : �Ý!�m!�

þ!§ÝÚ^aArÝ.

�Ä¥�IX(r, θ, ϕ)¥���n©þ¯K, k∂/∂ϕ = 0. 3ù«�¹e,

�±Ú\^Ï¼êψ, ò^|L«�:

B = ∇×
(

ψ

r sin θ
ϕ̂

)

+ Bϕ, Bϕ = Bϕϕ̂. (2-2)
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1�Ù 1¥^Ï©ÙéF�^-/C�K�

N´�y, þ¡�Ñ�^|L�ª÷v∇ · B = 0. d	, ψ����´^

å�3fÌ¡S�ÝK. é{ü�V4^|©Ù, ψ3»�Ú4«�m��

��2π�L«l��¥uÑ�o^Ïþ(ϕ��þü lÝ). Ú\ψ�, �§

|(2-1)�ÏCþ~���,¦�§|��{z. òd^Ï¼êL«�^|�

\(2-1)ª, Ó��Ä�g = −GMs

r2
r̂, Ù¥G��kÚå~ê, Ms����þ,

·���:

∂ρ

∂t
+ ∇ · (ρv) = 0, (2-3a)

∂v

∂t
+ v · ∇v +R∇T +

RT

ρ
∇ρ+

1

µ0ρ
[Lψ∇ψ + Bϕ × (∇× Bϕ)]

+
1

µ0ρr sin θ
∇ψ · (∇×Bϕ)ϕ̂+

GMs

r2
r̂ = 0, (2-3b)

∂ψ

∂t
+ v · ∇ψ = 0, (2-3c)

∂Bϕ

∂t
+ r sin θ∇ ·

(

Bϕv

r sin θ

)

+
[

∇ψ ×∇
( vϕ
r sin θ

)]

ϕ
= 0, (2-3d)

∂T

∂t
+ v · ∇T + (γ − 1)T∇ · v = 0, (2-3e)

Ù¥

Lψ ≡ 1

r2 sin2 θ

(

∂2ψ

∂r2
+

1

r2

∂2ψ

∂θ2
− cot θ

r2

∂ψ

∂θ

)

. (2-4)

�
÷vê�O��I�, ·�I�rþ¡��§|Ãþjz. ÀJ��

�»R0!�.�Ýρ0ÚA�^|rÝB0��Ä�ü , Ù{Ônþ�ü �

d�'½Â�§ª�Ñ. 3�[O�¥·�æ^�Ä�ü Ú�Ñü �u

L2-1¥. Ù¥^Ï¼êü ψ0L«g��¥uÑ�o^Ï�1/2π. �^|�

ó4|�, A�^|rÝB0L«F¡»�?�^|rÝ. ù�, T?��lf

NíØ�^Ø�'�0.01.
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§ 2.2 Ä��§Úê��{

�§(2-3)�Ãþj/ªXeµ

∂ρ

∂t
+ ∇ · (ρv) = 0, (2-5a)

∂v

∂t
+ v · ∇v + ∇T +

T

ρ
∇ρ+

1

ρ
[Lψ∇ψ + Bϕ × (∇× Bϕ)]

+
1

ρr sin θ
∇ψ · (∇×Bϕ)ϕ̂+

gs
r2

r̂ = 0, (2-5b)

∂ψ

∂t
+ v · ∇ψ = 0, (2-5c)

∂Bϕ

∂t
+ r sin θ∇ ·

(

Bϕv

r sin θ

)

+
[

∇ψ ×∇
( vϕ
r sin θ

)]

ϕ
= 0, (2-5d)

∂T

∂t
+ v · ∇T + (γ − 1)T∇ · v = 0, (2-5e)

Ù¥

Lψ ≡ 1

r2 sin2 θ

(

∂2ψ

∂r2
+

1

r2

∂2ψ

∂θ2
− cot θ

r′2
∂ψ

∂θ

)

. (2-6)

LLL 2-1: ^uê��[�O�ü .

Ônþ ÎÒ ½Â ü ê�

�Ý R0 ���» 6.965 × 108m
�Ý ρ0 �.�Ý 1.67 × 10−13kg m−3

^|rÝ B0 A�^| 1.17 × 10−3T

^Ï¼ê ψ0 B0R
2
0 5.69 × 1014Wb

�Ý v0 B0/
√
µ0ρ0 2.57 × 103km s−1

Ør p0 B2
0/µ0 1.10N m−2

§Ý T0 p0/(ρ0R) 3.99 × 108K
�m t0 R0/v0 2.72 × 102s
�þ M0 ρ0R

3
0 5.64 × 1013kg

\�Ý a0 v0/t0 9.5 × 103m s−2

Uþ W0 B2
0R

3
0/µ0 3.75 × 1026J

>6�Ý j0 B0/(µ0R0) 1.34 × 10−6A m−2

¡>´�Ý i0 B0/µ0 9.33 × 102A m−1
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1�Ù 1¥^Ï©ÙéF�^-/C�K�

§ 2.2.2 ��y©Ú�A�>.^�

�ÄF¥fÌ¡S�2.5�¶é¡¯K. �F�^-�²ï:�$�(^

-¶�pÝØ�L5, ®Ãþjz, eÓ), O��)���1 ≤ r ≤ 30,

0 ≤ θ ≤ π/2, O�����150 × 90. 3r��þ, ��´ú'�1.0246�

�'��, Ù¥, 3.Ü(�:3r = 1?)��må�0.02, 3ºÜ(�:

�r = 30?)��må´0.71; 3θ��þ�þ!��, Ù¥, 4«θ = 0?´

��:, ±;�ê�O�¥©1¹ksinθ��©��UÑy�ÛÉ5; »

�θ = π/2?´�:, r»�?���:�±~�d?�ê�­é[Chen et

al., 2000]. �F�^-�²ï:�p, ½ö^-?u�u��, �
¦þ~

�ºÜ>.^��K�, ·�ò)�*��80(»�), Ó�ò��ê8O\

�220. Ù¥, 1 ≤ r ≤ 30���ØC, 30 ≤ r ≤ 80�mæ^þ!��, må

�0.714, ��'�������:må0.71��.

·�ò��Ônþ3)�o�>.�>^��uL2-2, ¿�A:`²:

(1) »�Ú4«�é¡>^�, »�?��mé¡, 4«�¶é¡.

(2) .Üæ^�½>�^�, �Ý�½�". 3^-2yÏm, é2y«

I,�?n.

(3) ��^-�CºÜ>.·�òÊ�O�, Ïd�±3ºÜ�½Bϕ = 0.

^-	�³|, �3ºÜψ�¦^">6^�, §÷ve¡�'X:

jϕ = −r sin θLψ = 0. (2-7)

d	, éºÜ>.��Ý!§ÝÚ�Ý, du)�ÀJ�v
�, Ï
�±

æ^Oþ��	í. 3e�!·�òJ��«O�Ãå|��{—tµS�

{. 3¢�tµS�{�L§¥, )�S��ÝÚ§Ý©ª¡E��, Ï
c

ã�ºÜ�ÝÚ§Ý�>.^�¢SþØå�^.

§ 2.2.3 ê��{

·�æ^õÚÛ�ª[Hu, 1989; Hu et al., 2003a, 2003b] ¦)�§|(2-5).

�
Jpê�°Ý, ¢SO�¥æ^
�
AO?n[Hu et al., 2003a; Hu,

2004]µ

(1) �±^-^ÏþÚ�þÅð. 3n�MHDµee, du^È(�

A, ^-XÚüzL§¥�
Ônþ, X��^Ï!¶�^ÏÚ�þ, ´
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§ 2.2 Ä��§Úê��{

LLL 2-2: >.^�.

»� 4« .Ü ºÜ

ρ é¡ é¡ �½ Oþ��	í

vr é¡ é¡ �½�" Oþ��	í

vθ �é¡ �é¡ �½�" Oþ��	í

vϕ �é¡ �é¡ �½�" Oþ��	í

ψ é¡ �é¡ �½ ">6^�

Bϕ é¡ �é¡ �½ �½�"

T é¡ é¡ �½ Oþ��	í

Åð�[Hu et al., 1997]. 3ê�O�L§¥, duê�Ø�, ù
þØU

��Åð, Ï
k7��Åð5?�. éc����ü��mÚtnÚtn+1,

·�O�ùü��mÚ^-S��þ!¶�^ÏÚ��^Ï, �§�©O

�Mn!Φn
p!Φn

ϕÚMn+1!Φn+1
p !Φn+1

ϕ , duê�Ø�, ùü|�¬Ñy��

��O. P

αρ = Mn+1/Mn,

αψ = Φn+1
p /Φn

p , (2-8)

αB = Φn+1
ϕ /Φn

ϕ,

,�, étn+1��^-¥�ÏCþρ!ψÚBϕ�Xe?�(^->.þ^Ï¼

ê����ψb):

ψ′ = ψb + αψ(ψ − ψb),

ρ′ = αρρ, (2-9)

B′
ϕ = αBBϕ.

²Lþã?��, tn+1��^-S��þ!��^ÏÚ¶�^Ïò�tn��

���Ó. ·�3z����Ñ�ù��?�, Ò�±�±ù
ÔnþÅð.

(2) �Ø»�>6¡þ�ê�­é. 3·���.¥, ^-�u¬��Ù

e�/¤¥5>6¡. T>6¡ u»�¡þ, üý^|´���, NC�3

ér�^|FÝ. XJØ\·�?n�{, ê�­éò¬u), l
î­K�
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1�Ù 1¥^Ï©ÙéF�^-/C�K�

�[(J. ·���, ¥5>6¡���A:´Ùþ�^Ï¼êψ�~ê. �

d, ·���¡ÀJ»�¡ u�:þ[Chen et al., 2000]±~fê�­é�

A, ��¡3z��mÚ�±>6¡þ�ψ��ψb�Ó. dÞ���Ø
ª�

>6¡�ê�­é.

(3) é^Ï¼ê�C�±~�,
�©�34«�Ø�. �µ|�ó4|

�, ψ34«NC�'usin2 θ, Ïdk��©�('X(∂ψ/∂θ)/ sin θ)34«N

C¬ké��ê�Ø�, N´��O��Ø­½. �d, ·�-φ = ψ/ sin θ,

=òÏCþψC��φ, Kk

1

sin θ

∂ψ

∂θ
=
∂φ

∂θ
+ φ cot θ, (2-10)

Lψ =
1

r2 sin θ

(

∂2φ

∂r2
+

1

r2

∂2φ

∂θ2
+

cot θ

r2

∂φ

∂θ
− φ

r2 sin2 θ

)

. (2-11)

¢SO�L², òMHD�§|¥�ÏCþψC��φ�, O�U�±­½, �

ê�°Ýké�Jp.

(4) æ^tµS�{î�¦)²ï��Ãå|)[Hu, 2004]. �Ð©�

��í?uý9²ï�, �lfN­åÚ9Øå??²ï. 3z���m

Ú, é�§|�¤¦)�, r�ÝÚ§Ý¡E�Ð©�. ù��u�Ñ�

§2-5(a)(e). du·��'%^-XÚ²ï��Ãå^| /, þã¦)�

{�U��XÚüzL§¥�G�Ø´ý¢�Ôn�, �¿ØK��ª�²

ï�, §ò�î�¿Âþ�Ãå^|. éu/Cu)�^-øl1¥¿m©

$Ä�ÄåÆG�, �
�«ý¢�ÔnL§, ·��ïò§ÝÚ�Ý¡E

�����{.

§ 2.3 ïÄÚ½Ú(J

§ 2.3.1 �µ��ÀJ

Ð©F�À�?u½��õ��í, Ù§ÝÚ�ÝL«�[e.g., Low,

1984]:

T (r) = Tcr
−1, ρ(r) = r−1/(γ−1), (2-12)
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§ 2.3 ïÄÚ½Ú(J

Ù¥γ = 1.21�õ��ê, Tc = 0.005, éA�.§Ý�0.005T0 = 2 × 106K.

Tõ��í(����º�9åÆ(��q[Chen et al., 2006a]. 3ù��

�µe, ¤���^-�u��ÄåÆL§'�ÎÜ¢S.

ããã 2-1: α = 0.6, 1.0, 2.0, 3.0�1¥^Ï©Ù�{��©Ù�¹. lãþ�±wÑ,
�αO\�, ψ�4«8¥, ��K�»�� .

Ð©��½1¥^Ï©Ù

ψ(1, θ) = 1 − | cos θ|α, (2-13)

·�ÀJα = 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 3.0mÐ·��ïÄ. ã2-1�

ÑØÓα�ψ(1, θ)�θ�©Ù. �±wÑ, �αO\�, .Ü^å��4«8

¥, ��K�»�� . éz���½�α, �ÏLGreen¼ê�{[Chen

et al., 2006b; ë��©N¹A] ¦��A�³|Úm�|9ÙUþ. Ù¥,

α = 2éA�³|=�ó4|, α = 1éA�m�|�©�ª^ü4f(split

monopole)|äkaq� /, =^|´þ!�»�|, �3»�?��.

ã2-2©O�Ñα = 0.6, 1.0, 3.0��³|, Ù¥^Ï¼ê����må´0.1.

ÏLé'ã2-2(a)(b)(c)·��±wÑ, é���α�, �A�³|�r�P~

�ú, ùL²3�?�³|�r.
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1�Ù 1¥^Ï©ÙéF�^-/C�K�

ããã 2-2: α = 0.6, 1.0, 3.0�éA�³|, Ù¥^Ï¼ê����må´0.1. ÏLé

'�±wÑ, ���α�éAu�F%ålrP~�ú��µ|.

§ 2.3.2 2y^-

æ^aqc<��{[e.g., Hu et al., 2003a], ÏL±e���§¦�^-

lØÓ��µ³|.Ü2y:

ψ(t, 1, θ) = ψ(0, 1, θ) + ψE(t, θ), (2-14)

ψE(t, θ) = CE(λ2
E − λ2)/λ2

w, (2-15)

Bϕ(t, 1, θ) = Bϕ0(λ
2
E − λ2)1/2/λw, (2-16)

vr(t, 1, θ) = 2λw/τE, vθ(t, 1, θ) = vϕ(t, 1, θ) = 0, (2-17)

T (t, 1, θ) = 0.1Tc, ρ(t, 1, θ) = 10, (2-18)

Ù¥, 2y^-��°Ý�λw = 5 ◦, 2yL§±Y�m�τE = 1, 3��t2

y^-��°Ý�

λE ≡ 2λw

[

t

τE

(

1 − t

τE

)]1/2

, 0 ≤ t ≤ τE,

2y���÷v−λE ≤ λ ≡ θ − 90 ◦ ≤ λE . ù��2yk���<�5. ,


, ·��´�
��¹k^-�Ð�, ¿Ø'%^-2y�ÄåÆL§, Ï


2y�äN�ªÃ';�. 2y�¤�, .Ü>.^�¡E�L2-2¤«�

�~G�.

þã���§pkü�ëêCEÚ Bϕ0, §�©O��2y^-�(ϕ�

�þü lÝ)��^ÏΦpÚ¶�^ÏΦϕ. Ù¥, Φp´^-¶�Ú^->.

?ψ���, Φϕ´^-�¡SBϕ�¡È©. Ød�	, ^-�kü�A�ë
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§ 2.3 ïÄÚ½Ú(J

LLL 2-3: ØÓ�µ|¥F�^-XÚ�A�Uþ.

α Wpot Wopen Wmax Φϕ Wm ε

0.6 0.149 0.535 0.900 0.055 0.532 —
0.8 0.180 0.506 0.533 0.056 0.505 —
1.0 0.208 0.500 0.500 0.059 0.499 —
1.2 0.236 0.504 0.514 0.064 0.513 1.8%
1.4 0.262 0.513 0.544 0.068 0.534 4.1%
1.6 0.287 0.525 0.582 0.079 0.562 7.0%
1.8 0.311 0.539 0.623 0.090 0.586 8.7%
2.0 0.333 0.554 0.667 0.101 0.609 9.9%
3.0 0.436 0.633 0.900 0.134 0.710 12.2%

ê, ©O�^-�¶�pÝhÚ^-e�>6¡��Ýhc(3Ãå|�¹eØ

�Ä^-SÜ��þ).

§ 2.3.3 ^U�O�

c¡J�, é�½ëêα�1¥^Ï©Ùψ, �A�³|UþWpotÚm�

|UþWopen�ÏLGreen¼ê{O�(N¹A), dVirial½n(½�Ãå|U

þþ�Wmax�ÏLª(ë�N¹B)

Wmax =
1

2

∫ π/2

0

B2
r |r=1 sin θdθ =

α2

2(2α− 1)
(2-19)

O�, Ù¥®�é4πW08�z(eÓ), �'(J�uL2-3¥. lL¥�±

wÑ, �Xα�O\, �A�³|UþWpotÅìO\, ��A�m�|U

þWopenÚÃå|Uþþ�Wmax%3α = 1.0?k���0.5.

éu¹^-XÚ�²ï�, ÙUþÏLeªO�[e.g., Hu, 2004]:

W =
1

2

∫ rm

1

dr

∫ π/2

0

B2r2 sin θdθ+
r3
m

2

∫ π/2

0

(B2
r −B2

θ )r=rm sin θdθ, (2-20)

Ù¥rm´)�ºÜ�F%ål. ª(2-20)¥, mà1��L«)�S�^U,

mà1��´)�	b½^|´³|��^U. du^|�F%ål�×�

P~, þª1���é��. ¦+Xd, 3°(ê�O��EØU�Ñ.
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§ 2.3.4 �[(J

�! .Ü^Ï©ÙéF�^-²ïÚ/CA5�K�

éu�½�¹^-XÚ�­½�, �±ÏL�úUC^-���^

ÏΦp½¶�^ÏΦϕ��{, 5ïÄ^-�AÛëêhÚhc�üz. Chen et

al.[2006a] �°[O�(JL², éÓ���µ|, XÚ�/CUK�^-ë

êΦpÚΦϕ�ØÓ
�3���O. dd, �
¦þ~�^-A5ØÓéïÄ

(J�K�, ·�À�¤kÐ�¥^-���^ÏΦp = 0.3, =ÏLUC^

-¶�^Ï��{ïÄ^-AÛëê�Cz±9XÚ�üzA5. 3Li and

Hu[2003]�ïÄ¥J�, ���UCëê�CzÇv
�, Ò�±@�XÚ

´O·�üz�. 3¢SO�¥, ·�ÀJzgUC�^-¶�^Ï��Ø

�L���5%.

éα > 1��¹, ïÄuy, F�^-XÚ�3/Cy�: éØÓ�Φϕ, ^

-½ö­½�NX31¥L¡, ½ö�u�Ã¡�. ù:�ó4|¥�(Ø

�Ó[Hu et al., 2003a, Chen et al., 2006a]. éØÓ�α�, XÚ3/C:?

�Φϕ±9�A�/CUK�uL2-3¥. Ó�, XÚ^gdUÓm�|Uþ�

'~ε ≡ (Wm −Wopen)/Wopen��uL2-3. dL2-3��, �Xα�O\, ½ö

`�X�µ|�Or, XÚU
�å�^-rÝ(±¶�^Ï���L«)3

O\. Ó�lL¥�±wÑ, �Xα�O\, XÚ�/CUK±9TUK�L

m�|Uþ�'~Ñ3O\. ùL², ��µ|�^Ï©Ù�4«� �, ½

ö`�^-þ���µ|Or�, F�^-XÚ�/CUKÚ/C�Uº�

�^gdUþ¥þ,ª³. 3[Chen et al., 2006a]�'uó4|¥^-/C

�ïÄ¥, XÚ�/CUK�L�A�m�|Uþ��8 ∼ 10%; 3·��

ïÄ¥ó4|éAuα = 2.0��¹, ·����êâ(9.9%)3Ù(J���

S.

éα ≤ 1��¹, (J�,ØÓ. �^-¶�^ÏΦϕ ���, ^-U­½

�NX31¥L¡; �Φϕ�L,���, ^-øl1¥L¡¿­½�]23

,�pÝ, e�.ÑR�>6¡. ã2-3 �Ñα = 0.8�Φϕ©O�0.03Ú0.05�

²ï�^å� /, Ù¥o�L«^->.±9e��R�>6¡, Φp®

�½�0.3. �Φϕ = 0.03�, ^-NX31¥L¡, e�vk>6¡; 


�Φϕ = 0.05�, ^-]23F�¥, e��3�½�Ý�>6¡. ã2-4�
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§ 2.3 ïÄÚ½Ú(J

ããã 2-3: α ≤ 1�F�^-XÚ�²ï�. ã(a)(b)©O�Ñα = 0.8�^-¶�^

ÏΦϕ�0.03Ú0.05��¹. Ù¥o�L«^->.9e��UÑy�>6¡, Φp®

�½�0.3.

Ñα = 0.6, 0.8, 1.0�^-�¶�pÝhÚe��>6¡�Ýhc�¶�^

ÏΦϕ�üz­�, Ù¥h±¢�L«, hc ±ò�L«. lãþ�±wÑ, �

X^-¶�^ÏΦϕ��úO\, ÃØ´^-¶�pÝh�´e�>6¡��

ÝhcÑ��üNO\, ÙOÌÅìC�, �´�öþ�ΦϕëYCz, Ø�3/

Cy�. 3dL§¥, XÚ�^U�3üNO\¿Åì�CAly-SturrockUþ

�Wopen. �ΦϕO\�,��.:�(3ã2-4 ¥^“ ◦ ”L«), hÚhc�Φϕ�

Czé¯, Φϕ���O�UÚåhÚhc��ÌÝO\. ù«:ìCzA5

�Mikić and Linker[1994]'uF�^ÿÏ}�
»��ïÄ(Jk,«�

q5. 3¦��ïÄ¥, ��µ|}���½§Ý�, ^å��pÝ�}�

ÌÝ�Or:ìþ,; XÚ�Ø�3/Cy�, �ª�»�«�#)>6¡

�­é¬��^��â,/¤Ú^U�¯�º�. éØÓα�(α ≤ 1)��

�¹, XÚ3�.:?�^UWm(�α > 1�XÚ�/CUKæ^Ó��Î

Ò, �§��¿Âk¤ØÓ)�uL2-3¥. ù
��,�u�A�m�|U

þWopen, ����~�C. �Φϕ ��ù
�.:�, ^-ò<l)�, ¦�

µ|����m.

�! /C^-��u�Ý

þ¡J�, �α > 1�, F�^-XÚ�3/C. Cc5, UC^-A5Ú

å^-g��u�y�~�^5�[CME�1(SÄåÆA5[e.g., Wu et

al., 1999; Andrews et al., 1999; Manchester et al., 2004a]. e¡, ·�?ØX
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ããã 2-4: α = 0.6, 0.8, 1.0�^-�¶�pÝh(¢�) Úe�>6¡�Ýhc(ò�)�
^-¶�^ÏΦϕ�üz­�. Ù¥“ ◦ ”�Ñ�´�.:, T:NChÚhc�Φϕ�C

z�~¯a(Φp�½�0.3).

Úu)/C�^-��Ýüz. �¦��ïÄØÓ�´, ùp^-�u´d

/CÚå�. �â*ÿ, CMEØÓ ���ÝØ¦�Ó[e.g., Chen, 2001]. �

d, ·�À½^-¶��ÝL�^-�;.�Ý. ^-¶�?^Ï¼ê�ψ�

�, Ù �éN´(½. (½ØÓ��^-¶� ��, �O������Ý

Ú\�Ý.

ããã 2-5: α = 1.2, 1.6, 2.0, 3.0�/Cu)�F�^-�¶��ÝÚ\�Ý��m¿

¡. �Xα�ØÓ, ^-�¸��ÝÚ\�Ý�Oé�, �\�L§´aq�.

XÚªL/C:�, ^-m©�u, ã2-5�ÑA�;.α�e�^-¶�

�ÝÚ\�Ý��m¿¡­�. lãþ�±wÑ, ^-��ÝüzL§©n
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§ 2.4 �(

��ã: Ð©��ú\�, TL§±YA�©¨; ��×�\�, TL§�

k1��; ��²{
�ã�ú~�¿�ªªu!�. ù�L§�Zhang and

Dere[2006]é*ÿ¯��ÚO©Û(J�q, 3¦��ïÄ¥, �õêCMEÑ

´3$F�¥�¤\��, ù
CME²{
Ð©�!�u�ÚDÂ�n��

ã. Chen et al.[2006b]é/C^-�Éå©ÛL², 3/C:XÚ?uæ­

�, ^-É��Üå�"; d�=¦k���6Ä, Ñ�U��XÚ��²

ï, ?
^-É��þ�Üå¿m©�u. TÜåÐ©�O\�ú, éAu^

-�ú\��ã; ��×�O\, éAu^-�¯\��ã; ��3�?du

^|P~E¤��^åCq�", ^-��ÝªuØC. ·��(J�þã

*:��. d	, lã2-5¥��±wÑ, ëêα��, ^-¶��¸��Ý!

¸�\�Ý±9ì?�Ý��p. ùL², ØÓ�Ý�CME�±dÓ�«Ô

nÅ��), §��m¿Ø�3��«O.

§ 2.4 �(

3�Ù, �uF¥fÌ¡S�2.5�¯K,·�ïÄ
1¥^Ï©ÙéF�

^-XÚ/CA5�K�. ±©�ª^ü4f�.Ü^Ï©Ù�ëì, �^

Ï�4«� �, XÚ�3/Cy�, ��KØ�3. é�3/C�~f, �

X^Ï�4«�8¥, XÚ�/CUK±9/C¤Uº��^gdUþÅì

O\, /C^-����ÝÚ��\�Ý�ÅìO\. éØ�3/C�~f,

^-�±­½�]23F�¥, e�.ÑR�>6¡, ^-�pÝ±9>6

¡��Ý�^-^Ï�CzëYCz. ^Ï�4«� ¿�X3�?�³|

Or. Ï
þã(J�±�¤Xe�ª\±Qã: �^-þ��³|�f�,

XÚØ�3/Cy�; �Xþ�³|�Or, ^-�AÛëê�Ù^Ï�C

z�u²w, ��XÚÑy/C(d��µ|�.Ü^Ï©Ù�©�ª^ü

4f�'��C4«). éu�3/C��/, �X�µ|�Or, XÚ�/

CUKÚ/C�XÚUº��^gdUþÅìO\, �A/C^-�¸��

ÝÚ¸�\�Ý�ÅìO\. Ïd, /ÏuF�^-�/C, ÏLN��µ|

�^Ï©Ù, Ø=�±¼��*ÿþ��CME�\�L§, 
��±¼�Ø

Ó�Ý�CME¯�.

3·���.¥, ��^-øl1¥L¡, Ùe�ò/¤n�>6¡. �

âChen et al.[2006b]é^-�Éå©Û, T>6¡é^-��^åo´�e
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1�Ù 1¥^Ï©ÙéF�^-/C�K�

�, ´^-�u�Ì�{å. T>6¡þ�¡>6�ÝL«�

iϕ = 2|Br|θ=π/2, (2-21)

ü ´i0 = 9.33 × 102A m−1(�L2-1). éØÓ�α, ·�O�
�»�>

6¡¿©uÐ�¡>6�¸�, ±iϕpL«. éuα = 0.6, 1, 3, ·�©O�

�iϕp = 10, 2.0, 0.50. T>6¡é^-�Lorentzå�¡>6�Ý¤�', �

��e. þã(JL², �Xα�O\, »�>6¡é^-�.åÅì~f.

éα ≤ 1��¹, T�^åv
r, ±�uUò^-“.”3F�,�pÝ; 


éα > 1��¹, T�^åØv±{�^-�þ,, Ï
/Cu). ,	, é

u�3/C�^-XÚ, u)3>6¡NC�^­éUwÍ\��u�^

-[Chen et al., 2006b, 2007]; éuØ�3/C�XÚ, Ó��^­éU��

^-�u[e.g., Lin and Forbes, 2000; Zhang et al., 2006]. ^­é\r
XÚ

^gdU�º�, Ó���~f
>6¡é^-�{å, r¦^-¯�þ,.
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1nÙ ��º�µ¥�F�^-/C

111nnnÙÙÙ ������ººº���µµµ¥¥¥���FFF���^̂̂---

///CCC

§ 3.1 Úó

ý�õê�F�^-/C�'�ïÄ¥, ò�µ|��³|, b½F��

lfN?u·åÆ²ïG�[e.g., Forbes and Isenberg, 1991; Lin et al., 1998;

Hu et al., 2003a, Chen et al., 2006a; Sun et al., 2007]. �´, ¢S�¹´F�

�lfN?u6ÄG�, ¤/¤���ºòF�^|�	.�, ¦� l³

|. ïÄ��º�µéF�^-²ïA5Ú/C1��K�, ±9é/C�

^-�uL§�Ôn�A, w,´�©7��.

*ÿL², �õêCMEu)3�6¥[Hundhausen, 1988, 1993], äk

��Ø!�nÚc÷(frontal)�;.n©þ(�[Illing and Hundhausen,

1985; Plunkett et al., 2000]3�uc�*ÿ��A�F�(�[e.g., Saito and

Tandberg-Hanssen, 1973]. ;.�CME���o�þ��1016g, Ù¥�6

c÷(��z
��[Gopalswamy and Hanaoka, 1998; Hudson et al., 1999].

Ü©*ÿL²F`éCME��þ�ké��z[Gopalswamy and Hanaoka,

1998]. �XCME31(S¥DÂ, �Ð�c÷(�Åìüz�CMEÌN�

1(S-Å�m�}�[Gopalswamy, 2003].

Wu et al.[1997a]ïÄ
�6.Ü2y^-�XÚG��üz. ¦�u

y, ^-½öNX3�., ½ö�u, �ûu2y^-�ëê, ½=�ûu

XÚ�Uþ. éu�½��6¨^-XÚ, é.Ü�6«�}�[Wu and

Guo, 1997a], ½öO\^-�¶�^Ï[Wu and Guo, 1997b], ÑU��^-

�u. Guo and Wu[1998]�uy, ��n�F�¨^-XÚ, ÙUþ�±�

LAly-SturrockUþ�. ùL², �6¨^-XÚ�U�3/Cy�, Ó�X
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§ 3.2 Ä��§Úê��{

Ú3/Cc;��Uþk"�L�A�m�|Uþ. duÚ\
��º, �

\�Cý¢����í�¸, �6¨^-XÚ��u~�^5�[CME9Ù

�'y�[e.g., Wu et al., 1997b, 1999; Manchester et al., 2004a, 2004b].

·�òl/C�Ý­#"À��º�µe�F�^-�â,�uy�.

�d, Äk¦)½���º���µ, ��3�6.Ü2y^-, ��Ï

L�úUC^-A55ïÄF�¨^-XÚ�²ïA5Ú/C1�. Ø^

|	, ­å��U3CME�uL§¥�ü­��Ú. Q,CME��ÝÚ�

�L¡�<º�Ýk�Ó�þ?, @o-|CMEÔ�­å¤��õAT

ÚCME�ÄU��. F`Ô��­å-�
Ü©^Üå; �F`��Ü©Ô

�á£1¥�, Tö:åâ,~��±��F`�u. k¢S*ÿ[Illing and

Hundhausen, 1986; Golpalswamy and Hanaoka, 1998]L², F`3�uc�

�þ�±�L5× 1016g; �3�u�, *ÿ��uÜ©�F`Ô��k1016g,

�Ü©�F`Ô�Ñá£
1¥. Äuþã�Ï, Low[2001]@�F`Ô��

­åÚ�6^|�åPå��­�, Ñ�±�mCME��u. Ïd, 3e¡

�ïÄ¥, ·�Ø=�	^-^ÏéXÚ/C�K�, ��Ä­åÏ�.

§ 3.2 Ä��§Úê��{

§ 3.2.1 Ä��§

�c¡�ïÄaq, ·��ÄF¥fÌ¡S2.5�¶é¡¯K, Ãþjz

��Ä��§�(2-5). �
÷*£ã��º¥�\9�A, ·��õ��

êγ = 1.05. å©�µ^|À�ó4|, Ù»�?�^|rÝB0ò��Ä

�ü . �1�ÙØÓ�´, ·�#NB0�ØÓ��, ±©Û�µ^|rf

éF�^-/CA5�K�. 3±eïÄ¥, �B0©O�2, 6Ú10G, �A�

L2-1�Ñ��B0�'��Ñü �¬u)Cz, (J�uL3-1. d	, ó4

|�Uþ�Wpot = 4πW0/3. 3±ek'Uþ�©Û¥, ò±Wpot��'�

ÄO.

§ 3.2.2 ê��{

�Ä2.5�¶é¡¯K, )���1 ≤ r ≤ 30, 0 ≤ θ ≤ π/2, O����

�150 × 90, ��y©ÚO��ª�þ�Ù�Ó. du�Ä
��º, Ãå|
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1nÙ ��º�µ¥�F�^-/C

LLL 3-1: ØÓB0e��Ñü .

Ônþ ÎÒ ü ê�

^|rÝ B0(G) 2 6 10

^Ï¼ê ψ0(Wb) 9.70 × 1013 2.91 × 1014 4.85 × 1014

>6�Ý j0(A m−2) 2.29 × 10−7 6.86 × 10−7 1.14 × 10−6

¡>´�Ý i0(A m−1) 1.59 × 102 4.77 × 102 7.96 × 102

�Ý v0(km s−1) 4.37 × 102 1.31 × 103 2.19 × 103

�m t0(s) 1.60 × 103 5.33 × 102 3.20 × 102

Ør p0(N m−2) 3.18 × 10−2 0.286 0.795
§Ý T0(K) 1.15 × 107 1.04 × 108 2.88 × 108

Uþ W0(J) 1.08 × 1025 9.72 × 1025 2.70 × 1026

�)�.ÜÚºÜ�>.^�Ø2·^, I�Ñ�A�UC. 3.Ü, du

^È(�A, �Ý|Ú^|´²1�, Ó�÷^Ïþ+Ô�´Åð�[e.g., Hu

et al., 2003b]. �d, 3�½.Ü�Ý�, ·��âþãü�^�(½.Ü

>.þ��Ý©þvrÚvθ. 3ºÜ, duO��v
�, ^å�A�´m�

�, Ï
�±æ^��{ü�	í?n. d	, ·�b½^-	ÜBϕ ©ª�

". 4«(θ = 0)Ú»�(θ = π/2)Eæ^é¡^�. k'>.^��?n�u

L3-2¥.

LLL 3-2: �3��º��>.^�.

»� 4« .Ü ºÜ

ρ é¡ é¡ �½ Ô�Åð	í

vr é¡ é¡ Ô�Åð	í �5	í

vθ �é¡ �é¡ ²1^�	í ��	í

vϕ �é¡ �é¡ �½�" ��	í

ψ é¡ �é¡ �½ ">6^�

Bϕ é¡ �é¡ �½�" �½�"

T é¡ é¡ �½ �5	í

aq�, �
AO?n^uJpO��°Ý, §��): �±^-^Ïþ
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§ 3.3 �µÚÐ�

Ú�þÅð; �Ø»�>6¡NC�­é; Ú\ëCþφ~�4«Ø��. �

�5¿�´, du�µ¥�¹
��º, tµS��{[Hu, 2004]Ø2·Ü�

c�ïÄ.

§ 3.3 �µÚÐ�

ù�!·��ÑØ¹^-Ú¹^-�½���º), �ö��ïÄ�6

¨^-XÚ²ïÚ/CA5�Ð�.

§ 3.3.1 �µ��º)

�½.Ü^Ï©Ùψ(1, θ) = sin2 θ, ¿�ÀJ�NëêB0���, æ^

�Hu et al.[2003b]aq��{, ·��±�Ñ�é{ü�¹�6�½�

��º). ¤¢�é{ü´�, ��º�/¤´��õ�L§, Ø�9

äN�\9ÚUþÑ$L§. ã3-1(a)(b)�ÑA�^|©O�2GÚ10G�

F¥fÌ¡S^|Ú�Ý|�©Ù, �A�A��lfNëêβ0(»�

?íØ�^Ø�')©O�0.347Ú0.014. lã¥�±wÑ, 4Ü��6

« u)�e�»�NC, ±�´��º«. 3,�:��º��Ý�

�(^�ÞL«)�T:�^å�(^¢�L«)���Ó, ù�ýÏ(J¬

Ü. ÏL{ü�é'ã(a)(b)�±wÑ, A�^|�r���º), Ù4Ü

��6«����, ��º�«�K�Ø . äN5ù, éB0 = 2G��

¹(ã4-1(a)¤«), �6>. uψb = 0.485, �A�, �6«(ϕ��þ)ü

 lÝ���^Ï�1 − ψb = 0.515; 
éuB0 = 10G��¹(ã4-1(b)¤

«), �6>. uψb = 0.337, �6«ü lÝ���^Ï�0.663. éu

�Ý|, B0 = 2G�O��ºÜ(r = 30)»�(θ = π/2)Ú4«(θ = 0)�

��º�Ý©O�414km s−1Ú448km s−1; 
B0 = 10G�ùü��©O

�422km s−1Ú464km s−1. ��, éu^|�r��¹, �,m��^å��

�, �d����º�Ý�f|��'Ñp.

§ 3.3.2 ��Ð���6¨^-XÚ

æ^�þ�Ù�Ó��{l�6.Ü2y^-. N!2y����ë

ê, ¦�XÚ��½��¦�U�C/C:, �^-E,NX31¥L¡,
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1nÙ ��º�µ¥�F�^-/C

ããã 3-1: (a)A�^|B0 = 2G����º); (b)B0 = 10G����º); (c)B0 =
2G�­½��6¨^-); (d)�(c)�A��Ý©Ù. Ù¥ã(c)Ú(d)¥, ^-�¶

�^ÏΦϕc = 0.128, ü lÝ��^ÏΦpc = 0.312, ü lÝ�þMc = 0.189.

?u²ïG�. ã3-1(c)(d)�ÑB0 = 2G����~f, ©OL«�6¨

^-XÚ�^å�Ú�Ý©Ù, ^-�>.^o�L«. T^-�¶�^

ÏΦϕc = 0.128, ü lÝ��^ÏΦpc = 0.312, ü lÝ�þMc = 0.189.

ã(c)¥, ^-2y�, �6«�>.£�ψb = 0.750, ^-2y���6«(ü

 lÝ)��^Ïeü�0.250. ��, �X^-�2y, ��4Ü��6«^

å��Ü©�m, �5·���lfN�÷Xm��^å��	$Ä, ¤�

��º#�|¤Ü©. d	, O��ºÜ»�Ú4«���º�Ý©OC

�422km s−1Ú438km s−1, ù`²^-2yé�µ��º)�k�½�K�,

�Ø´é�. ã(d)¥��Ý©Ùw«, ^-Ü©´p�Ý«, §é-�Ü©

^Üå¿åP^-u1¥L¡NC�Uå­��^[e.g., Gobson and Low,

1998].
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§ 3.4 �6¨^-XÚ�/C

§ 3.4 �6¨^-XÚ�/C

�!, ·�ò?Ø^-A5u)UC�é�6¨^-XÚ�K�. �

{zå�, ·���ÄA�^|B0 = 2G��¹. ¹^-�Ð�À�ã3-

1(c)(d) ¥�Ñ�½�, �'ëê33.3.2!®²�Ñ. duWu and Guo[1997a,

1997b]®é�6¥^-�u�ÄåÆG��
�[©Û, ùp·�r­:�

3ïÄXÚ�/C:Ú/CUKþ, Ó�'�ÚÃå|�¹e[e.g., Hu et al.,

2003a]^-XÚüz�«O.

§ 3.4.1 ^UÚL�­å³U

��§(2-20)aq, XÚ�^U(±4πW0�ü 8�z, eÓ)ÏL

W =
1

2

∫ 30

1

dr

∫ π/2

0

B2r2 sin θdθ +
303

2

∫ π/2

0

(B2
r −B2

θ )r=30 sin θdθ (3-1)

O�. Ù¥, þªmà1��(O�)�	�^U)®b½)�	Ü��»�>

6¡�³|[Low and Smith, 1993]. c¡J�, ó4³|�UþWpot = 0.333,

�§�A�m�|UþWopen = 1.662Wpot = 0.554[e.g., Low and Smith,

1993]. éuã3-1(a)(c)¥�Ñ�^| /, ÏL�§(3-1)O���XÚ�

^U©O�0.359Ú0.598. éuã3-1(c)�Ñ��6¨^-XÚ, Ù^U�

LAly-SturrockUþ�, �XÚE?u­½�. Guo and Wu[1998] ��Ñ


�Lm�|Uþ�¹�n��6¨^-XÚ, �¦��(JØÓ�´, ·�

Ó��	
O��	XÚ�^U. ±þ©¹^-�)�~, Uª(3-1)mà1

��O�ÑùÜ©^U�9.4× 10−3, §����um�|Uþ�1.7%,�(

�O�°Ý, ù��zØU�Ñ.

^-­åéXÚ/C�K��´·�ïÄ�­�¯K. Hu et al.[2003a]3

ïÄ^·²ï��µ¥�F�^-/C¯K�, JÑ“L�­å³U”�V

g(L«�Wg), ��´�� l·åÆ²ï�@Ü©Ô��­å³U. 3

¦��ïÄ¥, ^-	Ü��lfN?uý9²ïG�, Ï
L�­å³

U=�^-XÚ�ý9G���³U��. ùp·�^Ó��Vg, L

«I�d^|| �@Ü©Ô��³U. U[Hu et al., 2003a], L�­å³
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1nÙ ��º�µ¥�F�^-/C

U(±4πW08�z)d

Wg = −
∫∫

ψ>ψb

(
∂p

∂r
+ ρg)r3 sin θdrdθ (3-2)

O�, Ù¥ψb = 1�^->.�ψ�, ½=.Ü»�?�ψ�, p��lfN

9Øå. È©=�u^-SÜ, Ù¥éθ�È©��0�π/2. éu÷vÃå

|^��^-XÚ, ­åÚ9ØFÝå�p-�, Uìª(3-2)½Â�L�­

å³U�". éã3-1(c)�¢~, ª(3-2)1���È©(J�0.063, 1��

�-0.074, Ï
L�­å³U=�-0.011, ½=−0.033Wpot.

§ 3.4.2 /C:Ú/CUK

c¡J�, Ú\�µ��º�, ·�'%XÚ�/C:Ú/CUK, ±9

§�Ú^·²ï�e(J�«O.�d, ·�lþ!�Ñ�Ð�Ñu, ÏL

Φϕ = αϕΦϕc, Φp = αψΦpc, M = αmMc (3-3)

U C ^-� ¶ � ^ Ï ! ü l Ý � � ^ Ï ½ ü l Ý � þ, Ù

¥αϕ, αψ, αm´�N!ëê, ©O��^-�A�Ônþ. �'�^-

ëêΦϕc, Φpc, Mc®33.3.2!�Ñ. é­½�²ï�ëê�þãUC�, XÚ

�²ï��», �3ê�O�L§¥¬üz�#�­½�. ��N!ëêC

zØ��, �±@�XÚüzÄ�´O·��. ÏLþã�{, ��dëê

|(αϕ, αψ, αm) ��e��X�XÚG�: ^-NX�­½�½ö�u�, �

ö�m�>.=�/C:, �A�XÚ^U=�/CUK.

Uª(3-3), é^-���ÏLn�ëê¢y. �{üå�, ·�k�½ë

ê|(αϕ, αψ, αm)¥�ü��1, ÏLN!,	��5Ïé/C:. Þ~5`,

Äk�½αψ = αm = 1, ÅìO\ëêαϕ. �Xαϕ�O\, m©�^-Åì

)ä, XÚ^U��O\, �^-�,NX31¥L¡; �αϕ O\�1.08�,

^-øl1¥L¡�þ�u, =�6¨^-XÚu)
/C. dαϕL«�/

C:0u1.07Ú1.08�m. ã3-2©O�Ñαϕ = 1.07, 1.08�^-XÚ�üz

L§, o�L«^-�>.. Ù¥, ã(a)-(c)�Ñαϕ = 1.07��¹, d�XÚ

ÿ�ª�/C:, �²êz��(Ôn�m)�^-�,­½�NXu�.;

ã(d)-(f)�Ñαϕ = 1.08��¹, d�XÚu)/C, ^-øl�.�þ�u,
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§ 3.4 �6¨^-XÚ�/C

ããã 3-2: �6¨^-XÚ�²ï½/Cy�: (a)-(c)�αϕ = 1.07�ØÓ���X

Ú^| /, d�ÿ���/C:, XÚ²êz��(Ôn�m)��,­½; (d)-
(f)�αϕ = 1.08 �u)/C�XÚ^| /. Ù¥o�L«^->.½ö>6

¡.
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1nÙ ��º�µ¥�F�^-/C

LLL 3-3: �6¨^-XÚ�/C:Ú/CUK.

(αϕ, αψ, αm) Wm Wg Wm +Wg

(1,1,1) 0.598 -0.011 0.587
(1.07,1,1) 0.608 -0.010 0.598
(1,1.05,1) 0.607 -0.010 0.597
(1,1,0.89) 0.602 -0.006 0.596

¿3Ùe�/¤R��>6¡, ã¥t = 0 L«^-fÐm©�u���. a

q�, dëêαψ, αm���XÚ/C:��é�, �uL3-3¥. ù
/C:

c�XÚ�üz�ã3-2�Ñ�Ä�aq.

é�/C:�, ·��â�§(3-1)Ú(3-2)O�XÚ3d?�^UÚL

�­å³U. é(αϕ = 1.07, αψ = αm = 1)L«�/C:, XÚ�/CUK

�0.608, L�­å³U�-0.010. ��, /CUK´�LAly-SturrockUþ�

�, ù�y/C�XÚkv
�gdU\��lfN. é,	ü�/C:, �

A�/CUK±9L�­å³U�uL3-3¥. Ù¥, 1�1�Ñ^-��'

Ônëê, �n1´/CUK!L�­å³U±9�ö��êÚ. ÏLé'

uy, éØÓ�/C:, XÚ�/CUK±9�A�L�­å³U�UÑk

�O. ,
, §��Ú(�uL3-3����)%A����Ó, ��uó4³|

UþWpot = 0.333�1.79�. ùL², XJ^-S^|C�Ãå|, ½ö`L

�­å³U�±�Ñ�, XÚ�/CUK��1.79Wpot, §�L�Am�|

Uþ(Wopen = 1.662Wpot) �8%. T(Ø�Li and Hu[2003]'u^·²ï�

ÚÃå|�¹e�(Ø�Ó, ��º��3éXÚ�/CUKA�vkK�.

éu�Ãå|��¹, ^-­åå­��^, §òXÚ�/CUK�p, �p

Ü©��^-SL�­å³U���. aq�(Ø3^·²ï��Ó�¤

á[Hu et al., 2003a].

�ÙïÄ¥, ¦+k'/CUK±9L�­å³U��
(Ø�^·²

ï�e�Ä��Ó, �3�
¯KþE,�3é���É. éuvk��º

�^·²ï�, ��(½
�µ|, ^-2y½ö^-A5UC¿ØK�^

å��m�§Ý, =��4Ü�^å��,4Ü. Ú\��º�, �ÿ��±

�6, ^å� /u)�AUC. �X�6S^-�2y, ½ö^-�^Ï

O\½�þ~�, ^-Ú�6u))ä, �6«�	¡�^å�Åì��m,

49



§ 3.4 �6¨^-XÚ�/C

���åP��lfN÷#�m�^å�6Ñ, ¤���º��Ü©. Ïd,

�XÚÅì�C/C:�, �6^Ï´Øä~��. c¡J�, �X^-�

2y(^-2yc�©OéAã3- 1(a)(c)¤«��),�6«^Ïl0.515eü

�0.250, �L�ê��6^Ï���º�l; �X^-¶�^Ï!��^Ï

�O\½ö�þ�~�, �6«�?�Ú�m, éL3-3¥�n�/C:, �

A��6^Ï©Oü�0.234, 0.238Ú0.239. ¦+�3þã�O, �µ��º

�Ú\é�
Ì�(Ø, XÃå|�XÚ/CUK�LAly-SturrockUþ�

�'~, ±9L�­å³Ué/CUK��p�^, A�vk?ÛK�. ù`

², ^-XÚ�/CA59/CUKÌ�d^-SÜ9NC�^| /Ú�

lfN^�û½. XÚ/Cc, ^-NX3.Ü>., T?Ø�3��º, �

lfN�Ýé$, J±é^-XÚ�/CA5�)²w�K�. ¦+��º

U
�l�Ü©�6^å�, �§ØUò�6«���m, Ï
XÚ�/C

UKA��^-	Ü4Ü^Ï�õ�Ã', ù:3Hu et al.[2003a]ÚLi and

Hu[2003]�©Ù¥®��ã.

§ 3.4.3 /C�^-��u�Ý

ããã 3-3: (αϕ, αψ, αm) = (1.08, 1, 1) éA��u�^-��Ý¿¡, d�XÚfªL

/C:. (a)^-�Ý��m¿¡; (b)^-�Ý�»�¿¡. Ù¥, ò�L«^-º

Ü�Ý, :�L«^-¶��Ý. �
��µ��º�Ý�'�, ã(b)¥^¢��

Ñ^-2yc»�¡S���º�Ý.

�6¨^-XÚu)/C�, ^-m©øl1¥�þ�u, 3dL§¥�

�X^-g��)ä, Ï
ÙºÜ�Ý�uÙ¶��Ý[Wu and Guo, 1997b].

·�±(αϕ, αψ, αm) = (1.08, 1, 1)�~, �ÑXÚ/C�^-ºÜÚ¶��Ý
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1nÙ ��º�µ¥�F�^-/C

��m¿¡Ú»�¿¡, Xã3-3¤«. �
��µ��º�Ý�é', ·�

Ó��Ñ^-2yc�µ��º3»�¡S��Ý, ^¢�L«. lã3-3¥

�±wÑ, /Cu)�, ^-m©\�. Ð©�ÙºÜÚ¶��Ý��, ^-

)äÿØ²w; ��^-�UY�u, ÙºÜ�ÝÅì�L¶��Ý, ^-u

)Ømä�)ä. �X^-3F�¥DÂ, Ù\�ÝÅì~�, �ªªu!

�. �^-¶��C25R0�, ÙºÜ�CO��>., d�^-¶��Ý�

�425km s−1, ÑpuÛ/��º�Ý. éuL3-3 ¥,	ü�/C:�~f,

�u^-��Ý¿¡A��ã3-3���Ó.

ããã 3-4: ^·²ï�¥^-¶�pÝhaÚe�>6¡�Ýhs��m�üz. Ù

¥ã(a)(c)�Ñó4�µ|e��~, ã(b)(d)�Ñ¥5: ur = 2�Ü©m�

�µ|e��~; ã(a)(b)�ÑA��lfNëêβ0 = 0.001��~, ã(c)(d)�
Ñβ0 = 0.1��~. ¢�Úò�©OL«^-¶�pÝhaÚe�R�>6¡��

Ýhs, �þ��|´^-�u��¹, ,�|´^-NXu1¥L¡?u²ï��

¹. ÚgHu et al.[2003a].
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§ 3.5 �µ|rÝ�K�

�
`²��ºé^-�u�Ý�K�, ·�òþã(J�^·²ï

���(J�é'. ã3-4�Ñ^·²ï���u^-�¶�pÝha��

m�üz­�, Úg[Hu et al., 2003a]. lã¥�±�OÑ, ÃØéuÃå

|(ã(a)(b))�´�Ãå|(ã(c) (d)), �ÃØ�µ|´4Ü�(ã(a)(c))�´

Ü©m��(ã(b)(d)), ^-¶�3r = 10NC��ÝþØ�L100km s−1,

Ó�^-þu)²w~�. Ïd, Ú\��º�, ¦+XÚ�/CUKA�

ØC, �/C��u^-�$Ä�Ýu)²wCz, ÙA��;.�ìC

ªCMEÄåÆA��~�q: Ð©�²{���m�\�, ��ªu!�,

3À�>�(30R0) �ì?�Ý�400km s−1[e.g., Sheeley et al., 1999]. dm,

��ºå
­��^: §�l
�6«�Ü©4Ü^å�, l
~�
^-

�u�¡��µ|�{å, ùkÏu^-Ð©�u��\�L§.

§ 3.5 �µ|rÝ�K�

c¡J�, A�^|rÝB0�ê�û½
�µó4|�rf±9��

¥uÑ�^Ïþ. @o, �µ^|�r´Ä¿�XXÚU;��^gd

U�õÚ/C�^-��u�¯? ØJíÿ, XJXÚ�/CUK�L

m�|Uþ�'~Cq�Ó, @o�µ^|�r, XÚ3/C�c;��

^gdUÒ�õ. XJ^-SÜ��þ���{, /C�^-��u�Ý

7,�¯. e¡·�?Øù�ØK´Ä¤á. ÄkÀJØÓ�A�^|

rÝB0 = 2, 6, 10G, �Al��¥(� ��)ü lÝuÑ�^Ïþ©O

�ψ0 = 9.70 × 1013, 2.91 × 1014, 4.85 × 1014Wb(ë�L3-1), ù
�þ uF

¥^ÏþCz���S[e.g., Wang et al., 2000]. Ùg, ÏL^Ï2y¼��

C/C:��6¨^-XÚ,¦ù
XÚäk�Ó�ü lÝ��^ÏÃþ

j�Φpc = 0.3(ü éAu�g�ψ0)Ú^-�þMc = 0.08 (ü �M0, ë

�L2-1). ��, ÏLÑ�O\Φpc¼�XÚ�/C�. ã3-5 �ÑØÓB0�

^-¶��ÝÚ\�Ý��m�üz­�, Ù¥¢�!:�Úò�©OL

«B0 = 2, 6, 10G�~f.

ØJwÑ, éuB0 = 2G�f�µ|, /C��u^-��ÝÅìO\, �

�t = 600min�\�L§Ä��¤, O�L²d�Ù\�ÝØ�L5m s−2. é

uB0 = 10G�r�µ|, �u^-�\�L§=±Y
�2��, Ù\�Ý¸

���170m s−2. �\�L§�¤�, ^-�3�½�~�. éuB0 = 6G�
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1nÙ ��º�µ¥�F�^-/C

ããã 3-5: ØÓA�^|rÝ��µ|¥, XÚ?u/C��^-¶���ÝvÚ\�

Ýa��m�üz­�. Ù¥, ¢�!:�ÚJ�©OéAB0�2, 6, 10G��¹.

�¹, ^-\�Ý�ê�Ú\��m?ucü�~f�m. dd��, ÏLN

!B0���µ^|�rf, �±��^-�ÝØ��/C�. �õ�O�L

², �XA�^|rÝB0�O\, /C�^-�¸�Úì?�ÝþÅìO\,

ù«LÞ´ëY�. ½ö`, �µ^|�rf�U���ÝëY©Ù�CME.

T(Ø�þ�Ù¥�(Øaq, ØÓ�´d?�µ|rfdA�^|rÝ�

�, 
@p´d^Ï©Ù��.

ã3-6©O�ÑB0 = 2G(ã(a)(b))Ú10G(ã(c)(d))��6¨^-XÚ�Ð

�±9/C�^-�u�,�¥m��^å�Ú�Ý©Ù. Ù¥, x�L«

^->.±9^-e��>6¡. é'ã(a)(c)�±wÑ, éØÓ�B0, X

Ú/Cc�µ��º��Ý©Ù�OØ�. 
�XÚu)/C�, Ø=^-

��Ý�Oã�,  u^-	¡���º�lfNÉ��\��²wØÓ.

éB0 = 10G��¹, �u^-��Ý�p, Ù	Ü��lfNÉ��ÀÂ�

��, 3»�¡NC, Ù���Ý��1200km s−1, ù���L
B0 = 2G�

�¹. Ïd, ·��±½5�@�, �u�¯�CMEÉ��µ��º�lf

N�r�Ø��^, ¿dd��
¯�CME�~�. ^B�Ñ, �u^-9

Ùc���lfN(�, Cc5~�^u�[CME°Ä-Å9�'¯�[e.g.,

Manchester et al., 2004b, 2005].

§ 3.6 �(

�Ù¥, ·�ïÄ
Ú\��º�µ��6¨^-XÚ�/Cy�. (
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§ 3.6 �(

ããã 3-6: ØÓA�^|rÝ��µ|¥, �6¨XÚ�²ï�Ú/C�,����

^å�©ÙÚ�Ý©Ù�¹. (a)Ú(b)©O´B0 = 2G�Ð©�(t = 0)Út = 400min
��©Ù. (c)Ú(d)©O´B0 = 10G�Ð©�Út = 140min��©Ù. Ù¥, x�L

«^->.±9^-e��>6¡, ÚÝL«�Ý©Ù, ü ´km s−1.

JL², �6¨^-XÚ�3/Cy�: ÏLO\^-���^Ï½¶�

^Ï, ½ö~�^-�þ, Ñ�±>u/C. XÚ�/CUK�^-�L�

­å³Uk', T³U����, �A�/CUKÒ�p. XJ^-SÜC

q�Ãå|, ½ö`XÚ�L�­å³U�±�Ñ, KXÚ�/CUK�

LAly-SturrockUþ��8%. L�­å³U��3¦�XÚ�/CUK��

p, �pÜ©Cq�L�­å³U���. ù
(Ø�^·²ï��(J[Hu

et al., 2003a; Li and Hu, 2003]�Ó. ��º��3éXÚ�/CUKA�v

kK�, �§²wUC
�u^-�$ÄG�: ��¡, ��º�l
�Ü©

4Ü^å�, ~�
	Ü�µ|é^-�Øå, l
k|u^-��u; ,�

�¡, ��º��3¦�^-��u�Ý�±�±, �^·²ï��(Jé

', ��C1(SCME�$ÄA5. d	, ��µ|�f�, ^-�ÝÅìO

\¿ªu!�, Ù�Ýaqu;.�úCME(ì?ªCME); ��µ|�r�,
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1nÙ ��º�µ¥�F�^-/C

^-�Ý×�O\, ,�u)�½�~�, ù�;.�¯CME(�uªCME)

�C. N!�µ|dfCr�, ^-�ì?�Ý´ëYLÞ�, ù�CME�

Ý�C�ëY©Ù�*ÿ¯¢[e.g., Yurchyshyn et al., 2005; Zhang and Dere,

2006]�¬Ü.

�Ä
�µ��º�, �ÿ«Ü©4Ü�^å����º“N”m, /¤�

6. �X^-2y±9^-^ÏO\, ^-Ú�6�p�^¦��6«u)

)ä, ?
E¤�6�	¡�Ü©4Ü^å���m. 3^-�u�L§

¥, ��ºØä�l�6	��^å�, ùr?
^-��þ$Ä. �^·

²ï��(Jaq, ^-e��>6¡´^-�u�{å��[Chen et al.,

2006b]. 3��ºÚ�µ|(�)>6¡)±9^-g�^|��Ó�^e, /

¤
^-õ���mÄåÆA5: �uª\��, ì?ª\��, ±9?u¥

ma.�.

I��Ñ�´, �Ù¥���µ�õ���º�.��{ü, vk�9�

�ºp�6. ��Cý¢�¹���º�.A�Ä�\E,�^|©Ù±9

Ün�\9Å�[e.g., Chen and Hu, 2001; Hu et al., 2003b]. d�u)3¥p

�«��CME7ò�p�6�)�^, Ù(J½ò�E,. éu�Ù?Ø�

¯K, CMEu)3»�NC, T?��º±$��Ì, �@�p�6�K�

Ø�.
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111oooÙÙÙ ooo(((ÚÚÚ???ØØØ

§ 4.1 o(

CME´�ºÝ���¹Äy�, ´F/�m/³Uí�
Þ. Cc5,

�CME�>u9DÂ�nØÚ*ÿïÄ¤���Ôn¥�­��K. �©Ì

�±/CnØ�Ä:, ÏLïÄF�^-�/C, ?ØCME�>uÅ�!U

þ5
9�mDÂA5.

�©Äk0�
CME�*ÿA�±9�CMEnØ�.�'��µ�£,

��é�cCME�nØ�.�
{ü�£�, ­:�3�·�ïÄ�'�

/C�.þ. �CME Uþ5
�'�ïÄÑ¡�Ó��¯K: =XÛ7

LAlyß�. é{ü^ÿ�}�ØU;��LAly-SturrockUþ��^U, �

'ïÄ3Øä<yXù�(Ø. Ïd, ±^-(���L�E,^| /¤

�ïÄ�­:, <�Ø=F"ÏLïÄdaXÚU)ûCME�Uþ5
¯

K, �F"ÏLda�.U�[CME�\�ÚDÂ, ?
)ºCME��
1

(S*ÿA�. 3F�^-��'ïÄ¥, (Ü�'�*ÿ, 'X1¥$Ä

�“ú”±9CME�u��“¯”, ¦�/Cg�¤�)º*ÿy��û��

�. §�±{ü�Lã�: ÏL�ú�1¥$ÄòÔ�ÚUþ;��F�¥;

��;L§���½§Ý�, XÚu)/C, l
��
CME��u.

æ^¥�Ie�2.5�¶é¡ê��., ·�©OïÄ
1¥^Ï©ÙÚ

�µ��ºéF�^-/C�K�. æ^Ãå|�., ·�3äkØÓ1¥

^Ï©Ù�V4�µ|e, ©Û
F�^-XÚ�²ïÚ/CA5. ïÄL

², ±©�ª^ü4f�.Ü^Ï©Ù�ÄO, �^Ï©Ù�»�®à, �A

�?��µ|�f, d�^-�pÝ�g�^Ïþ�O\ëYO\, XÚØ

�3/Cy�. �^-^ÏþO\�,�§Ý, ^Ïþ���O\U��^

-pÝ�ã�Cz. �^Ï©Ù�4«� , �A�?��µ|�r, d�
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§ 4.2 ?Ø

�X^-^Ï�Cz, ^-½öNX31¥L¡, ½öøl1¥�þ�u, /

¤/C. d�, �X�?��µ|�ÅìOr, XÚ�/CUKÚ/C�XÚ

Uº��^gdUþÅìO\, dd/¤
�u^-�Ýd$�p�ëY©

Ù. Ú\�µ��º�, ±ó4^Ï©Ù�~, ·�ïÄ
^-XÚ�/C,

¿�Ãå|Ú^·²ï���A(J?1'�, ±d?Ø��ºéF�^-

/C�K�. d�, �ÿ��±�6, XÚ��µ|´Ü©m��. ïÄL²,

�X^-�2y±9^-^Ï�O\½�þ�~�, �6«	��4Ü^å

�Åì��m, ���åP��lfN÷#m��^å�6Ñ¤���º�

�Ü©. �UC^-A5�, XÚE�3Ã�ÌÝ�/Cy�. �^-^|

C�Ãå|�, XÚ�/CUK�L�Am�|Uþ�8%; XÚ�L�­å

³UU�p/CUK, �pÜ©�L�­å³U�����. ¦+��º�

�3Ä�ØUCXÚ�/C5�Ú/CUK, �§²wUC
/C��u^

-�$ÄA�. ��µ|�f�, �u^-�$Ä�;.�ì?ªCMEaq:

Ð©�Åì\�, ��ªu!�; ��µ|�r�, �u^-�$Ä��u

ªCME��: Ð©�×�\�, ��u)�½�~�. éAu�µ|rÝ�

ëYCz, ��º�µ¥�u^-�ì?�Ý�´ëYLÞ�.

·� � ï Ä ( J L ², ¹ ^-� E , ^ | / U 
 ; � � LAly-

SturrockUþ��^U, ù¦�CME��u3Uþþ´#N�: �;�^

UØ
�mF��µ^|, �kv
�^gdU\��lfN. d	, ÃØ´

L¡^Ï©Ù�ëYCz, �´�µ|rÝ�ëYCz, ÑU���X�ä

këY�Ý©Ù�^-�u. ù`²ØÓ�Ý�CME�)Å�é�U´�

Ó�, §���6u�µ|�G�. �é{`, F�^-/C�±�)�ÝÚ

\�ÝÑ²wØÓ��X�CME.

§ 4.2 ?Ø

�©ïÄ�´äkE, /�F�^-XÚ, �Ù.Ü^Ï´�é{ü

�V4©Ù. l�ºÝþw, ��^|´V4|ÓÌ�/ , �3CME�


«^|ÿÀ~��E,, k�$�U*ÿ��¹õ�ÿÀÕá�CME�^

|
«[Hori et al., 2005]. ·���, �½F¡^Ï©Ù�, XÚéA�m

�|Uþ±9dVirial½nû½�Ãå|��UþÑ����Ñ. éu�\

E,��µ|, ^-XÚ�/CA57,Úó4½V4|��¹k¤«O.

Forbes et al.[1994] é���IeØÓ�µ|¥�“[-”�/C�
c[ï
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Ä, ¦�@��µ|�E,, XÚ/CcU;��^U�Ò�õ. Ding and

Hu[2006]ÚPeng and Hu[2005]©Oé¥�Iel4�µ|Ú�n��ÿ�

õ4�µ|¥�F�^-/C�
ïÄ, ¦�@�XÚ�/CUKØ=�

�µ|k', ��^-���^ÏÚ¶�^Ï�Ï�k', UKU�L�A

Ü©m�|Uþ11 ∼ 17%. þã¥�IXe�ïÄ¥, /Cþ´Ã�ÌÝ

�. Zhang et al.[2005]�
aq�ïÄ, ØÓ�´�µ|U�Antiochos|(ó

4|U\l4|). ¦���
k��(J: �X^-A5�UC, XÚ�3

ü�/C:, /C��k�^¥5:üz�î�>6¡, duT>6¡��

�, ùüg/Cþ´k�ÌÝ�, ��A�/CUK©O�L�Am�|U

þ15.5%Ú2.9%. Chen et al.[2006b]édXÚ¥�^-�
Éå©Û, ¦�@

�3 u^-þ�d¥5:uÐ�î�>6¡Ú^-�u�)� uÙe

��R�>6¡��Ó�^e, ^-�$ÄÅì�Ø�, l
E¤
k�Ì

Ý�/C. ¤kù
ïÄL², F�^-/CÉ�uõ«Ï�, �\3^-�

þ�¤kå�U\û½
^-½ö­½½ö�u.

8ck'F�^-/C�ïÄþ´3���.e?1�, ^-´µ4�

^å�(�, §��]23F�¥¿�7���±. ¢Sþ, ^-�üà´

á£1¥�, Xã1-5¥¤«�@�. ù�, ¢SI�é^-XÚ��n�ï

Ä, 8cdaïÄ�?uÐ©�ã. ^-üàá£1¥�éXÚ/C�K�

ÿØ�Ù, �*þw¬¦^-��uC�(J. Amari�<�n�^-ïÄ

¥, vkuyXÚ�3/Cy�, �ùØU`²n�^-XÚ�½Ø�3/

C[e.g., Lin et al. 1998, 2002]. d	, 3���.¥, ·�Ã{?Ø^-�Û

­�(kink mode)Ø­½5. 
3n��¹e, �^-Û­��½§Ý[Hood,

1990], ½ö^-�»v
�[Titov and Demoulin, 1999], ^-Ñ¬�)Û­

�Ø­½5, ù��U>uCME. Ïd, é^-XÚ�n�MHDïÄ, é?

�Ún)Ú@£CME�u)ÚuÐ¯K, äk­���Æ¿Â.

·��ïÄ�un�MHD�¹, 3A½�¹e, ^-e�/¤R�>6

¡. 3,
^�e, ù
>6¡NC�Uu)^|­é. ­é3CME���

L§¥�ü�o�Ú, 8cÿvk½Ø. /CnØ@�, ­é3>uCME�

¿�7L�, �CME�)��­é�±k��)º�CME��u)�V�

��±9�'�pUâf\�Ú^X��ÏþCz�y�[e.g., Priest and

Forbes, 2002; Lin et al., 2003]. 3Gibson and Low[1998]��.¥, ¦�@

�CME3n��¹e�>u, dd�)
>6¡, ��T>6¡u)­

é, ����u). Ù¦�CME�.Kr­é��>uCME�7�^�,
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§ 4.2 ?Ø

±Amari�<�n�^-�[��L. *ÿþÓ��3d^­é(é�)�

�CME �)�~f[e.g., Golpalswamy and Kaiser, 2002]. d	, ^­éÓ�

´7LAlyß���«�{, §�±k�UC�µ|�ÿÀ(�, l
¦XÚ

º��õ�^U. k'­é�^�ïÄ, I�*ÿÚ¢�Eâ�?�ÚuÐ.

CME´�~E,����uy�, ØÓ�¯��Uäk��ØÓ�	

3Ly. CME�
«Ø=(�E,õ�, Ù^|rÝ���]Ï. 3¹Ä

«^|p�êZpd, 
3�¹Ä«, �6NC�^|�kApd. 8c

éCME�nØïÄó��?u&¢�ã, ÿvkÚ���.5)º. *ÿL

², CME�U�^2y!^é��õ«1¥¹Äk'. Ïd, CME�UI�

õ«nØ5)º, F�^-/CnØ�´Ù¥��«. éCME�ïÄkÏ

u·�
)�mUí�Cz. �X*ÿEâ�JpÚnØïÄ�uÐ, <�

éCME�n)7,¬Åì�\, l
r?�mUíý�Eâ�uÐ.
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N¹ A ü ¥¡	Ãå|9ÙUþ

3F�^-/C��'ïÄ¥, ^Ï©Ù¼êψ~�^5£ã��^|.

3¥�I(r, θ, ϕ)e, Ú\ψ�, ^|�rÚθ©þL«�

Br(r, θ) =
1

r2 sin θ

∂ψ

∂θ
, Bθ(r, θ) = − 1

r sin θ

∂ψ

∂r
. (A-1)

Ï~�¹e1¥NC{�^|´�*ÿ�. éu��¶é¡¯K(∂/∂ϕ = 0),

�½ü ¥¡þ{�^|Br(1, θ), =�ÏL{üÈ©¦�L¡�^Ï©

Ùψ(1, θ). 3nØïÄ¥, ·��'%�´��)�S�^|©Ù. @o, 3

�½.Ü>.þ^Ï©Ù��¹e, �A�³|Úm�|qXÛL�Q? ù

p·��Ñ���¹e¦)�A³|Úm�|9ÙUþ�Green¼ê�{.

§A.1 ®�.Ü^Ï©Ù¦³|9ÙUþ

é.Ü^Ï©Ù�Ó�Ãå|
ó, ³|´Ù¤U����$UþG�.

é��³|5`, Bϕ = 0, ∇×B = 0, ò�§(A-1)�\, ��

∂2ψ

∂r2
+

sin θ

r2

∂

∂θ

(

1

sin θ

∂ψ

∂θ

)

= 0. (A-2)

þã�§¿�Laplace�§. |^^¥³�©þAϕ�^Ï¼ê�'XAϕ =

ψ/(r sin θ), �±�yAϕ cosϕ÷vLaplace�§[Lin et al., 1998], =

∇2(Aϕ cosϕ) =

1

r2

∂

∂r

(

r2∂(Aϕ cosϕ)

∂r

)

+
1

r2 sin θ

∂

∂θ

(

sin θ
∂(Aϕ cosϕ)

∂θ

)

+
1

r2 sin θ

∂2(Aϕ cosϕ)

∂ϕ2
= 0. (A-3)
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§A.1 ®�.Ü^Ï©Ù¦³|9ÙUþ

¦)T�§, (JXe:

Aϕ(r, θ) cosϕ =
1

4π

∫ 2π

0

dϕ′

∫ π

0

Aϕ(1, θ
′) cosϕ′∂G(r, r′)

∂r′
|r′=1 sin θ′dθ′, (A-4)

ª¥, G(r, r′)���¼ê, �±ÏL>�{¦�:

G(r, r′) =
1

(r2 + r′2 − 2rr′ cos γ)1/2
− 1

(r2r′2 + 1 − 2rr′ cos γ)1/2
, (A-5)

Ù¥

cos γ = cos θ cos θ′ + sin θ sin θ′ cos(ϕ− ϕ′). (A-6)

�±y², (A-4)ªm>�cosϕ¤�', l
cosϕ�l�ªü>��. u´,

·�Ø�-ϕ = 0, ��cosϕ, ¿rAϕ = ψ/r sin θ�\, ��

ψ(r, θ) =
r(r2 − 1) sin θ

4π

∫ π

0

ψ(1, θ′)dθ′
∫ 2π

0

cosϕ′

(r2 + 1 − 2r cos γ)3/2
dϕ′. (A-7)

þª�1��È©�±z�ý�¼êÈ©, �ÏL?êÐm½ê�O�¦�

È©��.

®�)�S�^Ï©Ù�, �±ÏL�§(A-1)¦Ñ^|, 2|^

W =
π

µ0

∫ π

0

[B2
r −B2

θ ]r=1 sin θdθ (A-8)

¼�³|�Uþ. ��±æ^,	�«�{, Ú\^|¥³: B = ∇× A, K

k

W =
1

2µ0

∫∫∫

V

B2dV =
π

µ0

π
∫

0

(BθAϕ−BϕAθ)r=1 sin θdθ+
1

2

∫∫∫

r≥1

j ·AdV.

(A-9)
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é³|
ó, Ar = Aθ = 0, Aϕ = ψ/(r sin θ), N>6�Ýj = 0, �k

W =
π

µ0

π
∫

0

(Bθψ)r=1dθ, (A-10)

Ó��±O�Ñ³|�Uþ. ùü«�{´���.

§A.2 ®�.Ü^Ï©Ù¦�Am�|9ÙUþ

�m�|´�«AÏ�^|, §����¥5>6¡�³|, ¤k^å�

�àë�.Ü, ,�à��Ã¡�. éu�½.Ü©Ù�¤kÃå^| /,

�m�|�Uþ´�p�, éAuAly-SturrockUþ�.

�½��«�>.�{�^|Bn�, éA��m�|Bopen�±ù�5�

E[e.g., Aly, 1984; Sturrock, 1991; Low and Smith, 1993]: �B∗
n = |Bn|, ¦=

ò?\>.(Bn < 0)�@�Ü©^å�3>.þ�Ü��, ù��u3>.

þ�Ñ
��ü4^Ö©Ù. d>.þ�{�^|B∗
n���(½��³|,

ù�Ò��
���m�|B∗, ,�2rc¡���@�Ü©^å�¡E�

5���, Ó��±>6¡ØC, ù�Ò��
���¥5>6¡��m�

|,

Bopen = sign(Bn)B
∗, (A-11)

�ù��m�|Ú�5�^|k�Ó�>.{�^|. lþ¡��E�m�

|�L§5w, ¦)�m�|�'�´k¦�ü4³|>.þ�{�^|,

,�d>�¯K¦���«��^|©Ù.

Q,ψ(1, θ)®�, =��u.Ü>.�{�^|Br(1, θ)®�. Ó�d�

§(A-1)�±wÑ, ò.Ü�^|�Ü��(B∗
r = |Br|)��ur.Ü�^Ï¼

êψ(1, θ)�XeC�: �±Ù�θüN4O�Ü©ØC, r�θüN4~�Ü

©U�4O, ¿�±�Ç�ýé�ØC; Ó�, ���yU���^Ï¼êë

Y. dÞ¦�^|C�ü4³|, l.Ü>.uÑ�À^ÏØ�". �d, �

Xe?�: �ü4³|�^Ï¼ê�ψc(r, θ), Ø�b½ψc(r, 0)=0, u´Tü
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4³|uÑ�À^Ï�

Φ =

∫∫

r=1

Br sin θdθdϕ =

∫∫

r=1

∂ψc
∂θ

dθdϕ = 2πψc(1, π). (A-12)

eòψc(r, θ)?��ψ′
c(r, θ):

ψ′
c(r, θ) = ψc(r, θ) − ψc(1, π)(1 − cos θ)/2, (A-13)

�yψ′
c(r, θ)£ã�^|¤uÑ�À^Ï�", Ó�kψ′

c(1, 0) = ψ′
c(1, π) = 0.

?���^Ï¼êψ′
c(r, θ)÷v³|^�, Ï
�±|^c¡�(Ød>�

ψ′
c(1, θ) = ψc(1, θ) − ψc(1, π)(1 − cos θ)/2 (A-14)

O���m�ψ′
c(r, θ), l
�ª¦�ü4³|�^Ï¼ê:

ψc(r, θ) = ψ′
c(r, θ) + ψc(1, π)(1 − cos θ)/2. (A-15)

3)�.Ü, ü4³|ψc(r, θ)�{�©þ�uéA�¥5>6¡�m�|�

»�^|�ýé�, 
��©þK�?���^|ψ′
c(r, θ)���©þ�Ó.

¦�ùü�©þ�, �ÏL�§(A-8) O�ü4³|�Uþ. TUþÒ´é

A�¥5>6¡�m�|�UþWopen.

§A.3 Virial½n�å�Uþþ�

Aly-SturrockUþ��éäk{ü^|ÿÀ�Ãå|¤á, �XÚS�

3]2^å��, XÚUþ�U�Lù���. ¦+Xd, Virial½néÃå

|�Uþþ�Jø
,	�«�å[e.g., Chandrasekhar, 1961; Flyer et al.,

2004]. Ãå|�Virial½nXe:

1

2µ0

∫∫∫

r=1

B2dV =
1

2µ0

©
∫∫

r=1

(B2
r − B2

θ −B2
ϕ)dS. (A-16)
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dþª, á=¦�Ãå|Uþ�þ��

Wmax =
π

µ0

π
∫

0

B2
r |r=1 sin θdθ. (A-17)

éÃå|, ÃØ´Ä�3^Ïþ-, XÚ�UþWfffþ÷v

Wpot ≤ Wfff ≤ Wmax, (A-18)

Ù¥Wpot��Ãå|äk�Ó.Ü^Ï©Ù�³|Uþ, Wmax ��Ãå|

äk�Ó.Ü{�^|©Ù�X»�^|Uþ.
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N¹ B �«AÏ�^Ï©Ù¼ê

N¹ B �«AÏ�^Ï©Ù¼ê

é��^|�*ÿL²: 1¥L¡�^|©Ù´ØäCz�, ù�¦·�

3nØïÄ¥��ÄØÓ�.Ü^Ï©Ù. �{Bå�, ·��	�«{ü

�©Ù¼ê(8�z�):

ψ(1, θ) = 1− | cos θ |α, 0 ≤ θ ≤ π. (B-1)

e¡·�ïÄëêα�Cz��.

ò(B-1)�\(A-1)¦�:

Br(1, θ) =
1

sin θ

∂ψ(1, θ)

∂θ
=

{

α| cos θ|α−1 , 0 ≤ θ ≤ π/2 ,

−α| cos θ|α−1 , π/2 < θ ≤ π ,
(B-2)

2d(A-17)ª¦�Ãå|Uþ�þ��

Wmax =
π

µ0

π
∫

0

B2
r (1, θ) sin θdθ =

πα2

µ0

π
∫

0

cos2 θα−1 sin θdθ

�Cþ��cos θ → x, ��

Wmax =
2πα2

µ0

1
∫

0

x2(α−1)dx,

Ù¥x = 0�U�Û:. �ÄT2ÂÈ©, k

Wmax = lim
δ→0

2πα2

µ0

1
∫

δ

x2(α−1)dx, (B-3)
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Wmax =
2πα2

µ0
· 1

2α− 1
x2α−1|1δ =

2πα2

µ0(2α− 1)
(1 − lim

δ→0
δ2α−1) (B-4)

�α > 1/2�,

lim
δ→0

δ2α−1 = 0,

=T2ÂÈ©Âñ,

Wmax =
2πα2

µ0(2α− 1)
. (B-5)

±þUþ�ü ´W0. eU4πW08�z, þªz�

Wmax =
α2

2(2α− 1)
. (B-6)

�α ≤ 1/2�, T2ÂÈ©´uÑ�.
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