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 Jörg Büchner���ÇÇÇ

¥¥¥III���ÆÆÆ���III[[[UUU©©©��� êêê���ddd -ÊÊÊKKK���������XXXïïïÄÄÄ¤¤¤

������ÆÆÆ   ???OOO ÆÆÆ¬¬¬ ÆÆÆ���;;;���¶¶¶¡¡¡ UUUNNNÔÔÔnnn

ØØØ©©©JJJ���FFFÏÏÏ2009ccc 5��� ØØØ©©©���FFFFFFÏÏÏ 2009 ccc 5 ���

������üüü    ¥¥¥III���ÆÆÆ���III[[[UUU©©©���

ÆÆÆ   ÇÇÇ���üüü    ¥¥¥III���ÆÆÆ���ïïïÄÄÄ)))���

���FFF���


¬¬¬ÌÌÌRRR





Magnetic helicity research of emerging

active regions

Shangbin Yang

Supervisors:

Prof. Hongqi Zhang1 and Prof. Jörg Büchner2
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Abstract

Magnetic helicity is conserved in ideal plasma. It still conserves in ideal

magneto hydrodynamics in the course of magnetic reconnection as long as the

overall magnetic Reynolds number is large enough. We can deduce the character-

istic of magnetic helicity in the solar interior and how the accumulated magnetic

helicity evolve in the solar atmosphere by investigating the magnetic helicity of

emerging active regions.

Our main contribution are as follows:

£1¤It has been known for years that there is a general dominance of neg-

ative (positive) helicity of active regions (ARs) in the northern (southern) solar

hemisphere. For a better understanding of the role of helicity for the evolution of

active regions it is necessary, however, to know more about the accumulation of

helicity in the course of the emergence of active regions. In particular, different

conclusions were drawn in the past about the relationship between the accumu-

lated helicity and the writhe of active regions. We investigate the accumulation

of helicity in newly emerging simple bipolar solar active regions. We also in-

vestigate the relation between the accumulated helicity and writhe. We obtain

helicity accumulation by applying Fast Fourier Transforms (FFT) and local cor-

relation tracking (LCT) to MDI data. We deduce the writhe of the active regions

according to the evolution of the tilt angle between the connecting line of the

weighting centers of opposite polarities in the ARs. It is found that the accumu-

lated helicity is proportional to the exponent of magnetic flux (|H| ∝ Φ1.85) in

the 58 selected newly emerged simple ARs. 74% of ARs take negative (positive)

helicity when the above defined tilt angle rotates clockwise (counter-clockwise).

It means that the accumulated helicity and writhe have the same sign for most

of the investigated ARs according to the tilt angle evolution of ARs. We also

found that 56% (57.6%) of these ARs in the northern (southern) photosphere

provide negative (positive) helicity to the corona in the course of the emergence
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of magnetic flux.

£2¤Addressing the long-lasting problem of the magnetic helicity distribu-

tion in the solar corona: a proof for magnetic helicity exchange between two

neighboring emerging active regions (ARs) was found: when AR 9188 emerged it

first started to accumulate positive helicity while the later neighboring emerging

AR 9192 accumulated negative helicity. At a later time, after the bright con-

necting loops became visible between the two active regions, AR 9188 suddenly

also started to gain negative helicity. At the same time AR 9192 started to loose

negative helicity. It was found that the magnetic helicity fluxes of the two active

regions change simultaneously by almost the same amount. At one instant it was

even possible to determine that the connecting loop between the two ARs carried

negative helicity. We exclude the possibility that magnetic flux emergence was

causing the observed variation of the magnetic helicity. Hence, magnetic helicity

was indeed transferred from the late emerging active region AR 9192 to AR 9188

via an unbalanced magnetic torque along the loop. Such kind of helicity transfer

might be a common mechanism of redistribution of magnetic helicity in the solar

atmosphere, which just was not being widely observed yet.

£3¤We develop the Variable Separation Approach (VSA) to calculate the

vector potential of magnetic field for obtaining the relative magnetic helicity in

the 3D space. We apply this method to the magnetic field data coming from

MHD simulation. It is found that the accumulated magnetic helicity by VSA in

the simulation box coincides well with the magnetic helicity across the boundary,

which testify the reliability of this approach.

Keywords: Sun: magnetic fields-Sun: evolution
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êð(�G¹Uk���@£§¢Sþ'uð(�í�Ë�DÑ!SÜ�EÚ

üz�¯K�ïÄ§Ñ´±�����~Ú?1u��"��Jø
/¡J±

¢y�Ôn�¸§é§�ïÄr?
,
ÔnÆ��×�uÐ"3{¤þ§é

uE,��� Fraunhofer 1Ì!Ú¥1Ì±9p§F�1Ì�ïÄ§Q²3Ì

�y@!Ì�\°Å�Úpg>l�f�1ÌA5��¡r?
1ÌÆ�uÐ"

éu��U
�ïÄ§±98c5é��¥�f” º�” ¯K�ïÄ§��½§

Ýþr?
ØÔnÆ�uÐ"3C�§'u���uÅ�!��^|Ú��¹

Ä�å
�ïÄ§±9���íÄåÆÚ1(SÄåÆy��ïÄ§K¤�í

Ä�lfNÔnÚ^6NåÆ?Ð�­�Ï���"��Ë�5�±9��¹

Ä5ÆÚF/'X�ïÄ§äk­��A^d�"F/�m�¸Ú/¥p��

í(�§3é�§ÝS´d��>^ÅË�ÚâfË��5�û½�"Ó��

�¹Äy�qéF/�mÚ/¥p��í�)6Ä§Úå�X�­��/¥Ô

ny�§X/¥;�NC����f¯�!>l�Ö6!̂ �!²6�,§�§

K���m�1S�!<E¥(�Æ·�O!Ã�>ÏÕ!4«>åXÚ!/Ô

&¶!í�ÚY©ý���I�ÚI¬²L�k'�­�Ü�"Ïd§é��

>^Ë�Úâf6¥­½¤©Ú6Ä¤©�UÌïÄ§±9&?��¹Ä��

«5Æ§¿é§�?1ý�§äk2�Ú­��A^d�"

1.2 ������(((���ÚÚÚ¹¹¹ÄÄÄyyy���

��lS�	©�µ��Ø�A«§Ë�DU«§é6�!1¥�!Ú¥�!

F��"�ã 1 ¤«µgF%��� 0.25R �«�´����U«§¡�FØ"

ùp�§ÝÚ�ÝÑ�~p§ØÊ/?1Xd��fàC¤±�9Ø�A§)

¤±Ø!γ 1fÚ¥�f"¥�fA�Ø�Ô��p�^§��l��SÜ<
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ã 1.1: ��©�(�ã

ºÑ5"γ 1fK¤��	u��Ë�U"g 0.25R ��� 0.75R ?¡�Ë�

�§ùp�§ÝÚ�ÝÅì�	~�§FØ¥�)�Ë�UÏLù��Åì�

	*Ñ"g 0.75R �Sú¤w����L¡NC§́ ���é6�§Ù¥�Ô

�?3ì��é6G�§é6�þ�´��é�,
�~­���g§¡�1

¥�½1¥"�·�^Sú*	���§w��²�FÓÒ´ù�¥�"1¥

�þÝØLAzúp§�%uÑ�'Ù¦�gr����1Ë�§�±`��

3��1Åã�Ë�A��Ü´d1¥u�Ñ��"���»Ú��L¡Ñ´

U��1¥	>.5½Â�"l1¥�m©���ím©C�ß²§l
Ò�

±*ÿ���þ��X�¹Äy�"31¥�·��±*ÿ�Nõ'±��µ

Ñ�²��1�Ú'�µV���çf£� 4000 Ý$u���²þ§Ý 6000

Ý§ã 2 ´ Hinode ¥(û����Ü��çf�ã�¤"��çfq¡���

¹Ä«§*ÿ��éõ��¹Äy�Ñ�§�'"3Ú¥�£ã 1.3¤·��±

*ÿ�'±�²��Ì�ÚâÑuÚ¥²þpÝ�þ/GE,�F`£3F¡
S�du'�µV¡�V^¤"Ú¥��Ý'1¥$§�§Ý�
'1¥p"l

Ú¥$��p��Ýeü
 5 �þ?§
§ÝKþ, 3 �þ?"3 1500km ±



1�Ù Úó 3

e�Ú¥'�þ!§1500km ±þKd¤¢�GN¤¿÷"Ú¥þ¡´���

D��§Ýþ?p� 106K, /GéØ5K�Ã²w>.�F��"Xã 1.4a!b

w«�´���4b	Ú^ X ���"Ó�·�3F��¥�U*ÿ����

�ÚF�Ô���£ã 1.4c, ã 1.5¤3F��±	´2��(S�m§�3X

Parker£1955¤cýó���º"

ã 1.2: ��çf"
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ã 1.3: ��Ú¥�"
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a b

a b

c

ã 1.4: a��4b	�¶b��^ X ���¶c����
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ã 1.5: F�Ô���

þã���¹Äy�Ú^|�3X;��'é§XJ·�á�Ù
��þ

^|´XÛ�)!üzÚP��§·�é��Ôn�ïÄ�Òí?
��Ú§Ó

��¬�ÄUNÔnÙ§+��?Ð"

1.3 ïïïÄÄÄ������^̂̂|||������{{{

^|áu>^|">^|áug,.8c®��o��^åµÚå!>^

å!r�p�^!f�p�^">^|�üz÷vð�d��§|µ

∇× ~E = −∂ ~B
∂t

∇× ~B = µ0
~J + µ0ε0

∂ ~E
∂t

∇ · ~E = ρ
ε0

∇ · ~B = 0

(1.1)

�Kþ��
>6Ú>Ö�©Ù§·�Ò��
^|´XÛüz�"
ä

N�>ÖÚ>6�©Ù´�6u>^|¤?�Ô��G�"·�����þ�

Ô�áug,.o«G��N!íN!�N!�lfNÙ¥����lfN"ð



1�Ù Úó 7

�d��§|�,´�5�§|§�´3�lfN¥û½>6Ú>Ö©Ù�L

§´E,���5L§"
y3�lfïÄ¥���5L§Xë6!�~Ñ$

�ÑvkéÐ�)û§¤±3��Ôn^|üz�°(½þïÄE,´(J�

��¯§ù�´�mUíý�(J����Ï��"38c�¹e§·�kX

eü�a�ª5ïÄ��^|µ�«´ê��[��{µ3�½�.�Ä:þ§

òïÄé�XÚ�L«lÑz§¦^O�Å5�[XÚ�üz§���
kd

��&E¶�«´*ÿ��{µ¼�ØÓ�g§ØÓÅã�1Å&E½ö´�

*ÿ�Ônþ~X���í�ÅÄ&E§(Ü�½�Ôn�.íä��^|�

üzA�"e�!·�{ü0��eÿþ��^|��{"

1.4 ������^̂̂|||���ÿÿÿþþþ

��þ^|´�âÌ�3^|¥¬u)©��lù�A��n5ÿþ�"

ã 1.6 ´lù�AU?�«¿ã"*ÿ��Ì�� ��¹Xã 1.7 ¤«µ÷

ã 1.6: lù�AU?«¿ã"

^|��*ÿ��Ì�´�^£m^¤ �¶÷R�^|��*ÿ��Ì�´

� �"�´��¥�ÅFÚ¤Ì�Q�Xu����XáÂ�§§�/¤´

���íÔ�ØäáÂË�kØäuÑË��L§¥3TÅ�Ñ/¤Ë�~f

�(J§́ �«Q�9u�k�9áÂ�L§§Ïd��ÅFÚ¤Ì��lù
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(a)                                         (b) 

V          
V                r

ã 1.7: u��� Zeeman �A£a¤�p�*ÿ§£b¤�î�*ÿ*ÿ

�A©�f��rÝÚ �G�ØU�^{ü�áÂ½u�5íä§
´7L

ïá^|�3��Ì�� Stokes ëê=£�§Xe¤«µ




cos θ dI
dτ

= (1 + ηI) (I −B) + ηQQ + ηUU + ηV V

cos θ dQ
dτ

= (1 + ηI) Q + ηQ (I −B)

cos θ dU
dτ

= (1 + ηI) U + ηU (I −B)

cos θ dV
dτ

= (1 + ηI) V + ηV (I −B)

(1.2)

Ù¥�£I,Q,U,V¤� �1�d÷�dëê§§�´ù�½Â�µ÷*ÿö�

��£z ¶¤DÂ�?Û1å�>�þ��Ä§�±©)�R�uÀ��£x§y¤

²¡S������þ��Ä�Ú"b½ÅG�üÚ§K�Ä�

Ex = ξx cos(ωt− εx)

Ey = ξy cos(ωt− εy)
(1.3)

Ù¥ ω ��ªÇ§ξx Ú ξy ��Ì§εx Ú εy �� "Kd÷�dëê½Â�

I = ξ2
x + ξ2

y

Q = ξ2
x − ξ2

y

U = 2ξxξy cos(εx − εy)

V = 2ξxξy sin(εx + εy)

(1.4)

d÷�dëê´*ÿþ§3¢S*ÿ¥·�ÏL�O1Æ¤ìÒ�±��ØÓ

Å�?� (I§Q§U§V)§2(Ü���í��.§Ò�±�ü��^|"�´8

c�^|ÿþ�U�O(/��1¥��^|§ØU¿©ºX���í¥z�

:�&E§¤±8c�^|êâ´Ø���§ù�Ò�¦·�3yk*ÿþ�

Ä:þæ^#��{5ïÄ��^|�üz"3e¡�1�Ù¥·��Ú\^

ÚÝ�Vg"
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2.1 ^̂̂ÚÚÚÝÝÝ���VVVggg

2.1.1 pppdddëëë���êêêÚÚÚÑÑÑ^̂̂ÚÚÚÝÝÝ

3 19 ­V@Ï, êÆ[pd3O��1(;��, uy
O�ü�;�ë

��{üÈ©. �Äü��pë��­� 1 Ú 2§4 σ ´­� 1 �ëê§3­�

1 þ�I«:´ ~x(σ) §aq�§3­� 2 þ�I«:´ ~y(τ)§4 ~r = ~y − ~x§K

pdë�ê´

L12 =

∮

1

∮

2

d~x

dσ
· ~r
r
×d~y

dτ
dτdσ (2.1)

�da'§̂ ÚÝ´3�½�mNÈS?¿ü�£�|¤^å��m�ë�ê

�Ú"b�Ù¥k N �^6+§z�^6+Ïþ� Φi, , ·�O�pdÈ©�Ú

H =
N∑

i=1

N∑
j=1

LijΦiΦj (2.2)

Kd (2.1) Ú (2.2) ·��±��

H = − 1

4π

∫

v

~B (x) · ~r

r3
× ~B (y) d3y (2.3)

æ^¥³� Columb 5�µ

~A = − 1

4π

∫

v

~r

r3
× ~B (y) d3y (2.4)

K£2.3¤ªz�Xe/ªµ

H =

∫

v

~A · ~Bd3x (2.5)

dª´ÏLpdë�êÈ©úªí�
5�§Ó�§��NX�m¥^å��

�7/ª"

2.1.2 >>>...^̂̂���

du ~A äk5�ØC5"b�®²�Ñ�«5� 1 e�¥³ ~A"XJ�½

#�5� 2 e�¥³ ~A′ = ~A +∇ψ, ü«5�e�^ÚÝ©O�µ

H =

∫

v

~A · ~Bd3x (2.6)
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H ′ =
∫

v

(
~A +∇ψ

)
· ~Bd3x (2.7)

K���^ÚÝ�µ

∆H = H ′ −H =

∫

v

∇ψ · ~Bd3x (2.8)

d∇ · (ψ ~B) = ∇ψ · ~B + ψ∇ · ~B ª (2.8) �C�µ

∆H =

∫

v

(
∇ ·

(
ψ ~B

)
− ψ∇ · ~B

)
d3x (2.9)

�â^|�ÃÑ5 ∇ · ~B = 0 Úpd½n
∫∫

~f • d~s =
∫

v
∇ · ~fd3x§ü«5�e

���^ÚÝ�

∆H =

∫∫
©ψ ~B · _

nd2x (2.10)

�±wÑXJ�¦^ÚÝ�äk5�ØC�5�§K�¦>.^��µ

~B · _
n|s = 0 (2.11)

=´^|3>.¡þR�u>.¡�{�©þ"ã 2.1 ´�Ñ�^6+äk^

ÚÝ�~f (Φ ´T^6+�^Ïþ)"

a

b

c

ã 2.1:£a) Hm = +Φ2,£b¤Hm = −Φ2, (c) Hm = 5Φ2"
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2.2 ^̂̂ÚÚÚÝÝÝ555���

2.2.1 ^̂̂aaaAAA���§§§

3�»y�¥��lfN¥�>^|��÷vXe½Æµ

{.1>^aA½Æµ

∇× ~E = −∂ ~B

∂t
(2.12)

î0½Æµ

~J = σ
(

~E + ~v × ~B
)

(2.13)

Ù¥ σ �>�Ç§b½Ù�~ê"

S�½Æµ

∇× ~B = µ0( ~J +
∂D

∂t
) (2.14)

D �> £¥þ§µ0 �ý�^�Ç§éu��éØ�úCy�§ £>6�±

�Ñ§u´kµ

∇× ~B = µ0
~J (2.15)

é (2.13¤ª�^Ý§¿ò£2.12) Ú£2.15¤ª�\��µ

∂ ~B

∂t
= ∇×

(
~v × ~B

)
− 1

µ0σ
∇×

(
∇× ~B

)
(2.16)

ò ∇×
(
∇× ~B

)
= ∇

(
∇ · ~B

)
−∇2 ~B Ú^| ~B �Ã^5 ∇ · ~B = 0 �\þã

�§=���µ

∂ ~B

∂t
= ∇×

(
~v × ~B

)
+

1

µ0σ
∇2 ~B (2.17)

T�§¡�^aA�§§§£ã�>6N$Ä�^|Cz�m�'X§aA�

§7L��)�Ä>^å�$Ä�§§ëY5�§§Uþ²ï�§§Ô��§�

å�¤^6NåÆ�§|§âU��/£ã^|¥�N�$Ä5Æ"

2.2.2 ^̂̂|||���***ÑÑÑÚÚÚÈÈÈ(((

aA�§£2.17¤ªL²^|��m�CzXdüÜ©Úå§�§mà1�

�L«6N$ÄÚå�aA>|�)�N\^|é�^|�K�¶1��L«
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k�^�Çé^|�)�*ÑP~§�±^þ?�O5?Øùü«L§��é

­�5"

∇×
(
~v × ~B

)
≈ vB

l
,

1

µ0σ
∇2 ~B ≈ B

µ0l2σ
(2.18)

½Âü��' Rm = µ0σvl �^XìXê"

�$Ä�Ý v ≈ 0 �§�= Rm ¿ 1 �§£2.17¤ªC�µ

∂ ~B

∂t
=

1

µ0σ
∇2 ~B (2.19)

¤�;.�*Ñ�§§§L«^|Cz��dî0P~E¤�"*Ñ�I�

τ = µ0l
2σ"

� Rm >> 1 �§�>6N�)�aAåÌ��^§u £́2.17¤ªC�µ

∂ ~B

∂t
= ∇×

(
~v × ~B

)
(2.20)

£2.20¤ªw«�­�A�´�>6Nò¬�X^å��å$Ä§Ò�^å

��È(36N¥§¡�È(�A"

�±wÑùpXìê���åXé­���^§Rm << 1 L«^*Ñ'�

N6Ä¯�§*ÑÓ`¶Rm >> 1 L²^*Ñúu�N6Ä§Ò´È("^X

ìê�'u σvl "éu�)��3S��lfN§3�õê|Ü>�Ç σ ��

��� 1012 ∼ 1016esu , v �þ?´ 103 ∼ 108cm/s 
A�ºÝ��� 109cm(�

�çf)§3ù«�¹e^Xìê Rm >> 1"̂ å�È(�A�~kÏun)u

)3��þ�Nõy�ÚÚÝ¥�Vg"

2.2.3 ^̂̂ÚÚÚÝÝÝÅÅÅððð

�Ä��>.¡�^L¡ ( ~B · n̂ = 0)) �NÈS§>�Ç�Ã¡�"̂ |�

üz�l (2.20) ª"ò ~B = ∇× ~A �\ (2.20) ª��µ

∇× ∂ ~A

∂t
= ∇×

[
~v ×

(
∇× ~A

)]
(2.21)

=´µ

∂ ~A

∂t
= ~v ×

(
∇× ~A

)
+∇ψ (2.22)
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Ï�È©L¡´^L¡§ÃØæ^?Û5�ÑU¦�ÚÝk(½�Ó��"¤

±�½�±À���Iþ ψ§¦�∇ψ = 0§l
��µ

∂ ~A

∂t
= ~v ×

(
∇× ~A

)
(2.23)

ù¿�X (
∇× ~A

)
· ∂ ~A

∂t
= 0 (2.24)

^ÚÝ��m�CzÇ�µ

∂

∂t

∫

V v

~A · ∇ × ~AdV =

∫

V

∂ ~A

∂t
·
(
∇× ~A

)
dV +

∫

V

~A ·
(
∇× ∂ ~A

∂t

)
dV (2.25)

|^∇ ·
(

~f × ~g
)

=
(
∇× ~f

)
· ~g − ~f · (∇× ~g) Ú£2.24¤ªKþªC�µ

∂

∂t

∫

V v

~A · ∇ × ~AdV = −



∫

V

∇ ·
(

~A× ∂ ~A

∂t

)
dV


 (2.26)

�âpd½n§(2.26) ªz�µ

∂

∂t

∫

V v

~A · ∇ × ~AdV = −
∫∫
©
s

(
~A× ∂ ~A

∂t

)
· d~s (2.27)

éu4Ü�NÈ§ù�È©� 0§Ï�3ù�NÈS�$Ä§Ø¬K�ù�

NÈ±	�¥³§ù�±l¥³�½ÂwÑ§Ï�¥³´ëY�§$�L¡>6

�3�§∂ ~A
∂t
3È©«��L¡��½��"nþ��µ

∂

∂t

∫

V

~A · ∇ × ~AdV =
∂Hm

∂t
= 0 (2.28)

ù�Òy²
3��±^L¡�>.�§>�Ç�Ã¡��«�S§̂ ÚÝ´

Åð�"lÔnþ·��±ù���µ3��«�S§kÃê�^6+p��

73�å"XJ÷v>�Ç�Ã¡�£÷v^|È(^�¤"̂ å��6N�å

$Ä$Ä§3z��^å�þNX��lfNduÈ(�A§ØU3R�u^

å����þ$Ä§§��U÷X^å�$Ä§¿����yR�u$Ä��

�^Ïþ�±ØC§ùÒ�¢S�m¥ü�i@ë��4Ü�+f§��ùü

�ë��+f¥�?Û��Ø�vä"§��m�ë�êØ¬UC§�Ò´`

üö�më��ù«ÿÀ(�Ø¬u)UC"



14 2y¹Ä«�^ÚÝïÄ

2.3 ���ééé^̂̂ÚÚÚÝÝÝ

3¢Sé��^|�ïÄ¥§·�  ���´��1¥�g�^|"é

u��1¥�±e�^|·�8c�õ�´nØþ�íÿ"·��±|^1

¥¡�^|��>.^�§|^Ãå|	í��{5��íä1¥L¡±þ

�^|(�"�´3±1¥�>.�L¡Ø´^L¡£~B · n̂ = 0)¤"ùÒ¿�

X£2.10¤ªØ�u 0§̂ ÚÝØ2´5�ØC�§�ª¦�â£2.5¤ª���^

ÚÝ��
Ôn¿Â"

Berger£1984¤JÑ
�éÚÝ�VgµÚ\
ë�|§l
;�
�kÚ

Ý3m�|��¹eØ�35�ØC�¯K"Xã 2.2 ¤«µVa ´¤�Ä«

�§Va + Vb = V ´��m§¿� S ´>.¡"�ã´ý¢�^|§mã´ë�

|"üö3 Va ¥�^|´ØÓ�§>.¡ S Ú Vb ¥�^|þ�Ó"

a
V

b
V

a
V

b
V

S S

ã 2.2: ë�|«¿ã

3ý¢|¥·�½Â^|���µ

~B1 =

{
~B1a

~Bb

(x ∈ Va)

(x ∈ Vb)
(2.29)

÷v�>.^�´µ~B1 = ∇× ~A1 Ú ~B1a · _
n

∣∣∣s = ~Bb · _
n |s
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3ë�|¥§·�½Â^|���µ

~B2 =

{
~B2a

~Bb

(x ∈ Va)

(x ∈ Vb)
(2.30)

÷v�>.^�´µ~B2 = ∇× ~A2 Ú ~B2a · _
n

∣∣∣s = ~Bb · _
n |s

ý¢|Úë�|�ÚÝ���µ

∆H = H
(

~B1

)
−H

(
~B2

)
=

∫

V

(
~A1 · ~B1 − ~A2 · ~B2

)
dV (2.31)

Tª�±��´XeüÜ©NÈ�È©�Úµ

H =

∫

V

(
~A1 − ~A2

)
·
(

~B1 + ~B2

)
dV +

∫

V

(
~A2 · ~B1 − ~A1 ·

⇀

B2

)
dV (2.32)

dª����±��µ

∫
V

(
~A2 · ~B1 − ~A1 ·

⇀

B2

)
dV =

∫
V

(
∇× ~A1 · ~A2 − ~A1 · ∇ × ~A2

)
dV

=
∫
V

∇ ·
(

~A1 × ~A2

)
dV =

∫∫©
S

~A1 × ~A2 · d~S
(2.33)

ý¢|Úë�|SÜ^|(�ØÓ§�>.þ�^�´�Ó"ù�Ò¿�X3

>.þ (2.33) ª�È©� 0"

u´ª£2.33¤�C�µ

∆H =

∫

V

(
~A1 − ~A2

)
·
(

~B1 + ~B2

)
dV (2.34)

dª�±©)� Va Ú Vb S�ü�È©�Úµ

∆H =

∫

Va

(
~A1 − ~A2

)
·
(

~B1a + ~B2a

)
dV +

∫

V b

(
~A1 − ~A2

)
·
(

~B1 + ~B2

)
dV (2.35)

Ï�3 Vb ¥�^|�Ó§¤±3 Vb ¥∇× ~A1 = ∇× ~A2§�Ò´ ~A1− ~A2 = ∇χ§

òÙ�\£2.35¤��µ

∆H =

∫

Va

(
~A1 − ~A2

)
·
(

~B1a + ~B2a

)
dV +

∫

V b

∇χ ·
(

~B1 + ~B2

)
dV (2.36)
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�â∇ ·
(
χ~B

)
= ∇χ · ~B + x∇ · ~B Úpd½n§þªC�µ

∆H =

∫

Va

(
~A1 − ~A2

)
·
(

~B1a + ~B2a

)
dV +

∫

V b

x
(

~B1 + ~B2

)
· d~S (2.37)

dcã>.^�µ
(

~B1b + ~B2b

)
· _
nb = −

(
~B1a + ~B2a

)
· _
na, (2.37) ª��µ

∆H =

∫

Va

(
~A1 − ~A2

)
·
(

~B1a + ~B2a

)
dV −

∫

S

χ
(

~B1a + ~B2a

)
· d~S (2.38)

æ^¥Õ5�µ∇ · ~A1 = 0;∇ · ~A2 = 0§Kµ

∇χ = ~A1 − ~A2 = − 1

4π

∫

V

~r

r
× (B1 (x′)−B2(x

′) d3x (2.39)

Ï�3 Va ¥ý¢|�^|Úë�|�^|´���§¤±þª�±��µ

∇χ = ~A1 − ~A2 = − 1

4π

∫

Va

~r

r
× (B1a (x′)−B2a(x

′) d3x (2.40)

ª£2.38¤¥� ∆H ��´5�ØC�§§��6u Vb S�ëê§k(½

��"�­å³U��§·�r ∆H ½Â�«� Va ��éÚÝ§P�:

HR (Va) = H
(

~Ba, ~B′
b

)
−H

(
~Pa, ~B′

b

)
(2.41)

ùp§~Ba � Va S�ý¢|§~Pa �ë�|§�÷v∇× ~Pb = 0 "~B′
b ´?¿

�"XJ·�?�Ú� ~B′
b = ~Pb, ½Â�A� ~AP · n̂ = 0, K Va S��éÚÝ{

z�µ

HR (Va) = H
(

~Ba, ~Pb

)
(2.42)

2.4 ^̂̂ÚÚÚÝÝÝ���DDDÑÑÑÚÚÚÑÑÑÑÑÑ

£�m©éÚÝ�½Âµ

H =

∫

V

~A · ~BdV =

∫

V

h0dv (2.43)
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3>ÄåÆ¥§>^| ~E Ú ~B ^³¼ê�±L«�µ

~B = ∇× ~A (2.44)

~E = −∇ϕ− ∂ ~A

∂t
(2.45)

��éª£2.43¤��©�±��µ

dH

dt
=

∫

V

∂h0

∂t
dV =

∫

V

(
∂ ~A

∂t
· ~B + ~A · ∂ ~B

∂t

)
dV (2.46)

ò ~B Ú ~E �³¼ê�\þª��µ

dH

dt
=

∫

V

((
−∇ϕ− ~E

)
· ~B + ~A · ∂ ~B

∂t

)
dV (2.47)

òî0aA½Æ∇× ~E = −∂ ~B
∂t
�\þª��µ

dH

dt
=

∫

V

((
−∇ϕ− ~E

)
· ~B − ~A ·

(
∇× ~E

))
dV (2.48)

d ∇ ·
(

~E × ~A
)

= ~A ·
(
∇× ~E

)
− ~E ·

(
∇× ~A

)
= ~A ·

(
∇× ~E

)
− ~E · ~B Ú

∇ ·
(
ϕ~B

)
= ∇ϕ · ~B + ϕ∇ · ~B = ∇ϕ · ~B, þª�z�µ

dH

dt
=

∫

V

(
−2 ~E · ~B −∇ ·

(
~E × ~A + ϕ~B

))
dV (2.49)

2|^pd½n§Ò�±��ÚÝDÑÇ�L�ªµ

dH

dt
= −

∫

V

(
2 ~E · ~B

)
dV −

∫

S

(
~E × ~A + ϕ~B

)
· d~S (2.50)

ÚÝNÈ�� h0 ���m�CzÇ�±�¤eª:

∂h0

∂t
= −∇ · h− 2 ~E · ~B (2.51)

é^|ÚÝDÑ£2.50¤�Ôn¿Â·���e©Ûµmà�1��L«�

´TÈ©«�SÜdu>^|�Cz§E¤^|�­#ü�§l
��
ÚÝ

�Cz"1���L�´>.DÑéT«�ÚÝ�K�"
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XJ·�éÚÝDÑ\±Xeü«�å^�µ

£A¤XJÈ©«��Ã¡�§½È©«�L¡´^L¡£~B · n̂ = 0¤§

K£2.50¤ª�1����"

dH

dt
= −

∫

V

(
2 ~E · ~B

)
dV (2.52)

(B) XJ´3n��^6N£>�Ç σ → ∞¤¥§�È©«��Ã¡�½
L¡´^L¡§K ~E = ~B × ~v§�\£2.52¤��

dH

dt
= 0 (2.53)

ùÚ£2.2¤!Ó��¹e���^ÚÝÅð�5�´���"

2.5 ���ééé^̂̂ÚÚÚÝÝÝ���DDDÑÑÑ

3þ!·��Ä
^ÚÝ�DÑ§@o�é^ÚÝ´XÛDÑ�º

a
V

b
V

S

V

B
a

b
P

ã 2.3: �éÚÝ�DÑ«¿ã"

Xã´O��éÚÝDÑ�«¿ã"�ÄNÈ Va ��éÚÝ�µ

HR (Va) = H
(

~Ba, ~Pb

)
(2.54)

>.^�´µ

~Pb = ∇ψb, ~AP · n̂ = 0, ~Pb · _
nb |S = ~Ba · _

na |S (2.55)
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Ï�NÈ V ´��«��Ã¡�§½«�L¡´^L¡�ù���«�"¤±

ÚÝ�DÑAæ £̂2.52¤ª§K�éÚÝ�DÑ��µ

dHR (Va)

dt
= −2

∫

V

(
~E · ~Ba

)
dV − 2

∫

V

(
~E · ~Pb

)
dV (2.56)

Ù¥

~E · ~Pb = ~E · ∇ × ~AP = ~AP · ∇ × E +∇ ·
(

~AP × ~E
)

= − ~AP · ∂ ~Pb

∂t
+∇ ·

(
~AP × ~E

)

= − ~AP · ∇∂ψb

∂t
+∇ ·

(
~AP × ~E

)

= −∇ ·
(

∂ψb

∂t
~AP

)
+∇ ·

(
~AP × ~E

)
(2.57)

�\£2.57¤ª|^pd½nÚ>.^����éÚÝ�DÑ�µ

dHR (Va)

dt
= −2

∫

V a

(
~E • ~Ba

)
dV + 2

∮

S

(
~AP × ~E

)
• d~S (2.58)

3n�^6N¥ ~E = ~B × ~V§�\þª��µ

dHR

dt
= 2

∮

S

((
~AP • ~V

)
~B −

(
~AP • ~B

)
~V

)
• d~S (2.59)

3¢SO��§·��k1¥L¡�^|êâ§éu���í�±w�´n�

^6N§Ù¥�ÚÝÈ\Ò £̂2.59¤O�"1���L�´^6+v:�$Ä

E¤�^ÚÝ�DÑ¶1���L�´^6+�Ñ\�5�^ÚÝ�DÑ"

2.6 ^̂̂ÚÚÚÝÝÝïïïÄÄÄ???ÐÐÐ

2.6.1 ^̂̂ÚÚÚÝÝÝ���OOO���

Chae et al. (2001) Äk|^ÛÜ�'�l��{£LCT¤O�^ã�Y²

�Ý"l£2.59¤ª·��±w��k1���±O���"��O�¹Ä«Ú

ÝDÑ�~f�ã 2.4
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ã 2.4: 3¹Ä«¥ÚÝDÑ�~f.(a) AR8210�p�^ã£xÚ�L�4§ç

Ú�LK4); (b) ^ÛÜ�'�lO����1¥Y²�Ý£^�ÞL«¤U\

3ÚÝDÑDÑÇ�Ý GA = −2( ~Ap · VLCT )Bn þ¶(c) ÚÝDÑÇ£dH/dt) �

��müzã, �ÞL«�´�ÿ���' CME¶(d) È\ÚÝ��müz­

�U\3^ X ��6þãþ£ë� Nindos et al. 2003¤"

Demoulin and Berger (2003) �ÑéÀ�^ã|^ÛÜ�'�l��ÝØ

�u31¥���lf�Ý"3n�^6N�b�ÚØ�Ä^­é��¹e§



1�Ù ^ÚÝ 21

d LCT �{����Ý ~u �¢S��lfNY²�Ý vt Úp��Ý vn �m

�3Xe'Xµ

Bn~u = Bn
~Vt − Vn

~Bt (2.60)

�\£2.59) ª§Ò���µ

dHR

dt
= −2

∮

S

(
~AP · ~u

)
Bnd~S (2.61)

Ù¥ ~u Ò´|^ LCT �{����Ý"¤±3n�^6N�b�ÚØ�Ä^

­éb��cJe§·�Ò�±��O�ÏL1¥�DÑ�o�^ÚÝDÑ

Ç"

GA(~x) = −2
(

~AP · ~u
)

Bn ¡�^ÚÝDÑÇ�Ýû½
^ÚÝDÑÇ�

�m©Ù§ù3ïÄ¹Ä«�^ÚÝDÑ¥��2��A^ (~X Chae et al.

2001; Kusano et al. 2002; Nindos et al. 2003; Moon et al. 2002; Liu and Zhang

2006)",
 GA ´��Ø��O(�DÑÇ©Ùã§�Ä�� Bn > 0 �R�

^6+§²£�Ý� ~u, 3¥Ô5�eT^6+�^ÚÝDÑ�Ý©Ùã���

�§���K§
²£�R�^6+´ØDÑ^ÚÝ� Pariat et al. (2005) c

JÑ

#�^ÚÝDÑ�Ýþ Gθ§½ÂXeµ

Gθ(~x) = −Bn

2π

∫

S

dθ (~x− ~x′)
dt

B′
nd

2x′ (2.62)

ù¿�XÚÝDÑÇ´^=�Ý dθ (~x− ~x′) /dt ¦±^Ïþ��­�È©§Ï

Lù«�{U
�Ð�ØK^ÚÝDÑ��&ÒXã 2.5 ¤«§5¿�¦^þ

ãÚÝDÑÇ�ÝO����ÚÝDÑÇ�� dH/dt ´AT´���"�´

3 Chae et al. (2001) ¥O� GA ¥� Ap æ^�´±Ï5>.^�§
O� Gθ

¥3�Ä«��	´vk^|�3�§ü«�¹eO��ÚÝDÑÇ�Ø�3

10% � 30% �m£Chae 2007; Jeong and Chae 2007¤"

O�^ÚÝ¥,��ëê´�Ý| ~V , §AT´>.þ��lfN�Ý¶


3y3O�^ÚÝ�ïÄ¥æ^�´�l^ã��{íä�lfN��

Ý"XÛ���O(��Ý|l
��°(�ÚÝDÑ�Ý�´8cïÄ�

����§Welsh et al. (2004) JÑ
 ILCT �{��÷v^aA�§��Ý

|¶Longcope (2004) JÑ��Uþ{—MEF �{5é�÷v^aA�§��

Ý|"Kusano et al. (2002) �ÏL¦)^aA�§���Ý|l
O�^ÚÝ
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ã 2.5: ü«�{O����¹Ä« AR9182 �ÚÝDÑÇ©Ùã�'�"��

´¢SO��(J§m�´ïá¹Ä«�.�(J"1�1´ GA �©Ùã§1

�1´ Gθ �©Ùã"�±²ww�3 GA ã¥Ó�45¥�3k���ÚÝ

DÑÇ¶
3 Gθ ã¥´Ø�3��45"

�DÑ¶�´ù
#��{ÑI�n�¥þ^ã§
38c��vk�Ð��

mëY5�¥þ^ã"Santos et al. (2005) '�
|^ LCT!ILCT ÚMEF �

{���Y²�Ý|§uyØÓ�{���(J'�Cq"¤±38c�¹e

¦^ÛÜ�'�l��{E,´·^�"

2.6.2 ^̂̂ÚÚÚÝÝÝ���������¹¹¹ÄÄÄ

Seehafer (1990)ÏLb½¹Ä«�| αÃå|§O�
 16�¹Ä«�>6

ÚÝ§uy3H�¥>6ÚÝ�ÎÒª�u��§
��¥>6ÚÝ�ÎÒª�

uK�§ù�5Æ¤�0�¥ÚÝ{K/"��Pevtsov et al. (1995)§Abramenko

et al. (1996)§Bao and Zhang (1998)§Bao et al. (2000), Pevtsov (2001)§Hagino

and Sakurai (2004) ��X��ö�ó�y¢
ù�{K"ã 2.6 ´ 22 Ú 23 �

�¹Ä±¹Ä«�>6ÚÝ3H��¥�©Ù"�±w���¥´K�ÚÝÓ

Ì�§H�¥´��>6ÚÝÓÌ�">6ÚÝ�½Â´ hc = ~B · ∇ × ~B§du

8c�k1¥��^|U
�é°(/ÿþ§¤±�UO�>6ÚÝ��Ü©

hc = B‖ · (∇× ~B)‖, 
,�«O�¹Ä«ÚÝ��{´3�5Ãå|b½e^
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|÷v ∇× ~B = α~B, K α = hc/B
2 l
�â α ���ä¹Ä«�^ÚÝ��

K"

ã 2.6: þã´ 22��¹Ä±¹Ä«>6ÚÝ�©Ù (Bao and Zhang 1998)¶e

ã´ 23 ±��¹Ä±¹Ä«>6ÚÝ�©Ù ()"

¹Ä«���ÚÝÓ��U�A��þ�u>ÅL§l
éyk��«u

>Å�.?1k��ëê���"Kleeorin et al. (2003) 3 Parker [£u>Å
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�. (Parker 1955) �µee§|^~R 10 c�¥þ^|*ÿêâ (1988-1997),

�Ñ
3u>Å�.¥>6ÚÝ�üz¿éu>Å�.¥�ëê�Ñ
��«

m£ã 2.7¤"Zhang et al. (2006) ò¹Ä«�â���g�^=�'�¯ú§Ý

y©��!¥Ü!fna§O������ÝCz�>6ÚÝ�u>Å�.�

��>6ÚÝ��Ý�©Ù¬Ü�éÐ§¿�uy��Ý�O\§Ø÷v�¥

ÚÝ{K�>6ÚÝ���O\"�´5¿�8c�U*ÿ���1¥��^

|§¤±�UO�1¥�>6ÚÝ��Ü©§
Ø��¹Ä«�)F�So�

>6ÚÝ´õ�",��¡��1¥�¢Sþ´Ø÷vÃå|^��§XJ^

1¥�íä��� α ëê��ïþ¹Ä«ÚÝ�ëþ�´k¯K�"l�Ùé

ÚÝVg�Qã¥·��±w�3F��í�Cqn�^6N�^�eÚÝ´

Åð�§XJ·�ÏL1¥¥þ^|O�^ÚÝ�DÑÒ�±����¹Ä«

ÚÝ��§
ØI���F��¥�^|&E§ù��^ α Ú>6ÚÝü�ë

þ�'§U
�Ð�&?�¥ÚÝ{KÚu>Å�¯K"

−50 0 50

−0.06

−0.04

−0.02

0

0.02

0.04

0.06

 

Θ

χ
c

ã 2.7: u>Å�.¥�>6ÚÝ�'ëê 〈χc〉 ��ÝCz�¢S*ÿ>6Ú
Ý£çÚ�¬¤�é'"¢�ÚJ�©O´ü|u>Åëêe�*ÿêâ�[

Ü"

Lanbonte et al. (2007) ïÄ
 393 �¹Ä«�ÚÝDÑ"̂ ÚÝDÑÇÚ

O��3�£H¤�¥ 57%(60%) �¹Ä«DÑK£�¤ÚÝ�(J§¥yÑ�

é�f��¥Ã�5"·���^ÚÝ´��È©þ§�|^^ÚÝDÑO�
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ÚÝÈ\��ÿ§7IlÐ©��m©O�§âU����¹Ä«�ªÈ\�

ÚÝ"ù¿�XïÄ2y¹Ä«�ÚÝÈ\´��7���K"

^ÚÝ��3¿�X�mS^|�gdUØ�"¶ÏL1¥�3F�¥È

\�^ÚÝ¿�X^U�È\§ù
^U�º�Ú����ÚF�Ô���k

X;��éX£Liu and Zhang 2002¤"LaBonte et al. (2007) ïÄ
 48 � X ?

��¹Ä«Ú 345 ����¹Ä«"uy X ?O��u)�ÚÝD�Ç�K

�´ 6× 1036Mx2s−1(Xã 2.8¤§¿� X- ?��¹Ä«�^ÚÝ�È\²wp

u����¹Ä«"Zhang et al. (2008) ïÄ¹Ä« AR10930 ��u¯�§u

y3��u)�^ÚÝDÑÇ×��lK�C���§¿�3���>Ë�

2.84GHz Åã�Ñy²w�6Ä£ã 2.9¤"3^ÚÝÈ\��¹Äy��nØ

©Û¥§Zhang et al. (2006) ©Û
�5Ãå|�^ÚÝÈ\�F�Ô���

�m�'X§uy�5Ãå|�3X^ÚÝ�þ�§XJ�L
ù�þ�Ò¬

Úå^6NåÆØ­½5§l
ÚåF�Ô���"

ã 2.8: *ÿ�mS¸�^ÚÝDÑÇÚ²þ^ÚÝDÑÇ'Xã§�iÎÒ´

���¹Ä«§�µ�L´ X- ?��¹Ä«"�±w��) X- ?���¸�

ÚÝDÑÇ�u 6× 1036"
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ã 2.9: (a) 3 2006 c 12 � 8 Ò� 14 ÒÚÝDÑÇ���müz¶(b) È\

^ÚÝ�üz¶(c) 3��c��^ÚÝDÑÇ�üz¶(d) ~R�>ªÌ¤3

2.4GHz Åã�üz"

F�¥^ÚÝ�È\Ì�5
u¹Ä«§w·���5\þ$��éu

üÕ��¹Ä«5\^ÚÝ�þ�±�ÑØP£Welsh & Longcope 2003¤"Liu

and Zhang£2006¤ïÄ
¯�þ2� δ ¹Ä« NOAA 10488�^|!$ÄÚÚ

Ý�üzA�"·�uy¹Ä«È\�±©�ü��ãµ̂ =�Ú}��"1

¥v:�Û�/¤3¹Ä«þ2�^=�§
ü�^6XÚ�m�r}�/¤

3�e5�}��§¿�ª/¤
 δ çf"Jeong and Chae (2007) ïÄ
o�

¹Ä«A���g=±S�^ÚÝDÑ§uy3¹Ä«32yÚO���ãD

Ñ
�þ�^ÚÝ§@�^é��U´E¤�~ÚÝDÑ��Ï§¿�uy�

�gD��zé�¹Ä«ÚÝ�È\�'´�±�Ñ�"¹Ä«�^ÚÝÈ

\����^Ïþ����3�r��6'X£ã 2.10 �Ñ Jeong and Chae

2007 ��¥���¯~¤"Zhang (2001) ïÄ
#2y δ ¹Ä« NOAA7321 �

¥þ^|�üz§��Ñ
¹Ä«2y��ÚÝ�*ÿyâ"Nindos and Zhang

(2002) ÏLïÄ¹Ä«�^ÚÝÈ\� CME �u�'X§�uy
v:$

ÄE¤�^ÚÝÈ\éu CME ¤���ÚÝ�z´é��"Zhang and Low

(2005) �JÑ
 CME ´F�ëYØä�^62yÈ\^ÚÝ�(J"Ïdï
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Ä2y¹Ä«�ÚÝÈ\éu©ÛF��^ÚÝÈ\Ú��¹Ääk­��¿

Â"

ã 2.10: ¹Ä« AR10696 3n���g=±�^ÚÝÈ\§��´À�^|�

üz§m�´�A�ÚÝÈ\£¢�¤Ú^Ïþ£J�¤��m�üz"Ù¥�

¶I5´^Ïþ§m¶I5´^ÚÝ"

nØþy3@�§¹Ä«´^6+lé6�.Ü tacholine �2y�1¥�
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/¤�"3é6�¥·��±Cq@�^ÚÝÅð"ùÒ¿�X2y¹Ä«�

�
 tacholine �Úé6�¥�&E"Labonte et al. (2007) '�
 393 �¹Ä

«È\ÚÝÚ^Ïþ�m�'X§uyüö�mk�Ð��'5£H = 0.022Φ2,

Xã 2.11¤"Fan (1999) ^ê��[��{ïÄ�7^6+�2y§uy��7

�L�½�§Ý�¬u) Kink Ø­½5§du^ÚÝÅð¬��^6+�Ú

Ý—twistk�Ü©�^6+¶�Û­ -writhe=z"b� αbest ½ö>6ÚÝ�

L¹Ä«� twist Ú��£Tilt angle¤�N¹Ä«� writhe �b�e§Canfiled

Ú Pevtsov (1998), SakuraiÚ Hagino£2003¤uy twistÚ writhe�m´��'

�'X",
 Tian et al. (2001) Ú Lopez Fuentes et al.(2003) %uyüö´K

�'�'X"lc¤ã·�®²��^ α Ú>6ÚÝLã¹Ä«�ÚÝ´Ø�

��"XJ·�^2y¹Ä«O�È\�^ÚÝÒU�Ð�?Ø2y^6+¥

twist Ú writhe �m�'X"

ã 2.11: È\ÚÝÚ^Ïþ�m�'X"

2.6.3 ^̂̂ÚÚÚÝÝÝ���êêê������[[[

l 2.6.1 Ú 2.6.2 ü�!·��±w�^ÚÝ�DÑl*ÿþ·��±�

���§¿��
�X��*ÿ(J¶�´æ^ LCT �{���^|ÚÝ´

Äý��¹
¤kDÑ�ÚÝ£Demoulin and Pariat 2009¤§ùI�^ê��

[��{5u�"î8���ké��MHD ê��[?Ø
O�ÚÝ�{�
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Ün5£Welsh et al. 2007; Ravindra et al. 2008; Schuck 2008¤, @�Y²�

Ý�}�ÚÛ=E¤�^ÚÝ�DÑ�±éÐ/^yk��{��§�´d

u^62y¤E¤�^ÚÝDÑØUéÐ��ÿ�£Xã 2.12¤"ù
(JØ

|± Demoulin and Berger (2003) JÑ�3n�^6NÚ�½�AÛ'Xe|

^£2.61¤ªU
�����ÚÝDÑ"
|^ LCT �{���ÚÝÈ\´Ä

U
Jøv
� CME Ú1(S^�¥�^ÚÝ�E,3?Ø�¥"¤±(Ü

ê��[��{&?�â*ÿ��p�^ãUÄéÐ��/��^ÚÝDÑþ

E,´��­���K"

ã 2.12: ØÓO��Ý�{���ÚÝDÑÇ� ANMHD ê��[§S

(Abbett et al. 2000) ��(J�'�£Ravindra et al. 2008¤

XJ�½^| ~B§·�I�O����'�¥³ ~A§ë�³| ~P Ú�A�

¥³ ~Ap"Devore (2000) ÄgJÑ
�«{z�{���½^|�ë�³|§�

´�âù«{z�{O���þ��gDE¤¹Ä«�^ÚÝÈ\��3�½

�m�Ú�â��gD}�6�)�ÚÝ�£��¥�KH�¥�y¤ýÏØ
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��£Xã 2.13 ¤«¤"Amari et al. (2003ab), Fan and Gibson (2004) 3ïÄ

^6+��u¥�O�
ê��[�mS�^ÚÝ§�´þã�{Ñvk�Ä

ÚÝÈ\Ú>.þÚÝDÑ�m�gU5µ>.þÚÝ�DÑA�uSÜ�m

SO����^ÚÝ�È\þ"

ã 2.13: ��¥ó4¹Ä«3��gDe�ÚÝDÑ"�mü�üã©OéA

Xü«Ð©G�e�üz"t=0 éAXÐ©^| / (a Ú b)¶t=T éAX�ª

�^| / (c Ú d)"e Ú f ©OéAXü«�¹e�ÚÝDÑÇÚÈ\ÚÝ�

±w�Ó�3��¥§Ó����gD�Ý©Ù�¹eüö�ÚÝDÑÎÒ´

���"

,	§Cheung et al. £2005, 2008) |^ê��[��{ïÄ2y^6+�

^ÚÝDÑÇ£ã 2.14¤§¦�uy2y¹Ä«�@Ï�ã�ÚÝDÑ´d2y
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Ì��§���^6+�R�u1¥���ÿ§v:�}�é^ÚÝ�È\C

��­�§ù<y
 Liu and Zhang(2006)é¯�2y¹Ä«ÚÝÈ\�ïÄ(

J"

ã 2.14: 2y^6+^ÚÝDÑ�ê��["��´b�T^|6+´!��

þ$Ä� (Pariat et al. 2005)¶m�´BL1¥��^6+�ê��[ (Cheung

et al. 2005)

È\^ÚÝ����'XXÛº��¥�^ÚÝ´XÛüz�º¹Ä«¥

È\�^ÚÝ3�m¥´XÛüzÚ©Ù�ºcÙ´(Ü¢S�¹Ä«üz�

^ÚÝDÑ�ê��[�´7��"l¯ùA�ïÄó��Ä:´XÛO�n

�k��m¥��é^ÚÝ"Ó�·��u�>.¡þ^ÚÝ�DÑ´Ä�u

�âO���n��m^ÚÝ�È\�§l
y²O��{�Ün5"
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2.7 ���©©©���888���ÚÚÚ¿¿¿ÂÂÂ

lþãSN·��±w�§�½�mS�^ÚÝÈ\�±ÏLO�3T�

m>.¡þ�^ÚÝ�DÑ
��"3��1¥�§·�k�é°(�^|Ú

�Ý|§l
�±O�Ñ3���í¥�^ÚÝÈ\"2y¹Ä«´�±w�

Ð©2y�ã�¹Ä«§du^ÚÝ�È\´����müz�È©þ§ò�

�þ�2y¹Ä«��ïÄé��±&?^ÚÝÈ\���L§"�©�8�

8B�Xen�¡µ

ïÄ2y¹Ä«�^ÚÝÈ\�±&?��SÜ�^ÚÝ��)L§ÚA

�"3�Ø©�1nÙ&?
2y¹Ä«�^ÚÝÈ\ÚÚOA�"

£2¤2y¹Ä«���^ÚÝ3���í¥�ÚÝ´CqÅð�§ïÄÙ

¥È\�^ÚÝ´XÛüz�§�����!F�Ô���£CME¤kÛ'X

�´��k¿Â��K"3�Ø©�1oÙ&?
��¹Ä«�^ÚÝ��"

£3¤8c·�vk3F���°(ÿþ�^|§¤±7L/Ïuê��[

�{ïÄF��í¥È\�^ÚÝ´XÛüz�§3�Ø©�1ÊÙ�
éê

��[¥^ÚÝO��ÐÚ&?"
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3.1 ÚÚÚóóó

^ÚÝ´£ã��F�^|���­��AÛëþ£ë� Berger 19999¤"

3�m V S^ÚÝ�±dúª

HM =

∫

V

~A · ~BdV (3.1)

�½"Ù¥ ~B ´3T�mS�^|§~A ´ ~B �¥³"^ÚÝ3n�^6N¥

´Åð�£Wotjer 1958¤. 3^Xìêv
���¯�^­é¥�´CqÅð

� (Berger & Field 1984)"F�÷vn�^6N^�§¤±3���í¥�^Ú

Ý5
u1¥±e"3���í¥È\�ÚÝ�5
�³�^|Uþ"l
�

)
��þ�¹Äy�§~X����£Zhang 2006¤!V^�u£Chae et al.

2001a¤!CMEs(Zhang et al. 2006)"^|ÚÝ�Åð5Ó��U�N��u>

Å�L§£Seehafer et al.2003; Kuzayan et al. 2003¤"

3£3.1¤¥�¥³ ~A äk5�ØC5§§ØUl*ÿ¥����"¤±·

�I�Ù§��{�ïÄ3���í¥�ÚÝá5"�C§Nõ�ö¦^¥þ

^ãO�>6ÚÝ hc = µ0BzJz£Abramenko et al. 1996; Bao and Zhang 1998)

½ö¹Ä«��5Ãå|ëê αbest(Pevtsov, Canfield and Metcalf 1995; Tian

et al. 2001) 5�L¹Ä«�ÚÝ"¤kþã�ïÄ�«
3H£�¤�¥�

�£K¤ÚÝÓÌ��5Æ§¡�/�¥ÚÝ{K0"

Berger Ú Field£1984¤�Ñ3m�>.^�e§�é^ÚÝò�äk5�

ØC5"3�½�m V S�éÚÝ���L�ª�±�¤µ

HR =

∫

V

( ~A+ ~Ap) · ( ~B − ~P )dV (3.2)

Ù¥ ~B ´3T�mS�^|§~A ´ ~B �¥³"~P ´ë�³|§~Ap ´�³|é

A�¥³"³|÷vXe>.^�µ

∇× ~P = 0 (3.3)

~P · n̂|S = ~B · n̂|S (3.4)
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¿� ~A Ú ~Ap ÷vÓ��5�"3n�^6N¥BLm�>.^���éÚÝ

�DÑÇ�µ
dHR

dt
= −2

∫

V

(( ~Ap · ~V ) ~B − ( ~Ap · ~B)~V ) · d~S (3.5)

3£3.5) ª¥§1���L�´du>.þ}�$ÄE¤��é^ÚÝ�DÑ¶

1���L´du^62y�5��é^ÚÝ�DÑ"Chae (2001a) |^ÛÜ

�'�lÚ¯�Fá�C���{��Y²�ÝÚ¥³"

a b

ã 3.1:£a¤twist¶£b¤writhe"

^6+�ÚÝ�±©)�7^6+¶�Û­ —twist1Ú^6+¶g��

Û­—writhe2"twist Ú writhe �«¿ãXã 3.1 ¤«"*ÿþ®²k�þ�

¯¢y²¹Ä«31¥ù��gþkX²w� twist Ú writhe (~X Canfield

and Pevtsov1998)"¹Ä«Ï~@�´dlé6�¥2y�^6+/¤�£~

X Gilman and Charbonneau 1999¤§¿�^6+I�k�½� twist 5{�3

é6«2y�du6N3§�¡�)�µ6é§�K�£Fan et al. 1999¤"�

^6+lé6�¥2y�§Ì�kü�5
/¤^6+� writheµ��´SÜ

�Ø­½5~X kink instability (Leka et al. 1996; Linton et al. 1998; Fan et

al. 1999)"du^ÚÝ�Åð§Kink instability E¤2y^6+�¶Û­�5

� writhe �^6+SÜ� twist ÎÒ�Ó",��´�pc|å (ë�µFisher

et al. 2000)"���^6+3�£H¤�¥2y�§�pc|å¬E¤§�¶Û

­"duÚÝ�Åð§����ÎÒ��� twist Ú writhe ¬���)"ù�

1�©¥±e¦^ twist L«7^6+¶�Û­
2�©¥±e¦^ writhe L«^6+¶g��Û­
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�AÓ��¬E¤��þ¤¢� Joy’s ½Æµc�çf�'��çf�\�C

»� (Hale 1999)"Ïd§©Û¹Ä«�m twist Ú writhe �m�'X´��é

­��©ÛØÓ�^åéu¹Ä«ÚÝK��­��{"3b� αbest ½ö>6

ÚÝ�L¹Ä«� twist Ú tilt angle �N¹Ä«� writhe �b�e§Canfiled

Ú Pevtsov (1998), Sakurai Ú Hagino£2003¤uy twist Ú writhe �m´��

'�'X",
 Tian et al. (2001) Ú Lopez Fuentes et al.(2003) %uyüö´

K�'�'X"Twist ÚWrithe ����^6+�AÛá5§duÚÝÅð´

�±�p=z�"·�lÚÝÅð�*:�©Û twist Ú writhe �'XAT´

�Ün�"XJ��k twist �vkÐ© writhe �^6+lé6«¥2y§§

� writhe �5
u Kink instability, K§�ÚÝÚ writhe AT´�Ó�ÎÒ¶

XJ��k twist �^6+lé6«¥2y§§� writhe �5
�pc|å§

K writhe 3��¥��§H�¥�K"3£6¤ªÈ\��éÚÝ�±w�´�

¹ twist Ú writhe �oÚÝ"@o3¹Ä«¥�È\ÚÝÚ writhe ´�o'X

Qº

5¿�F�¥�ÚÝkØÓ�5
µ#�2y^6§^6+v:�$Ä

Ú^=�"��1¥���gDØUJø���F�Ú CMEs Jøv
�Ú

Ý£Demoulin et al. 2002b; Green et al. 2002; Mandrini et al. 2004¤"Nõ�

öïÄL¹Ä«È\�ÚÝ"Lanbonte et al. (2007) ïÄ
 48 ���¹Ä

«Ú 345 ����¹Ä«"¦�uy X ?O��u)�ÚÝD�Ç�K�´

6× 1036Mx2s−1§¿�¤È\�ÚÝv
Jø����'�F�Ô���"¦�

Ó�uy
éf��¥Ã�5§@��U´��gDÚå�"�´3¦���

�¥vk�Ä¹Ä«�Ð©2y�ã§¤±ØU���«¹Ä«�ÚÝÈ\A

�"Jeong Ú Chae (2007) ïÄ
�
#¹Ä«ÚÝÈ\§JÑ
^2y´ÚÝ

DÑ�Ì�5
"Tian Ú Alexander(2008) ïÄ
 19 �#2�¹Ä«��
�

q�(J"�´2y¹Ä«�ÚÝÚOA�E,Ø´é�Ù"

�
ïÄþã¯K§·�lMDIêâ¥À�
 58�#2y�¹Ä«"�â

Chae (2001) c��{ïÄpÄ«È\�o^ÚÝ�A�¶�â Lopez Fuentes

et al. (2003) c�â¹Ä«^���üz�äïÄ¹Ä«� writhe"3© 3.2§

·�0�*ÿ��Úêâ�?nL§¶3 3.3 ·�£ãO�ÚÝÚ^���Ú

½"3 3.4 ·��ÑÚO�(J§3��� 3.5 ·�?1o(Ú?Ø"
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3.2 ***ÿÿÿÚÚÚêêêâââ???nnn

·�¦^� SOHO/MDI ��F¡À�^ã´d 1024 × 1024 � CCD æ

8§����´ 2′′"MDI ^|êâ®²?1½I§=�Ïf� 2.82GDN−1

£Schrijver et al. 1997¤"kü«^|êâµ1 ©¨^ãÚ 96 ©¨^ã"·�¦^

96 ©¨^ã±Jpêâ�&D'"ÀJ�2y¹Ä«3 1996-2006 c�m"

äN�ÀJêâ�L§XeµÄk§·�l��¹Ä«iÀã (Solar Active

Region Monitor, Gallagher, P. et al.2002)þe1gl SOHOu�þU±� 1996

� 2006 c�êâ"1�Ú§·�'�c�üU�^ã"XJ·�uy�c�U

�'��k NOAA ?Ò�#¹Ä«2y§¿�T¹Ä«3�5�AU�vkE

,�(�~X γ ½ö δ Ñy, KT¹Ä«Ò�À���"·���
 58 �ù�

���µ25 �3��¥§33 �3H�¥",�·��ld¹Ä«��F¡Ü>

�"̄ ¢þduMDI ¤ì���K�§3�CF¡>��¹Ä«^ã®²Ø·

^
"3¤ÀJ� 58 �¹Ä«¥�l��m´ 2.3 U� 8.7 U�m"��·�

|^ Chae et al.(2001) ¥¦^�ÝKU�§̂ 6S�ÚAÛK�?���{é

���êâ?1?n"3?n���^ã¥·�£�
��gD�K�"��

gD¦^�´ (Howard et al. 1990) ¥�½�L�ªµ

ω (λ) = a + b sin2 λ + c sin4 λ (3.6)

Ù¥ a = 14.33 Ý/U, b = −2.12 Ý/UÚ c = −1.83 Ý/U"�����^ã�

����´ 1”"p�^|£R�u1¥��^|¤���´^À�^|¦±

1/cosψ§Ù¥ ψ ´�A«��F¡²Ý£Liu & Zhang 2006¤"êâ?n�§¹

Ä«�F¡²Ý3 −65◦ � 65◦ �m§F¡�Ý3 −40◦ � 40◦ �m"k�î�

IÚ^Ïþ�©Ù�ã 3.2"

3.3 ÚÚÚÝÝÝÚÚÚ������

3.3.1 ÚÚÚÝÝÝ

ÚÝDÑÇ dHR

dt
´�â 3.6 ªO���"·�¦^ Chae et al.(2001)FFT

��{��¥³ ~Ap§̂ ÛÜ�'�l��{l?n����X�p�^ã¥

O�Y²�Ý| ~V"¦+3^�'�l�{O�Y²�Ý|¥�3X�
¯

K£Demoulin and Berger 2003; Schuck 2005; Welsh et al. 2004), ØÓ�{�
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��Y²�Ý|�mvk²w�UC"~X§Santos et al. (2005) '�
|^

LCT!ILCT ÚMEF �{���Y²�Ý|§uyØÓ�{���(J'�C

q"

ã 3.2: ã (a) ´¹Ä«�k�î�I§ã (b) ´¹Ä«�^Ïþ©Ù"

MDI êâ����´ 1.97784′′. 31¥þ^6�A�Y²�Ý��´

1.5km/s (Chae et al. 2001). 
�â3 3.2 ¥êâ?n�Ú½�����êâz

���´ 1′′"¤±üÜ��?n��� 96 ©¨^ã�m� £��´ 12 ��
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�"3 LCT �{¥§·�ÀJ�lI�´ 12′′"�
ü$D(§·��½3^

|�u 10 pd�«���Ý�""�
�Ð��lÀ½�¹Ä«§üØ3¹Ä

«±	«��K�§·�À½�'�l�'Xê3 0.9 ±e«���Ý��""

�ºÝÚÆ·�u 96 ©¨�^6(�§é���^|DÑÇ�K�3 10% ±

S (Chae et al. 2004; Liu & Zhang 2006)"

Pariat et al. (2005) ½Â
��#�^ÚÝDÑÇ�Ý Gθ �Oþã�{

¥���ÚÝDÑÇ�Ý"¦���{�^ LCT �{���ÚÝDÑ�Ý�

'U
���°(�ÚÝDÑÇ�Ý©Ùã"3·��ó�¥�I��ÄÚÝ

ÇDÑ�Ý�È© - ÚÝDÑÇ§¤±ÚÝDÑÇ�Ý©ÙÒØ­�
"Lim et

al.(2007) '�
¦^ LCT �{���ÚÝDÑÚ LFFF �{���ÚÝ"¦

��(J�|±
�©¤A^�{�Ün5"

3��ÚÝDÑÇ±�§éu�½�� t �ÚÝDÑÇ^eªL«µ

HR(t) =

∫ t

0

dHR(t)

dt
dt (3.7)

Ù¥ t = 0 ��éAX¹Ä«2y�Ð©��"¯¢þ·�¦^e¡�¦Úú

ªO��ªÈ\�ÚÝµ

HR (tn) =
n∑

t=0

dHR (ti)

dt
·∆ti (3.8)

3.3.2 ������

1��n±���çf�c�453��¥��§3H�¥�K"·�½

Â�£H¤�IX��:3¹Ä«��£K¤4^6�­%"x ��´��gD

���§y ��lH��"Kl�A�IX��:�¹Ä«��45�^6­

%�¥þ����½Â�^�� Ta£ã 3.3¤"Ta �����´ 0◦< Ta ≤ 360◦"

�
~�O�¹Ä«^���Ø�§·���Ä3^ã¥ 15 pd±þ�^|"

,	3·��©Û¥®²£�
��gD�K�"XJb���¹Ä«3H�

��þòÐ 10◦ �¤3�Ý��´ 0◦ ∼ 30◦, Kdu��gDE¤�^=�Ç

´3 0.0656◦/day � 0.544◦/day �m"éu��;.�3·�ïÄ��¥�¹

Ä«§��²{ 10 UBLF¡§¤±��gDéu^���O��K����

´ 5◦.44"



1nÙ 2y¹Ä«^ÚÝÈ\�ÚOïÄ 39

ã 3.3: �©¦^�^�� (Ta) �ã«"�ã£mã¤´£ãH (�¤�¥"Ta

�����´ 0◦ ∼ 360◦.

3.4 (((JJJ

3.4.1 ^̂̂ÏÏÏþþþÚÚÚÚÚÚÝÝÝ

ã 3.4 ´È©ÚÝDÑÇ (Hmax − Hmin) �¹Ä«^Ïþ�'Xã"��

¹Ä«^Ïþ Φm ´T¹Ä«�K^6ýé�²�Ú���"ã 3.4 ¥�¢�

w«�´^ÏþÚÈ©ÚÝ��Z�5[Ü´µ

log
Hmax −Hmin

H0

= a log
Φm

Φ0

+ b (3.9)

Ù¥ a=1.85, b=-0.41, H0 = 1041MX2, Φ0 = 1021MX"Jeong and Chae (2007)

���Xê a ´ 1.3"Labonte et al. (2007) ���´�q�� 1.85"XJ·�

b�¹Ä«�3F�Ü©�F��^������L«§K3ù
F��¥²

þ� twist-Tw �´ 10bH0/Φ
2
0 = 0.039 �"Nindos et al. (2003) ����3 0.01

� 0.17 �m"Labonte et al. (2007) ���´ 0.022"Tian and Alexander (2008)

��
�q�� 0.03"éu;.�F��§§31¥��v:´ 100Mm"K

twist rate q �� (lÝ/ü �Ý) ´ Tw/(πd/2) = 2.48 × 10−12cm−1"ù�(

J� Labonte et al. (2007) l 48 � X ?��¹Ä«Ú 345 �� X ?��¹

Ä«��� twist rate q � 1.4 × 10−12cm−1 �aq"ù
(J��u^¥þ^

ãO� αbest = 2q (Pevtsov et al. 1995) ���²þ twist rate q � 10−11cm−1



40 2y¹Ä«�^ÚÝïÄ

� 1 �êþ?"ØL�5¿��â[^6+�.£Longcope et al. 1998¤§αbest

� twist rate q �'X´ αbest = 2q"ù�'XUÄ^3¹Ä«¥�?u�Ø�

¥£~X Leka et al. 2005¤"

ã 3.4: È\ÚÝÚ^Ïþ'Xã"(H0 = 1041MX2, Φ0 = 1021MX).

3.4.2 üüüaaaAAAÏÏÏ¹¹¹ÄÄÄ«««

�
�Ð�n)ÚÝÈ\Ú^��üz�'X§·�ò*ÿ����

âÈ\^ÚÝ�üzÚ^���üz�m�'X©� A Ú B üa¶·�

�ÑÚÝÈ\Ú^��üz�[!§'5u��È\�ÚÝ H(t) Ú^��

∆Ta = Ta(t)− Ta(0) �UC"±e·�©Oéùa¹Ä«?1£ã§¿éz�

a�Ñ���A�¯~"

A aµH ·∆Ta > 0"�^��~�£O\¤�§�Ò´^��^��^=

(_��^=) �§È\^ÚÝ�ÎÒ�K£�¤"~X, ¹Ä« NOAA9931 u

2003 c 4 � 30 Ò3F¡þ2y§2002 c 5 � 9 Ò3F¡Ü>���"̂ ÚÝ

Ú^���üz­�±9À�^|�üz�ã 3.5"



1nÙ 2y¹Ä«^ÚÝÈ\�ÚOïÄ 41

ã 3.5: AR09931 ´áu A a¹Ä«���~f"1�1Ú�ew«�´T¹

Ä«3n�ØÓ���^|�üz"3zÜ^ãþI5
¤3����� Ta"

mew«�´È\ÚÝÚ���üz­�"��I¶I5´ Ta((Ò)§m�I

¶I5´È\^ÚÝ£J�¤"

B aµH ·∆Ta < 0"�^��~�£O\¤�§�Ò´^��^��^=

(_��^=) �§È\^ÚÝ�ÎÒ��£K¤"~X, ¹Ä« NOAA9931 u

2003 c 4 � 30 Ò3F¡þ2y§2002 c 5 � 9 Ò3F¡Ü>���"̂ ÚÝ

Ú^���üz­�±9À�^|�üz�ã 3.6"

3�½� 58 �2y¹Ä«��¥§43£Óoê� 74%¤�¹Ä«áu A

a"Ù¥ 19 �¹Ä« u��¥§24 �¹Ä«3H�¥"15£Óoê� 26%)

�¹Ä«áu B a"Ù¥ 6 �¹Ä«33��¥§9 �¹Ä«3H�¥"È\

ÚÝ H Ú ∆Ta äN����Ù 3.6 !�N¹L 3.3 Ú 3.4"

��¥¤k�¹Ä«Ñ�ÅHale-Nicholson½Æ£Hale & Nicholson 1925¤µ

3��¹Ä 23 ±§3�£H¤�¥��çf�c�45´�£K) 45"Ïd

�â 3.3.2 ¥^���½Â§3�£H) ¥�¤�l¹Ä«��� Ta XJ÷v

90◦ < Ta(t) < 180◦ (180◦ < Ta(t) < 270◦)§K@�§÷v Joy ½Æ (çf�c

�45'��45��C��»�§Hale 1919)"3H�¥ 22 ��Å Joy ½Æ
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ã 3.6: AR10481 ´áu B a¹Ä«���~f"1�1Ú�ew«�´T¹

Ä«3n�ØÓ���^|�üz"3zÜ^ãþI5
¤3����� Ta"

mew«�´È\ÚÝÚ���üz­�"��I¶I5´ Ta((Ò)§m�I

¶I5´È\^ÚÝ£J�¤"

�¹Ä«¥ 17 (77%) �¹Ä«áu A a¹Ä«¶
3H�¥�,	 11 �Ø�

Å Joy ½Æ�¹Ä«¥ 7 (63%) �¹Ä«áu A a¹Ä«"3��¥� 14 �

�Å Joy ½Æ�¹Ä«¥ 11£79%) �¹Ä«áu A a¹Ä«¶
3��¥�

,	 11 �Ø�Å Joy ½Æ�¹Ä«¥k 8 (73%) �¹Ä«áu A a¹Ä«"

¤±éu��¹Ä«§XJ§�Å Joy ½Æ§áu A a¹Ä«�AÇ´ 78%¶

XJ§Ø�Å Joy ½Æ§Káu A a¹Ä«�AÇK�k 68%"�â Joy ½Æ

üa¹Ä«�äN©Ù�L 3.1"

¹Ä«�>6ÚÝÚ αbest ïÄ(Jw«3H�¥ª�u��§3��¥

ª�uK� (Seehafer 1990; Bao and Zhang 1998)"H�¥ 33 �¹Ä«¥k

19£57.6%) ��ÅÚÝ{K"3ù 19 ��ÅÚÝ{K�¹Ä«¥ 14 (74%) �

¹Ä«áu A a¹Ä«¶
3H�¥�,	 14 �Ø�ÅÚÝ{K�¹Ä«¥

10 (71%) �¹Ä«áu A a¹Ä«"��¥ 25 �¹Ä«¥k 14£56.0%) ��
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Joy Joy Non-Joy Non-Joy

Hemisphere S N S N Total

A 17 (77%) 11 (79%) 7 (63%) 8 (73%) 43 (74%)

B 5 (23%) 3 (21%) 4 (37%) 3 (27%) 15 (26%)

Total 22 14 11 11 58 (100%)

L 3.1: üa¹Ä«Uì Joy ½Æ�©Ù"N (S) �L�£H¤�¥"L¥� Joy

�L¹Ä«÷v Joy ½Æ¶Non-Joy �L¹Ä«Ø÷v Joy ½Æ"

HHR HHR Non-HHR Non-HHR

Hemisphere S N S N Total

A 14 (74%) 13 (93%) 10 (71%) 6 (55%) 43 (74%)

B 5 (26%) 1 (7%) 4 (29%) 5 (45%) 15 (26%)

Total 19 14 14 11 58 (100%)

L 3.2: üa¹Ä«Uì�¥ÚÝ{K�©Ù"N (S) �L�£H¤�¥"L¥�

HHR �L¹Ä«÷v Joy ½Æ¶Non-HHR �L¹Ä«Ø÷v Joy ½Æ"

ÅÚÝ{K"3ù 14 ��ÅÚÝ{K�¹Ä«¥ 13£93%) �¹Ä«áu A a

¹Ä«¶
3��¥�,	 11 �Ø�ÅÚÝ{K�¹Ä«¥k 6 (55%) �¹Ä

«áu A a¹Ä«"¤±éu��¹Ä«§XJ§�ÅÚÝ{K§K§áu A

a¹Ä«�AÇ´ 82%¶XJ§Ø�ÅÚÝ{K§K§áu A a¹Ä«�AÇ

K�k 64%"�âÚÝ{Küa¹Ä«�äN©Ù�L 3.2"

3.5 ooo(((ÚÚÚ???ØØØ

·�ïÄ
3 58 �#2y{ü¹Ä«¥�^ÚÝÈ\Ú^���üz"

·�uyÙ¥ 74% �¹Ä«áu A a¹Ä« (H · ∆Ta > 0): �^��~

�£O\¤�§�Ò´^��^��^= (_��^=)�§È\^ÚÝ�ÎÒ�

K£�¤"�â Lopez et al. 2003 ��.b�§XJv:^��=Ä�L�´^

6+�kK� writhe¶v:_��^=�L�´¹Ä«k�� writhe (ã 3.7)"

K·�ïÄ�2y¹Ä«¥È\�ÚÝ H Ú§�g�^6+ writhe �m´Ó

Ò�'X (H ·W > 0)"
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ã 3.7: 2y^6+v:^=��Ú writhe 'Xã"

éu2y^6+� writhe kü«�U�5
µSÜ�Ø­½5Å�~X

Kink instability Ú�pc|å"·�b���^6+lé6�¥2y§¿�Ð

©� writhe � 0"ù�^6+¥���ÚÝ´ H > 0, H < 0 ½ö´ H = 0"

^6+I�k�½� twist 5{�3é6«2y�du6NÄå3§�¡�)

�µ6é§�K�£Fan etal. 1999¤"̂ 6+2y��[��«
vk twist �

^6+$�ØU
2y£Schüssler et al. 1979; Moreno-Insertis & Emonet 1996;

Emonet & Moreno-Insertis 1998; Fan et al. 2003; Cheung et al. 2006¤"¤±·

���Äü«�¹µH > 0 Ú H < 0"

�ù�^6+lé6�2y�§¿��k�pc|åÛ­§�¶§D�§

writhe ÚÝ§K3��¥O\�´�� writhe§3H�¥O\�´K� writhe"

�´l·�� 58 ���¥§H�¥ 33 �¹Ä«¥�k 15(45%) �¹Ä«´K

� writhe"
3��¥ 25 �¹Ä«¥�k 7£28%) �¹Ä«´�� writhe"�

��Ü©¹Ä«���´�ýÏ��� writhe"¤±�pc|åØ´ writhe �

���5
"

�^|6+lé6�2y�¼�� writhe 5
u kink instability§du^

ÚÝ�Åð§̂ 6+�ÚÝÚ writheAäkÓÒ�/ª£H ·W > 0¤"ù¬��

�kK£�¤ÚÝ^6+�ºÜ^��£_��¤̂ =£Fan et al. 1999¤"3·
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�ïÄ�¹Ä«¥k 43£74%¤�¹Ä«÷vù�'X"
�§·��uyJ�

�¹Ä«�ÅÚÝ{K§K§áu A a¹Ä«�AÇ´ 82%"ù²w�u§Ø

�ÅÚÝ{K�áu A a¹Ä«� 64% �AÇ"3�£H¤�¥§�� kinked

�^6+2y��ÿ¤É���pc|å¬E¤T^6+^��£_��¤�

^="Ïd3��¥�pc|å¬Or£~f¤��kK£�¤ÚÝ� kinked ^

6+32y�ÿ £̂_¤���=Ä�ª³¶
3H�¥¬Or£~f¤��k

�£K¤ÚÝ� kinked ^6+32y�ÿ_£^¤���=Ä�ª³"u´��

¹Ä«XJ÷v�¥ÚÝ{KÒ¬k�p�AÇáu A a¹Ä«"�� Kink

instability Å��±éÐ�)º*ÿ��¹Ä«È\ÚÝÚ^|��üz�'

X"

ù�(JØÓu Tian et al. (2001) Ú Lopez et al. (2003) �(Ø"Tian

(2001) uyïÄ� 286 �¹Ä«¥§�L¹Ä« twist Ú writhe ´K�'�'

X"¦�@�´�pc|åé untwisted�^6+�^E¤
 twistÚ writhe�

K�'"Lopez et al. (2003) ïÄ
 22 �¹Ä«�üzuy�k 35% �¹Ä«

k kink �/�"
 41% �¹Ä«� twist Ú writhe �'X´d�pc|åE

¤�"Kink instability 3þã©ÙpÑvk²w�,�"Holer et al. (2004) u

y÷v Joy ½Æ�¹Ä«vkw«²w� twistÚ tilt ��'5"
�l Joy½

Æ�¹Ä«%w«Ñ²w�r��'5"¦�ïÆ�l Joy ½Æ�¹Ä«5


u Kink ^6+�2y"·��(J�|± Kink 32y^6+¥��3"

´�oE¤
ùü«ØÓ�(Jº��é­���Ï´·�©Û�´2y

�ã�¹Ä«£2y� 2 � 9 U¤"3cãØÓ(J�ïÄ¥§�ö©Û�´�

��m�¹Ä«�üz"Lopez et al. (2000, 2003) ÀJ���´lA�k�î

±Ï¥ÀJ�"Tian£2001) ïÄ��Ü©��Ñ´¤Ù�¹Ä«"Holer et al.

(2004) c�Ñ Tian et al. (2001) �(Jvk�Ä twist Ú writhe ��Ý�'

X§¤ïÄ��� Kink instability �&Ò®²�ùX
"¯¢þ§Tian (2005)

c©Û
 δ çf§uy
y² kink instability �3� twist Ú writhe �m��

'�'X"�UX Lopez et al. (2003) ¥¤�Ñ�@�§2y��^6+Úé6

�¥�ºÝ�µ6�p�^Ø�
 Kink instability �&Ò"

3·����¥3�£H¤�¥ 56.0% (57.6%) �¹Ä«È\�´K£�¤

�^ÚÝ"ù�(J� Labonte et al. (2007) ^ÚÝDÑÇÚO��3�£H¤

�¥ 57% (60%) �¹Ä«DÑK£�¤ÚÝ�(Jaq"Labonte et al.£2007¤
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@�ù«f�ÚÝ{Kª³§́ du3��L¡���gD/¤�"XJ£Ø

��gDK¹Ä«DÑ�ÚÝ��ÚÝ{K"�Cuyr�^62yâ´¹Ä

«ÚÝÈ\�Ì�5
§q��gD�5�ÚÝDÑ'du¹Ä«SÜ$Ä

¤E¤�ÚÝDÑ� 2 � 10 �£ë� Demoulin Ú Pariat 2009¤"¤±·��

(J3Ø£Ø��gD��¹eE,´ØC�ª³"5¿�·�Ú Labonte et

al.(2007) �(JÑ�u^ αbest, >6ÚÝÚF� sigmoid �(�5ÚO���

¥ÚÝ{K�(J"3¦��ÚO¥ 50%-79% (57.5-78%) �¹Ä«÷v�¥Ú

Ý{K"���U��Ï´·�^�´��O�È\�^ÚÝ
Ø´�cã�

ÚÝÚO�(Jm���¹Ä«ÚÝ�&E"

Tó�uLu Astronomy and Astrophysics 2009§in press
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3.6 ������NNN¹¹¹

TYPE NOAA Helicity sign Helicity Rotation ∆Ta Joy’s law

8164 - -7.85 - -55.8 F

10045 - -20.5 - -45.8 F

10227 - -10.3 - -25 F

10232 - -0.383 - -22.5 F

8117 - -0.49 - -9.58 T

8843 - -1.47 - -45.9 T

9728 - -3.37 - -37.7 T

9931 - -27.5 - -36.1 T

A 10268 - -13.8 - -33 T

10385 - -3.84 - -10.0 T

10461 - -6.87 - -18.3 T

10838 - -4.24 - -13.57 T

10879 - -4.75 - -55.1 T

8116 + 8.69 + 36.9 F

9495 + 6.17 + 7.93 F

10132 + 73.0 + 35 F

10839 + 1.42 + 37.1 F

9144 + 49.5 + 67.2 T

10480 + 0.16 + 12.5 T

10646 - -15.0 + 66.9 F

8052 + 9.93 - -15.0 F

10214 + 12.3 - -20.7 F

B 8722 + 2.73 - -25.0 T

8123 + 16.0 - -32.5 T

9063 + 24.5 - -0.8 T

L 3.3: ��¥¹Ä«È\ÚÝÚ��üz�©ÙL"È\ÚÝ¤3��ü 

´ 1041Mx2¶��Cz ∆Ta ¤3��ü ´Ý"È\ÚÝ¤3� + (-) Ò�L

È\�´� (K) �^ÚÝ"^=��¤3�� - (+) Ò�L�´¹Ä«^�

�£_��¤̂ ="T (F) L«T¹Ä« £́Ä) �Å Joy ½Æ"
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TYPE NOAA Helicity sign Helicity Rotation ∆Ta Joy’s law

9139 - -20.5 - -22.8 F

9399 - -14.1 - -18.4 F

10569 - -5.93 - -14.3 F

9897 - -1.68 - -37.9 F

10078 - -0.021 - -27.1 F

9873 - -26.8 - -61 T

8118 - -6.39 - -30.2 T

10141 - -5.91 - -70.3 T

10692 - -4.12 - -22.4 T

10135 - -0.13 - -31.3 T

10298 + 2.24 + 11 F

A 10671 + 21.6 + 36.9 F

10270 + 1.01 + 53.4 T

10426 + 1.07 + 0.2 T

10072 + 1.68 + 16.6 T

10291 + 2.12 + 25.5 T

10376 + 7.08 + 21.9 T

8016 + 8.43 + 60.4 T

10828 + 9.02 + 39 T

10869 + 17.2 + 15.8 T

9710 + 15.9 + 37.9 T

10591 + 17.7 + 28 T

9396 + 22.2 + 8.58 T

9417 + 31.9 + 8.11 T

10684 - -0.11 + 4.1 F

10481 - -0.2 + 16.5 F

10454 - -2.5 + 10.5 T

8167 - -1.28 + 2.9 T

B 10006 + 0.351 - -65.3 F

10489 + 1.14 - -18.7 F

8174 + 1.49 - -6.3 T

10499 + 3.15 - -6.9 T

10837 + 3.6 - -28 T

L 3.4: H�¥¹Ä«È\ÚÝÚ��üz�©ÙL"È\ÚÝ¤3��ü 

´ 1041Mx2¶��Cz ∆Ta ¤3��ü ´Ý"È\ÚÝ¤3� + (-) Ò�L

È\�´� (K) �^ÚÝ"^=��¤3�� - (+) Ò�L�´¹Ä«^�

�£_��¤̂ ="T (F) L«T¹Ä« £́Ä) �Å Joy ½Æ"
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4.1 ÚÚÚóóó

^ÚÝ3n�^6N´Åð�§$�3^­é�L§¥�´CqÅð�"

��F�¥��lfN¥Cq�n�^6N§¤±3F�¥È\�ÚÝAT´

Åð�§ù¿�X3F�¥^ÚÝ�È\5
u1¥�±e^ÚÝ�DÑ"�

����gDØUJøv
�ÚÝDÑ£Mandrini et al. 2004)"^ÚÝ3�

�w·���5\þ$��éuüÕ��¹Ä«5\^ÚÝ�þ�±�ÑØ

P£Welsh & Longcope 2003¤"¹Ä«ÚÝ�5\´F��í^|ÚÝ�Ì�

5
£Jeong & Chae 2007¤"¿�·�����¹Ä«3F¡þ�Ók�é�

��¬¡È§ÏdATk�½�Å�4¹Ä«���^ÚÝ3F��í¥­#

©Ù"

5¿�Nõ�¹Ä«dF��ë�å5§4b	Ú X ��*ÿ��«
ª

»��£TILs¤�Ñy£~X Chase et al. 1976§TILs �~fë�eã¤"ª»

��U
ë�ü�ÓN��£Wang et al. 2001¤§¿�§���ÚF�Ô��

ã 4.1: ã¥�Þ¤��Ò´l�1¥( X ��*ÿ����ë�H��¥ü

�¹Ä«�ª»��"

�éX3�å£Khan and Hudson 2000¤"d�¥ÚÝ{K·���H�¥�¹

Ä«ª�u�ÚÝ§��¥�¹Ä«ª�uKÚÝ£ë� Pevtsov et al. 2008 Ú
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p¡�ë�©z¤",
·�uy3�õê�¹ë�ª»���H�ü�¹Ä

«ª�uÓÒ£Pevtsov 2000¤"ùV«X3¹Ä«�m��p�^�U¦��

�ÚÝ­#©Ù"

4.2 ¦¦¦^̂̂êêêâââÚÚÚÚÚÚÝÝÝOOO���

·�¦^ SOHO/MDI �1¥À�¥þ^ã (Scherrer et al. 1995) O�¹

Ä«È\�ÚÝ§·�¦^ SOHO/EIT(4b	¤�"�º)ÚTRACE£Handy

et al. 1999¤¥(êâïÄF���ÄåÆüz"

�½�m�>.¡þÚÝDÑÇ�±��£ë� Berger 1999¤µ

dHR

dt
= −2

∫
(( ~Ap · ~V ) ~B − ( ~Ap · ~B)~V ) · d~S (4.1)

Chae (2001) A^ÛÜ�'�l£Local Correlation Tracking, LCT¤Ú¯�Fá

�C���{��Y²��Ý ~V Ú^¥³ ~Ap 5O��mdu£4.1¤ª�1�

��5�ÚÝÈ\"Démoulin and Berger (2003) �Ñ Chae et al.(2001) O��

ÚÝDÑÇ3b�1¥´n�^6N��¹e¯¢þ�¹
£4.1¤ª¥�ü�"

3ù«b½e§£4.1¤ª­#��µ

dHR

dt
= −2

∫
( ~Ap · ~U)Bn

~dS (4.2)

Ù¥ ~U ´ÏL LCT ���Y²�Ý§Bn ´R�u1¥�^|©þ"

·�¦^ chae et al. (2001) ¥¦^���5¤ã§̂ |S�ÚAÛÝKU

���{éMDI 96 ©¨êâ?1
�"#�^ãz������´ 1”"p�

^| ~Bn ¦^ MDI �À�^|©þ¦± 1/ψ (3ùp ψ ´T«�åF%��

Ý)"Ônþî���ÝÏ~�u 1.5kms−1 (Chae et al. 2001), ¤±·���

96 ©¨��üÜ^ã� £3 12 ���±e"·�ÀJ 12” ��ÛÜ�'�

lI���p�°"�
ü$D(§·��½3^|�u 10 pd�«���Ý

�""�
�Ð��lÀ½�¹Ä«§üØ3¹Ä«±	«��K�§·�À

½�'�l�'Xê3 0.9 ±e«���Ý��""�ºÝÚÆ·�u 96 ©¨

�^6(�§é���^|DÑÇ�K�3 10% ±S (Chae et al. 2004; Liu &

Zhang 2006)"·^±eúªO�È\�ÚÝµ

H(t) =

∫ t

0

dHR(t)

dt
dt (4.3)
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Ù¥ t=0 ��éAX¹Ä«m©2y���"

ã 4.2: l 2000 c 10 � 08 Ò� 2000 c 10 � 16 Ò§¹Ä« NOAA 9188 Ú

NOAA 9192 �À�^| (MDI) Ú4b	ã� (EIT) ã� (xÚÝ/µ)"þ

ã£a-d¤w«�´À�^|"eã (e-h) w«�´4b	 171 D�ã�"ùÚ�

��I£Ñ¹Ä« NOAA 9192 �2y§ÉÚ���I£Ñ
ë�ùü�¹Ä

«�4b	�"
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ã 4.3: ü�¹Ä«ÚÝÚÚÝDÑÇ�üz"��µ¹Ä« NOAA 9188¶m

�µ¹Ä« NOAA 9192"1�1£ã
¹Ä«�È\ÚÝ��m�üz§¥m

�1w«
�ÚÝ�'�ÚÝDÑÇ��m�üz"J�I£Ñ
n�AÏ�

�µ3 10 � 12 Ò 00:59 UT §3 171 Dþ�4b	�m©Ñy"3 10 � 13

Ò 03:14UT � 10 � 14 Ò 00:38UT ¹Ä« NOAA 9188 È\�^ÚÝ×��

~�£1�1�ã¤"e¡�1w«�´3 10 � 13 Ò 03:14UT � 10 � 14 Ò

00:38UT ù�ã�mS^^Ïþ8�z���^ÚÝDÑÇ��m�üz"
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4.3 (((JJJ

ã 4.2 w«
*ÿ��¹Ä« NOAA9188 Ú NOAA9192 l 2000 c 10

� 8 Ò� 2000 c 10 � 16 Ò3 MDI �À�^|©þÚ4b	ã�þ�ü

z"NOAA9188 uH�¥�� 10Ý§3 10� 8Ò�cÑyuF¡À>�£ã

4.2b �xÚ�µ¤"NOAA9192  uH�¥�� 13 Ý£ã 4.2c �xÚ�µ¤§

3 10 � 10 ÒÄk2y"3 NOAA9192 m©2y��ÿ§3ü�¹Ä«�ml

4b	ã�þwvkë��F��(�£ã 4.2f �ùÚ��¤"3 10 � 12 Ò

00µ59UT, ë� NOAA9188 ���çfÚ NOAA9192 �c�çf�F��3

4b	ã�þÑy
£ã 4.2 �ÉÚ��¤"

ã 4.3 �Ñ
ü�¹Ä«�È\ÚÝÚÚÝDÑÇ�üz"3 10 � 12 Ò

00µ59UT �cü�¹Ä«�mvkÑyë��F���c§NOAA9188 �±

��ÚÝÚÝÚÚÝDÑÇ§
 NOAA9192 �±K�ÚÝDÑÚÚÝDÑÇ"

3ë�ü�¹Ä«�F��Ñy±�§ü�¹Ä«�ÚÝÈ\ÚÚÝDÑÇÑ

Ñy
��"lã 4.3 �¥m�ÚÝDÑÇüz­�þ�±w�:NOAA9188 �

ÚÝDÑÇm©~f§
 NOAA9192 �ÚÝDÑÇm©O\"NOAA9188 È

\�^ÚÝ$�UC
ÎÒ"l 10 � 13 Ò 03:14UT � 10 � 14 Ò 00µ38UT

�uu�U��m NOAA9188 È\�ÚÝÒl���K�"Ó� NOAA9192

�ÚÝDÑÇ×��lK�O\�
��§�ëY�K^ÚÝ�5\�Ï"�

�"NOAA9192 3ù�L§¥��£��¤K£�¤�^ÚÝ§
 NOAA9188 Ó

���£��¤�£K¤�^ÚÝ"5¿�3dL§¥vk�ùü�¹Ä«�'

�F�Ô���£CME: Coronal Mass Ejection¤§Ïd�vk?Û�^ÚÝ3

dL§¥�\1(S�m¥"ü�¹Ä«ÚÝÈ\ÚÚÝDÑÇ�m���'

'XV«X�3uùü�¹Ä«�m�ÚÝ��"

ã 4.3��e¡�1w«�´3 10� 13Ò 03:14UT� 10� 14Ò 00:38UT

�m^^Ïþ²�8�z���ÚÝDÑÇüz­�"l¥�±w�ùü^­

���q5§ù�V«Xü�¹Ä«�p�^��3"¿�5¿�ü^­��

3X�mþ�ò´§��´ 96 ©¨"ù�N
ùü�¹Ä«�p�^��A�

m"

r^62y´F��^|ÚÝ��­��5
£Tian & Alexander 2008).

¤±þãO��F�ÚÝ�UC§k�U�´du^62yE¤�"·�5u

��eùü�¹Ä«���ÚÝ´Ä´du^2yE¤�"ã 4.4 w«�´ü
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ã 4.4: ü�¹Ä«^ÏþÚ�K4­%ål�üz"��: ¹Ä« NOAA

9188¶m�: ¹Ä« NOAA 9192"

�¹Ä«^ÏþÚ�K4v:­%©mål�üz"3 NOAA 9188 �^Ïþ

3 10 � 13 Ò 03:14UT ®²����§��§�ÚÝÈ\×��l�����

�� 10� 14Ò 00:38UT"3þã�mm�S§ù�¹Ä«ü4�v:­%�m

�ål�´3�����"éu¹Ä« NOAA9188§§�^ÚÝÈ\l"��

��s
�LÊU��m§
§l�ÚÝ�KÚÝ�I��u�U��m§¿

�3ù�U��mS§�^6®²��
��§ü4�v:­%�m�ål�

vkv²w�Cz"¤±Ø�U´#2y�^6E¤
þã¹Ä« NOAA9188

È\ÚÝ�r�Cz",��¡§NOAA9192 ^Ïþ32y��ÿ×��O\"

l 10 � 12 Ò 00µ59UT � 10 � 14 Ò 00µ38UT ù�ã�mS§§�^Ïþ

vk²w�Cz"
ù�¹Ä«�ü4v:­%�m�ål$�3 10 � 14 Ò
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ã 4.5: 3ÚÝ��L§¥È\ÚÝ�üz"��: ¹Ä« NOAA 9188, m�:

¹Ä« NOAA 9192. �ã�¢�L«¢S�ÚÝ�È\"mã��iJ�L«

�´XJb�ÚÝÈ\´�5O\��¹eÏ"�ÚÝÈ\"

00µ38UT ��E,�±±Y�O\"ù`²3ù�¹Ä«¥�^6+E,3

2y§^ÚÝATE,±Y/3 NOAA9192 ¥È\"�´lã 4.3 ¥·��

±w� NOAA9192 ¥�^ÚÝÈ\3v:­%O\�L§¥¿Ø²w"
�

3 10 � 14 Ò 00:38UT ��§NOAA9192 q­#m©
²w�K^ÚÝ�È

\"ù
w«Ñ
ùü�¹Ä«�c�ÚÝ��"ã 4.5 �Ñ
ü�¹Ä«Ú

Ý��L§¥�ÚÝÈ\µl 10 � 13 Ò 03µ14UT � 10 � 14 Ò 00:38UT 3

NOAA9188 ¥�ÚÝÈ\´ −1.4 × 1042MX2. XJb�^ÚÝ3 NOAA9192

¥´�5/ëYØä�È\��¹§3ù�¹Ä«¥¤Ï"�^ÚÝÈ\��

´ −1.2 × 1042MX2"ù��Ú3 NOAA9188 *ÿ���^ÚÝÈ\��¬Ü

�éÐ"5¿�ùü�¹Ä«3ù���L§¥oÚÝØ´Åð�§Ï�3d

L§¥E,k^Ïþ�5\£ã 4.4¤"nþ¤ã§·�@�ùü�¹Ä«�ÚÝ

�UCØ´d^Ïþ�2yE¤�§
´dùü�¹Ä«�ÚÝ��E¤�"

3 10 � 13 ÒÚÝ���L§¥§3�á��ã�mS§·�$�3

TRACE 4b	ã�þ��*ÿ�
ë�ü�¹Ä«F����7(�£ã

4.6¤"�â Berger Ú Field (1984) �½Â§ù��7(�´KÚÝ"¦+ù��

7(�34b	ã�þ��3
�� 3 ¦§ë�ùü�¹Ä«�F��3ÚÝ

���L§¥±Y�3¿�©ª?u¹��G�"ë�ü�¹Ä«�F��v

:ål d ��´ 57Mm"b�F��´��/�§K§��Ý��´ 90Mm.
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ã 4.6: ë�ü�¹Ä«��7F��£�ã¤"m>�oÌãw«�´��>

xÚÝ/µ¥éA«��üz§�Ý”d” �Ñ
ë�ùü�¹Ä«F���ü

�v:�m�ål"

4.4 ooo(((ÚÚÚ???ØØØ

ÏLïÄü�¹Ä«�ÚÝüz§·�1�guy
ü�¹Ä«^ÚÝ

���yâ"¹Ä« NOAA9188 Ú¹Ä« NOA9192 ´ü���2y�¹Ä

«"NOAA9188 2yÑ5�X��^ÚÝ§NOAA9192 2yÑ5�XK�Ú

Ý"3ë�ü�¹Ä«�F��l4b	ã�þw����å§NOAA9188 Å

ì¼�K�^ÚÝ"Ó� NOA9188 �ÚÝDÑÇm©l�×��K�K�§


 NOAA9192 �ÚÝDÑÇ×��lK�a���"üö8�z���ÚÝ

DÑÇ­�3 NOAA9188 È\ÚÝ×�~���mS��3X�q5"ë�

ü�¹Ä«�F��3dL§¥�~¹�§$�*ÿ�ù�F���3XKÚ

Ý�7�(�"5¿� NOAA9192 3dL§¥¢SÈ\�ÚÝ²w$u�5

È\��O�, ���ÚÝ�½=£�
Ù§�/�"�«�U5´ÚÝÈ\

uë�ü�¹Ä«�F��¥",
l TRACE ·�w�Û��KÚÝ(�

��3
�� 3 ¦"XJl NOAA9192 ¥���ÚÝ3F�¥�¥\È§±

Y�ÚÝÈ\/¤��7(�AT±Y����m",��¡§3dL§¥

NOAA9192 ���ÚÝÚ NOAA9188 ���ÚÝ�~��C"¤±�k�U
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��¹´ NOAA9192 ¥�ÚÝÏLë�ü�¹Ä«�F��=£�
¹Ä«

NOAA9188§�ké���Ü©È\3F��¥"·��üØ
#2y�^6

E¤ùü�¹Ä«ÚÝUC��U5"

Ïd§·��*ÿ�Ñ
��ü���¹Ä«ÚÝ����ß�y

â"NOAA 9192 2y�é��§§'k2y�¹Ä« NOAA9188 �\¹

�"¤±ë�ü�¹Ä«�F��7,´Ø²ï�"duù«Ø²ïE¤�å

7,Ì�
 NOAA9188 �e5�üz"u´ NOAA9192 �ÚÝÒÏLù�Ø

²ïE¤��^åDÑ�
¹Ä« NOAA9188§¿��p�^��mò´��

´ 96Mm"ë�ü�¹Ä«�F���Ý��´ 90Mm§¤±�p�^�DÑ

�Ý��´ 16kms−1"ù��$uÏ"�^ÚÝDÑ��ÝAT´ Alfvén �

Ý"·�¦^�´MDI � 96 ©¨^ã§�U
�Oò´�m3 96 ©¨±þ"

ù½NE¤L$�O
ÚÝ����Ý"

·�@�þã3¹Ä«�m�ÚÝ���U´���í¥�ÊHy�"�

ë�ü�ØÓKÒÚÝ«��^�uÐå5§�m¥�^ÚÝÒª�u��#

�²ï"

Tó�uLu Astrophysical Journal 2009,Vol. 695, L25"
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5.1 ÚÚÚóóó

lcüÙ·�±w�n��mS�ÚÝ�±ÏL>.¡þ�DÑ��§¿

(Ü^ÚÝ�Åð5ïÄ
��Ôn¥��
¯K"�du·�8cØU
�

ÿþ1¥�@�°(ÿþF��^|§¤±3F�¥È\�ÚÝ3�m¥�ä

N©ÙÚXÛüz�§·�E,Ø�Ù"Ïd^ê��[��{ïÄ^ÚÝ�

üzÒ¤���éÐ�å»"Äk·�AT��O��½�mS^ÚÝ��{§

ù�Ò´�Ù¤�)û�¯K"

3�½�m V S�^ÚÝ�L�ª�µ

HM =

∫

V

~A · ~BdV (5.1)

Ù¥ ~B ´3T�mS�^|§ ~A ´ ~B �¥³"du¥³�5�ØC5§

ª£5.1¤�k34Ü�>.^�=>.þ^|�^|R�u>.�{�©

þ£~B · n̂|s = 0¤��ÿâk(½��"Berger Ú Field (1984) �Ñ�é^ÚÝ

(HR) 3m��>.^�e ( ~B · n̂|s 6= 0) �äk(½��"�éÚÝ�L�ªX

eµ

HR =

∫

V

( ~A · ~B − ~Ap · ~P )dV (5.2)

Ù¥ ~B Ú ~A ´�Ä�m V S�^|Ú�A�¥³"~P ´ë�³|§~Ap ´ë�

³|�¥³"¿� ~A Ú ~Ap �÷vÓ��5�^�"ë�³| ~P �÷vXe>

.^�µ

∇× ~P = 0 (5.3)

~P · n̂|S = ~B · n̂|S (5.4)


3n�^6N^�em�>. S þ��éÚÝDÑÇ�µ

dHR

dt
= −2

∫

V

(( ~Ap · ~V ) ~B − ( ~Ap · ~B)~V ) · d~S (5.5)

Ù¥ ~V ´�lfN��Ý�¥³ ~Ap ÷v^� ~Ap · n̂|S = 0"
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XJ�½^| ~B§·�I�O����'�¥³ ~A§ë�³| ~P Ú�A�

¥³ ~Ap"3þ��m�¥³�nØd Boulmenzaoud (1999) ®²�Ñ",
3

�Ü©�¹e§·��Ä�m3n���Ñ´k��"Devore (2000) JÑ
�

«{z�{���½^|�ë�³|§�´3ù«�{¥È©þ�E,�3Ã

¡��"$��âù«{z�{���È\ÚÝvkÚ>.þ�}�6¤ýÏ

�ÚÝ��¥üN�O�"¤±·�I�uÐO�n�k��mS��éÚÝ

��{"¿�T�{���½�mS��éÚÝ�È\�Ú�â (5.5) ªO�

���>.þ�DÑ��±��"

3�Ù¥·��Ñ^©lCþ{ (Variable Separation Approach ,VSA) ¦

)�½^|�¥³l
��n�k��m��éÚÝ",�·�A^ VSA �

{A^�MHD ê��[�êâ¥�5u�T�{���5"3 5.2 !·�?

Ø VSR �{�[!"3 5.3 !·�A^MHD ê��[�êâu�T�{"3

5.4 !·��Ño(Ú?Ø"

5.2 nnn���kkk������mmm¥¥¥������éééÚÚÚÝÝÝ

·�3(k��IX¥�En��m"^| ~B ®²�½"n��I�3

x,y Ú z ��þ�����©O´µx = [0, Lx], y = [0, Ly] Ú z = [0, Lz]"

5.2.1 >>>...��� ~A ÚÚÚ ~Ap

Äk§·�I�¦)38�>.¡ (x = 0, x = Lx; y = 0, y = Ly; z = 0, z =

Lz) þ� ~Ap Ú ~A �"± z = 0 �>.¡�~"·�½Â��#�¼ê ϕ(x, y)§

¿� ~Ap ÷veã'Xµ

~Apx = −∂ϕ

∂y
, ~Apy =

∂ϕ

∂x
, ~Apz = 0 (5.6)

K�â¥³�½Â∇× ~Ap = B ¼ê φ(x, y) AT÷vXeÑt�§µ

∆ϕ = Bz(x, y, z = 0) (5.7)

·�|^ Boisvert (1984) ��{¦)TÑt�§"¿òù«�{A^�Tn�

�mÙ§Ê�>.^�þÒ��
 Ap 3>.þ�©Ù"·�� ~B �¥³ ~A �

~Ap Ó��>.^�"
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5.2.2 ©©©lllCCCþþþ{{{ (VSA) ¦¦¦))) ~Ap

éuë�³| ~P , §�¥³ Ap 3 Columb 5� ∇ · ~Ap = 0 �cJe§÷v

Xe Laplace �§µ

∆ ~Ap = 0 (5.8)

·�¦^ Ap � z ��©þ ~Apz 5`² VSA �äNL§"½Â u(x, y, z) = ~Apz§

§÷vXe�§µ 



∆u = 0

u (x, y, z= 0) = 0

u (x, y, z=lz) = 0

u (x = 0, y, z) = fa(x = 0, y, z)

u (x = lx, y, z) = fb(x = lx, y, z)

u (x, y = 0, z) = fc(x, y = 0, z)

u (x, y = ly, z) = fd(x, y = ly, z)

(5.9)

Ù¥ fa(y, z), fb(y, z), fc(x, z) and fd(x, z) ´ u(x, y, z) 3>.þ��"

(5.9) ª�)�±��µ

u =
∑

∆un =
∑

Φnsinkz k =
nπ

lz
(n = 1, 2, ...) (5.10)


>.^��±©)�µ





fa(y, z) =
∞∑

n=1

(
an(x = 0, y) sin nπ

l
z
)

fb(x, z) =
∞∑

n=1

(
bn(x = lx, y) sin nπ

l
z
)

fc(x, z) =
∞∑

n=1

(
cn(x, y = 0) sin nπ

l
z
)

fd(x, z) =
∞∑

n=1

(
dn(x, y = ly) sin nπ

l
z
)

(n = 1, 2, ...)

(5.11)

Xê an(x = 0, y), bn(x = lx, y), cn(x, y = 0) and dn(x, y = ly) d±eÈ©ªû
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½µ

an(x = 0, y) = 1
lz

∫ lz
−lz

Fa(x = 0, y, z) sin nπ
l
zdz

bn(x = lx, y) = 1
lz

∫ lz
−lz

Fb(x = lx, y, z) sin nπ
l
zdz

cn(x, y = 0) = 1
lz

∫ lz
−lz

Fc(x, y = 0, z) sin nπ
l
zdz

dn(x, y = ly) = 1
lz

∫ lz
−lz

Fd(x, y = ly, z) sin nπ
l
zdz

(n = 1, 2,...)

(5.12)

È©�¥� Fa(x = 0, y, z), F b(x = lx, y, z), F c(x, y = 0, z) and Fd(x, y = ly, z)

d>.^��E
¤µ

Fa(x = 0, y, z) =





fa(x = 0, y, z)(z > 0)

−fa(x = 0, y, |z|)(z ≤ 0)

Fb(x = lx, y, z) =





fb(x = lx, y, z)(z > 0)

−fb(x = lx, y, |z|)(z ≤ 0)

Fc(x, y = 0, z) =





fc(x, y = 0, z)(z > 0)

−fc(x, y = 0, |z|)(z ≤ 0)

Fd(x, y = ly, z) =





fd(x, y = ly, z)(z > 0)

−fd(x, y = ly, |z|)(z ≤ 0)

(5.13)

3£5.10¤ª¥� Φn Ò�±|^ Boisvert (1984) ��{¦)e¡�²0â[�
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§��µ

∆Φn − k2Φn = 0

Φn (x = 0, y) = an(x = 0, y)

Φn (x = lx, y) = bn(x = lx, y)

Φn (x, y = 0) = cn(x, y = 0)

Φn (x, y = ly) = dn(x, y = ly)

(n = 1, 2, ...)

k = nπ
lz

(n = 1, 2, ...)

(5.14)

ò¦�� Φn �\£5.10¤ªÒ��
 ~Apz"Apx Ú Apy ��±Ó��Ú½�¦

�"3�!¥¤�Ñ��{¡�©lCþ{ (Variabe Separation Approach)"

5.2.3 VSA ¦¦¦))) ~A

éu�½�^| ~B, §�¥³ ~A3 Columb 5�∇· ~A = 0 e÷vXeÑt

�§µ

∆ ~A = − ~J (5.15)

>6 ~J �±d∇× ~B = ~J O���"·�¦^ ~A � z ��©þ ~Az 5`²¦)

L§"½Â u(x, y, z) = ~Az§§÷vXe�§µ





∆u = −Jz

u (x, y, z= 0) = 0

u (x, y, z=lz) = 0

u (x = 0, y, z) = fa(y, z)

u (x = lx, y, z) = fb(y, z)

u (x, y = 0, z) = fc(x, z)

u (x, y = ly, z) = fd(x, z)

(5.16)
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�âÑt�§��55�§�§ (5.16) �)�±�¤e�ü��§)�Ú

(u = u1 + u2):




∆u1 = 0

u1 (x, y, z= 0) = 0

u1 (x, y, z=lz) = 0

u1 (x = 0, y, z) = fa(y, z)

u1 (x = lx, y, z) = fb(y, z)

u1 (x, y = 0, z) = fc(x, z)

u1 (x, y = ly, z) = fd(x, z)

(5.17)

Ú




∆u2 = −Jz

u2 (x, y, z= 0) = 0

u2 (x, y, z=lz) = 0

u2 (x = 0, y, z) = 0

u2 (x = lx, y, z) = 0

u2 (x, y = 0, z) = 0

u2 (x, y = ly, z) = 0

(5.18)

£2.17¤�)�±d 5.2.2 ¥�Ú½¦�"3£2.18¤¥�>6�±©)�µ

Jz =
∞∑

n=1

(
Cn(x, y) sin

nπ

l
z
)

(n = 1, 2, ...) (5.19)

Ù¥Xê Cn d

Cn(x, y) =
1

lz

∫ lz

−lz

F (x, y, z) sin
nπ

l
zdz (5.20)

�½"(2.20) ¥�¼ê F (x, y, z) d Jz �E
¤µ

F (x, y, z) =





Jz(x, y, z)(z > 0)

−Jz(x, y, |z|)(z ≤ 0)

(5.21)
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u´�§£2.18¤�)�±ÏL¦)eã²0â[�§��µ

∆Φn − k2Φn = −Cn(x, y)

Φn (x = 0, y) = 0

Φn (x = lx, y) = 0

Φn (x, y = 0) = 0

Φn (x, y = ly) = 0

k = nπ
lz

(n = 1, 2, ...)

(5.22)

�ª¥³� z ���©þ ~Az ÒÏL u1 Ú u2 ��\��"¥³�,	ü�©

þ ~Ax Ú ~Ay ��±ÏLaq��{��"

5.2.4 ���ØØØ ~A ÚÚÚ ~Ap ������{{{ÑÑÑÝÝÝ

3¦) ~Ap Ú ~A L§¥·�¦^�´ Columb 5�µ∇ · ~Ap = 0, ∇ · ~A = 0"

b� Ap ��{5��

∇ · ~Ap = −~G (5.23)

½Â?�¥þ´ ~M"§÷vXe�§µ




∆ ~M = 0

∇ · ~M = ~G

~M · _
n
∣∣
s
= 0

(5.24)

�Ä ~M � z ©þ ~Mz, §AT÷vXe�§µ

∆Mz = 0 (5.25)

Mz(z = 0, lz) = 0 (5.26)

∂Mz

∂z
= Gz (5.27)
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(5.25) �)�±��µ

Mz =
∑

Φn(x, y)sinkz k =
nπ

lz
(n = 1, 2, ...) (5.28)

Ù¥�¼ê Φn ´±e²0â[�§�)µ

∆Φn − k2Φn = 0 k =
nπ

lz
(n = 1, 2, ...) (5.29)

ò (5.28) �\£5.27) �±��

∂Mz

∂z
=

∞∑
n=1

kΦn (x, y) cos(kz) = Gz (5.30)

Gz �±©)�µ

Gz =
a0

2
+

∑
n=1

an(x, y) cos kz (5.31)

Ù¥�Xê an dXeÈ©ª¤û½µ

an =
1

lz

∫ lz

−lz

W (x, y, z) cos
nπ

lz
zdz, n = 0, 1, ... (5.32)

3TÈ©ª¥�¼êW (x, y, z) d Gz �E��µ

W (x, y, z) =





Gz(x, y, z) (z > 0)

Gz(x, y, |z|) (z ≤ 0)

(5.33)

¤±²0â[�§ (5.29) ª�>.^�Ò�±��l
¦)
§
?�¥þ ~M

� z ©þMz Ò�±l£5.28¤ª��"?�¥þ�,	ü�©þMx ÚMy �

±ÏLþãÓ��Ú½��"3¢S��Ø¥³��{ÑÝ�L§¥ (ë�ã

5.1)§·�Äkò�{ÑÝ ~G 3 x ��þ©)��²0â[�§�)l
¦�

Mx",�ò#��{ÑÝ3 Y ��þ¦)1��²0â[�§l
��My"

��ò¤�e��{ÑÝ3 Z ��þ¦)1n�²0â[�§l
��Mz"

���{�ÑÝ�±/¤#� ~G ?\e��#�Ì�l
ÅÚ�Ø�{ÑÝ§

��?�¥þM"3��?�¥þM �§�ª� ~Ap ´ ~Ap = ~Ap + ~M"éu¥

³ ~A �?�¼ê��±^Ó���{¦�"ò¤¦�� ~A Ú ~Ap �\O�úª

(5.2) Ò��
3n�k��m¥��é^ÚÝ"



1ÊÙ n�k��mS�éÚÝ�O� 67

G

Z direction

1

( , ) cos
n

n

G a x y kz

2
0

( 0, ; ) 0, ;

( ; 0, ) ; 0,

n n

n x n x

n y n y

k

k x l y a x l y

k x y l a x y l

, sin
z n

M x y kz

z

x

M
G G

z 1

( , ) cos
x n

n

G b y z kx

2
0

( 0, ; ) 0, ;

( ; 0, ) ; 0,

n n

n y n y

n z n z

k

k y l z b y l z

k y z l b y z l

, sin
x n

M y z kx

x

y x

M
G G

z

1

( , ) cos
y n

n

G c x z ky

2
0

( 0, ; ) 0, ;

( ; 0, ) ; 0,

n n

n x n x

n z n z

k

k x l z c x l z

k y z l c y z l

, sin
y n

M x z ky

y

y

M
G G

y

X direction

Y   direction

ã 5.1: ¦)?�¥þ ~M ±�Ø¥³�ÑÝ�Ú½"

5.3 AAA^̂̂ VSA ���êêê������[[[êêêâââ¥¥¥

·�¦^” êâ°Ä” �n� MHD �.£Büchner et al. 2004a, Büchner

et al. 2004b, Büchner 2006, Santos and Büchner 2007, Santos et al. 2008¤5�

)êâ§l
|^þã�{O�Ù¥�ÚÝÈ\"T�.´¦)e�MHD �

§|µ
∂ρ

∂t
= −∇ · ρ~u (5.34)

∂ρ~u

∂t
= −∇ · ρ~u~u−∇p +~j × ~B − νρ(~u− ~u0) (5.35)

∂ ~B

∂t
= −∇×

(
~u× ~B − η~j

)
(5.36)
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∂p

∂t
= −∇ · p~u− (γ − 1) p∇ · ~u + (γ − 1) ηj2 (5.37)

Ó�î0½Æ§S�½ÆÚÔ��§Xeµ

~E = ~u× ~B − η~j (5.38)

∇× ~B = µ0
~j (5.39)

p = 2nkBT (5.40)

Ù¥ ρ ´�lf�Ý§~u ´�lfN�Ý§~B ´^|§p ´9Øå§T ´�lf

�§Ý"~u0 �«¥5íN��Ý"�lfN��Ý��3Ú¥Ú1¥��¥5

íN�$ÄÍÜ3�å"

3Äþ�§¥§-E�^5£ã¥5íN�ÄþDÑ��lfN"ν �L3

¥5íNÚ�lfN�m�-EªÇ"31¥ÚÚ¥�-EªÇ��u Alfvén
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[11] Büchner, J., Nikutowski, B., & Otto, A. 2004a, in SOHO 15 Coronal Heat-

ing, ed. R. W. Walsh, J. Ireland, D. Danesy, & B. Fleck, ESA SP, 575,

23
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