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� 1 H �DY*�Yp"\r�	Dg(�J 41�
H =

∫

X · ∇ × Xd3x , (1)

H =
∑

i

TiF
2
i + 2

∑

i<j

LijFiFj , (2)

H =

∫

A · Bd3x , (3)Jq (1) %	�C%|#=_:� X 	t�|�"o� (2) %	�qo� (flux tube)%Q%:�%��C F B&�}�%�qo L B&m��do%a2�Ub=� T B& �qo�q5%3d (twist) .`q (writhe) =d.� L . T �{FVd�a2�:� [1] V�dDB&'s%>�C.��C�� ��CB��C	>�C
Pk�Ub%x/+B�:^�'s%�C� (3) %	4�Qx:%��C:� B B&"o� A	7�%"o+4�LQ� A �S�p�T%H��[nv��uhv�Cx/^LrGdo%Ubk>G73\M+R�a2��Q��: 3 %kL73'sRjGokd��qo�x/vS�CZ�%,5%a2|DTp��C,"o%�\T�5o%UbT)|D��%|u=_�:=_�L	���%f'z'�P>j�_f'qyOg%,�C>![$nq%m�Æ~�N�Æ0<!��4�%vS2,�![~C�
W|a2x/>Xo![_q%9�.f'�
1.2 �3e;�u��_��8����O=	~h%Xo�Oq��CQB\%,�'sL +�\%>Z��)oq$�}�%3d�`q��� (knot) )^%3}��/aR���Q�f'�qo�%WXa2T,	sf'R^`��CL)omC%0<!�� Elsasser [2] (1956) >�}he_q��s��Cx/Ghv���C>[:�}hq,68%�Woltjer [3] (1958)�vs|�:[�73'(�j�5%)ZÆh��C68Y�%�,)\	5T�e�W�:[�&s�mC�> Ga20<Tnv��C>|:nv+B!	|�68oR0<�%mCR	�	:��C�e:$3Go![.jh![_hQv0�Taylor [4]

(1974)���C68�&s RFP (reversed-field-pinch)�nq%|G)ZÆhTpm#��Cf'�|O�N�℄���0>j�_hS0w�% GO=0Bx&P
��C68�e�{w�!p:� (CME) .XoiV�zXo(P89�R%��C�Xo~Z�OLK���Bu��C>Xo�Oq%89�ex,Xo�mCq%|�vtf'Ee�
2 ��
Eh)'a!0UL
2.1 �I��x8V[��C|#:� ((3) %) q[�%"+ A ��[L=Tt`�+!�[=J�Q�![o.![���,pL=� (3)%rs���[L=T (A +∇Φ → ∆H = 0) �Vk>Vd:�	73�B� (73) R�3.%jGo (2k) �R��[L=T�>f'Xo�O�O=�qg:�m�:���^�.�^�d�%w� |Z� (RV,�℄.2he5 �f�e) �
	>�f%Xo�Oq|#��%��C:�,L



� 42 �������k���`���J������� 23 4���[L=Tt`%� ,j�_h�SB�Xo%����~CvSL��C:��RsWv� 1984 , Berger . Field [5] ��|T=%*XPd5s:�nv�e (RVE,K9sg7:�nv) �P>|:nC���s�:�e� Berger. Field �|%k:T=#Y�%bD,�z�^���%b'Jk+ (�h5}dM��^:��mW��X�do2=+8Y�>�5}dM)�Y�%��C#T=%��Cd℄,�[L=o�|%:�nv	�^�mW%�X�j[�
HR = H(Ba, Bb) − H(P a, Bb) , (4)

Ba · n̂|S = Bb · n̂|S . (5)

(4) %. (5) %q+� a B&�^d�%Go b B&�^�+Xo(P%Go S B&�^:�� R B&T=%�G P a B&�^d�|�+�\%T=�
Berger . Field [5] (1984) a��Y�#T=>�^Zd+% b Go%��Q|m� b Go�2h%�QGL�;7L��C%g��n���C%a2��R<��Ch0%,�%a2|DTp�
	t�m�%��C℄	[��V�%�℄	5:^5: ��>℄	%Gob'(%�Q�

2.2 ��℄H1b
Berger. Field >�T=*X5��CVdq:�nv�e%r�Hd
s|�2�![��%B�XoW	��C>Xoz'%�fXo	!�:sJ,� [5,6] �
	 (4)%# b Go%��Dz b q%Jk+:L�o`�B#

d

dt
HR(Va) = −2c

∫

Va

ηJ · Bad3x + 2c

∮

S
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Ap × E −
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c

∂Ψa

∂t
Ap

)

· n̂dS , (6)%q Va B&�^�d�%Go c 	YGLC η 	5�� J 	h5}�CAp B&+QL�%"o+ (H��[+)  E 	5VC Ψa 	dM$nq�|%|��:+%�o(=�
(6) %�:/|=�B a Go(��C%*��	=#�d's%��C*�>Q%��j|m (
	 b Go%Pd3Ch aGoq%T=���C*�k�+Y�> a Go%*�) �/R=�B a Go:���%��CqoVZ�sY�.T=do%b+T℄	>:���%�;�>[:\M+ (η → 0 RB:	�V4= Rm .� 1 ^�qCI��$n) *�=C�k�+B�=�=z5!:��|:# Ld|*�%7L��CP�omCB�%�

(

dHR

dt

)

ideal

= −2

∮

S

(A · v)B · n̂dS + 2

∮

S

(A · B)v · n̂dS , (7)

A · n̂|S = 0 . (8)�:m%q v B&�^��%��9=LC n̂ %^�	w^�$��
(7) %%![&�XI 5��I�eq%B�p"o�Vd (u/ 4 �) J/|=�B�}�>�^B�%AA9=�N%��C89/R=�B�}��n�N%��C8



� 1 H �DY*�Yp"\r�	Dg(�J 43�9� Chae [7] (2001) 5�����dMs|�O=b (NOAA 8011) #,PsX9=��%��CmC ((7) %q�:/|=) �S�,P7���^X (LCT) [8] ��qdM�^����2%AA�=LCn:�JLr_z=J (FFT) ��qZv+"o+ A ��:z A�v�B �|Vd# �^��AA (sX) }9=a�%��C89� Chae %�#/&,P[�%AA}9=L��C89%�;5�℄��%�;/��Su	w�%��CB�q$Wu^%VWNR	 CME %S�d
nv� Chae %	!Q^e%O=b���%�qon0B�L=�n0=%Vd2��,�^���,LK.�J�qon0J%O=bx�	LKa��
	 (7) %q%/R=�f�B),�	vt%|=�n0=%dMN'R� �}�%�nLC,Æ%�0�OEULCXo�v%k,)ZÆh!py%0�LCL)�B��nLC
	l�e5^��!p,L?�%�
Kusano )r [9] (2002) ���^n%^X (Æ=�^nq%Q�=) Zv�nLC�S�rs� s FFT . LCT �[W�vs�%AALC.�fLC��S�%^X$ q<Yk�XO ({L�^�t�%�P Z "�=C!s|:%LjTk�)�[%O�9�:2kT�e�Q�W|^XLX�f���Demoulin . Berger [10] (2003) dv|��n�*��%LC.�%q��~�'�P�q$W��~�'S��t�|J��*� (L,��)�n%m�LC (0�.AAdo) ��|s� LCT Mv%LCq�
	�Wu�2R< (7) %�:%m�Vd=L,Bd%�>W����B�u	 Chae %	!�m=Vd�+O�hs^#9� n0bx,kd%�Xthv%,�^��C%�fdMkt[ LCT ^X�a��e,Xt=�%�|�,d?��e��}�\qC.0�%"o�v�God?�7℄5�� ({Fz�XO%�God?�0 2′′ L�Xo�0 1400 km ���*�}��P=�D�^�}�f$> 100 km ��mV℄s0|�o_LBd?) �rs�qoJLn0R��2AA9=�J%\M+!,P7��[%�od?�,jvn���xXt�|O%pn�{|��e,�}��B)l{��nW��%)VC5B)LM�X�=CRV,�}�%m��2Ljn0Vd:xZ�Lv��Cn0�
	LCT ^X�F (���Cv>��89) � Demoulin . Berger%�*�n�Px8Y7yWG\M��%ER� LCT ^X`��2AALC�>Ou,3T��v,jLM��3%God?��7�%b'Z℄L���}�%LBX9=��3�od?�LJL9=%�AA��
2.3 �3e;8kMÆY0>%[�u	O=b�R, XoL}b-P%S5UF����}�%Q%�$L}bnv�^���}�H�%��Cq$j[%�}�n0R3�%�Q�J89 �^.w��:>w�qVWNR�Low [11] (1994)u	w�!p:�B�/	m��J%�}he_$n�|�,SGw�q�o)o.��CP�oVW%$n�{|�,�.��C0<� : (�:\%w���Ci$sw��j^L�:T%$g [12]) |Pd�}h:v/a7Pd��C�!PdK �,)\.��C%$n� CME >RNfGo%|ua!,�6 (OnL,�|� CME �)Qk�6) ��o%��X=1#��)5�[z.s�6(P%|G\ [13] �	B�Z$RzX.�d CME %��



� 44 �������k���`���J������� 23 4�C�k:��^Z:$�~��C,68% Green )r [14] (2002) �vsXo�O�,Z {Z%|���Cd;)%�
∆Hemergence = ∆Hcor − ∆Hd.r. + NHCME , (9)%q�:|=	��^Zd+n0%��C=Co�:/|=	w�%��C=Co/R=	B��℄��2= [14,15] �:|=	 CME ��%��C (N 	�1S���d% CME %="+OsÆ3�X %$G) �0>HL)	ldM (9) %q%�|=5O_VdM$J�:n0=q%|Pd��C [7] � Berger . Ruzmaikin [16] (2000) dMsXo(P�℄!�a�%��C'^8v��#, 2× 1041 Mx2 · hr−1 � Chae [7] (2001) dM%|��n0O=b��C89�, 1 × 1039 Mx2 · hr−1 � DeVore [17] (2000) L�%6XO=bdM# %�#, 1 × 1040 Mx2 · hr−1 � Wang [18] (1996) �5T�ek:�3Fz�XO%"o�v�MsO=b NOAA 6233 �^�%8L��C89� (,Pb'%8L��C) � 7.2 × 1042 Mx2 · hr−1 �:Ra�_V%dM>o_�G��iv Wang %�M�l dMw��%7L�C5-t��^�%�	:�nvn:!5T�e~zG#Go�X %w�~ X �5��?+3�:�3 FFT ^B [12] � CME %��CL)f�q$�X#v0>k)!�m�d� (9)%Hk:sRNfGo%�6. CME �>||L��'P�6%�,B��X%�Q�B��Mv�6. CME %��C [19,20] �B 1 �vsXo��Cd;\M�. 1 �v�4f<Bj. [14]

1042 Mx2x I Hcor ∆Hcor ∆Hd.r. ∆Hcor − 〈∆Hd.r.〉 ∆Hm.cl. ∆H′

m.cl.℄�zz,
1997 . 11 5 2∼5 x −33.6 [0.2, 0.8] −33.1 [−20,−80] [−20,−80]

1997 . 11 5 2 x −11.0

1 33.5 [1.4, 5.1] 30.2

1997 . 11 5 29 x 22.5

2 −2.9 [5.1, −4.6] −3.2 [0, 0] [5, 20]

1997 . 12 5 27 x 19.6

3 −11.2 [−4.6,−2.8] −7.5 [12, 48] [24, 96]

1998 . 1 5 23 x 8.4

4 −3.3 [−2.8,−1.6] −1.1 [18, 72] [34, 136]

1998 . 2 5 20 x 5.1

5 −2.0 −1.6 −0.4 [8, 32] [19, 76]1 2∼5 ℄�z�1 −19.4 −7.3 −12.2 [38, 152] [82, 328]��Cs�xu 5 �[r℄�z(x���_��7(��F (,AfF
 cor �d.r. �m.cl.) 
∆ C(>Dq
1 1 z6V�fe α (m,�Rw>���1}S�xxS
�_>s�`P,(.>�ueN-Q(�L�o1(�<
�<nxA.�7(��F�<}x>�u CME ?#(w`
�7(rF�n�Y4l�� 0.5 AU 1 2 AU �R��7(��Fy�}�\�
 Demoulin +s [12] (2002) y uYJte




� 1 H �DY*�Yp"\r�	Dg(�J 45�Xt��%,B��℄=�s+�
	B��℄��%�#��L,�w�89��CP,C*V��6XO=b	B��℄9=L��C%�;+&smu7Z%F���|XT4�%\� (3d�C) �_sXTdo%7L\� (`q�C) WmuF�a�%��C�,l+7Z�6XO=b%{�	&/e��`q�C�;� 3d�C�<%e��_)7Z [14] ���Q:L'S0��C>Xo�Oq%dM	!,�	�ÆV�%�Jq|�y�3=0%�e,�>�q�^�%��C8|dMq5O	!�=�s|�qCL��e [21] ^ �qC%![�et>rs%qC�S���0�5O	!>�[ (9) %�:=�k=�L�%�^O=b�W+.J�:%![LB (�6� CME) >qC�℄DX���#,^#j8=�s,PsX}��n0RqC��%�℄2��CA7x5'� �Q�>�:%	!q5�8tzJS|G�qC%�2���C%XoO=$nR0Bx+O� (9) %qR�5{�n's%��C�O=b#O=bdo%��C) (��>~ X �5��?�B�<uO=b#O=bdo��qC%w�GjqWE�V�do2��qC%|Dj�T) �Xo��C>�h��u,A7%Wx��
��C,|�j^o�l dM��O=b��C��Æb�mgx,g#�|O^`%�e�{~��C�L}b#�^Z-P8|��^[$Gb�:�w�8v RNfGo^�$nqH�|�Xvt%k��b[:�}hq%J=$n��C�ox,68%�W�k�� Berger [6] (1984) dvSq$?% – �}�L)%a��>�~P)o,%b[:)ZÆhq��C%*�e5 )ZÆ%�)o�)o%*��[A9�Q�'=�Q��Qf'%![$n%��.E ��C*��� (τd = L2/η = L2µσL v! τd ≈ 1012 sη�µ�σ dDB&�Q������.5��) ����C+,68%�
Hornig . Rastaetter [22] (1997) �|Ohv��vgv0����Cx,�I68%k,vgv=s��C>�}�do%�d;��On0�J%��CA7^n%�>L	�e�V>��Cf'z'qk,|�5�mg%^��P
_�o}}%LK�XXo![_z'%|�I_�3!f'Ee ——�w.)v
#l�_>}xI:�zXo�%O=#�u.^![F�.)v�NRf'Jmg�n,�Bn�%�f'��C8|�8vA7�e8n)LXo�O%��GoZ��u)v%;0��S.�<d
J%0<Tnv�
2.4 �O:o3e;�9de;8{RA/�*nCJ?�����C>Xo�Oq8|�8vA7�e�5)%f'S �"SH��5)%�Xa1bpWXf'�7Z.+�t℄%O=b��CdMf'.�C'^3\Tk�td%�Xsd�#bp�q!_V>W|z'!s5O�	v�%�X.d$	!�+�%`�~t�q5}�C�xj|s��C%(y (mV�f��5V%g') �Xo�5O\����>'^dM%LLjT�5{4Æ'�.�%\�^� [23] �O=b5}�C%dM�1!�n%���w�G% S RZ S Q��9/&v&/'^%�+TdM\GYL~T XoO=y%=C [24] � Pevtsov )r [25] (1995) # Bao .
Zhang [26] (1998) dD!s��C.5}�C%'^dMsd� Pevtsov )r�dMv%5T�e#�X %6!+3L�|�O=b`v|���C% α �
	,>5T�e



� 46 �������k���`���J������� 23 4�k:+Q�LrO=b%W���C α ToL�C%dM>|:nC�+�BsXo��C[5}�C%'^dM� Pevtsov )r%�#/&�/'^��C 76% 	s&'^ 69%	_�P Bao . Zhang ,-zO=b��?K2%5}�C�Cd8Lg`.!	ub�|Cg=n:`vuO=b%5}�C�C z doQL�%�|CTo ρk (W�To>5T�ek:+xB�B��Cl+) �g#|d%,� Pevtsov )r# Bao . Zhang %f'�/&sXoO=b5}�C%'^�+dMP:V%5��s4 (422 �O=b) sd	! (uv 1 vq|�2�B|�O=b) ##Wul+XD%�> �n� (/'^5}�C 84% 	s&'^ 81% 	_) �

w 1 �6~	D&DeN [26]

Wang . Abramenko [27] (2000) xGf'$�n0b%�`qTS�� 4 uLr%^X̂ �VA9X�qoA9X�̂ �~+3X�do+3XdMsO=b α�Smu^X# O=b%A9 α �:mu^X,z�	:�nv%5T�e~zG#�X6�R��C+3�#~z#�f����Wang . AbramenkoL|�n0O=b NOAA

7321 !d$:#v���qo#�5}rOFhYl5T�'�Fh��'L _sb'L|s�>�qon0% 3 d quO=b% α =C7�ES4,p> 6× 10−8 m−1 AA�� Tian )r [28] (2001) LO=b%Z~ (_�sXivqM#s!%g~) .A95}�C (ARdo%O=bA9) �Rf'S0m�'^ 60% %6XO=bqZ~%_�sg#A95}�Cg%l+7Z�� 1/3 %6XO=bmV	r+ (S�jd	2��Zg3\T�%ZgO=b) �>W�XoO=y (/ 22 y) _ 62 � M _��% X �5v!q8�Pd�B0vO=�C�%a+WGv!O=b�gl0�Zg3\T��
Pevtsov )r� Bao . Zhang � Wang . Abramenko � Tian )r� Leka )r [29] (1996) %��q�|���,(>|m%��}�>�ndS+,�`q%� Leka )r� 4 �^�^Q\��R9=�5}�[5}#�qo%Fh�'Rl:4Æn0b5}#�qo



� 1 H �DY*�Yp"\r�	Dg(�J 47�%�'�S�%��B�LXt��^B�%}9=RsX��e5xL|:t3�2%9=Q`d5}��)xL8t��^%}qQ#��}�>n0v�^dS+,`q%�b+% [30] �H�5}.)o%��qon0.�^5}%v0�0!r|$n�>�:WG_V%	!q Tian )rd %O=�C��e5g#v0�S�%f'/&O=�C�%KCHB)2� |\C= (0 30◦) %2=�{#WG�#)�|O��Xsd�:T.:ol:+R$ÆzMX�.��XoS5U%f'�[r�LXo�O=%u���:��hv%,"S%f'HÆ)�jl:5}�C#��Cdo%7>�'�XoO=mC$nq��C�I68P5}�CkL,|�68o��,S "S%|Gu�xL)u	V�do��p�%℄D�|^���CB��j��|DT~Ch�:�{|^�5}%�>��
��X�Lj[Tv0�Q���xB�5}%|DT~C (UbT) hZ���C^5}�C�5}�C,>��qC�h0�%|DT�>g α �e\Q+5}�C.��Ck7℄ α2 �BumV%�'�d�X��|O%d$u4�/ 4 ��
3 ��
E%LUZq�g'i)
3.1 �3e;Lu�+>
sU8a�v!��n-S�CME ,Xo�gu% 3 u-S)vLV�%f'xB����C^��R [31] �Harvey. Harvey [32] (1976)S0>w�:-{LYZ�9=%OEULC\��%v0�� v!S��o� Herdiwijaya )r [33] (1997) =\s 276 �4Æ%�R9=hv 70% %4ÆJL?�9=.v!%S�7�� Liu . Zhang [34,35] (2002, 2001) f'��%O=b NOAA 9077:#v� δ 4Æqm�ZXT4�do%JL7LsX9=L u)vq�v! (3B/X5.7) %�S��nWO�7� CME )v�vt2�4Æm%9=^�.�nK:�WO%Go�n�5)%L��'�Moon)r [31] (2002) �XS0�v! (M �X _) )vq X �5}o%hg�D (� Geostationary Operational Environmental

Satellite ^ GOES �N�X) ��n-S�D� CME �S�D�#��C8L=Co%X��D�5V%L��'� Hα v!%Frb.�AA9=%LC->Go�n��X7��Pevtsov )r [25] (1995)%	!qHd
s��C=C.v!O=7�%|�V�ea1
(v 2) �>�:%a�)qw�:-%0�OEU�4Æ%�R9=���2%AA9=��>|mTW>|:nC�B�u	V���Bs 2.2 � (7) %�:/|=Vdq%LC�Q����C89%�2R<Xo{Z�O%|G-ST)v.,Z�^�%=CB)�>V%=e_'3�{~B����CL�'s})%3o!�Rd$Xo-S)v� Berger [6] (1984) %	!q�v$|���C=CoL'smCu���D)o=C%3o�'%�

|∆H | ≤ 8π
√

η̄(E2
i − E2

f )∆t .
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w 2 ��	DU> α $w"P> [25]

w 3 ��d&~*$K	D8?�('�w
�%�:B&mCS:'s%��C=Co�:�%+%![odD	A9�Q�'=�u��D)o�mC�o�u%E�'s��C%8L=Co0<s'smCS:Q/a)o�E%+3g�XtE�%,GL,'s%��C1�'sQ/a%��)x1O#)o/a�'�X%,��C%=Co�� W|2!(_V�[�.�X���5)%/�v 3 ,qtE��})#J�C7>�'%&�v [21] �h'%��CFj�'s�{)�.�,)�Pd�{m�)�%)od℄ —— ��)G��
	��C%FjP/�d{�{#�{~|���C�E�I�l+7Z%'sj|$Æ^�'s%��CB���y's%�,)�z| +t�Ws>���C68%nv+'svnB���O%��)/a [21] �W|�2# sL	�Xbp�

Wang )r [30] (1996) dv�v!O=%)oB)R�Jn0%�H�5}%�� (magnetic

loop) #���>%��e�\%��do%7>!��XoO=#O=b%b+T�5��'b+T�E#�Q:&%�)V��X7�� Bao )r [36] (1999) %f'xB�O=b5}�CdM%JLP/�%=C5B)�Sv!�v!�n.5}�ChgGLL��rs Kusano [37] (2003) %=g�+f'�#/&Xov!%S�#Lrl+%��C�|r|b'���v!%S�N$ �CZ=Z (helicity inversion layer)PW�Z=Zq%��Cl+.X��^��,>℄3=C%���Q:B�<v��C.Xo-ST)v%g'H�>5Og#f'%�e�



� 1 H �DY*�Yp"\r�	Dg(�J 49�{��C (Hm . Hc) %89#�qCw�=e_0B (�n-S� CME) do,j�>g'�{#�%E)je�.b�(>%![UoPL,o|>7�Tsd�J���C.v!%�''%{2�WX-S$nq��C,Es3o�'s)o}�./a%�>�X^� Leka . Barnes [38] (2003) %sd^XB��t��uZLT.^CToY�O��n0b�>[�^�Xo-S)v%sd	!�u�7�%[��"�R�3[%/�W^�%	!"SvX	�|G_VBG%[�f'^XRZg#�t{/a��)#��C%�'�eRZB��t Woltjer [3] (1958) %^X�n�f�et�q<|G�
3.2 �(z (p!) �{83e;�n's2�3\T5B+	Xo![_hQS0� Martin [39] (1998) La���n!dX:9*.��sW|T��mER�EqC q)qC= �qC2�3\T%�n's\B0	��nq!t�%.��e��n%�
Q:���n%{����n�^%�Q���WG\�,�kb�v0Y&/'^�Wv (^d�3\.�3\) �0>%�2u	�n3\T.V4�%��Cl+,||L�% [40,41] ��n (�J1!�n) %�bg'XoQ�t# V�%��CRV7L��C+�N's�L$��Cl+%?ukÆ8LB�Chae [41] (2000)+�|s|u�n's��Cl+%?u^X�� TRACE

(Transition Region And Coronal Explorer) �N EUV JJ%�n��?q��)S0r�N3�� (Lr Hα ��?) Wu��,l�^�7v% [39] � Chae �1�r.�%�;e�Q%�V�dk 4XdDL�muLrl+%��C�Wu?D^XL�%,�'s%>�CGYL~T�n�P,|u�B%%�:� Chae %��bps Rust [40] (1999)%�2��n.Jy�%G"2�7rl+%��C��n��C#O=b��C|s2�'^dM^/'^s�CN�+&'^_�CN�+�
3.3 �>9Q�x��Q:9Æ[��C%a��e�W��e[Xo(P%S5U$n�0>%�2u	Xo�a� L}b-P%��Z (tachocline 9C0 5% Xo'$dTp℄D5�%(~mZ) ����}�%^%0Zn:>�_�be��ne�x}{�9=%Ær!�+�$L}Znv�^��>W�$nq�}���,�`q%^	��Q%%}�
	2���C�jD>x}%!�+�}�L�:y�} [42] ��^�%}9=xMa�|Pd��C�L,~t%���C�Pda� Xo(Pq$�}�%n0UozJ8|�^[�^%Xo�OZ� Kleeorin )r [43] (2003) u	��C>Xo(Px,68%Gz5}�CP�omC%^n�| S5Uf'q (S�k:p=>EqC�,P98���rT
	5}�C!	qooB�.��Cydg')� Berger. Ruzmaikin [16] (2000)f'sXo(P�℄��%��C�|�e�S���v=1�3�℄��d5d$s� 1976,l 1998 ,Æ 22 yr %�^XoyG:#v�Xo(P�℄��
(ω F�) L��CdM%�;#�X %&/'^%��CdM|m/'^	s�C&'^	_�C�^�yG (22 yr) q��'^%&�C�|�m	 4× 1046 Mx2 � α F�L��CdM%�;LE (P�℄��%�;muF�>G�.X�%�CqN>K!���n>S5U[�q9=_�C0> 5��C�7��
	V>G�.X��



� 50 �������k���`���J������� 23 4�%�CqNvt!����C#XoS5U�'B�T< Ruzmaikin [44] (1999) . Kleeorin)r [43] (2003) %�P�L}b-P��Z#S5U%9*(yB�T< Gilman [45] (2000)%�:�P��}��n#�:TB�T< Longcope )r [42] (1999) %�P�
3.4 �u�E27m�83e;L	�S3e;o��N (YOHKOH  1991 , 8 3l 2001 , 12 3_g	!) %w� X �5��?��g)�X |Gw�A0)vJq�O=)v,q�%GRG��V�q�|Gl0
Sigmoid ��� S Qx�Z S Q (S Q%#?Lj) � Rust . Kumar [46] (1996) u	
Sigmoid ��,�}�3�L�:T (kink instability) %|uh0VkL$, |JLj`q%�}��`qi$|:nC� (kR ≈ 0.581k�R 9	 Sigmoid ��%\qC [46]) �}�8n>�Qe%!�+>{5^�a�Q=`�,)o\ (, β g%�^.w�q�B�I	�e5�ez~��}�) ��}�>`q$nq��C68�
	u$`q�Q2�%Lr3\Tza�Lr%3�^�� Rust %sd/&/'^Z S QN�+ (85.7%) &'^ S QN�+ (76.9%) �j^ Sigmoid ��%�.sdq (+OIs!%) �:muQ�%��>=o�S47)�WG��#��d %'^l+XD��n's��C�(>%|mT�Xo{Z�Od~%RNfGo��x[��Cf'5{RNf�6%��CN,.Xo�e�Xoiq%��e�Xoi�|HH� Xo(P7Xo���;�{|H?�>$�=R%Xoiq���%RNfGoj�QkQ�%�S�"�5Q% Parker�qC���Bieber)r [47] (1987) `�$ Parker%��C�e�S�u	> Parker x}\% MHD }hq��C�|�vt!�^>x}�qydEqCJ=.�qC��do%=e_g'�x}$nq��C%89���qCZq%a+GXr x}[�q%)o_� (>LrqC%�doydg'�)o89^�,�,J=b {J=b) jd	��C%Z�_����x}[�4�xL5��� Bieber )r�sd[�.Fd$Rf'�x}q��C�e%^XH,5���%W>N'f'qx�XI%Æ�{ Frick )r [48] (2001) �EJd$XS0N'q�>��~�kxF (7Goq��rTx})F>�TÆb%PdI�8Lg	 5/3,EqCx},j��rT%|�9K~1) �BuWXf'^X4��5V%T>![('.�f��mg�r�V8>LrqC�z��C (x+O5}�C) bd:Rf'x,X���%	!g#�:�|O�|�
4 ��
E℄����7'�g>5�'sq��C�5}�C�)odoGL,�d�>%On0>HL)�	[z.b/�Vdo%�'�B�F:W�V�u�5�%Goa2Tg'>|NÆr�v5�%a2dM.0<nv�5{�: |�DjGoR73's%|��%GodM B(X , t0) �5-�1�):�.�C%|#:� ((1) %) )Mv�)o.5}�C (L=���5}�5}��\C�:) �J��1 (2) %x)l:8L��C�	s:T.�&�:�V�'+�� Π :[ [49] %ozd$j�q�E��
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B J ρ T µE µ−2Hc Hm A

L 1 −2 −3 0 5 0 6 2

M 1 0 1 0 2 0 2 1

T −2 0 0 1 −4 0 −4 −2

I −1 1 0 0 −2 2 −2 −1B 2 S�!f��oJ/|vvv 4 �S4o�hC�po��o�5}�/|Rvvf'Xo���g[%|G![o���5}�C�po�C��C��)�5}�C���C��"+�	dM^<�%![om�sg=�Bq%=�B&V�%7�oz�=��:.[q%v�o,5T��%^B�S |�S�oJ!%![oBB&	J5T�3��1 Π :[ 4 �^n:BQ# 4 ��ozo�
Π1 = B−3.5J−1.5ρ1.5T−3µE , Π2 = B−2J−4ρ2T−4µ−2Hc ,

Π3 = B−4J−2ρ2T−4Hm , Π4 = B−1.5J−0.5ρ0.5T−1A .� Π :[Wa�![odo�>Æ(=�'� F (Π1,Π2,Π3,Π4) = 0 RVJk{|uB:Q%�
µE = B3.5J1.5ρ−1.5T 3

Φ1(Π2,Π3,Π4) ,

µ−2Hc = B2J4ρ−2T 4
Φ2(Π1,Π3,Π4) ,

Hm = B4J2ρ−2T 4
Φ3(Π1,Π2,Π4) ,

A = B1.5J0.5ρ−0.5TΦ4(Π1,Π2,Π3) .1	B�:T.u	�)o���C�5}�Cdol��>(=�'�l:(=�'|#,Ly�%�,��![�e!|:nC%3[qC:![odo%(=�'��<[z./0vR�rs>=���C.)o�e�!�d'sk: (bXo�O�f\Q) �J,5T�ek:: (�ek:�j3[�5Tk:XV)�: 3 �o%Æ(=�'B�l:+R�
(1) ��C*�
Wang [18] (1996) d$hv>|#�d'sq��C*�R�5}�C��1��C:� ((3) %) L'#v��C*�B�%�

dHm

dt
= −2

(µ

σ

)

Hc .	%�>73'Vd�R����VHE�jGoR73's��C68#j5: 5���5����� (r�5}�C	�3g) �R)z��C0!68o�� 5��f'BT<�2 Wang [50] (1993) [J���
(2) 5T�e [18]

∇× B = αB =⇒ ∇× A = αA + ∇Ψ =⇒ hm = α−2hc − α−1∇ · (BΨ) ,
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hm = α−1B2 , hc = αB2 , Em = µ−1B2 .%qΨ B&t|�ohm �hc �Em dDB&��C�C�5}�C�C�)o�C���	5T�e��d's%��C�C�5}�C�C��)�C�)F� (���

α 	g=�V��_5 B %R�o) �g#��%,��C.5}�C%oz7℄hC%A^�1 2.4 �d $%a�q!_V%	! α %o_5E (0 10−8 m−1 [27]) Q�E5}�C�u>5��C��%\qC�h0vR (3V(=EVd'+t�|GVdgR�/) �
(3) :%LCd^% (�f.AR �^B�) [10]

dE

dt
=

1

µ0

∫

S

B × (v × B) · n̂dS +
dE

dt

∣

∣

∣

∣

dis

,

dE

dt

∣

∣

∣

∣

Sp

= −
1

µ0

∫

Sp

(Bt · u)BndS ,

dH

dt

∣

∣

∣

∣

Sp

= −2

∫

Sp

(Ap · u)BndS .%q µ0 	Y���+� dis � Sp dDB&*�.�^ u 	�}�>�^��%��LC�!�J (2Ap ↔ µ−1
0 Bt) ::m%Q%�Lj��:^n�q/|�^n	�)omC^nJ�:/|=Vd	B�p"o%�qo (!s�I) /R=,�)*���+�m�^n	q$�^�%�).��CmC^nV�E�q$�^�%7L��C.�)>mCQ%�bg7I�

(4) �Ml~Cd$��C%�f1� [51]:�6��WMl (H��[+) �
BS(V ) =

1

4π

∫

Ω

V (X ′) ×
r

r3
dV

′ ,%q V (X ′) B&t�|�"o r = X −X
′ 	,2 2%�"z V (X ′) Jk5}�C: BS(J) +,5�_q%5��W�%�:�(VMl�

〈V , W 〉 =

∫

Ω

V · Wd3x ,Jq V � W B&m�"o��(V^%:��CMl�
H(V ) = 〈V , BS(V )〉 .�U��%:�^%��C�5}�C.�)B�q
.B&k

Hm = 〈B, BS(B)〉; µE = 〈B, B〉 ; µHc = 〈B,∇× B〉 .6��WMlB�0!L�\�h\�%9MP(V+,m�"o�V:=!hVd%9M��n6��WMl:�t`3!�%>:�':���|:%2kT��M



� 1 H �DY*�Yp"\r�	Dg(�J 53�lB&:�� 3 �ol0v uLjT�9M�D� µHc . Hm > µE %(VS{�|�j|�h\�9M{|�D,Os�e\�9M�>oz^� µHc . Hm # µE �℄hCoz|�,_|�^{|�,s|�^��=_���%�C��{��CZ��qo�'sdo%Ub�)Z��qo�.5}do%Ub5}�CZ�5}'sdo%Ub [52,53] �L$)o,jB��qo�Ub%~Ch�:vn,��eQ��:WGx/��|:%kdnv����![�B�aK�=_�%kd[��ut[z���Q:��C�5}�CL�u30!7>Bd%![oV�.�)o�u� uHL�dl:%Q%'3>|NÆr�:s5�%a2Tp��Ml�(VGo%=_~Cf'��C�5}�C.)o>=_��
[&�s%x/./��=_+[�u.![S4+[g'NRRM>j�����mg�t d$e_%2�d$e_f'��CB)�|:%�+�BGWoltjer [3] (1958) hv>��CL=0<+g7[:'s�,)\	5T�e�W���+,�=dXa�%�d$e_q� �GTp%anS4k:f�L�s�42Ne_qXta�%|G68� (=o�~=o�)o68) �r�=� ��C%mg> J|:nv+%VdL=T�[VL)omC%0<!� (a20<) ��y��d$e_~CvSf'��C[JS�CRZ,zR>[��e#uC%|n	$�
5 ������4�%q��
qB��%vWsa����/|Q�	j)�f9�%��C[�Ln�hyd>7L�C:�S{�Æ=�*��e�/R��C�d;�%A7�e,5�0���%|�EeV[|O^�Xt�|O*C�/���C.�uXo)v%f'yssd7�T	!~H�luv�C (~t,��C) >WG)vq%m%2h�~��^![Uo�/H��C%[�f'"SHL����=_hB)�}[zs�>2h%![$nq{2'sC�n[CJ![v?.('vXtjV�_�do%g'S[��%�|OuC�Xo��C�e,|�[O_� (Xo![�.^![�RNf![)) %}[z'Vt�U.Oe�P
_�}}%LKjV�X3J%LK�OOJJ (�_��5�X�5) 3!f'%�|OSI�[zRq!GoXo�.# (Space Solar Telescope  SST)dB%Db�0Xo��C%f'8z# ��%SIR�t5�0\}��
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Progress in the Magnetic Helicity Studies in Solar Physics

WANG Xiao-fan, ZHANG Hong-qi

(National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China)

Abstract: This paper reviews the history of magnetic helicity studies and its concepts introduced

into solar physics. With the physical discussions on a new measurable quantity (relative magnetic

helicity), some problems in both theory and observations are pointed out. The balance of magnetic

helicity attracts much attention during recent helicity research, which is discussed in detail in

Section 2. Both the relationship between magnetic and current helicity, and research progress in

helicity’s hemispheric chirality are briefly discussed. This paper summarizes the role of helicity in

some solar activities, keeping an eye on the restrictive effect of helicity in solar explosive events.

Some unresolved problems and highlights are also drawn.

Key words: astrophysics; magnetic helicity; review; solar; magnetic field


