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Benz [1] ����
el2��+5�
�.S97�elL,�&P�o�+uW����,Y^&P�uWk+ ;v
L��
NZi/7��0puW�Jhlv��|&P�6R
Le&U7&P�Ti�r���?
Mf&!_��H��A>
<9n1�`7�yM�7/n1?|uW�&PL!1|B�uWSh���*�/.47�n�H�Vku�rK_	|/.47&PvF��?�u����6�.S9n1�1^�r?7�;t�
P�.S97�&P?�MD:�.S9vF�>$Æl>E�
f�LGp&P�
?�Y�s"�`�T:�.S9vFu!OH�Dm.OH�.S9��.o^;A�.S9Bg,#�R�GvBg,#�"1vBg,#�u�l�Bg,#� [2] ���Bg,#�)A�>$Y�.S9vF�)A��?�HM-CA\�>,L,�&PvF/f	|Le�?��vF�'�T^�?�Ti�r���H�`l9 ;v�+�[x5f&P℄�+��*��"�.S97$Ai�)=�`�^JZ*y [3,4] �
|�{&Y.�&P�
f?ZZ.Jh�\�Jh^l=�HU:1H
C:uW�yM�7�_��u4�&P�BZJ|)*&P��
f��BE|[Y�yME
��4�t?uWyM�!S�mSM8Z�9Bb�Jh/���lv&P�|\l��>,k
��|\l�ZZ�hL��|>J�l^�V 20 yL 70 ��T+� Skylab � SMM �

Yohkoh � SOHO � TRACE �`x� RHESSI �`�� EUV �8� X 
�/M�T? p�Y~�
&�8�yM1;t�*��")A�`7$�H��?BE>7
�.S9%�lq7�h<d3��.S9u%|[1�Nn�7/lq�|�?�H�7/�y�Dm�t?uWyMJ;t�
��%�lq7�%�&P|�9}
���d�&P�j�|%�&P:*��"�)A�`^lpd
f��`x�kp�?IfC`�E
� HinodeA
l!�:*�~1t?uW�yMÆlsm&6�b!SM8Z�Ms3 [5] ��l�*�
&%���yM$4n�vpNnbP�"7��u�1:*��"7�&PT?t)�v�n1�`�7�4nCLe���9-�zr_�*��"7�)A�`tOH�`| �;v��&uW| �h���uWt&P|q�*��"�V	#/.�>e>E�n1?�B�[Y7��7Le?>�\NLe? [6] �>&P℄��T?&P
�.S9Bg,#Gp�
f^�T$Flhl
 m��<;v��^|r�1m$yM��h<*�n1|Æ�T?�&<9)A�`�LelUX�7��U�/0&P��}?:<9>$�
f|�.S9<9n17�Le>E��6�
2 �,B�$�0U;9(R�_℄�y��Tk
&P�MD2#�SZ��1^*��"7�&PM℄Rx><,��

(1) &P��BEMD
BD^�uWlq)S�
fp_�6R%t%)S��Jp�uV+p�
G�%+T_uW���4w��
&P��&Pk3�G�tuWG� �t*� Parker ,h [7] �
m0���&P97�D�$lgv��W�)=*6�1�T
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(2) %�&P�BEt%�uB?|lv�JgW�&P (field-aligned current) �G�tuB?|uWG�xp�!4E�!��<&Pt Tokamak �.S97�&PfY����{A��<W�&P��f``94+m��[Y``&P�G�v;tuWG� �t*��<&Ptm:Wlv�_�><�w&P�Ti94�&PB��T?
*��.S9/.�`7�
f{A|BD��Æ-�>��S<t;v^lFplh=pCm*��"7&P�/5T?&PD�&*�n1�`)S�;v�z/5_��*��"|Leu$�.S9vF�
u$�.S97�k
�X�z,Y�&P�Tkxw;x�

J = σ
[

(E + u × B) − 1

en
J × B +

1

en
▽ pe

]

, (1)&P J �TkRxD<[�Ti�
(1) �&W—σE �t!S�&Æv;�
*��"�.S9A\x��&WZZ|�T�\��
(2) �.S9�:puW��.>Ti�``&W—σ(u × B) ��|*��"�.S97Ti&P�>E[��R&pS|4��+I�
7�V+��.��<GwTi�&Pt� uW�G�t*�
(3) 6�&P—

σ

en
J ×B ��G�B
t*p� uW�G��>,Jt*pzl�&PG��
)uW.&x��L	�
f|B��\��

(4) &SH4:339.�&P—
σ

en
▽ pe ��|k&Sk3�J��MD>9.�H&�`�)Y�`Ti�&P�
*��"�.S97��<
f|ZZ}
��>,�Ti�&PJ�t*puW�J�=uWG��zyMe3_��:p*��"�.S9�*hM?&W�&Sk3�J��MD�1|JZ'���kp_��FM[�Ti�&P1�``huW�5f��,Y�

J =
1

µ0
∇× B − ε0

∂E

∂t
. (2)
�4�&P J k>FM_℄� (1) JL+3�uW� (2)``&W!mS�6$�6R
&u�7&W�6$Ti^P&P�
|�BZ*��"�.S97�&W1�VW�$T! 2 FM�T�\��B�t?uW�M?�TSh ��&P�MD�vp&PB�i6��y:p&P���℄� Priest � Raadu [8] ,h�&P��k~1n5�. (RV+4
I) 4=#�E��TuB?|� C4�℄� Parker [9] �KYuW�B��^Ti&P���P9.C4m�&P�^B9 6&�6k��u&^Z���'J^3�>;��Y�&P��&S�b�r�'^Ti�.S9K.�^�EZ&^=O�&^#�GvBg,#�>$�:pW�&P�Alfven � Carlqvist [10] 4h�&PTip~1?��Fn5�:P�.�&PB�k>FMq℄�
~1T_�*��"7=NuWG����B�7P.�>
~1�F�=N&^f��U�P.�
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P�.S9u%� Melrose [11] KY}
><&PMDvw��7#vw�J7#vw�k~1n5�V+4
.��.$Ti�&Ph|
uB?|T|T��>,
uB?|�fLe℄#p�_Ph�&Pt�xPS�&P����&P}
,P (Return Current) �
fLe℄#p��&PY 0 �x�Y7#&Pvw [12−18] �A>|� 40 =�:~1t?uWyM

��wMqA|�rK&PY|zLe℄#Ph=zNLe℄#PS���bl&
;t
℄#Xx}
,P [19−22] �:x�VA�Le1m	|�&Pvw/f	|J7#� [3,4,11] ��&P���|
~1Tx�*��F2���
J7#vw7�&PzLe℄#Ph~1;p>zNLe℄#P,~1�B&E
~1T_�*��"�.S97}
Le,P�&P
~1�Fgp2�>�℄LeQ$�&P,U��<vw�&PB��|k~17�V+4�&�w��.Ti�>���|t*��F�A&994lv��<A&9�`B
TiC*�uW�DmJTiC&P�{&�=
yMl���1'
�<J7#&Pvw�B��{&
1^_'\�|b V�*�A&9v�R�DmTi&P�uW�=tyM|Æ�f��lh�*��.S9%tM�`��.S9
uW^���.S92#Gpu!:0�A|�
lqs{�G�%�el
Fu�W�$l��&8S��M℄A38S�B!8S>�,�R�
�.S9%�jp_}
4)B��#���.S9J
b℄m�J�b4A\m��k�.S9��k333^9.L<=�.S9%���|$V�&P�|�LvFT$�lh��LeV�&P
Y%&P7$�06�x�vv [23] �
fbs =

jbs(r)

j(r)
≈ (1 − f)1/2

2
, (3)�7� f = Btop/Bfoot ��%+t%℄uW)3)0�BZ|zL,�uWPLv�jh�
L!�Nn-%�H%7�$���.S9J
`B℄Tb℄m�J�b4A\���|$�`�T�\�
|:pbaG�%��.S9J
7/b℄_�A\��m�|$�`|�{D��lh:Aip 1999 � 8 � 25 N� M3.6 G�z\7��.S9%J
u!CMq�A|�7�V�&P
Y&P7$��06�� 44.6% ��|$V�&P�TiBE;�p�.S9%�F�J
�lq�'|FM*��.S9%>$�L,i8 (baG�%) �Tn�>,J/|Y&P7�LFM�Dm��<V�&P�}
J�t�*��"
P�.S9%7�&P���|=}9.��rK_�vp&PB�T?&P�MD'*htNLe7/i6k+�v��	|&P��}��&P��|�}ppd4w�n5�.�vp�ei6zr_J}
X<���

(1) ~1n5:P�.�}�̀ g Parker�4h�&Pv��	p�L,��̀ x Santos� Buchner [24] k
X[ MHD 
+v�l�;t�~1�.S9�uW����.^�T
[1��6���Nn4wTi&P���&P^BEh|pn5�.4w�uW>74w_!�>,�!puW�&PM?E0t*puW�&PM?��=�
(2) :PP�}��g}v��Melrose 	�4h�<g}e� [3] ��<v�KY�&PDuWLC�|k*��Fgpn5�:P�.lv��<:P�.�A&9vwB
TiCuW�DmJTiC&P��<g}v�tJ7#&Pvw|L1��
(3) *��"�}�6Rlh&p4���|$V�&P	|	p�L,��NP�h<



� 4 � .(I�+A�#�/T:�'Q8� 325�d3�&P�JBE|k*��"7BDN�^��uW� 
f>Ti��
3 �,B�$�0U;9(R�{Okp*hyM&P|JZ'���L!lh1|5fw (2) ��\&u�7&W6$Ti�&P℄M�B�yMt?uW+PL&P�

1964��Sevrny [6] �yB�:~1t?uWM?OE�MqA|�
*�G�/.��S4w7}
N)&P�&P)3Y 1011∼1012A � 1968 � Moreton � Severny [19] M�G�/.47�&Pk3�p�p 8.3 × 10−3A · m−2 �Y&P)3�Y 2 × 1011A � 1993� Canfield �J [25] ��
*�G�/.4`�&Pk3Y (24∼26)×10−3A ·m−2 �Y&P)3�� (6.6∼8.8)×1012A � 1995 � Gary� Demoulin [26] �5f`��K!7��t?uH��
*�/.4�`�&Pk3Y 30×10−3A ·m−2 �
FM/.4�Y&P)3h0b� 1013A �&PMD
*�Y 3×107m FW��&Pk3z7��P�#a�� 2006 �lh [27] k
�%�*�n1yM(bM8Zt?uWM?OE���*�/.4`�&Pk3Y 80×10−3A · m−2 �/.4�Y&P�Y 3.6×1012A �_�k
t?uWM?l�H�&P�GD'��� 180◦ B�,#i6�4���|5f Zeeman �`M?uW$ul�>��m��Li6&E1�Le27p Zeeman �`TP�1^Qe4yM�`+����uW�G��
�Gp�)=Jk
BD�Qe>4hCm��GD���GDhli>#��7`x�L	m
| 2004—2005�Sk Georgoulis [28,29]4h�J{WH�D (Non-potential field calculation, NPFC) �,XCLelq$�
�
F = ωg

(

∂B

∂z

)
′

+ ωs

∣

∣

∣
Jsz

∣

∣

∣
, (4)�7 (

∂B

∂z

)
′

=
bz

b2
x + b2

y

(

bx
∂B

∂x
+ by

∂B

∂y

)

,
4π

c
Jsz =

∂B

∂x
by −

∂B

∂y
bx � ωg � ωs = 1− ωg M<Y<>[S� ωs = (Tb − Tbmin)/(Tbmax − Tbmin) � Tb YH��Aa� Tbmin � Tbmax �M<Y)W4w7�`�Aa�`�Aa� bi = Bi/B � i = {x, y, z} �O F → 0 >2�gE�G^em�B�uLE��"�\,��`;�m�YGDH�?��h0:p�.Np7��/.41���f
�l��Dm�%rY.0f���uWM?MAt�p~1;p�[xlhJ	/�3�~1;p_�t*&Pk3�

jz =
1

µ0
(▽× B)z =

1

µ0

(

∂By

∂x
− ∂Bx

∂y

)

. (5)jC_�*h5f~1t?uWM?+L2&P�u�GDP�JlJ5fShGD+/M*��"7&Plq�}
�6R Sui �J [30] 5f RHESSI �℄�yMG�Ai&�
G�%+T_� Cusp lq�K-6$+Sh�,&P��}
��<G�%+T_� Cusp lq7�&P�:p:MG�v�+�0v>E�'�,NG��S��?�H�8SO�T?[1"A��`�h0:tG�lv�Nnn5�
 (CME) �|Æ��}�O�JÆlvZ#�
f�
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Zaitsev �J [31] Q,
P�.S9%YL�R�p &U�B�:G��S	j�R
���#*4Mq��T�9�.S9%7�Y&P)3�&h$���x�vvY

I ≈ 1012 × P−1 , (6)�7�Y&P)3 I T A Y�^�P Y �&U�*4����^Y s �Zaitsev �JB�:
16 e*�G��	j��yM

�Mq�A|�*4���Y 0.7∼17 s �kx>�h%�&P)3��Y I ≈ 6 × 1010 ∼ 1.4 × 1012 A �lhk

&V�R
��yM�a.lq�Mq [32] �z
P�.S9%7��GvmS>$2#��#x�Mq�J�T��Len%7�Y&Pta.��)S�vv�

I ≈ 4π2a2√ρ

P
√

Mµ0
, (7)�evv0 Zaitsev �J���vvEV	L��Y%&PB
ta.�� (P ) lv�Dm't%�jp#� (a) ��.S9k3 (ρ) �%��lq2# (tJ
 M �`) �[�lv�kp{&
&℄�yM
!SM8ZGp�6>B℄�[x�<�9GD`/l1^MqGp�UX�l�r�uLEA��`x� Spangler5fg�h�! (VLA) yM+VpD�,�9�
&�
|�*�Nn�"T��K��_
&R
�D*!+IM?�SZ (∆RM) +tHNn&P [33] �

I = 1.65 × 106

(

r

R⊙

)2.5

(∆RM) , (8)w7 r YyM#�N��� R⊙ Y*�#��yM;t�
�K��|�*�Nn�,U_�rl&P}
��&P)3��Y 108 ∼ 109A �B��<GD�`fJl
�#�':Np7�4w_!7�Nn&PM?m�Y:��u
4~4w�R�
&EyM�mS8el�~�D�
&}�J^mDyM�
|_pD<
&GDJrr

 d�lh�B�
&GD��l�L,� X 
�R
yM��lq2#�Mq�l��Ylh4nL�vp&Ph0uWGp��u��<�:|~-yM$BÆ-��!NxLEÆlb!S – mS – �ZM8Z���N�Q�℄��GSuf�5f
&yM=l��&=�8℄��X�Mq+�9Nn&P^lOÆlrK�UX�
4 �(R�,Bp3x�9�eh�VY
4.1 �u�%�"oÆ��{mOHi6BE%(>eGp�OH�m!lq�OH94�>�|�U�℄��|l�OH94�MY�FOH�PFOH>,��7PFOHm�Vk�|zu%�PFr��%���6Rr?7���L��Y���FOHm�%��Vku�I$Y�.S9�H��6R&PT
?�YGwI$YH��uW>;mu���Y��{&'B��,��~L



� 4 � .(I�+A�#�/T:�'Q8� 327�<4~D<OHGw|[1�NnOH�BE94� Kopecky �J,h [34] �&S�.S)S"℄�JTi�|$&^Z:NnOH�o~|JZ���4b�<�Y�XLJ�|uWAi6$�T?"i�&P>7p&P��&P*4�&Pz[7�V&Pk3��,MDFW=���B��.S9K.�u�Y�Y�)� Sakai�J [35] �Mq�&Pn%�OH�A|&P%�.s"�`OH�s"�`|k%�P4:B��9.��%�&S�.S
t*p�WuWG�_.OH�=h|a3MD�h�Z#��<MD�9.�.S9Bg,#�A��b�&u���	|k�<Bg,#;A�� Ionson [36] �4hLev��fLe�R�p &U;x
P�.S9%�Y&U�&.{+Vp~1�Fn5�:P�.�uW�� 
f�Ti�&PB�
P�.S9%�e&U���Nn7�
Nn7B�L,��Y94^�?�Hh+:Nn�.S9u!OH� Ionson KY�?BE|B�.S�6#u!�Y���Z��|&S
?�YOH� 5 ,�
Beaufume �J [37] k
t?uWM?���n%7}
)&P�H�.S9��e[S

(f ≈ 10−4 ∼ 10−3) ��T?n%bM8Z X 
�H���u�7�KY�gv
P�.S9u%Æl�b��&#�~1n5:P�.Ti�&W`iC&P�kp3Q�`�&PBEMD
%E�;p��℄Le�3Y ∆a �&P&P�
elE.�.&x���Hr�Z���[x&P�
?OH^>7
&P&P��u�&P��.S9a3�bp%��&4w�%��&FM�.S9�OH&ELe�)�#�u:��Hr�Z��|k&P&P��GTiuWE.=u&S)Y�)^����&P&P7�&Pk3��L,�f+��̂ ;AVyBg,#�)A�z>�1EZ&^�Ti�=uLE^��y�uW>;�
&PPXx�℄u��u�h|��u:���-Aib3
7*0&P&P��G�^���u:��8S��?����S3�)�H?��)Yr|:%��.S9�OH�&h2�n%�OHZY
Wh ≈ f

B2
θ

8πτc
, (9)w7� Wh ��^Y 10−7J · cm−3 · s−1 � f = 2πa∆a/(πa2) = 2∆a/a Y&P��e[S� a� ∆a M<Y&P*�#��%3� Bθ Y=�uWM?� τc Y&P*�OmmS�

Beaufume �v��T
L,`3_�t%�OH�`�=�m�L�yMzr�6RG�%�����e[S�
|�kpBZ*��.S9%7n1?6$�mSd310f[�
Beaufume v�7�3Q�`
*�G��.S9%7BL,|{D��&P/MD
%;pXx&P7�.�trKyMl� [38] J|lhS��Y)�L!KY)A�`tOH�`1D&PL,lv�
|&P��T�<�wAi
f{&
yMGp=el
-k�
4.2 �u�%�"oÆiw{mzyM�uMq&PD*��"7)A�`)S�;vL*	|&P7��BE�Q�A>�Gp�l�?|.[B-��`g Severny �J [6] �yMl�;tG�AiT��uW33xa�&PW��&hKY&P�W�U℄NuWVk���H=^ACG��A>NPL�l�?;t
G�|ÆAi�&��uW�&P=el{D�6$ [39,40] �h0'l�E�l��RS�r [41,42] �A|lDeG�)Am~1uW�V+B
elW��E>'
����
G�Ai�&PE>�)��=J15f*�~1t?uW�yMOE+7��&Pt*�G��QP��U X
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�A#�|Æ)S�m!;v [43−45] ��7LefY>E�m
| Leka �J [46] vp
P�TuP��R�B�� Leka �J� De La Beaujardiere �J [47] �7�;t��A&S\at&Plv�
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The Study of the Electric Currents in Solar Atmospheric Plasma

TAN Bao-lin

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

Abstract: The electric current is an important factor for the evolution of instability, energy

release and transport, and particle acceleration in magnetized plasma system, such as solar at-

mospheric plasma. This report presents a detailed discussion on the main properties of electric

currents in solar atmospheric plasma, its origin, role for plasma instabilities, and some unresolved

problems. The magnetic field is a key factor for the solar observation. However, the electric

current is also an important concept for understanding the processes of solar activities, such as

the energy transportation and dissipation, the trigger and driver of the plasma instabilities, the

coronal plasma heating, and particle acceleration. Such knowledge may be helpful for us to probe

the evolution of other plasma systems in the universe (for example, flaring stars, active galactic

nuclei, atmosphere in neutron star, etc). In the final part of this report, the author proposes a

qualitative modified electric circuit model in which the electric current is originated mainly from

the dynamo process in the solar convective zone. At the same time the neoclassical current may

partially contribute to the total current and affect the evolution of the current-carrying plasma

loops. These electric currents flow in the magnetic flux tubes, and release the energy by means

of magnetic reconnections in solar corona. At the end of this report some unresolved problems

associated with this model are outlined.

Key words: : plasma astrophysics; solar physics; electric current; solar atmospheric plasmas


