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Z36D=HHh3:+rm!���M (��0��P3�C)) �f>,vH-36u 1(b) I`*3�M3�&[1Q�
fRR�kP��M3[1
f>H?3l� xd M�M38`9W S 
g}�zb�l/�3�[�W yh E� 2 �[13�k�u 3 �~3�&�k/'�� ���[Jh
��Z7wi
^3Jh�f>� xd = i13�h�;��Jh3m
}�1.\7M℄��#3�[J5
��x89M3�[J5~0�>u 1 Ii.3_��s (&?W_�)[24,31] 87
u 3Ii. A}�&8/Z� 
^��e�k }�3_��s—— ,W_� (/ PostonM
Stewart [23] �~3_��W3K �� Lin 7℄ [25] 3:*XQ) ��RR Lin 7℄ [25] wJ3
&BZ!3�&
p8g
&�kr�6<1pi.�<
^f�nd�(
�$�Y4Ka3i�oWvqPk.+%3�J
((C>sH~�3T$U7℄aH-;D3�
^1
��9k3���℄
�P��C)MH-�d3�C)�'38fP1��`���'q�k3-<��q ��8*
^3�s
(�℄aY~�8/3C>!\+~�&+%39l�E^y&P��l/x-�.j
y&Qx�

v 2 e��*E9�m0� (2�j/
W��i) 4
g�D*
X9�Q4�D*�1
4�fÆ[�e�Æ["ÆQ�N9a=I9�N4:X S = 1.5 ÆQ�NTF xd = 3.25, yd = −1.5 ��m0�TF
xh = 1.72, yh = 2 [25] �



� 18 �������
���q�T�p������� 28 p�I�
*P��C)>H8�C)�'3�erA8 <�('�
l��(';^0Æ�l/�3�%5g}�LN.j3+%u�QH�iz Lin 7℄ [25] j03+%�C)3
^3k^\��Q�d�<�; MHD �['q5 n3�l/�_�oW3	%�
��0DLQ�v-�3z\B℄[x��Q 6�l/��3�ev%3.k
�| 5(�qz

v 3 �m0��\�X yh FQ��m04:X S Nm� xd 4Al�)"Æ yd = 1.5, S �I9�N:X�&Æ [25] �3�ew%3m9
TQx+%;-�'q_�\�3j��li
�-&%3�r3m9�.kTx'-A�r8*3Pl
��[�+�k�dfQj�_���8d�JZ+
� (7f�[J53:H?) 
%3�[Zx%C
_�Zxj�� Lin 7℄ [25] 4�.Pf'q�'3�('LQE -���'qA:H?�k�Mf"�3 
�8d=*ok3P�l/�03r��b
fd,vP��l/9WQ�3B
+
.HNad6DHh�+3}W
Lin7℄ [25] (
3 Feynman M Martin [57] 3C>�$�
 Feynman M Martin [57] 2^.3bf�eC)3�k\��7oW!zb3�!3H0�+%����}� 6<R�qP3�l/3�0r�IqK3�snm9
 �
^�:�
^3BZ℄852^.
�9k�\W��zCL2^3(�℄M;�℄�o�
�a��� !�R��3l�oW�'1℄a 8qf}h;�zb���℄�
3.3 4lq{j�$xA2/�h\m�#�9
dbhq3+%3-�'q!3.j
lid��℄zH53-=
�~�`���\3Æ !�d�&B
+
Æ !d�d��<�℄zH53rAq\N���1℄aYe�l�z�Æ !Mo3\N�zbCD�!�('3��-℄�d Švestka [50] �
Moore 7℄ [64] � Poletto M Kopp [65] �Wang 7℄ [66] p8 Qiu 7℄ [67] 3!P!}�y.



� 1 & 9�[Æ8^�`A�ReS���N
_��)L{
?C"4+2 19����13!>�fr�
13bVTZp<{NHB3zH5q
�|d{NHB�' [68] �!f

Gaizauskas 7℄ [69] i.3��{NHBM�� � 
m3HB�'3�hl03Zp�sMZ?��Hkbf�e!3
�C)d�hl03Zp�s!$�(�38n� Liu 7℄ [70] i.3�
��!>
��bV~0<-�{NHB�'
�bE:N3.j
�3��Tn73�l/�M�� X3 �34!Æ �u 4 .�3d-{NH�'3�l/�Zp3��u [71] �*-�{NH~0<R��0L8l:P�
NaK|Zp-�%U3�l/'q (/u 4(a)) ��bQe
dNa�'
�3�(' (�}[w Priest M Raadu [72] 3!P) 
Ldbf!�-�HB�'Zp)D�� X W!℄?3;�C) (/u 4(b)) �d��P3{NH)��b3�b�
d)CQo{NH3 X w5o!}�y.�&�('3
j [73−76] �Wb
6<R�:b�5Mmd$J�D3P1
�eC)S�U�k
-�{NHBd1b�1V3�Eq

v 4 .�|OI9gQ2d��m0�4At4��v� (a) �.�|OI�1eS� 1"Æ7=m�;QÆq�k�l/49gQ2� (b) �.�|OIu�9gQ2Æe
g"[q4�� X X"^�� (c) �e
g X X"^�N7E�{I6rk�4�)(?7E��4)L℄O�.Q2Æd�4��m�=
g"4�m0� (�i)[71] �



� 20 �������
���q�T�p������� 28 p�~0JmM9W3. [77−79] �d���s!
�℄8o3�l/d 3 ��℄zH5q8f:G (-h�d��{NH�
A�hd-�{NH�')��`{NHqr3bf�e8:�-<��ed6D`3H?G	b
bf!3�%5;f�(P'C-�
ZK d�e�:�℄zH5-;:93;r [37] ��&j�<�℄zH5q3�('xd^�hzH53qr
��l/� (fu 4(c) I�
�.�3~0d!SzH5�q3�l/�3Z�h) ��l/�3Zp�}� 1�rY3rnS\1�o� [80] 
( �� (�sY) rnLQ�1�wao��'q_��	P�[3�s
$�_��xj�d'q�<:H?3�a
f>��rn8''3h%�BsjY~o�'q�:H?3rA�k�Q��J�Bsj3KPjo�8C�h3ZpM.j3���sp�}� [81,82] �
Lin M van Ballegooijen [71]  1F�3rn
`�l/�Zp�b3�e
Z3�k�(_�℄� (fu 4 I�) S\3zb��1�~3 
Kazb3�eC)M CME 3. oW!3C)wi8< [83−85] 
Td!S�&�q�d�� X W3!℄?�( d. oW!3�l/� d.j�bZp
fd_�oW*!�l/�d.jj��4g�℄�d� Lin M van Ballegooijen [71] !P3A��(�rh 
�e3�kk.;.�~_�3\�
fd. oW!
���e3Z��yW�<
U℄8�
3\�~0�-|Qo3�kZ� 6.j43�C)! �)D8bD3�l/�M>�8/3Tn�e3�dIqK3�Y
zb|T�v CME 
�<%E:?W�J3�l/�3Tn7bf�e��2? [86,87] ���l/����3bVl�oW8%;�v3 CME �j4�l/�3�d32? [88] 
f<)D8�l/�3�C)ZKe�*.�; MHD Q�K℄ (ZK 

kink(�9) Q�K℄) 3-<
�g�W;F"3��\�
3�C)xj�_� [89,90] ���q
l�`-;&oW [20,91,92] M. oW!3�eC)Z℄3=*z� [83] 
zb|j0

<. oW!3!S�&>NJq)�:N3�e�'3�('
 �K|3�agt�3
'q�[3 nM$�
�3.j�d-;�&-H�'3('j��bZ~0 [84,85] � van Ballegooijen M Martens [37] � Amari 7℄ [93] � MacKay M van

Ballegooijen [80] 3!P<d�~
`<	P�[3'q
bf�e!;f)-
���Tn73C)
�QN 6bf!3�('p 66D`!�('
�3�snm9
`<�W.j�9
Tn73�C) ;Q}t3���C>d Lin M van Ballegooijen [71] 3!P!1.3S�U3
��
3.4 Kopp-Pneuman ~rh)
vf��8 CME eatd=hA2d���3.j�s!
bhqk238fz�3Æ !Mbf!Q^m�3Æ o
� ;o�3bf!j�3�('�s3	
��Æ !Mo3\N.�3�/"u3
�d8/�eC)*!3	M [3,94] 
L<Æ o\N3r��6q 6CD�!�('�LqK
f���L *.*;3 Alfvén �W�� [16,17] 
Æ !3\N�LMr�l 6�('�LMR�Hh3�ezS-|(o�qK [95] �

Kopp M Pneuman [96] \~3� (4!) Æ 3oW (/�2 [96] !3u 1) ���oW d 1964 � Carmichael [97] <��\~3;nqjof�3 ( 
*A}[v�2 [98]) �



� 1 & 9�[Æ8^�`A�ReS���N
_��)L{
?C"4+2 21�d��oW!
�/d.j4��d��9R3�%e�&!�Wb
��eA}.j
Zp��)D!℄CD�3~S�t3�eC)
CD�5�ezp-��℄8o3HB
Wb�J�t3�%5l�CD�!3�('w.|�7U����sd2^q3)
� bhq-�k23z�3Æ !Mbf!��Q^m�3Æ o'q�Æ !Mo3\NLQ 7�>^3��\N
f CD�3Q^GJM8/3�/5sHBQ^;Aq	M.P3�%53C> [94] �d Forbes M Isenberg [24] � Isenberg 7℄ [31] � Forbes M Priest [99] 7!P3��q

LinM Forbes [16] zb3CD�Zpb
�('}�dCD�!�6j�3b>�Ka3!PHk
d Kopp-Penuman W3.j�s!
9R3�eLQ�Ka�~S�t
Mf"�3 
9R3�eC)d_�3�s!5�W�{
Ld(!ZpCD� [16,17,100,101] �1�o�M�Qz�T.�3*9R�eC)3H?5-; [83,85,91,102] 
�|*d�l

v 5 e/kAt"[q4*E CME ��!NDE�4�fD* [107]



� 22 �������
���q�T�p������� 28 p�/�!�[7Uj�_��3 n-���C)5A}�{� [24,31,99,103,104] 
d�J5�{3C)!Tx8CD�Zp�6<CD�!3JmP1
5�{3o�\3�%5t�l�CD�S\('
Ld��C)3qWGA�CP�4�(v
.|�39R7U
(/u 5) 
$�-49R3�eLQ�K�~S�tZ�
� CME MÆ �fu 5 Iiz3z

�('d.j!$�3
(8n�)-
�('^t3zJT�l/�JWL�-Y��<6D`3�%5
.k3I�l/�W�3�v%�(�
�('5�/3�/,>.R�9`�0 (fnD
��6D) 
jp`9`�03o7![MnD���j

�Æ !MÆ o� (�3 
�('3w�; MHD ℄�Fq3I�3 Aly-Sturrock�n [1,4,105,106] 
�d�%eC)!l���3�; MHD �s�t9R�%5L
� CME 3
~
$�p|d)j CME 3�QoW3�a
Q;R�<-J9R�e��~S�t3�℄�*�('j��
6u 5 Ii.3�eC)�#Qx�<�[7U���'q3\NpMN%pZ℄ �('�L (Ez � MA) M+�3^�e9W B0 3G1��JZ��#6�l/�3�W h ��W v �!�W a �.j�s3,~"L P 
��CD�6|3[1 (+YlR�Hh3�W p MqY�W q) E�' t 3�k�i.���
 Ez  CD�!3�('Ce
�#1<i.r`�('L
d;D��M�'zp3>B�11:#D [8] �f MA o��('3�hy (Alfvén) VU (Mach) 1
N �('CD�=��W�('�D�W>+��hyN��7�P�`�('8`�L3i.
MA ℄i51dR���M7�>^��3zb>B� [16] �u 6 �~3 MA = 0.1�
d��7:=W��3�0o`*! [108] 
�l/�3q.[1d'qj�_��bE�'3�k [17] �u 6 1Qo�
3J5"HQo33^�e`*3BZ�?h5`*< B0 = 0.02 T 
�5`*< B0 = 0.01 T 

5`*< B0 = 0.005

T �u 6(a)—(c) i.3l/�3\NZ��l/�	P�[b
-rYAq\N
.2!�
�\�'vk�S 10 min .& h �*CD�d(+YZp
L'j�('b
N3\N℄�3��wik.f<o73!�
�Wd& h ���� km/s U�.�3 km/s 
!�W}��.j� km/s2 ��b
 CME Sh%��W>\
���Q�3�W\N��&\NZ�`*��Q.�3 CME �Na3\NZ�d2^q�℄6 Zhang [109] 3zbC>1.3
��A}��d	M�s!H0~.�3 CME (/�2 [10−15] �>�8/3[w�2) B
8J
^
N}� $�CD�!�('3�LQ+
I��l/�
(CME) \N3v%℄85H+�;G�'-3
�}� 6< CME 4r7�>^eW��
(e}�/���
jp3�4�&B
�℄d8/!P!:*XQ� [6,17,107,114] 
b�&B
>_��s�/�u 6(d) M 6(e) �~3.j�s!3,~"LMCD�!*!3�('CeE�'3�k�,~"L3�k(03AW.j36�J5/�Z� [50,115] �d[�' (�� min .&
h) �3��q�
.���b
℄��\j�' (� h .�� h) 3rY3.�f�('Ce3�kZ�l(03�P32^C> [65] 
L<S�U
�3b�32^ [66,67,116] 
(r`�3�H�M2^�R1YI�u 6(f)—(h) l�~3.j�s!CD���[1E�'3�k
(��g CD�3^2C)E�'3�k��*!sH~l?(�T$� (1) `zu 6



� 1 & 9�[Æ8^�`A�ReS���N
_��)L{
?C"4+2 23�}�j0�CD�+YP�J?3Æ o
(\N�WMyW7-8*3 CME �T�H1

$�Q���Æ o3\Nx
� (�� .032^b>� (2) Æ oQx�4q�
d��AW.j�s!
(K��WS� 0.4R⊙ 
��C>>2^�R1YI [117] 
f<(\NZ�6�('�L Ez � MA qK
fQ 6+�3�e9WqK [118] � (3) CD�3qY>�l/��doU\N
I�(jWm!1wi�
}��.�� km/s [15] �6<(+Y\NYY
$��#3�.j�s!
T}�2^.jCD�3�dMjo [119−123] 
��C>d1���!�1.3(
 [92,124] �/<��dAW.j�s!Zp3CD��(�k
8VO3V|}�[v�2 [122] !3u 1 
L>o��2!3u 5 Mu 8 ���2
[119-121,125]!\.3CD�3u�P�`7
l �!})D�

v 6 `Ak�
Æj/v"4�fD*4�l4)
\2F
(4Al� (a) m0�4�XÆ (b) m0�4AXÆ (c) m0�4"AXÆ (d) (r�lAt#v4#MÆ (e) �)(DfÆ (f) DE�rZ�XÆ (g) DE�,Z�XÆ�� (h) DE�kX�e�C"ÆMA = 0.1 Æg=Æ�i6a+= B0 = 200

G Æ�6a+= B0 = 100 G Æd6a+= B0 = 50 G [17] �



� 24 �������
���q�T�p������� 28 p��#�9
8`�('L MA Mr`�('L Ez T*� �'��'MCD�[1
(p � q MCIL) 3G1� Priest M Forbes [126] ECMXQ3&�
����38/�('3zbC>��8/3d;DM�'���R���>B�3\1
�~3g
8/
MA M Ez dQo�eC)MQoCD�=Hh1+3(�C>�( �J!P3C>Y~�=*1.��3R�.j�s*!�ZK *zb|'u 1�JC>�'1�Fd.j�s!3CD�3�kZ��
zb|yQ._P�=zb!P /<d p > q u��k3CD�!3 MA M Ez �kZ����q
.w4���℄8�rh3!P5-0��f<
I83�J�QM\1�\ �`_U�9_U3�(' [127] 
�\ �`d���d3CD�!3�('N%p�k�s [128] 
�|��g �`d X ?f℄8CD�3�(' [126] �$�* Lin M Forbes [16] d)j��)D�l/� (Ebd.j�s!�k� CME 3LS) �CD�MÆ 3N%poW�j0
L℄8��#D`}3�Q�+Fq6_�'-3�('�S\1
�3�℄�I�dEbS\3�'5>_�8/3zbM�B*!
 MA 3M�T�i1
L
< 0 M 1 �' [17,107,114,129] � MA = 0 ��:℄8�('j�
I8�sTk8�; MHD 3℄�� MA = 1 Hk�('3�Lwi�
��<('�D3�W��.*;3�hy�W
Z�H+�;5�eM7�>^>S('H��v�('3vkS\�b�&B
��qQxj�
$�* MA = 1 �
dD^+�g}�x
�
N
6
N'-3Jm;xY�!GD^3�/f�(�W7+�
I�
 MA 3M�TH< 1 �w462^C>�B1.3 MA 3�d 0.001∼0.1 �' [120,122,130] �

Lin M Forbes [16] 4�.
CME 3	M�WM��.j�sI"u3E�/>+�3^�e9W8/�f6<�ev%3P1
_�j��bA}\N3�l/�����\N+P�fjop��	� q3 CME �8*3.j�s
lMq< MA 3�H�Kaj0d7��0*!
eNEl/�*!7�>^3(/
z\ MA Q;Y� (≥ 0.005) g�[g_�j��b3�l/��+�{�v%30Æf\N.�4P��* MA m�.
0.042 �q
z\ CME 3	MgQx.��A�rh
d��7:=W��3�0oW*!
 MA 3�-�Z��gzK�p3 0.013 M 0.034 [17] �f>
wJ.�l/� (�h�bV) *!H87�>^Mb�d CME 	M�s!m!37�>^(/3$?
q.
MA 3�;�1 ��J
zK� 0.034 M 0.042 [114] ��-�Z+3 MA 3�Hk
.j�s!3�l/� (CME) �CD��+�3�e ���^C)*!8f''�8f�S3Wz
(!u�Wz3℄�Z�;W>(KWz38f-<�l/�Aq3��\N'1CD�jo
6<CD�jofm!3�v%;'uI�l/�3\N�( CD�3jo;8 <(!7�>^Q�K℄3j� [126,131] 
6Q�K℄'j37�>^xDMJmjp3�%5(';xY�.k�v%3P1
'1l/�u��tR�fjop�li� +3 CME �$�d��9R3	o�/'o!
�aj0�('� '1CD�jo3'=$?�
3.5 f��8\mtd=kf~r
�,y�<h1&M�('CD�8/3 CME3A��(�3ZUZ� .j�s!��m�3 CME3�7C)� Lin 7℄ [100] �� Lin M Soon [132] j0
foÆ o�

��)�:�l



� 1 & 9�[Æ8^�`A�ReS���N
_��)L{
?C"4+2 25�/�3��zHh�}� (u 5 !%-H|`)�3HB) 3 CME �M�h3��7�>^T �('3
��E:�('5T�T
37�>^M�l/,>S�!
����wi�3�W�w (7�l/�6|3r[�w��1
) �li5bf�2^.3��l/��Y8}�g �����v3 CME ��
Lin 7℄ [100] �� Lin M Soon [132] 3�BHk5 CME !h\U��'3�l/6-�z/Jp�����oA (poloidal) �e3'2
A��l��,A (toriodal) �e�6,A�e'23�l/d.j4/��d<�l/�*!�Ka3�BHk
d��AW.j�s!
,A�e'23�l/}�. 6.53× 1012 Wb �fl�`2^1j3z�M,�
 Lepping 7℄ [133,134] M Webb 7℄ [135] j08*3�l/3�p�d 4.55× 1012M 1.46× 1014 Wb �'��<6oA�e'23�l/
Ka3!P�~
N*�8
�M
( �2^qw4p�n5�JMHzt���^/1.3��<I8M3oA�l/3E�d 3.35 × 1013 ∼2.68 × 1014 Wb �'�k
f�Q�B�~��� 1014 Wb 31/��
Lin 7℄ [100] �� Lin M Soon [132] S�U�~
℄��('37�>^M�l/ �CD�3-YD~('H3�A+D~3�l/M7�>^ (>�('
�3��$>M[	-4��-) K%.�nD`L-�nD�j

�k23Æ oMÆ ! (/�2 [136]'~!3XQ) �AqD~3�l/lK%5~h CME �!
Zp��u��w3C)
2^|ali5��u��w3 CME �
`��l/��f%E�J�l/3��7�>^lzX3�� CME �3}|
��k87}�bfo`�� CME ��W(KWz (�l/��}) �~g
3eW�< 
d CME �3�WZp���e}|�9e�8�9��eLS3l`C) (/�2 [132] 3u 9 Mu 10) ��&C)YI;`*3g
 CME k83lz/C)
L<5 UVCS 32^I
� [137] �u 7 �~3.j�s! CME �M8/�eC)3�J�k��u��'3<?�_�t��B-
6<CD�3Zp b<_�j�3�~
�('�gQxd_��j��gt��du 7 I�3Z!!
CD�d_�j��S 12 min bt�Zp
�('��6qd���~j��CD�3Zp�'>3^�e39WM�l/�3-�(/8/
k^*A}[w�2 [17,107,114]��('t�b
�l/M5![37�>^Y�5>h CME �*!
Zp�3}�)`�vk3�('>�3�l/�1)`Q^A}�v
jp CME ���w32^I>�$�℄ali2^.3��m!3 CME ^�
�rh CME A}\N3C>
A�rhg d}�Q^m!3�('7�>^M�l/�fl/�6|3r[�w7:-� wiY3 (/�2 [100,132] 3�BC>) ��2 [132] !3u 4 .�3℄6�('CD�Sh CME �37�>^�/M�l/E�'3�k
.j4�l/�*!37�>^�/� 2.1 × 1016 g 
�7�h!3�s�/ (5 × 1015 g) ���J [138,139] ��u3�esH~�3T$)D3l`�6�:�(1) CME !h\U��'37�>^M�l/�t8�&��<bf
l��('CD�Sh CME �� (2) 6�Sh\U��'37�>^M�l/}zK�. 2× 1016 g M 5× 1013 Wb; (3) �S 80% M:37�>^M�l/ d.jt�b3 1∼1.5 h �5>h CME �3�6<9`bf�3�e9WM7�>^eW:



� 26 �������
���q�T�p������� 28 p��
j�d.j|%3d9`bf3�('
�+d8o3�'�,> 
37�>^M�l/. CME *!�I�
h%Sh CME �37�>^M�l/s3Y�37!�

v 7 ��*E�m0�4
g�D*/ku��
 25 min �4�lAt [100] �_�v"*d4*lK6#I�&6Æ{K:S�&6"(*�4L�#I�m0�Æ:S�&6,s4
6#IDE�Æ~6Rp4tXF�4IC ��i� CME �+"4�X{T�"(�Æ>O\�e~N��(6�D*�l4�C+"Æ B0 = 100 G Æ MA = 0.1 �DE�e`Ak� 12 min 
u�[q�7�>^4h CME ����s�}5wC2^'=;
��u 8 .�3�J MDIR��ezSuM 164 MHz wC�wO�3
Ru [140] �wCO�3u���< Nançay

Radioheliograph (NRH)2000� 7 V 14b32^�u!wCO�3�kH���	d�w3C)�l�Md(KNj1.3u�S\7:
Wang 7℄ [140] �~u 8 3�wC)g }/6N\2^3 CME u�dwCN\3`*^�wJ.6 NRH 2^.3wC�w� 7�>^eW3G1
8|j0qh�wC)37�>^3eWd.j�s!L�k.�k��g��:
���w�s wr[3
f �&)kQ^3k88<eW3�k��3_�
�|87�>^vk;4h�wC)����q
 Lin 7℄ [100] �� Lin M
Soon [132] 3!P.�3�-��s}�d.j�s!o�
��Maia 7℄ [141] 32^�v3��u��



� 1 & 9�[Æ8^�`A�ReS���N
_��)L{
?C"4+2 27�

v 8 Nançay xD43_/4 2000 � 7 W 14 

(4 164Hz �x8:X6? MDI �v4I"vÆ
NRH 8:X64&f� 5.5

′

× 3.3
′ [140]Q�
;fS\ 
 :*3�B�
���C>�ZK�9k3 
 Lin 7℄ [100]�� Lin M Soon [132] � +%;#z37�>^���H+�3�W54h CME �3}|
�-�3fu 7 !Qo�~3u�I.�37�>^d}|!sZ3zS�Wf
d��*!
rM�J34h�W}�x-� CME �34Y~09eWHB
fd CME 3bY�CD�34Y~0 U � V ZC)�w4
U ZM V ZC)V�d�t 10%3 CME!52^.
Na�#5:��.j�s!3bf�C)^t�1 [121] � 
:*3�B�5'1℄a3F8/![3E/
��4h37�>^ �*�fod�J�� CME!2^.3z
d��$5 (f [Fe XVIII]) !~0 [137] �

4 CME ��"�0ldX51)`<R�Æ M CME�'38/℄
)- 6 Gosling7℄ [142] �j Skylab32^\~�3
Eb;8 MacQueen M Fisher [143] � Harrison [144] �j K f6W�31j`�m℄S\�XQ�=:
Dere 7℄ [145] �Neupert7℄ [146] p8 Zhang 7℄ [109] �j LASCO32^�� Alexander 7℄ [147] �j LASCO M Y ohkoh 32^S\3zb� Zhang 7℄
[109] �~ CME h%3W{!�>\M>(/'3 X w5Æ 3q�\��
L< CME�W3m!E > SXR D/3m!���y�.��8/℄3 CME 3z�M�&52^.3 CME 
�3���℄a&5<1�W�Hz-&Qo3 CME �Y� (r�3)

CME M�� (W{3)CME �Y� CME li�9< 500 km/s 3�W�rLvk;	M
(!�W3K��Q. 100 m/s 2 [148] 
-<!9��s��� CME lliH0��Wm� 500 km/s �!�WK��m� 100 m/s2 3���s�f�W�. 2 000 km/s 
!�WK���. 1 000 m/s2 �q3 CME ��i52^. [109,137,147] �



� 28 �������
���q�T�p������� 28 p�`<MÆ 8/3 CME ��QMÆ 8/3 CME 
*Y
℄'utyLXQ-|3HK� [142,143,149−152] 
 Švestka [153] )-�~d�-&B
+-� CME 3H$T �
3
��Qo3 
�.j3HB�3�e9WQo [98,154] 
L<Æ M CME �'38/℄�xvk;E:8*3�e9Wf�k [17,107] 
o�dI38/℄Mb38/℄�'�℄8� 3H4� Goff 7℄ [155] 2^.3�1� 8%;
k3��2?����15g
�/2^.
)Æ SOHO q3 CDS M LASCO 
�� TRACE M RHESSI �d���1!)D8���WS� 130 km/s 3Y� CME 
M��Q^mj3Æ o'q
L8��q�3 HXR M
<�Æ o'q3JY�
Vršnak 7℄ [156] 3!PS�U�v3 Švestka 32?�l�z�3 545 �%EÆ 3

CME M 104 �℄8Æ 3 CME �b
 Vršnak 7℄ [156] j0�-�1jTk8wi8<3Z?
�JC>Q�v�d-&℄��WQo (8 / �Æ ) 3 CME 32?�Ka4�.
�sf~
%E:�Æ 3 CME li7℄8Æ 3�%EHÆ 3 CME � � �
L}�V" CME �WMÆ 9W3kV38/℄�6�Æ 3 CME .�~3g
Z℄T5j0M%E: B �� C � X w5Æ 3 CME Y8<
���3.j�1d���℄q��q ��)k$�fw�z"$�3Z�zS3��j Bao 7℄ [157] 3C>
�}�1~8<3CQ�
Zhang 7℄ [158] <���jÆ ���3�'E8/'3 CME 3�W3�k
K/;zb3 CME MÆ �'38/℄�l�z� TRACE I2^.3Æ � LASCO I^3

CME 
�� 1 GOES3 X w5D/31j�VKÆ K��3�'
Kaj0 CME T�
8/'3Æ Th�.(���
L<87<Y� CME 
�� CME M(Æ 38/℄ I k.�dKaIo3
6!
�
13 X �Æ (13 �!8 12 �) M�� CME�-~0
m��&3 (30 �!8 18 �) �� CME %E8 M �Æ 
f�8 1 � X �Æ %E:Y� CME �dA�=�<3zb!
 Moon 7℄ [159] j0d 3 217 � CME !%E:Æ 3 CME 1/E:�W3m!GA<m
��8QH 5% 3Y� (< 200 km/s)CME %E8Æ 
f��7!E: CME 3�W�. 1 000 km/s f=W 15% �( ��7!�}P�+4�v$
$�
Moon 7℄ [159] dooKa3
63�a�<y�
5zJo�%E8Æ M.jbV3 CME���3�Q�Ka�A�&r�(
3 Zhang 7℄ [158] 3CQ��q/<8/℄3CQo
!R<zJj�<R��H�3.j�Y� CMEMR�Hh3(K{N�d℄8/'
E %E8bh{N3 CME 3�s�Wk.7℄88/{N8%3 CME 3�W�� [160,161] �d Forbes M Priest [99] � Lin M Forbes [16] 
�� Lin [17] jo~�3 CME _�oW��q
Lin [107] d�B!wJ3(%3P1
Lzb3 CME M8/3Æ �'3/'
j03%E:�� CME 3Æ 7%E:Y� CME 3 ��.������C>M Zhang 7℄ [158] 62^z^~�3���u 9 o�3Æ ���~>8/ CME �W�'3/'
(!1�BE�31j��< Zhang 7℄ [158] 32^C>
1KRE�31jl��<
Zhou 7℄ [162] 32^C>�-h)kJ5�~38/3�QC>�qh�h`*<d�B!eN3(%3P1
f+h�hl)Æ3(%3$?d��dH�WHB
1j3
m:�
Hk8/℄Yb� Lin [107] o�4�. CME MÆ �'38/℄*�eC).



� 1 & 9�[Æ8^�`A�ReS���N
_��)L{
?C"4+2 29�j4I3�3�6�I/-��6�T�l8/℄TI
o��W�$��6���M3^e3�rp7!
 Lin [107] 3C>6�d�Qq
�3 Švestka 3CQ�

v 9 �!
 
(F90 CME AX4Al [107]6�e7J�1m6=Æ��Æ�e7GM�Z CME 6|J7� 800 km/s [158]d(Pz�3�J�4/< CME M.jbV3!P3C>�b

CRq.3 CME�Æ /'3K/zb
 Lin [107] 4�.
 CME M.jbV�'38/℄> CME MÆ �'38/℄I<�3���F8IQo
Æ M CME 38/℄dY�sWqo/3.j�C)3��Z��f.jbV> CME 38/℄RR��<d.j�43�eC)!��3zSMiÆsW�f>.j4�e!08H+3M8*Æ!37�>^
(> 5 × 1015 g 
 CME 3�s�/) 
l CME gx52^.�.jbV�t�
�l CMEg℄8k.3.jbV8%��� 9bV!37�>^RR -.��8/�C)3E��3P1
f`�C)6|3.jLQ-R�3P1
ZK d�.j�s! (/u 9!3 2 hJ53(HWz) �
5 XS#��)N_�F5 MHD qY —— T	0laB�Sfe`��*M�D5,3ob^��3(K>B�3zb87
�R���zb�3^M�Pto3A-7�>^M MHD zbMM13p>�Sh�
^M}�1
�P�l�;DKW3�y℄U
R��zb|\$3��U��i3A-7�>^M MHD 3��$
�℄ad8/>B�3zbM��*!x5�E:Qo>B�zbrA�zb�e�MzbC>38f�s
b�p�t�'V:5dR���>B�jo~�3�J:;�rnMC>*1.b^��3(Kzb>B*!�5R�.j3_��Q�(C>*1.`VQ!�
'L℄�D3zb*!
g (!3��g' [163] ��Ddb^��!�'q!#D�d
�yW3�D�# �KM)k3
( !�'q!��d:'L℄3��j3A}�DL



� 30 �������
���q�T�p������� 28 p�%EÆ �w���7:AW3!>g � Sgr A* ~�3'L℄�D�d Sgr A* ��&T'!S�d3��/VQ*!
wC�_}M X w5Æ ^bTj��� [164] 
QoN\6�J53��H0~�'q3}x [165] ��J}xM��q��rY3.32W��Æ �w3��
T5`� 6!�D37�>^�wM�w'-3 [165,166] �`{NU' 3C 120 m� 3 �3 X w5MwC2^C>�H0~'L℄�D3Z�
N�m6�2C3Z��d [167] �d{NU'L!
�&2Cd�D!wi#D
(!f M 87) �Nali5F"�6!�'A�w~3|`�6Zp�8℄\~�&7�>^y3�w*� 7�3�� II W��D [168,169] �&T'3��U^�n52^.�<37�>^�w
f GRS 1915+105 [170−172] �
GRO J1655+40 [173] M XTE J1550+564 [174] �%E: X w5Æ (GRS 1915+105)p8_}Æ 3[�39wCÆ /�d HXR 6$U. SXR 6$U35s!52^.�>j�d
Sgr A* !3.jB
8o
�JÆ �#%E:7�>^y�3�w�'L℄7�>^�w (�D) 3Z�M�K)k3�D�'3Z�k8k.HK�'L℄�Dj�d X w5�w3.$Mi$35s�s! [169] 
f)k3�DRd.$U!52^.�2^liHk'L℄�D3UP;$>:� [169] 
Na36$�kY�L<�w 6p+3
�>)k�DQsk32wC�w8o�8
jHk
5�w~37�>^3�w7)k�D3�wk8 �3��W [168] 
�Hk'L℄�w~�37�>^>�e3/'Ye;�!�D3 MHD 1�o�C>Hk
.j�3���wx7d�K�)k3�D7}D! [175,176] 
'L℄�D�1�� 9+%℄3�8�-��w�'3�''�S�
1 600 GM/c3 [176] 
(! G � c M M zK�'%i1�6�MVQ�/�ok Sgr A* 3[1�B~3�''��S� 6 h �f>#z^�9WH+�3Æ T>�w�18%
�B~3�E>w432^ �R3 [165] �)k�D3Zp�(���58qzb
℄a3"3Y
oW [177,178] 
�℄Æ03Na>�yW�e8/�(-�7�>y3'L℄�w0D3��6�p-
Æ�KW

Yuan 7℄ [163] l�>R� CME S\�7
\~3�VQ!�

�3>!�D*!39R�e8/3'L℄�D3 MHD oW
�
N3�j8 2 h� (1) dVQ+�3!�
!
���1(!3���WzC�
Zp7�>^
Mf��e>7�>^3PC�1�e}�dk8:b5N3!�D!5u�L5>h!�
f*! (/�2 [126] < 12u< 2 A*!3XQ) �Shf!3�eLQxk��k
E:(H?d
!3\N���J7�>^Q�K℄3j�
Y8}�df*!Zp>bV�<3�l/�3C) (/�2 [164] !3u 1(a)) ����s%E:�e�/M�TW3	,M�� [6,179] �	f6�4hI\1.3
dk8Tn7�eC)�d3'q*!
=Hh13��Q�Kx"�jp'q�[3	P
'q}��9_Ur��k
f�[7U�}�vk�\�'��� 
3�/MTW�Q�E:�/MTW3��.3:H?�:H7U
'q3S�U�k�`'q3_PZNgx"�-�_�3j�
�=3b>g �eM7�>^C)3tW�~MÆ 3
� (/�2 [4,6,7,179] �~3:*XQ) � (2) 6 Sgr A*3[1�B~3'L℄�D3Z��''�� 6 h M:
�>R�{N��%'AW.j



� 1 & 9�[Æ8^�`A�ReS���N
_��)L{
?C"4+2 31��'3�s�''�8*�*W
/�p 4��$?qK3-|d��q38<℄�$�
zb|�j`w4R�o`+�eC)M�l/�w3�F
tF3"VQ!�
�eM���woW3wa�d��3!�
f*!�l/�3C)Qx���K;�d+P
*�/MTW3��m�U�
'q3�[gx5 n
�l/�x�_�3Z�5�~P [4,16,24] �Eb�e5o7;�{
��!℄HB (CD�) E�d8o�℄3�e�'Zp ([w�2 [163]!3u 1(b)) �67�>^Q�K℄'-3Jm�1���('dCD�*!j� [4,16] ����s��;Fk3�v%L'1�w%8 ;��l/�z�!�

Zp CME ��rh
�('���3�e�/5kp7�>^�2$>3N�

�Æ �w�A�rh
N���5kp7�>^N�L�� CME 	M [6,16] ��g�d��U^M Sgr A*q2^.3z

HkÆ QR ��3�w�s
Npk8N%pZ���}�`Æ %E3���w�1\$R�39k��j�qXQ

 1�Æ3dR���>B�38*1p%�M\B
� Sgr A* P���!>
 Yuan 7℄ [163] wa3��k8AW�/3VQ!�
'L℄�D3\NZ��C>j0	P�[b3�l/�d_�M�('3'RP1+
(�W}�d 10 �z$��� 0.05 c m!. 0.8 c(/�2 [163] !3u 2) �f�.03!���3�&�/"u�s3tj℄
�wi�R'L℄�D32^Z��
6 FEOr�6�+�Lu3R�.j0D3_��Q3ZpMjo�s
:(XQ3��Qd��s!d'1℄a�FMF".j0D3�����.j�s!�eC)3�kZ�
���JZ�Io/3��6�rhIju3P1�k^�9
��Q)-kV�~��AW3.j�sE �bf�eC)!��3�/MTW�.�4f	P�[t�3�'q6	P�[439_U�k.	P�[b3N%p�k35s)p3_��s3AWZ��(�
%�3_��spQ��bf�C)d	P�[b�=f8 ;jop�li� +3R�.j�s
pa�K1<�('3P1��('5�Wz�eu�JmE
8*3�e�/55k�7�>^3[�MN�
�1	P�[3�eC)3�Wz5��R�Zp CME 
f![3�sl
�Æ �d_��s!Zp3CD� �('j�3/�HB�(!~03�&�
37�>^Q�K℄MxNY�('�H+�3�WS\
�.j�+vkS\\$H+3[�MN��<l
d.j�s!Zp3CD��rhE:�l/� (CME) 3\Nfmj
A�rh;6<�('3JmfG[��#�9�('3P1� b�\�'
$�d7:�3.j�s!Tx8j3CD�~0�<;
�('dJm�e3o�
�5}23bf��M�l/l�CD�!h CME *!
LK%5(>h\U��'�f> CME  n:;D�3
z\�Wz��M�l/gx`�'b0
�Q}e%3-<
��C>`℄azbME-_C℄�'b0k8wi(�3� �E:�QzbM2^z�3Q^}k
R�.j�s!




� 32 �������
���q�T�p������� 28 p��3CD��.2�p3��4*/43`D
`N3zbW���YYZp3��P3>B [119,120,122−125,180−183] �/< CME– Æ CD�32^Z���8*3zbp>5A�:.�d6 Lin M Forbes [16] jo3R�.j_�oW!
Y4)=R�Æ M8/ CME 3jCD� ��wi(�3	
�
(dK|31p�BM%�z-*!
`CD�3`�� kCd�� �('�L9<_�jo�L
f�ek8,v(H8|"C)Q�35℄3;WC>�M�*�doW�B!5CD�3�kZ��2;wJd���
3��5�q�f��q
Æ M CME(�.jbV) �'�d�('CD�3;n�Q 6 Lin M Forbes [16] )-\~�3�hd 20 �� 80 �"
Martens M Kuin [29] g\~3.jbVMÆ 3 (CD) wIoW
)=.jbVMÆ 3g ��CD��dKa3oW!
6<1pW<�B34�
CD�Y[
~�`2^\~8$�3'-M3"
$fj�'kCd�Q#z>\
L℄8'-R
3/4�Lin M Forbes [16] oW34�d<�CD�3yW>.j�s3jo �2;''d�-3
(jWgQxp��SoW6|>2^C>8''3x��j3CD�d_�oW!~0b
Y�gd Ciaravella 7℄ [119]d`Æ CME 32^C>3z�zb!1.
��Y�
CD�k8}23`W�����54�.
f7�>^Q�K℄MxDld(!$�3wi(�38n [180−183] �A�rh
g_�oWM(!3�C)3*Af~
d Lin M Forbes [16] jo3F�oW*!
�31p��3r?
CD� �4+3�f)Æ8|��3!Pd�3�'5zbTHkd��.j�s!Zp3CD� k884`W3
$��� =W��3�QoW*�)D884`W3CD��fP584`W3CD��2;)D.
�3_�oW*!`zb|�9 ��Y�3gt��14�3 
6<R��0!j�3g
�sd(Kb^��o`!�}�xj�
7f~0dVQ!�
'q!37�>^'L℄�DgY8}� > CME �<3��M�l/3�w�s
I�
�R���>B�3�QMC>1.b^��3(K>B5 8|Qb!P3��jorA�P���g'
Yuan 7℄ [163] 5 Lin M Forbes [16]3R�.j_�oW3�6:;*1.`'L℄�D3�Qzb�!
M13>2^�6��3C>��db^���>B3RPzbrht<3�hl0
�Qb�<3g'\$3��}�[w3�!�b��"�
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[51] Švestka Z. Solar Flare Magnetohydrodynamics. Priest E R, ed. NY: Gordon and Breach Science Publishers,

1981: 47



� 34 �������
���q�T�p������� 28 p�
[52] van Hoven G, Anzer U, Barbosa D D, et al. Solar Flares: A Monograph from Skylab Solar Workshop II.

Sturrock P A, ed. Boulder: Colo. Assoc. Univ. Press, 1980: 17

[53] Sturrock P A. Solar Flares: A Monograph from Skylab Solar Workshop II. Sturrock P A, ed. Boulder: Colo.

Assoc. Univ. Press, 1980: 411

[54] Zirin H. Review − Astrophysics of the Sun, NY: Cambridge University Press, 1988: 80
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Other Research Areas of Astrophysics

LIN Jun1,2, WANG Xiu-peng1,3, MENG Ying1

(1. National Astronomical Observatories/Yunnan Astronomical Observatory, Chinese Academy of Sciences,
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Abstract: This work introduced and discussed the development of the catastrophe theory and

model of solar eruptions and the related works. Solar flares, eruptive prominences, and coronal

mass ejections (CMEs) are three different manifestations resulted from a single energy release

process during the solar eruption. Any theory that attempts to explain the solar eruption needs

to account for the energy driving the eruption, production of solar flare, eruption of prominence,

and propagation of CME including large amounts of mass and magnetic flux in the outermost

corona and interplanetary space. The fundamental base of observations for establishing such a

theory and the associated model was addressed in the present work.

It is well accepted that the energy driving solar eruptions is stored in the coronal magnetic

field beforehand. Unceasing mass motions in the photosphere continue to displace the footpoints

of the coronal magnetic field rooted in the dense photospheric plasma, building stress and thus

the energy in the corona until the stored energy reaches a threshold. In this stage, the system

evolves through a series of equilibrium configurations in the quasi-steady state, and the motion of

the photosphere could be either shearing, or converging, or twisting, or emerging of new flux from

the photosphere, or interacting of one magnetic configuration with others nearby, or combining

of all these processes.

The evolution after the stored energy exceeds the threshold turns from quasi-steady to dy-

namic, and the stored energy is released in a violent fashion as a result of the loss of equilibrium

in the system. The transition of the evolution from gradual to violent constitutes the catastrophe

according to the standard theory of the catastrophe.

The loss of equilibrium stretches the closed magnetic field so severely that the field is effectively

opened and produces a current sheet that separates the fields of opposite polarity. Magnetic re-

connection invoked by various plasma instabilities inside the current sheet diffuses magnetic field

and converts the magnetic energy into heat and kinetic energy of the plasma, and the fast-particle

kinetic energy, and allows the catastrophe to develop smoothly to a plausible eruption. Part of

the released energy accounts for solar flares that basically show as bright growing flare loops in

the corona and bright separating flare ribbon on the solar disk, and another part is responsible

for various mass flows, including propagations of CMEs and fast particles. Therefore, solar flares
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are intrinsically related to CMEs, and the more energetic the eruption is, the more apparent the

relationship is, although the fashion of the energy partition is still an open question.

Investigations of the loss of equilibrium and the catastrophe, as well as the consequent evo-

lution in a magnetic structure indicate that magnetic reconnection is not a necessity for the

triggering of the eruption; the loss of equilibrium itself could be a pure mechanical process with-

out being involved in any dissipation of magnetic field. To allow the catastrophe to smoothly

develop to a plausible eruption, on the other hand, magnetic reconnection is required to diffuse

the magnetic field at a reasonably fast rate, otherwise the catastrophe is prevented from further

developing and the evolution in the system will eventually be stopped. Fast reconnection dissi-

pates the magnetic field quickly and sends the reconnected plasma and magnetic flux downwards

to the Sun and upwards to the outermost corona and interplanetary space, which are responsi-

ble for the growing flare loop system and the CME bubble that is observed to expand rapidly,

respectively.

Considering the fact that most of the universe is in the form of plasma threaded by a magnetic

field, we realize that the process of energy transportation and conversion happening in the solar

atmosphere may also occur in other places of similar environment, for instance, in the black hole

and accretion disk system. In a thick disk, plasma motions due to the differential rotation and

instabilities result in deformation of the magnetic field as taking place in the solar atmosphere,

and the energy accumulation in the corona. The catastrophe occurring in the coronal magnetic

field is very likely to account for the episodic jets that are usually observed in the black hole and

accretion disk system.

Key words: flares; eruptive prominences; CMEs; magnetic reconnection; MHD theories and

models; plasma instabilities; Black hole accretion disk jets
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