
� � 28 q�� 3 o {� �^�\�: Vol.28, � No.3 ��� 2010 ℄ 9 & PROGRESS IN ASTRONOMY Sep., 2010 ��<G���1000-8349(2010)03-213-16

:CE��1�K'�A$\�℄
(Yxy`#�x8|!j�+^� 100012)FD� aop8lmq |`X���q#�℄|`8OR|+/ X *;�*�A+pMrF
7/t�NQ���q#�℄|`ORIP! + ZH�OR���q:`�f��ZH�P!+Z�f7 5 ℄IF{℄
*�� X *;(3I���q/S)|`X�pT�-b��qx+qR4A�?���R(�I���q#�℄|`/99�
�|F**�� X *;L*-��l�℄ErF�{|di���q~>FD�9>j��di���qS)|`X34di�L*��*�A − A�A − �?����(|`�diq pT�-b��qxrF�[0�lmq pTRi�lm}uFD�p℄�ORditf8�pMxn
�  	����q�*�(3� X *;(3H;�&��P182.5+2 ��� <=�5)�A

1 �	��gklp�H?Vp&�kl�"6H�H23.kl;HlH��W�
�|uN�Y�L>{_	.p'2{_W�oSY�g���
pw�"Y�ÆY�HE�p��p09_	to\��L>?F2e��p��W�?Æ�p��p`{YG�O �n��h�K)�Æ��{_��M{_�[�?Æ�p�"�\{_ [1] 	.?Æ�p�"�\{_W�"d�HS�'26H�pW�YY�pQ3)�'2�� X ):'2�Hα �*�'2��YYVp�
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� 214 �������z���℄�[�9������� 28 q�hA���.?Æ�p�R({_W�|HE?Æ�pzY0oeO 	 Hudson [3] �
Kane [4] Qj�?Æ�p�O NQW4
j6�p�YG{_	 Melrose � Brown v���\{_sj#�O + YGÆNQ�?zE)#�SO �pYG�zY�� [5] 	L���W.~S��VNQ�WZ [6−13] 	� 1 `j#�O + YGÆNQ�|S�<�?Æ�p�"�\{_�{21\HEz\�9_�e��O �YG�Y�e�	pW��p9_HQÆEC��p.o\��� 
"Y�ÆY�{�?Æjm�{_	e�HQ�p09_L�?Æ�pt9_��F�R(�tp����HZ�p���{_	O �YGH�8ZT��0e��?Æ�pE��HE�uHE.p�o�W}t��Y("�?NMYG�b�O�kl|tW�*�uHE0O �VU.�\oe�L=�?z.("{_W���Y�e�"�)J�)�tO ��n��-sYG� ~O	|HY�e���?Æ�p{� ~O8��^�hD��
pw>�~��K)�o�?0Æ��|Z�+. ~O"?b�Okl|tW [12] 	�{E)?Æ�p.R({_W�8=qE (9_8=�CT8=�O 8=�) �D& (e��p�NMYG�p�O �p�1sYG�p��D&�{*kqE�z{�Tp�{_W��p9_�oSQhi��� –�>�~��� –�>�~��O �pn���F9Æ�'�{_��ZuFE)�hklp�NQse�7�oLwm	

� 1 �lmq X���q#�℄|`B�� [12]



� 3 o ��d�lmq ���q#�℄di 215�?Æ�p.R({_W�^��VV>�~��..\�*Q3#'26H�pW�)�'2�� X ):'2H�[VBz��oL�'26H	�V|�2�kl)�K)��\HEz\�_kl)�K)�kl�7)�K)�kl)�'2	_kl)�K)�8�[�� B ÆE��Hkl|t�
pw�Æ�SK)�Hu[#1$B237��K)E��kl�7E��t[�� S ÆE��"? SVC ��t��p�k�$YD�Y��~o����sN7�3KJ�HÆ�SK)��Y9_K)���%UQ3��kl)�'2Hu[7�p&a_/zh7)x�E��`n�K)%U$��Æ�SK)��Y9_K)��Y�F9_K){*�
pwK) [14,15] 	pW�r\%��Y�F9_K)�?Æ�p�ECNM>n�%HR�E1kEC�K)kQW γ �?Æ�pkQW δ L=�n/H� γ = 0.90δ − 1.22 [16] 	Rvs:����klp�W�� X ):`nH?Æ�p���p (Vp) L=�>�~�gQ3�?Æ�SK)�.� X ):��Y(�H�Æ�
pw��SK)Q3�	?Æ�p�kl|tW���p>�~���[B��'�NQ�%���� [13,17] 	.%�NQW�?Æ�p�kEC.H\K){_W&b℄℄B7�� X ):�K)kQW γ �?Æ�p�kQW δ L=�n/H� γ = δ + 1 �K��?Æ�pe��-%�kl|tW"?K)7��8:""J��pY�e68:��� X ):������F����NQW�?Æ�p�Yk.K){_W237�����6h/0Æ��� X ):�K)kQW γ �?Æ�p�kQW δ L=�n/H� γ = δ − 1 �K��?Æ�pe��hD�kl|tW��� X ):�x��	YY�pt9_�j��>�~��Q3 γ ):'2t`Æ#>℄�R({_ [17] 	B��H�Q3 γ ):�YY�p�[�
.�iA.R({_W�JWbQ*	 Ramaty ��E)#oe�k�bD&��FD&�D&:Y�oe3��n/�?zl3#B��2)E��e6kJ [18] 	3K γ ):�� X ):'2�,��:26� γ ):,��L5�8=f�Hulot ����YY�p�O �R({_H�s�[6H�`n�� [19] 	hA��O + YGÆNQE)#�\p�ED�?z
�#�oL8fuS8�owJW [20] 	1�\�E))��� X ):�'26H�h?Æ�p�"�\{_��nphYY�p�R({_��0V(}J>�8 [17] 	)��� X ):'2H?Æ�p.B��'�~D�K)%U2Q3���{E)iA�,���D�k�O.�hB��* (Y�) K)L=��/��=�z{tB�KHE)?Æ�p�R({_�h?Æ�p�}=�8={*k�i�qE	E92bY�oLWmBYz{b_0�h?Æ�p"�\{_�kJz���7NQ��YkamN�oLJm�-z��7sjN�}<�>�7NQB,
��#	� 2 =`nV(�O + YGÆNQ�'�JW�3a�� 3 =V()��� X ):�oLqE{*�O + YGÆNQ-oLqE�'�TL�� 4 =sj#6�h�Bx{*VnZuFh�1\;H	
2 A��rÆ$�_}a
2.1 �J�8Rv��n�p9_%U�h
.�`n$��N,�S9_�d%9_�'�9



� 216 �������z���℄�[�9������� 28 q�_�	N,�S9_23.o\�Q3��,f"?,,p��W��[9_%U�o\��8=�}=7�>��	d%9_�t[�1ODC9_�H.
"�
pwW��pY��d% 
�e�{_	pW�� − �gC~�{_W��
pw��gC�pse#gY���p09_	'�9_�t[�uODC9_�23.'��v�5U$��"��Y�gy`�p [13] 	p�oSQhW�9_��H?Æ�p�2���s #i?e��YY�p�"��Y�EC�I	�=p�{_W�p�9_%U�-��H0��Tp�W_[K)�Q3�UV�{*oSQh�,a�
pwEC��u1H?V\n�	1�`nne�p09_�e��p��W�R({_��r�-�9_%U�>nh�kB-lU	
2.2 �JI3Rv�?Æ�pe�{_�'�%U??�
�eE��T�.B��9_%UW�?Æ�p�e�{_HB>��	.jT"nNN,�S9_%UW�?Æ�p.9_/f$NM
v��X�e��� ~O�M�p��W��,fW��p9_��,fj�k?Æ�p�mRL=By.L5�8=f [21] �
/�.o��,f9_ [22] �d%9_ [23] �'�9_ [24] �+7O 9_ [25] W��p.9_{_W0oeQhO �LtoeWn�/e��p��W	 Aschwanden . Petschek Qo\�NQ�<2�h#YY�p�e�{_���e��p�bJ0;fQhH�e�{_Q3��/BH9_%U1/�Q' [26] 	
2.3 ����!O �YG{_H?Æ�p"�\{_�`nz\HE�tH?Æ�p�EC237��`nO*�s m�L>n�)��� X ):K)�oLqE	?Æ�p0e��p��W�E\�HE�uHE0O .oeW�*uHEt�("?zNMYG� ~O	p���oeQhHQ3�[E��nC�^	o\���2;�p���V���x���r~O�a(pNQ�px�oSw���oS��S\#oeQh�?.oSKw��(S\�\oe�	;.p��W&h�?z�p�("HtÆ��4.("�: (s) Wy.tÆB7� µ �

µ =
1
2mev

2
⊥

(s)

B(s)
=

1
2mev

2 sin2 α(s)

B(s)
= const , (1)pW� B HoSw&� v H�p�("_&� v⊥ H�p.nNoS;F$�_&E�� αH�p(";F�oS;F�7J�.�)J	��p("�oe�8� α = 90◦ ��p.jT�oS;F�_&E�� 0 �t/0O 	-
oS� BM �oe3 ��e��oS

(B0) �oe�oS�3O�
R =

BM

B0
=

1

sin2(α0)
, (2)

α0 He6kJ�t[��p�'U�)J	��p�i?�)J (�p.p���ke�8��)J) |� α0 8��p0O z.oe�L=}8Q�("���p�i?�)JJ�
α0 8��pmo�:}9Y("�hmp��NMYG	.�\{_W�$~�`nJW��i?YG2�O �pD&�YG�pD&�1sYG2 (n�2) �	
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2.3.1 MXLUVNMYG?Æ�pW�e�w�pW�3O�[�i?YG2	-�-[�oSQh�;..�pe�8�)JECu'�4i?YG/W��

qprep =

∫ α0

0
sin αdα

∫ π/2

0 sin αdα
= 1 − cosα0 . (3)-�B-[�oSQh�amtÆB7���\x�-
�oe3B>���2: 1, 2 ��;p��W�HE�pW B1 > B2 	U>�-�>��e���p����\HE-
�oe3=x� R1 > R2 ��p�'U�)J�s�oe3�g{� α1 < α2 	H\p��W��p�YG/W��

qprep = qp1 + qp2 = 1 − cosα2 , (4)pW� qp1 � qp2 E=H�\#�-
�YG/W��0��.Jx�8 [13] W�V(	
2.3.2 RSO[WPO .p��W�?Æ�p�D&�s�?Æ�p�e��W�O 8=	;.Æ4�pY�e6�-��X�e��W f(ε, t)(��8=e����Y�=[X��pWD&) �O �p�D&H [13] �

ntrap(ε, t) = (1 − qprep)

∫ t

0

f(ε, t′) exp
[

−
(t − t′)

ttrap(ε)

]

dt′ , (5)pW� ttrap H?Æ�p.p��W�O 8=	
2.3.3 LUO[WPYG?Æ�pD&��HEz\�NMYG�1sYG	pW�NMYG�?Æ�p�WD&�s�e��W�i?YG2��p.p��W�CT8=�

np1(ε, t) = qf(ε, t)l/v , (6)pW� np1(ε, t) HNMYG��pWD&� l/v H?Æ�p�CT8=� l Hp���W&�
v H?Æ�p�_& [27] 	p��WO �?Æ�p��Y�e�"�)J�)�QV#oe�L=�("�toeWn��?hmp��F2("� ~O��\{_L~1sYG	1sYG�?Æ�p�WD&H [28] �

np2(ε, t) = νp(ε, t)ntrap(ε, t) , (7)pW� νp(ε, t) = 1/ttrap �H1sYG2�"?�pn�2	YG� ~O�?Æ�p�wWRH�HE�w��.�
np(ε, t) = np1(ε, t) + np2(ε, t) . (8)

2.3.4 QNLUVTYZV�SO �pn��%U`n$��\;H�Y�e6��)J�)	Y�e6H���p.�h�p��W("8��^�VV>�~�/e6Y��YG� ~O��)J�)H
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�pW7("w&/Z��e6kX	Trub-

nikov E)#Y�e6��)J�)�S�O �p�n���iAL=�3O� 0.5 [29] 	
Hudson 3a�?L=�3O� 0.3 [3] 	�rzB�-�O �p�n���)J�)��B|�Y�e6�;`���	�r�.W.��3aW�Æ4#��Y�e6�s�O �pW�A&�/\�ne�)J�)%U	�)J�)%U`n$~�[��6h�)���gC�)��
pw�"�)	�6h�)HQ?Æ�p.p��W("8��,a�
pw>�~��W7#(";F�oS;F�7J	2H{�p.oe�T℄�((|�����[L�)J�)�'���	.oe�T℄�?�23�6h8��pjT�oS;F�_&E�� 0 �(";F�oS;F7JH 90◦ ��y.oe�23�6h��p(";F�oS;F�7JB-H 90◦ �jT�oS;F�_&tBH 0 ��r�5XF2("	�y("�D&3K|� ~OLv�?�0oe8��4?Æ�p�^�`D�,a�
pw>�h�k�6�Y�/0Æ���M�p.H1sYG�p	�r�?Æ�p�h8=s #�p�n�Y�	Y�� ε ��ph8=��

tdefl(ε) = 0.95 × 108
(ε

3/2
keV

ne

)( 20

ln Λ

)

, (9)

ln Λ = ln[8.0 × 106Ten
−1/2
e ], Te > 4.2 × 105K (10)pW� ne H�p�D&� lnΛ H�6ap� Te H?Æ�p��& [29] 	��gC�)�s�O �p�n�`nH���pEC�B" U�Q3#���'2���h�*��_[�N��M���p>�~��W7#?Æ�p��)J�>
?Æ�pn��e6kX�G�#?Æ�p_&SEC�B-[	e6kX��p�Y;5B" t��S�)J�) [31−33] 	*���
p�"t��B?Æ�p��)JEC�>
O �p0�)�e6kX [34] 	 Melrose Qj�-�Y�J� 100 keV �?Æ�p�'2���p�gC�)BH`n�)%U��H�[%U-���'2>n�?Æ�pzYs�\n�~� [5] 	 Bai � Ramaty Qj�6h�)%UH�S�7QE�8=f�`n���?zf�8=�s����,a�
pwD& [35] 	Lee ��Qj. 1999 \ 8 % 20��p�EDW�w�)J�)%Uvs23\���'2�oLWmuS [27] 	

2.4 ,(9�Y�e�H?Æ�p�K)�h/e6Y��{_�pWh-�Y�e6s`n~�	YG�?Æ�p ($�NMYG�1sYG) ("� ~O��oS>�~��Q3Yh)�K) (�FK)) ��hD�,a�
pw>�h/e6Y��Q3� X ):K) (��NQ) �|Z0Æ�/�+. ~O	
3 ��+��Æ X +<)4ejA��rÆ$�_}a)�'2�� X ):'2H?Æ�p."�\{_W�piVV>�~��NMQ'	)�'2*p_0Qh�e��p��Wg��?Æ�p>n�� X ):'2�x���H



� 3 o ��d�lmq ���q#�℄di 219�YG?Æ�p (NMYG�1sYG) � ~kl|t>�~��Q'������F�H.p���$}�?ÆK)��8�#\��*j��W?Æ�p�e��O 	�{h)��� X ):'2�oLqE�$�,��:�Yk�\D�z{E)Q3��[K)�?Æ�p�EC�i��h?Æ�p�"�\{_�?�?Æ�p�R(�p�oS�,a�
pw�i�qEseB,O.	
3.1 �0�J
7*Æ�/4�B�

Peterson� Winckler Ns�{h'2EDW)��� X ):K)�,��:�26iAo�
��>℄U [36] 	��iA%H?Æ�p�K)Q'��r�?zY���uwYY�p [37−40] 	�{3KQ3)�'2�Q3� X ):'2�YY�p�26Q3� X ):'2�YY�p�WRHQ3)�'2�YY�pWR� 103∼105 .	 Gary E)#Q3�[P�����N4�am)��� X ):'23aYY�p�WRHZ8O�?B�;H\EDW�YY�p-���['2�K)eb�*��.3a)�K)8�{Y�oSw&t>
Q3)�'2�YY�p�WRAJ#
. [41] 	�r��oSAJ�W�w&?z69?Æ�p�kQW�3a
��Q3� X ):'2�Q3)�'2�?Æ�pWH℄℄>��	Kai Qj��y�ZYY�p��O +YGÆNQ�)��� X ):'2>n�YY�pWR�P�k�I6 [42] 	.�\NQW�o\���9_��uwYY�p.W�oSw&��Q3�Y�F)�K)�`{YGL�. ~O�{�� − Æ�SK)Q3� X ):K)	
V~?�x0oS-YY�pYG��B���O + YGÆNQ����>
.O ��Q3)�K)�YY�p
�b.�ne	���O +YGÆNQ�K	Q3)��� X):K)�?Æ�po����WD&L��Av?ne)��� X ):'2�,��:�8=qE	 Aschwanden �u/%~o7#VNQ�'�%U�"3�'26H�?z`j#toL6H�jNQJW�;6 [1,12,13,33,43−45] 	 hA26� X ):,�W�;w,� 10% �;fQE�^6I�8=f (Y�$|�rp,�{�IO$3) �;w,� 90% ��7QE�^6R�8=f (Y�$|�rp,�{�IO$�) 	hA��v?H�B�Y�?Æ�p�CT8=s ��?4�s�?Æ�p�O 8=	 Kundu ��.�\NQ��<2E)#u\;fQ���'2ED���'2�8=,��:tE\�\HE�uHEH;fQ��I3�?Æ�p�e��W�*uHEH�7Q��I3�O �p�D& [46] 	 Lee ��Q�� X ):���'2�oLWm���VNQE)# 1999 \ 8 % 20 ��p�ED�?zam� X ):[�#?Æ�p�e��W�3aj��K),���oLWmZT3K�|o7#?Æ�p�n�%U [27] 	 Klein ��h26�)��� X ):K)k�i��z{�9_�
���uwe�YY�p8i
� [47] 	�r�)�'2�� X ):'2o�
��>nU�HBG�E;��8�t[L.p�{_W�?Æ�p�R(4
`{O �YG�K)�{_	
3.2 �0�J
%����{-)��� X ):'2�}=�T�E)����T?Æ�p�}=EC�R({_�oS���Qh�	� 2 `j#�Fo�W_F�UEC�?Æ�pQ3��Y�FK)�!�&�k�\DEC [48] 	� 2(a) W��Fo�QhH�Q�a(pQh�zx� A



� 220 �������z���℄�[�9������� 28 q��oSw&|�x� B �oSw&������x�L=	� 2(b) `j#.x� A � B ���k!�&�,�kEC� 3 ~!�&�k�:%�u\IO�IO-
�h2[�IOh2	J�IOh28�K)!�&dmh2�69/69�K)�Hr\���|�IOh28�K)!�&dh2�69/AJ�K)�Hr\%�	r\�HE�K)`n�s�?Æ�p�t,M�Æ�p�,M{*�Y�FK)��U�,M�r\%HE�K)k4NM8�K)�?Æ�p�k	� 2 t`j# 8 \h2�)�K)��Qh�t�Wz{wj�J� 5 GHz �K)�3KB�zIO�����|� 5 GHz �K)��^6�p��x�uS��\IO�zh2$Y�-
K)��d&$J�?z�oSw&K|�x�-
K|�K)w&	�r�B�h2�)��8�#?Æ�p�}=EC	)���5�.�h83KB��[Lp����d&
|�?Æ�pEC.��T℄�.Yh8K)�>-3K)W�[Lp��x��oSQh3KXu�?Æ�p��M℄�x��T	

� 2 ��Gp�X�Z�GL*
(a) qUSjC�� A � B Jy����1�y�M?� (b) 1 A � B ���l�"�'mGE�3I 8 ^K	J 8 ^i3,�M,�"�'�Z= [48] ��� 3 gA�p�{_W�� X ):'2�$�� (1) ��o\� X �$}�?Æ�p�%� − �SK)�[�?Æ�F�� (2) .9_��p���$}?Æ�p�)2O Q3�%� − �SK)�[�?Æ���� (3) p���$(�Æ� X ):K)� (4)�� ~OT℄���� − �SK)Q3�?Æ� X ):�� (5) ��r~O���8F



� 3 o ��d�lmq ���q#�℄di 221��)Q3�K)�	pW�x�?Æ� X ):����Æ� X ):��K)w&;`nHE�z��wÆ����y.�>
?Æ�����F�W{oL�	-�B-[�oSQh�x�oSw&|�� X ):K),�J�8Lt\�	� X ):��}=EC�H?Æ�p"�\{_�NM8�	.o\��$�2;�� X ):� (1) � (2) �H?Æ�p09_L�.
9_�?e��p���{_WQ3�������� X ):Æ� (3) �HÆ�p�K)Q'�K)��Y�3K��� X ):� (4) � (5) `n�t�NMYG�1sYG�?Æ�p�K)	

� 3 �lmq �X X *; FD [13]�{E) 2002 \ 3% 17� M4.00p��� X):oL�Alexander� MetcalfE)#� X ):��EC*pi��?z.�O + YGÆNQ��<2`j#'�TL [49] 	� X ):��B-[`n�t�p��x�oSw&�B-[�� 2.3.2 WgU��\#�W�e6kJB>��>
�\#�WYG��pWtB>�	.p��;f>�� X):K)�Y�$Y�K)��B-[U$�	�H���6h�)%U.e6kJ&3K|�|�2�~�bL5�/Y���?Æ�p�n�2K|��r�Y���� X):K)��B-[Uk6w#	�{E)� X ):�B-[U�8=i�26�.H\;f>n=�_\Y*$�B-[U_FAJ�1Rj68g (w�7�����7w�) 	�H��Np���j6����p�x�oSw��ECB��t/� X ):��ECt238g	*��hA�26� X ):x����F��w&3 R dY��7�BL5���
�dY�69/AJ��G	.H\;f>� 20∼60 keV Y*� R B,69��H��O �pB,n��YG�pB,69�s���� ~D2{*�&5Y�>
p����Æ�pD&69��r� ≤20 keV Y*� R _FAJ�� ε ≥ 65 keV8� R #1B7�[LO �p�YG�p�WD&3B7�.?Æ�p�O 8=
|�.h�8==[X�?��pn�	�r�� X ):x���B-[{* R dY��8=�7��kJ#?Æ�p��O + YGÆNQ�?z��VNQz{ �3a
��oLWmuS�Qy	



� 222 �������z���℄�[�9������� 28 q��{3KB�h2)���B�Y��� X ):��26-���Qh�p���)��� X ):K)�x���T#1uS������x�L=��p9_�����$;�o\��	�H�-�Q*�Qh�p��)��� X ):K)��Clk
Q*�
.�}#�;H�~ [50−52] 	|HE�h26�p���\�z\�u\H�� X ):x��uS�SD��*�u\�)�x��Dy>n�|��z)�x��"
� X ):x��	)��� X ):K)��Q*ClH��>�~�23o\��qE��p.��>I��T09_?zE=e����W��p�9_��V����>I� X �	

� 4 �v℄<gFEpTRi�*�L* FD	!v<=��!1<=�	!1<=G>J 5 � 10.6 � 17 GHz ,�!��Z=��!v<=J1qU��SzY[���<r!qSj�q�=GE�3=��=�<=JqUx'�GE�= [53] �
3.3 �0�J
"���{-3)��� X ):'2��EC�Q�oS���BYz{
���T'2��}=EC��z{ZuF�T?Æ�p�JEC	oS�QhH�T)��Y�FK)�u\\n�^ [52] 	� 4 W� 5 GHz �)�������T℄� 10.6 � 17 GHz �)�Y�������K�!5�x������o�Qhx�
uS�+5�x��?���o��x��/H.���oS�+x�L=	�[)���Cl��s�oS�Qh	��+x��oSw&K|�+#�-
�oe3k|�!#��oe3��r�+#�



� 3 o ��d�lmq ���q#�℄di 223��'U�)JJ�!#��pO �pK.�K)w&k|	�rzB�p��W�)�K)`n�tO ?Æ�p���+#��oe��TY�!#��>
+#��)��BY�p��x�uS�/H�����x�L=bY��T$	 Lee � Gary ��?Æ�p�i?JEC-�)�K)k�i�s�\n~� [53] 	�6h�s��)J�)>
B�Y��?Æ�p�O 8=B��/r\%HE�)�K)�?Æ�pWDy>n��r�z��	 e��?Æ�pH_F�UEC�H7V,EC	�{[�3a
1993 \ 6 % 3 ��'2ED�hA26VEDW�e�?Æ�pH7V,EC (≤ 30◦) �z{
��TL)�87�:�B-[EC{*)8=�$5>�W8=�XA>	�r�;.e��?Æ�pH7V,EC�E)#O �p�YG�p�EC�TL#)��� X ):'2��r�B-[U [54] 	
3.4 �0�J
-��?Æ�p�kECH?Æ�p"�\W?V\n�'�J���{-)��� X ):K)k�h�z{
�?Æ�p�ki��t/E)?Æ�p�EC�i�	)��� X ):K)�,�k.K),��:�$5 − IO − XAn=�i���[S���
− � − ��� − � − � [55−62] �-p�ED�E)26��[K),�k�i��8>���8B� [39,40,60,61,64] 	Silva ��E)# 27\p�ED�)��� X ):'2�26
75% �EDW�)�K)�k3� X ):�k� 0.5∼2.0 [63] 	-��[K)ki�>��TL�`nam�?�t��w?Æ�p	-iAL=P��TLt�
.� (1) ?Æ�p�t�B��9_��� (2) ?Æ�p��u\9_%U9_��HE�F�\� (3)p��Wy.oe�O �pW�69>
)�K),�>-� X ):K),�69�?

� 5 �q *�� X *;L*%	J�2s6"qN� 35 GHz ,�M,. �=� RHESSI60∼100 keV � X ,=M,. �=�3	J,�M,JPi3�:8�=� RHESSI100∼400 keV � X ,=M,~- 35∼80 GHz ,�M,4b���B��s�m [64] 	
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)�K)k�� X):k�i�;�tB>� [65] 	 Saldanha ������ X ):,�k7�HE�K)`n�t�YG�p�/BHO �p [66] 	u;H�zY9_%U1/Q3�?Æ�p�k7��*u;H�?Æ�p�R({_zYW7#YG�p�YkEC	 Lee ����p�{_W��L�O %Uz{TL)�K)j��87�:�B�h2�IOf{*7��K)k [53] 	*��.QMp�ED�XA>�Æ\E�)�K)\�`nHE��tH)�,�k7��u\�� [61] 	�{)��� X ):K)��kE)�)��� X ):K)ki��P�
�\NkJ	 Wang ���{E) OVSA . 1∼12 GHz $�)�K)\DoL26��� X ):'2
��?Æ�p�k�)�K)x��
��kuS���)�����kBuS [67−69] 	.x��)��Y�FK)�� X ):K)�t>��?Æ�p�.���)�K)`nHXÆ�p�Æ�Y�FK)�/� X ):K)`nHÆ\E	��oe~��>
?Æ�p.p��W�ECBu'�p��B��T�)�K)
��?Æ�p�ktB>�	 Emslie ��E)# 2002 \ 7 % 23 �� X ):'2��EC�K)k�pW�p����Hw&
Y�Æ���\x���oSo�>8�oU�iA�,��kQW.8=$>n��HkQWL=�P� 0.3∼0.4 	���6h�)>
?Æ�p�k7���r��\x���K)k�P��t� ~O�(�p��x�T℄B��,a�
pwD& [70] 	 Liu ��E)# 2005 \ 5 % 13 ��Y~p��� X ):K)�26.p�~$EC�� X ):��w&�kQW\8>n���LvkQW�,�8>n�Q7HuS��� X ):��k����oSw&t^683n/�[L��oSw&-
K��?Æ�pYk [71] 	 Krucker � Lin -3E)#� X ):�F��x���,�k�26v?�,�kQW3?| 2 ��H���F�-
%�NQ�x��-
��NQ�g{�?j6u\PO 2 [72] 	
/� Battaglia � Benz 26�?�PO|� 2 ��k[LYY%����NQBYTL�\oLqE�hA��YG�pP��8F�,f�~��>
kQW�P�|� 2 [73,74] 	
BIMA (Berkeley-Illinois-Millimeter Array) NsoL� 86 GHz �Yh)�K)��{-3E)�C�)�K)�� X ):K)�26�C�)�K)`n�tbYY��?Æ�p (1 MeV) �
��k3� X ):K) (1∼100 keV) �kbj� [75,76] �.p��i?>���?�xk�?Æ�p/oLB�� X ):K)��Hz{oL�	C − �C�)�K)	-�Y�1� keV Y��� X ):��:):K)�oLE)26�rpkz{�YE1k�W�[��pWYY*k3�Y*kj��m�Y�� 400∼700 keV 	

White ��E)# 2002 \ 7 % 23 �� X ):��:):��C�)�'2�3a#_['2�k [64] 	� 5 W�)� 35 GHz �K),��:�� X ): 60∼100 keV �,��:8=i�
uS�)�K)�IOh2�� X ):K)�`I-

���H�am�C�)�K)
�?Æ�p�kQW�3� X ): 400∼600 keV 
��?Æ�p�kQWJ
2∼3 �t/JL#o\�9_�?Æ�po�YE1kEC�� X ):K)-
K�Y��YY�p��C�)�K)-
YY��YY�p	
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4 z0Æ$v},��ej<Gklp�?Æ�p"�\hH 20 D6PNP�h|u�dm�"e2T�B,ZF�YE92�oLWm>
�AYk�H/��h?Æ�pR(�H\{_	{2Hamh6jsj�6y#u�{*��VnZuFh�;F	.�7$��As:MP��7NQH�O + YGÆNQ�VNQYk���TL)��� X ):K)�oLqE�?zdmN�oL6H�26�VNQB,
��#	
NQW?Æ�p�"�\{_YYvV� 5 \HE��H�\HE$~�'�{_�-*�'�JW%?VQ*��k`E)�h"�\{_�0P~��W	 (1)N4�.p�{_W��p�9_%U�
.�?z�\%UQ3�?Æ�p�Yk�}=EC_B>��`E)YG�O �K)�{_~�B	 U�A-B�9_%U2Q3�?Æ�p"�\qE�h>-3K�5	 (2) i?YG2H�oSQhs ���8its #?Æ�pe�L�YG�pW�O �pW�3�	
�Az{�{� X ):x���B-[U�8i�\JW��H���oL./(K&�9U�&6
�H\{_Wi?YG2�i���r�.3aO �YG�pWD&�8�%Vnsjn�i?YG2�;.O	 (3) n�O �p�n�%U�6.z`sj#1[zY�iA.p�'2{_W�zY�8j6�tzYIyj6�"?�8~�L5��8~�BL5	�r�T[�)J�)%Us`n~���
?� 7��5>n��3Qy	*����H\'2{_W_[�)J�)%U%�j6�zY�-�O �pn�2i��hVnb0S�E)	 (4) VNQ?�x0O �?Æ�p.oeW("8�Q3�gy{*zYQ3�1s9_�?z?�la�M7�-)��� X ):'2��B	 (5) p��W�oeQh�" U�u �OM	.�u\'2{_W�?Æ�p�R(H.�u\oeQhW�\��H.B���Xj6�oeW�\��?��0�hQ7�7��p��-YY�pR(��B�?�Q7	.oL$�$�$_0�oLWm��7hse#HS��?n$���8�NoL6H�26t-6���7sj#}<	oLH�7NQ�kJ��7NQ�28t-oLsj#bY�n�	 (1) � X ):K)�oLz`
�
|sY� RHESSI �%Ase#Y8=�Y��}=E92�oLWm�Q3� X ):'2�?Æ�p�k�Y��}=EC�i�
�#eE��T��H.)��*��5�FY&$Y8=�}=�h2E92)�\DWm��>
-�Q3)�K)�?Æ�p�}=EC{*K)~D�hW{b0��ZT	 (2) .)��*�r\%��Y�F9_K)�?Æ�pNM>n��H)�'2W�$~W._0Qh�iA�K)%UzYH�
pwK)��Y;5K)�>XK)	�MK)%H��Q[?Æ�p�,a�
pw�EC�B" U�s��/_[B" U%�zYQ3O �p��)J�)�-O �p�n�Q3�B�t/�B)��� X ):'2�?Æ�pEC	Rv�5)�_0Qh�?Æ�p"�\{_���E)�?�eEÆr)�_0Qh�B,dY	
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The Study of Non-thermal Electron Kinetics During Solar Flares

HUANG Jing

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

Key words: non-thermal particles; radio burst; hard X-ray burst

Abstract: In this paper, we introduce the model of the kinetic process of non-thermal elec-

trons during the solar flares and the observational characteristics of radio and hard X-ray bursts.

The general accepted model for non-thermal electrons kinetics during solar flares is trap-plus-

precipitation model, which is composed of five phases: acceleration, injection, trap, precipitation,

and energy loss. There are several acceleration mechanisms such as electric DC field acceleration,

stochastic acceleration and shock acceleration and so on. The energy, spatial and momentum

distribution of non-thermal electrons accelerated from each mechanism are different and the ac-

celerated electrons are injected into the flare loops with different ways. For electric DC field

acceleration, the accelerated electrons depart from the reconnection region directly and the orig-

inal distribution is unaffected by the injection. However, the electrons accelerated by stochastic

acceleration and shock acceleration would be trapped inside the magnetic mirror of acceleration

region and they are injected into the flare loops while they are scattered out of the trap region.

The injected electrons with pitch angle less than the loss-cone angle move freely through the

flare loops. The other ones with pitch angle greater than the loss-cone angle are trapped inside

the flare loops and bounced between the magnetic mirror points until they are scattered into

the loss cone by proper pitch angle scattering mechanisms or lose energy by interactions with

the local plasma. All the energetic electrons, which get to the chromosphere, lose their energy

by emission and collision and stay in the chromosphere afterward. During the kinetics process

of non-thermal electrons, the non-thermal electrons interact with magnetic field, local plasma et

al. and produce radiations. Radio burst are produced both by gyrosynchrotron radiation when

the non-thermal electrons spiral the magnetic field and plasma emission. Hard X-ray is emitted

by free-free radiation with non-thermal electrons colliding with the local plasma. Both of them

are the instantaneous signals of the non-thermal electron kinetics. By analyzing the fluxes, spec-

tra, and sources of radio and hard X-ray burst, we can study the spatial, energy and temporal

distribution of non-thermal electrons, the wave-wave interaction, wave-particle interaction, colli-

sion, emission, diffusion during the transport, and the characteristic of magnetic field and local

plasma. We can provide theoretic and observational basis for magnetic structure of solar flares,

solar atmosphere and magnetic reconnection.

Key words: non-thermal particles; radio burst; hard X-ray burst


