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1 �d��B~d 7�N�vW*rrW=RZAL��	8�"� 1968 A
 Neupert [1] m�� N�k9J�yy X ��J��v+-��-�Z
$m,*�~d 7rW�N�7�
W;�UZrFL>�;Æ
���E~d�;$*r�v(Ww
o3Ky X��J��<	
 Sturrock [2] M`�~d 7 (chromospheric evaporation) �Zk
3 Hirayama [3]�L*� 7���Æ/-�	hD�
 Feldman 	t [4,5] �i P78-1�� BCS YT
hD��	N����=y X ��L�p	�� km/s �uV9$
o3	R�W$�(��~d 7�"�#�As
<OhD$)y��>U�7�
~d 7/-hrR'�2Y'9I.��r/NN�/- [6∼8] �~d 7rW [9∼14] �ZQ_�w_ 1 ���N�ZrjA�	v(�� �z���2009-12-30 � )����2010-03-26��'��n)Yqd;�EQH�4 (10828306, 10933003); 973 QH�4 (2006CB806302)
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` 1 ��sO�0.��e!8sX�[R`� [15] �;Æ
p	*9y��U�;ÆZrBr�U�rg�Cj	� �g�~dH
o3*r~d�;�Ww�[�
K�W<k�~d	|UQ ����tv(W$
!�u�~d 7��r�ÆG�
W<��k�~d�; ���
�ZrWQQm~d<?�Ks
Milligan y Brosius	t [16∼18] Z<�Yt�<o [19,20] 
6~d 7rWUW$[{ER{�wy�� 7 (gentle evaporation) y"7�� 7 (explosive evaporation) ��ZE{����yhD�'9`n�-3y��`a�ohD�sb
~d 7rWv07	N��\� [9,21,22] 
~n�Q`�	N�Y�y�,� [11,23] �R�s6
	N��\�v0`�"7��~d 7rW (DLmBr�U+k�) [22,24] 
3	Y�y�,��N`�wy��~d 7 (rg�k�mD)[24,25] ��p
2Y�&�:;Rm��
mhD<oQ�0K
�4LGR?�hDyIJ��ohD8$se�~d 7/-
�0tQd�-./=ae
 mo/}�}Æ/= [19,20] �Q��0ÆQ�/= [26,27] 
℄�oIZ��	8/= [28,29] ��-n*�J��	8/= [30,31] �xsxN
�-./=9uÆF(�~d 7/-
-�� 7rW�&;S��AL�ei��2Ym3
~d 7/-\O� yyD�N��60hDK#
lQ�9uÆ� �y X��y EUVL��uVy Hα	�wL���V�~�Z/-Qp	W�y$b [32] 
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;�u�&�hD<o�nR��J℄�<OhDYTN$�MW℄���=:�G?
~d 7/-�B4hre�
6`uÆN~hD�&zoL�yR�hD�℄`~d 7�(Z
p	C��g�-./=<o
6-/-Upp	�~Ne`E�
`	dRZ/}�Z<y�h�
2 �f"9�N�jF~d 7/-+x*�*r	�~d�; ����l
F( 7/-`,:�hD(ZX�WwL��0IxuV��*oL�hD=*s��℄g-~d 7�"�>U<o�
2.1 P78-1/BCS |n

Feldman y Doschek 	t [4,5] �i P78-1/BCS(=rYLQEl%) >U�#ZN��y
X ��L�
7�	N���� Ca XIX y Fe XXV L��pp	uVEÆ
Q[$mQ3EÆ[$� 50%
i1W7=~e��� 400 km/s �0IxuV9$�wlW9�uVEÆ{X55� Feldman 	t_?M`�#?� �e;��ru(�L�
Qe;�YTz
3'9v�e;�p	~d 7	|UQ���~d 7�9��hD(Z�
2.2 SMM/BCS |n

Antonucci 	t [9,10] ℄� Acton 	t [24] �i SMM � BCS [33] �y X ��-Z
Bi0W7EÆs=~L��p
���Wt 300∼400 km/s �uVEÆ��&uV9$`�	N��\�
$� m~d 7�l
 Antonucci 	t [34] �hD�N��\�`�WuV9$
�7�N�Y�Q�`�~d 7�"
~L��G`uV9$5n 80 km/sp�Zl
B'um
~d 7�nZrW�_��" 7yF:O�W9 7
W9 7Y7��-yy X ���Æ����-RKO�
2.3 Yohkoh/BCS |n

BCS [35] &�%ng-E-�
~ Yohkoh��s��eR_�y X��h�S (XRT)yg X ��h�S (HXT) �<~� 3 ZYT
�*� Mees EHSzD�lLy_�
Wülser	t [11] -RZ X "N��Y�G2�>U�B'7� Ca XIX L�`�uV
3 Hα �`��V
!hD�� ��;� (~d 7) y ��;� (~d<?) 
6^7���y�7�;s{r[Riw�[�
B'%;����;y�7�;��Æ
<oÆ���J4:v
eK8um�	�l
 Ding 	t [36] E�� 4 Z9[N�� Ca XIX L�
7��-Æ�uV9$
u~d 7�-./=<o�R6�
2.4 SOHO/CDS |nX~d 7/-M`	
_��F(DL�=	y X ��9*�<OhD$)�7�yG?
>UB4 EUV 9*o�� SOHO �� CDS(v(�,ElY)[37]  t��-`HS�L�
[�\n`W��-E-�
C6~d 7�>UqbG�R?�

Czaykowska 	t [23] �i CDS �-Zf��RZ M6.8 "�1yN�
DLi� O V
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(0.25 MK), Fe XVI (2.0 MK) y Fe XIX (8.0 MK) 	L��hD7�
	N��,�
N�1y+-I.`��V
3	*~�&�uV�B'�Rmir'iL�yv(L�7��:[iw �y ���;��� 7`�	�,�
6-jA��	G2�

Brosius 	t	K�A�i CDS �P�-~d 7d�9�
>U�BG CDS �W�-E-�
B'IJ� mY���\�℄��,�	N�%ZrW�L�sVak�B'-
2004 A 4 � 24 v�RZN�>U<oÆ��	Y�
 O III � O IV � O V y He II L�e℄hD�v� 40 km/s �0IxuV9$�3	�\�
�&L��0Ix9$K,m�V
[� Fe XIX � Ca XIX � S XV 	L� (<~ Yohkoh/BCS �-Z) `�uV
6^ �y ���;���Æ�&%� [38] �p3
	�RZN�=
B'7�	�\� O III � O

IV �Mg X y Fe XIX 	L�``�uV [39] �	s
 Brosius 6 7rW-oL*mwy��~d 7y"7��~d 7��/RrW~dHyr'i�L� (!w$9��L�) "1�muV�Qmwy� 7rW���&L�`��V
3[�WwL�`�uV��Q+m"7� 7rW [18] �℄ 2004 A 7 � 27 v7�N�m�
 Fe XIX �Æ�Rm�v�7"7��~d 7
�6m�v��K,mwy�� 7�BE��K,�z�R=*m 7�;`�	
�U+;Æ`8�x�~d��R=*�mr7jA�	
jMn%;Æ1�
3:;*9�U��W;Æ�
Milligan	t	~d 7=*Qd�90�ae�B'i RHESSIy CDSP�>U�N�O-�U+�Æy	|UQ 79$�g��R=*
B'Bi��/-=~� 2003A 6� 10v�RZ M2.2"�N�;L
���U+�Æ ≥ 3×103 J· cm−2· s−1 ��R=*
B'7�	N���\�
 Fe XIX �p	 270± 28 km/s �uVEÆ
6^~dyr'iL�`��V
9$�m 30± 15 km/s [16] ��&hD<o"u Fisher 	t [19,20] ���/=�R6�Milligan	tum�(r"7�� 7rW�B'q>U��RZ C9.1"N�
7�	�\� He I�O

V � Fe XIX �p	uV9$
3�U+�Æ9 2003 A 6 � 10 v�N�L� (≥ 500 J· cm−2·

s−1) [17] �l
B'um���N��\�7wy�~d 7�(Z�Z�s6
 7rW��UtrBr�U+�Æ�
:rYM�~d*r�9mBr�U+*r�
2.5 Hinode/EIS |n

Hinode v,�s�� EIS(�RR�El%)[40] 9℄g�lLY\n`i�L�<ly`W�E-�
l;`u�is>U~d 7� Milligan [32] i EIS hDP�f��RZ
B7.6"�kN�
B7� Fe XV�p	{�uVy�V
9$."� 14 km/s�	%ZN�rW= Fe XV �`��`vuV9$Q5n 45 km/s 
e�um��9wy�~d 7
e;mrg�k�
m	�Z�3=r7�ng X ��J� (uBr�U�g) �	s
Milligany Dennis [22] T
f�� 2007 A 12 � 14 v`�� C "vN�
B'DÆ� 15 XL�	N��\��0Ix9$
7�n 6 XL� (2∼16 MK) `�uV (22∼ 268 km/s) 
Q= Fe

XXIII y Fe XXIV �uV9$�W
~	[$�Q3EÆ�D��QtL� (0.5∼1.5 MK) �`��V (21∼60 km/s) �B'um��"7�� 7rW
mBr�U+k�
m�VyuV	�-yg-�"ug X ��J��g
i��/-=~ RHESSI �g X ��L��B
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�FIO��e!8�#�?VH� 157�r�U+�Æ ≥ 5 × 103 J· cm−2· s−1 �℄�C��#Zg-YT-~d 7�hD<o
\ZL��w$y0IxsVakZ<	_ 2 = (5�`��Enz13�hD<o) ��&�
N�7�
\Z9*"�n�e�t'�	y X ��� EUV ℄� Hα 	L�=7��~d 7(Z
Q	��9*����e+v [41,42] �:[9*�L�m>U~d 7Mb��u�a\y(Z�

` 2 �
O��℄�M��1JytW=x%�F>bl�f0�~W�1Uy&℄f0o2Kz:& (R>'13��XR13�wX) 	a><℄Ow{3<℄[V�kG?q	
3 �f"9�T�jF�oL�DÆs>U~d 7
�e℄oR�hD���~d 7�(Z�Silva	t [12] >U� 1994 A 6 � 30 v�RZN�
7�	�\��g X ��{yy X ��{" Æ�V��mrN�srv*=*
lB'�Zr^�{	v*��4G��sC�Q �V��� Liu 	t [43] E�� 2003 A 11 � 13 vN�	�\��� RHESSI _�
7�g X ��^�{g���B46xÆ�{ (2_ 3) �<ON�7�
Æ�{44℄y X ��rJ�mD�	g-�
�ZN�&usrv**~
3e℄�uÆID^�{ Æ�{��?6~���̀ K
Ning 	t [42] �Rm(��Zg X ��^�{B4��6~mRZÆ�{�rW
6^	N�rW=ID��m�K�rW
e;-em~d 7rW�B'�e%�Z^�{���9$
E4m 175 km/sy 347 km/s
��'9�-� 79$�ng~d 7� X ��_��eC�gJF [44] �Z�sb
`�isID~d 7� BCS YT%ng-E-�
l�:IU`��VyuV�{�s8
	s� CDS y EIS YTe℄Mb0Ix9$�g-E=
~mr�},��
l�-E-�9��R�hD\n9W��-E-�y[RL_�[�3�K��5n[��aL�hDyR�hD
A;`uÆohD���~d 7�"�
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` 3 �;\<�+O�� RHESSI `�ER>�1�3�&Mabx�&� 40% � 60% | 80% �In��j>�1b��P� ^�45��3�3}8�oT[��} [43] 	
4 �f"9�/01?

Fisher 	t�	 1985 AX/=�Br�U+-N�ÆvW*r��	8�e [19,20,45] �B'>U�Br�U+�Æy 79$�g�
7���U+�Æ$r 103 J· cm−2· s−1 �
�7wy��~d 7
 79$m#� km/s�;+
��U+�Ævr 3×103 J cm−2 s−1���k�"7�� 7rW
![�K �#� km/s y �#� km/s ��;���	s
 Emslie, Li 	t [46] Q-�U+*r�N�vWG2��	8/=
66~d 7rWu
BCS �hDd�'9
um%;`� Ca XIX L��puhD�N�Gan, Fang 	t [47,48] �/=�rg�rW-~d 7�ei
6^%;� Ca XIX � Hα y Ca II K L���p�B'umr�	8/-;�uÆ,*~d 7rW�9��N�vW�	8/=�Rp�
:tJ�M
�?K8=+�%;
~rr/�/-� Hori 	t [26,27] 	Rp/-��d�M`�qp/-
!,
N��mR����rW#�~e7nog��}Æ�*3R
�Z/-e℄U,�;�kE7�$
[hD`N~ [49] �l
 Abbett y Hawley [30] ���
�J�rW
!g�J��	8=W
���)�N��	8D�_��%ZrWEmZ�E�_��wy�℄�<	�"7��
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�FIO��e!8�#�?VH� 159�	wy�
*r;Æn%ÆJ��
vWVNG�MH
L��-Æ0IxsV�	<	�"7�
vW*r�9Ww$6k�~d 7y<?�	s
Allred 	t [31] q-TJ��	8/-G2�e��� ty X ��*r
��� UV y EUV *r
6Bi�`N~�&�Br�U+/-�B'A�E��=	[$�N� (∼M ") y[N� (∼X ") �D�
7�-r[N�s6
wy�Y7��-�-=	N�(�0
6bD`[�N�e;:p	wy��B'�Zr%;��
	"7�W~dyr'iL��`�� 120 km/s �uV9$
ul[�
�~dH�L��Æ�� 40 km/s ��V�J��	8/-9+℄g��	8/-nQj�3
~QnR&Y�
Q%;<ouhD�nR��J℄
n|rGR?UG�~d 7�rWQe℄Zrj�Q�	8/=s���Yokoyama y Shibata [28,29] -N��jA�rWG2�6p MHD /=
^��M rg�
$m���rg�9Y�6~d 7�6p_��:r
B'��� 79$'IZ�	8/-yA�L$RZÆ" [49] �2Y
~d 7�/=<ouhD<ovQ��N
~�Æ��n9v`x�R=*e;&hDN$�9
�R=*u/=�e�K8ng
w_�X3�*AX3�#PC-	�
5 r���P-r~d 7�>U\OY7�#�A
���hD����=*"m���v�G�
t'-~d 7�_�Qxsx`��~:eIu
~d 7/-�p	R&~N
 m��yhD�#/
℄�R&����:� �hD<o	��*X-2YI.p	�#Z~NG2/}H��
5.1 ���5����v�}o�2Yn?~d 7�*r�9�Br�U+*ryrg�*r�UT�5R?�9SDLei
_���"Sei
RE\�0����RZv('9gI�~N�	~d 7��M`	:W
 Ohki [50] X>U�N�y X ��rJ�
B7�rJ���[�	k9�\�Y3+	
���rg��k�~d 7�DL�9
3BW;�U� Datlowe [51] *Y� Ohki �<��`K
 Milligan [32] 	E�RZ B "kN��
RHESSI y Hinode P��r7�ng X ��J�
lBQum�rg�k��~d 7�-rBr�U+*r�9
 Lin y Hudson [52] '9��[��QAL3�K�A=

Brosius 	t [38,39] QM`Br�U+�*r~d�DL�9
�m�~dL���[ry X ��J�
!Br�Ug�~d*r�HvW�Milligan y Dennis [22] >U�RZ C "N�
2`&�Br�U+k��"7��~d 7
m�VyuV�;�	�-yg-�"ug X ��J��g��E4*Yrg�*ryBr�U+*r�9
�nR&<oÆ���"SALei�Acton 	t [24] >U�RZN��y X ��yg X ��_�
B'um~d 7n?�9�	N��\��*9�Uk� 7	|UQ
3	�,���rg�eiK�~d 7 [53] �Wülser [11] Zr-RZN�Y



� 160 �������T�{�9�H��������� 28 ^���DÆ℄�C-%;
umR&^��rg�*r
3�R&^��N~Br�U*rK#�l
4LM���
E4�-Br�U+*ryrg�*r�-./=<oÆ�
��"e℄k�~d 7�o�e℄b`
Br�U+yrg�?�9\nK��N�J�=R�"��<g X��J�
�8�y�OBr�U+�D8�~�N�;Æ �℄	
f��n�[�w$L$
��rg�X:e))�6$��5R?�9SDLei9�2Y%no℄����-:[�N�
e;�n:[�*r�9�v0-ak�
	N��\�90�mBr�U+k��"7�~d 7
3	Y�y�,��e;�mrg�sKwy��~d 7�eTI`��
wy�~d 7Qe℄m��Æ�U+k��9{�N�e;5`�wy��~d 7��&e;4LrshDP�sGR?F(�X2Y�a/b
e℄<~ RHESSIy EIS P�s'7>U�Z~N
[�P℄�-N
�-./=�
5.2 ���y �&	4wÆ17q�o`�� BCS hD��	`)� EIS L�DÆ
-r�WwL� (DL2 Ca XIX �
Fe XXIII y Fe XXIV �
/Rw$`Wr 10 MK) 
�&�"�`�9$�v�uVEÆ
(9$et#� km/s) 
~	[$�Q3EÆ�D� [9,22,54,55] �l�ZNBiZEÆs=~L��p (2_ 4) ��ZhD<oyN�/-�yA:EN~
:r2YQn�0� � (1) WwJ�{XÆ�
!\O%n ���;��� (2) mrN�Æ�_(	
�;��#�i,r"�= 
#}^f%e�" 9$�$ [22,56]; (3) YT�-E-�:dW
	�YhD;E-��-:
	|UQ\[!N�Æ [54]; (4) &YTg-E-��9


` 4 Fe XXIII M��q�2F�>�-?aokG0[��o3G���bk?q5��G53�wXG�|R4G�R>wX:&o 251.3 km/s wXG�vR4G�\&(o 0.33 	
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�FIO��e!8�#�?VH� 161�hD��0Ix9$��*�0?9$RE+	�<o [22] ��&� 	R�W$��u�WwL�m�$Q3EÆ�D�
~8�%nen�_�Z~N
�4LGR?�IJ�
5.3 l��&�.��.8jr t<OhDYT�7�
ehD�L��s�0
�	\�&;ID�EHvW\ZHm�L�� Kamio 	t [58] 	E�� 4 ZN�	7� Mg IX � (/Rw$m 1 MK) r`�-Æ�0Ix9$
3QB�wL�"V��V�"�l
B'M`R�f$e;�RZEAw$�WrR�f$
L�`�uV��r�Z.�`��V��[+Y�hD<oQ�N~��	s
 Zanna 	t [21] ZrE� 2002 A 10 � 22 v�N�	QÆ[lh��p3

Milligan [32] 	RZr�kN�=7� Fe XV� (2 MK)p	 14 km/s��V9$�QX�6	w$m 200f$�Hm`�� ���;��
�8�-~d 7/-�RZW��Milligan	t [22] qi EIS � 15 XL�-RZ C "N�G2DÆ
7�	^�fw$�r 1.5 MK �L�``��V
3Wrlw$�L�`�uV
!�VyuV�EAw$m 1.5 MK p
Q!7��V`�	'℄g�VL�w$`W�L�=
3^	���w$<l: (5n 0.5

MK) 7��VyuV�;K��&8�":EN~~d 7/-���yA� Milligan 	t [22] -lQ℄`�/}�� �e;n���7
o3�69Ww�L�`��V�~�Z~N�4LGR?ohDy���s(�wo�V�$
��86-���z��YT��DÆ=:�6��
6 \>{�j2YM��~d 7"��-rN�rW3A�
^QQm�a�~d 7��&�
e℄6~d 7M��RZma�Hm�
!:UtrN�rW�5L�~d�;$*r
mrr<�k�
�; ���
hD�1�mL�uV
�K�rW"eQm~d 7
w{N�5��3 (flarelike transient, [$' GOES C "N�{)[57] �D� (jet) [58,59] 	�yIZN�RK
�U+�rg�*r�K~d 7�_&z�-~d 7�>U
	6sR*�-:���RZDL�= ����
~d 7>UnGrb�N�/-�e��3	hD�
WE-�yWN$�g-P�n�rEH��ae�GR?>U~d 7
09*>U�|p_��A"6�>U~d 7rW�n	#*�m�!$�
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Progress in the Study of Chromospheric Evaporation

LI Ying, DING Ming-de

(Department of Astronomy, Nanjing University, Nanjing 210093, China)

Abstract: Chromospheric evaporation is one of the most significant dynamic processes in the

flare atmosphere. When a flare occurs, a vast amount of energy is released through magnetic

reconnection and transported to the chromosphere in the form of either high-energy particles or

heat conduction. The upper chromosphere is heated impulsively, resulting in a pressure excess

that drives plasma flowing upwards and filling in the coronal loops. Based on momentum balance,

the overpressure can also drive plasma flowing downward to the lower atmosphere. Observation-

ally, chromospheric evaporation is characterized by Doppler shifts in spectral lines. For the high

temperature lines, e.g., Fe XV, Ca XIX, and Fe XXIII etc., blueshifts are usually observed with

speeds of hundreds of km/s. While in the cool lines, such as He II and O V, redshifts of about

several tens of km/s are often detected. The evaporation process can be classified into two types,

the explosive evaporation and the gentle one. When the lines formed in the upper chromosphere

and transition region are red-shifted and the hotter lines are blue-shifted, this case is considered

as an explosive evaporation. When all the lines appear to be blue-shifted, it is considered as

a gentle one. In some cases, chromospheric evaporation is also shown as a motion of the hard

X-ray source, that tends to rise above the footpoints and eventually merge into a loop top source.

So far, numerical simulations of flare dynamic models have clearly reproduced the process of

chromospheric evaporation. The models that have been developed include single loop models,

multi-thread models, and radiative hydrodynamic models. The simulation results are basically

consistent with observations, but there are still some quantitative discrepancies between them.

In this article, we give a brief review of studies of chromospheric evaporation, including obser-

vations by different space instruments in past decades and results from theoretical modeling. In

particular, we discuss some key problems that remain to be solved in observations and models.

Key words: flare; soft X-ray; UV radiation; Doppler shift


