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1 �!��<I!%����Kk>t/���y3 (y3��t/�[Ko 30 000 km/s) [1] �CÆX	2�U��ek	2}�ty33�!/��I!%��y[KVL�TeA�t���I!%F�WkTeA���l	2}�t%�;3t3�I℄I!%�����y3t3���	2}�t%�;3�kI!%F���3;vt℄�59t����I!%F�(Az� 2��jKg Sedov � [2] �`I!%��o� 2��ek<e;3t&�/{�}Rb�BGtFTTePdk	2U:tE"R��b�BG�	2r5S}R�tm�Fn5tYaQF.5:?���	2�vBGt [2] ��8vBG	2�:+�st%�;35�[$V2�t:?S=E"&C� Balmer &Æ�V�� Balmer &Æ6Lt+|Lg8K%�vBG	2yvE+tC8:?YI��� .y+&�2006-12-28 � I�+&�2007-05-14	�A"�Z�UmY6�>PC�3 (10221001 � 10673003)



� 28 �������M�p�4�B��������� 26 Q��I!%F�5�>mtv2�	2��P	2*kDtesCÆX Balmer Æ��OgX BalmerÆ	2 (Balmer-dominated shocks)tI!%F� (y Tycho�L�y�RCW 86�SN

1006�Kepler) 5�__9OS=o Balmer ÆOg&Æ6L�Chevalier f Raymond(1978)[3]W���,|� Balmer &ÆCÆ℄P5tYa�	�QFug�%�;35t�5+}R��ÆBG�sf�,|&U�__��BG	�����5+}RjH�/Yz	2*r����S Balmer Æ�MÆee	2UQHtm�R��e Balmer Æ��e	2r>93RnmT	2Ut�5+}R,|�CÆt�Vg�,|rCÆtp5+QHOgf	2r>93R�St/�+7��	2r>93Rt/�+7e	2/�R��9Ke
Balmer ÆtÆeAe	2/�R� [1,4] �CÆX Balmer Æ	2$/�WK���P%� 1) ?gWOpt�RKBG	� BalmerÆ�2)$/Wk:+�sQH5�5+_t.�?WO>�3) ="Æt2�?!/|��=tP%C���/�dk 100 km/stv2�	25ro�W�i��%K2�	2g�tI!%F�5A�	�X BalmerÆ	2 (yL�y) �Chevalierxr (1980, CKR80) [4] ES�X BalmerÆ	25 Balmer &Æ6LCÆt� yvV��iD=mtS=�	� Balmer &Æ6Lk[9.*?e~#V-R��dM��k Balmer Æ�M;C�V-tJ
[9*F-��	2Un�+	2rest18y3 (y>9}R�VR)��2t/�I℄	2/�����	2o&U(9�Z�o	2Uest	��Vg1�	2Un[K	�	2Ut�5+}RCÆ Balmer Æ�9K�℄�oS=ot Balmer &Æ6L�C8℄� Balmer &Æ6Lt℄P� Lyman VR5� (Lyman line trapping) �BG�s5?[KCÆ Balmer VR��[[KCÆ Lyman VR�.Q℄ Lyman VR5�℄P(MFvg Balmer VR��A�� BalmerÆro
X [1] �℄�Vg5S9�VRtV3
�5S�9K Lyman VR5�℄Pz(��5S Balmer Æ5S=oteÆ&!S	A,�A�℄�S=ot Balmer"7 (Balmer decrement) tX� [4] �Qk	2Unf Lyman VR5�℄P�(� 2.2 � 2.345YAC9C��	2�%�;3�pfq=ÆCÆOg:?tYa�y[5W�	2�q=Æ�/5�at9��	2r}Rtm�[K)�g kT =

3

16
µmHv2

s (M5 vs �	2/�� µ �}RtFT+R��mH �_uR3�� k �0�N�F%) �l}R�/�Z�A���lC:+	29�am�/}RCÆq=Æ�pQHm�5o~#)�4" (1/µmH)(kT/v2
s ) [9xx�k 3/16 �{y�l��/t3R�V3R%t 1% �� (1/µmH)(kT/v2

s )≃0.01 [5] �C�h��q=Æ�/9�at	29�k��	29��?am�pQH�vBG	2z[KQ℄
Weibel 5s�+CÆ�R�X℄E [6−10], .(�R�/o(�+7���>9�R[K�℄EtYa�A*S9�/2��CÆS=ot(�K [6] � Balmer &Æ5teÆCÆk	2res�MÆef Balmer eÆt��!�? o	2/�t℄��V^za Balmer &Æ[K=�	2/�� o(� 3.1 45OHC�a Balmer &Æ=�	2/�t'��W�o�R –3RtpFn (r* K e-pFn) �	2t�p[Kg�8�l	2�pt�(dk�Rf3RtpFn�(���Rf3RJHopFn�Og�Stm��l	2�pt�(x�k�Rf3RtpFn�(���Rf3R�jopFn�=$
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3u Balmer '�7M 29�tm�(n=$t3�L$!� Te
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2 000
�Æ3�$!�p [1] �Vg	2==H℄��Rtm��k3Rtm��9Kl�Rf3RjopFn���Rt�p'�ML�:?ttG��?t�R�p'��Q℄b�BGfC8xsRHn���q=xsRH5�{&�xsRHb�BGtFTTePQF�dkxsRH#H*gtE"R��V^b�BGt�pYaFF�5:?t��k�8vBG	2�	2rtC8xsRHn��(3Rt9�Z�E�R��=$?&opFn�� e-p Fn5O:?YatC8xsRH2n	2t/��℄E'�xyv�gL&YtQ~�V^� e-pFnAk[9n	2t<%gL&YtQ~� o(� 3.3 � 3.4 45C��CtG�~ 2 ��?;� Balmer &Æ6Lt� yv/'�.C�	2Unf Lyman VR5�℄P� Balmer &Æ6Lt℄��~ 3 ��?;� Balmer &Æ6L�I!%F�8K5tZa�.C�[9a�t	2/�n e-p Fn�&�t!�QQ~�~ 4 �(��C�st8KYS�a�

2 Balmer (�8Nv0(
2.1 �W��#Zr��r���o Balmer 0<�z H��5W�Unf Lyman VR5�t℄���	2UrtQH5�� BalmerÆ2�g℄�t℄P�?�k3Rf�RtBG�s�	2r>93Rf	2U�5+}Rt�,|���e5+QHYOtBG�sxx|k3Rf�RtBG�s (Vga�℄E�/�3Rf�Rt/�xdk5+}Rt/��9K�C���ivt�T*	2UQH55+QH9�t!{*Fd��[�,|�CÆ>/5+}R5tYa*F�A) �.a σi )�3Rf�RtBG�s3*tVf���R&�g ne �3R&�g np �.��=$D,�x�f	2rQHt#H~�/�g v0 �	2/�g vs ���k� γ = 5/3tQH (γ gSp+%) 5Z1tXSp	2� v0 =

3

4
vs ���	2r3Rt/�+7�W�^+d+7�.��5+}Rh:�e�,|℄PCÆt (Vg℄E�f�}Rt�/��x>kp~��5+}Rt�/���9K�C���ivt) � CKR80 [4] ES�X Balmer Æ	25 Balmer eÆ��!t)��

Ibroad

Inarrow
≃

〈σxv〉s
〈σiv〉f

[

1 + gα

(

1 +
〈σxv〉f
〈σiv〉f

)]

, (1)~�5 σx )��,|3*��( s )��5+}R��( f )�5+}R� v �5+}Rff�}R&�t��/���kb)�� v dFT� gα �5+}R�,|YOt9CÆ Balmer VRt	�?9�t!{���2 BalmereÆt��!��Xe#ttG��2 〈σxv〉s f 〈σiv〉f ���3*�Æ�5+}Rt�,|f5+}RtBG�s� CKR80 ES�l	2/�/>� 〈σxv〉sf v0 &�tQ~�yV 1 9����2 〈σxv〉s t℄P5���5+QH9�t!{5�kd�y[��h5��=��0�{/3R[9�Æ�,|� 〈σxv〉s n v0 tQ~



� 30 �������M�p�4�B��������� 26 Q�A(nV5g9DA� Heng xr (2007) [11] +S�l	2/�/��� 〈σxv〉s � �F%�il vs > 1 000 km·s−1��〈σxv〉s �6L vs t
d�"��-k 〈σiv〉f �Vg�2 〈σiv〉f ?

W 1 σxvs o v0 uR�W [4]

�o/5+}Rt/�+7�9K 〈σiv〉fOg*F6�t)��iVg σi(v) � v 5,<�9K[Ka9g/}R (�k5+}Rff�}R) tFT/�mgK�/�dFT�( 〈σiv〉f )�g σi(vth)vth �σit�')g 2.2 × 10−16 cm2 ��,|℄P5?�CÆ5+}R��[z��5+}R{To	�?�CÆ
Balmer Æ2��5?��5+}Rf>9sR&�t�,|�5+}Rf>9sR&�t�,|A��CÆt5+}R{To	�?�Vg�yt BalmerVR�e�,|℄PCÆt5+}RCÆt���℄P��
X Balmer eÆt2��� (1) 5kb5t~ 2 �+#�5+}Rf>9sR&�t�,|YOt	��~ 3 �+#5+}Rf>9sR&�t�,|YOt	��

Raymond(1991) [12] ES�:+�sQH5	2*Urm�f}R&�t+7 ($V 2)�eV 2 [KaU}Vo�CÆ Balmer eÆt5+}R�?+7k	2res��CÆÆt�5+}R��?+7k	2Ues��	2==H℄tes��Rm�fsRm�gL-�tA,�

W 2 ��Sn�tSn�d� 6,~S'g�S'�
3Vsu,8 [12]�4�g�41Æi 1 500 km·s−1 ��4WRJ�uÆi 10%

2.2 Lyman �\x��joN�
CKR80 [4] �8K TychoI!%F�t Balmer&Æ6L��	��k Lyman VR�/}Rt2��V3�t���/}Rt2��V3qt�Vg�V3qtQH5�Lyman VR[KQ℄ LymanVR5�℄PF&g BalmerVR�9K�C�Zt6[�dd}�X BalmerÆtX��`�n. Balmer eÆ!t&v�T^&℄��k5St Balmer Æ��C�ZYOt BalmerÆt
X5S�9K�C�Zz(℄�o Balmer"7tX��CKR80 [4]



� 1 L x*A�y�&�wCH
3u Balmer '�7M 31�S=ot Tycho I!%F�5t Balmer "7g I(Hα)/I(Hβ) = 3.5∼5.0 �y[2�e�k9gt_uRKÆ��V3�t (case A), Balmer "7tv�)g I(Hα)/I(Hβ) = 3.0 �y[2�e�k Lyman Æ~�V3qt (case B), Balmer "7tv�)g I(Hα)/I(Hβ) = 3.6��k��8h�S=)�-�I℄�v�)�V^�$/W� Lyman VR5�℄P�k Balmer"7t℄��
Lyman VR5�℄PA��Æe��L℄���?+�8h�y[ Lyman VR5�℄P�?�Æ�ÆtÆT5�[9�S=otÆ&e�y[ Lyman VR5�℄P�?�Æ�ÆtÆ#5����S=otÆ&� Smith xr (1994) [14] +S� Lyman VRt_�k0�E�fZ1'�6�th�� Lyman VR5�℄P��S=otÆe��& (yg 2 km/s) ��W� Lyman VR5�℄Pth�� Smith xr (1991) [14] +S�y[	2UQH�k5+}Rt Lyman Æ2� ([KFvg Balmer eÆ) �V3�t (case A) ��k�5+}Rt Lyman Æ2� ([KFvg Balmer Æ) �V3qt (case B) �4"� (1) Zl-$g�

Ibroad

Inarrow
=

εA〈σxv〉s
εB〈σiv〉f

+
〈gασxv〉s
εB〈σiv〉f

+
〈σxv〉s〈gασxv〉f

εB〈σiv〉2f
(2)�5 εA � εB +,��8h� Hα Æ2�t���� (2) 5tC�td�[K�o
 [14]5t8�5�o�

CKR80 [4] �2�e Lyman VR5�℄P�Lt Balmer "7tX��Æ n0 g	2es_uRVt%&�� x g�s�� T4 gK 104 K ghktQHm��[Kro Lyβ f Ly γÆtV
t)� [4] �
τ ≈ ζ

(1 − x)δ

x
T

−1/2
4 (3)�y δ ��9W�tm��t5+QHt!{��k Ly β Æ� ζ = 4.0 ��k Ly γ Æ�

ζ = 1.4 �5+QH�^5+QHf�5+QH�q���tm��Akd��5+QHtV
xdk5+QH�9K� Balmer &Æ6L5�Æ�ro-�t�X��eÆ ot℄�?�r��Vg� Lyman VR5�℄P5�
Ly β VR?Fvg Hα VR�Ly γ VR?Fvg Hβ VR�� Ly β tV
dk Ly γ tV
�9K Hα Æ o Lyman VR5�℄Pt
XM?Xk Hβ Æ� Balmer "7tS=)?dk5W� LymanVR5�℄P�tv�)�CKR80 [4]�2� Balmer "7n Ly β V
tQ~�V 3�;$t6[��V 35�/' 1 �Zk	2U5+QH&�g (1 − x)n0 th�/' 2 �Zk	2U5+QH&�g 0 th� W 3 Balmer #0 (Balmer Decrement)o Lyβ W�uR� [4]
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2.3 ��b'moN�FN ;5ESt�Q�u$[KX5S	2UntC�E"� (1) n Balmer &Æ6LCÆt� ℄P5S�Un��	2#gotesCÆt� (2) CÆUn.?�	2esCÆ>9}R (>9VR�q=Æ�5+}R) ��[.?��>9}RBOo	2#gotes� (3) UnCÆtS=�Z�?g�8�C�e>9VR�P	2kxt%�;35CÆt%!2� (y Ghavamian xr (2000) [15] � Tycho I!%F�tS=) ���eq=Æf5+}R�P	2/Dtes5CÆt Balmer Æ��y.?DPt��n Lyman VR5�℄P5S�CÆ Balmer ÆtUn5?��XÆtX���[ek	�f�s℄Pg�ptYa�z(�A}
�Æte� (M� Lyman VR5�℄P�Æte�Ag℄��i�Æ�et℄�5d��[nUnt�pYaAa� 3~te,) �Un�?�kK��8 [13] �

1) pZnUn�y[	2rt�RfsRopFn��Rtp~�/�(I℄	2/��	2rt>9�R(gC:+BOo	2U�CÆpZnUn�5l�8pZnUn�*%�_�5A��S=o�i�vBG	25��℄EfxsRHn�z��(d:+�R�2�	2res��pZnUn5�ek�Rm�xdksRm���stYa(dk�KÆt�e��[ekUn�k���8pZnUnA59g�}�p�
2) 2�Un��k2�+	2�	2resQHrj6i�CÆt Lyman �1K[K�s	2U5+uRCÆUn��kv2�	2�Vg	2resQHi�6i��1K2�/|�9K�?�Q℄C�Q℄f X �ÆKÆt2�mCÆUn [15] ��U�	25�O�?Yat�1�^t-�Q℄2�tKÆ���!�	25�5x�s�t:t-�Q℄f X�Æ2�tKÆ�Gg:?�fM;�8Un�!�Vg	2UQH�kmT	2rt�sVRtV
��/��9K2�UntR�QFxdkM;�8Un�2�Un��A;&	2UQHt�s6L�`�℄� Balmer ÆtX��S=ot	2UQHt�s6L[Ka2�UnCÆtV.�s/'k`}:� [15] �
3) MHD(℄�H�3)Un�l	2rxsRH5t Alfvén2/�I℄	2/���Alfvén2��	2&U�~fesA*�p�CÆ MHD Un�g�AKg℄Un�5℄ MHD UnAa�C�tG�f��Ht Alfvén /�[K)�g (ρ(n)/ρ(i))1/2vA �M5� ρ(n) � ρ(i) +,g5+}Rff�}Rt&�� vA g5+}Rt Alfvén /��y[f��Ht Alfvén /�I℄	2/���%�QH5t�s�$/!/{��l	2/�dk 40∼50 km/s ��Vg�s�
��m��>�5+QH�Ltrj�+{�(n.�`�pf�s��(�A+{f��Ht Alfvén /��`�Ix MHD UnCÆtP% [16] �9K� MHD Un5Z9CÆk/�dk 40∼50 km/s t	25�i��2U� HH LHfL�y5S=ot℄Un�Wk/�I℄ 100 km/s t	25���C�k7:�ttG�℄�V.�sf2�UnA�
�QHt�s���A5zk MHD Unt)L�T� Alfvén 2�M;xsRH2t/�I℄	2/���A�CÆ MHD Un�i���'*�v��v�z�S=��.?AC9t�8�
4) 5+}RUn�	2res�,|[KCÆ5+}R���}Rt#H~�/�g 3

4
vs(vs g	2/�) ��#H~�59Yz	2U:t�iek}R/�gC�t+7�



� 1 L x*A�y�&�wCH
3u Balmer '�7M 33�V�gC�5+}Rt/�[Kdo9OY℄	2U:�)L5+}RUn�5℄���5+}Ro	2Uesr�,gk�C:+9�am�p	2UQH�d:+wl�Q℄�,|℄PFvg>93R�.�℄EYa�$~	2res��_)L5+}R�:6~*t℄P���C℄P55+}Rt9�,gk�C:+am�p	2UQH�V^5+}RUn�kÆt�eJ
5�kd�5O�-�tS=�Z�
5) q=ÆUn�f�}R�℄EtYa���	2*Urm~!m.[�/�)Lq=Æ�q=ÆBOo	2UesM�)Lq=ÆUn�q=ÆUn��A}
� Balmer ÆtX��Ea Balmer eÆ&!mk�	2/�fm�j7��y?+St���Un�q�5d�V�q=Æt�sYa5�kX��q=ÆUn9Og�}�p	2U5+QH�`��A}
� Balmer Æte��QFq=ÆUn,�S	�C���!/�tZ�5�MR�yg L =

η

8
R �M5 R gI!%F�t�I�R ∝ tη ��kI!%F�;vt Sedov��

η =
2

5
� L

R
≃ 0.05 [16] � Ghavamian xr (2000) [15] �S= Tycho I!%F���	�

Balmer Æte��Zt~�m�yg 42 000K �-�I℄�2�UnCÆt%!2�tm�
(y 104 K) �V^;$ug� TychoI!%F�5-�a��8q'tUn��aT�M;�8�e�2t℄�&r�;$ugq=ÆUn�X`t:���8q=ÆUn/'tXdtG�kq=Æt7X(n.:+	2UQHt#H~��CÆ�JpkH�i���S=5.j�	� Smith xr (1994) [13] �S=d���}5t��OgX Balmer ÆtI!%F����	S=ot Hα Æt FWHM(�/he) n	2/�vQ��M(2y Balmer Æt�e�2�;$ugX[9t�2M�q=ÆtUn�	2UUn�tq�59>d�y[q�>d�	2UtQHd:+(�	2rCÆtC8>9}R9�s�V^v�CÆS=ot Balmer Æ�v�~Un�tq�n	2UQHt�s�gQ�[K)�g dp < vs/neqi �M5 qi gBG�s�� vs g	2/���k TychoI!%F�� Ghavamian xr (2000) [15] P2t dp )g dp < 2.5 × 1017cm ���k5+tUn���C)yg 1015/nH0 �yg�,|tFTTePt���
3 Balmer (�8Nv\

Balmer &Æ6Ln	2/��℄E�<e;3&�f�s�xyv�&Y�Q�V^�Q℄� Balmer &Æ6Lt8K�[K�rgQI!%F�t0�$}�) 1 
S�2US=ot:+Og Balmer &Æ6LtI!%F�5tC�n	2gQt<%�)5t Balmer eÆ��!���� Hα Æt�
3.1 ��O Balmer 0<�z)�b3t�I!%F�t8K5�	2/��C�*F:?tyv��Vg Balmer &Æ6Ln	2/�&Y�Q�9K[Kza Balmer &Æ6L5tC�<%mk�	2/��!/Fat<%� Balmer eÆt FWHM f Balmer eÆt��!�

Balmer eÆt FWHM !_�	2r>93Rtp~�h�Vg	2t�pYae	2/�R��9KeeÆ�/he[Kk�	2/���E� e-p Fn� (feq �<$ 3.3



� 34 �������M�p�4�B��������� 26 Q�` 1 �!(�hnpew�P Balmer 1=�{piEFL
YpKCR�P~pg/w Ibroad/Inarrow �41Æ /km· s−1

SNR 0509∼67.5 ≤ 0.2 [17] ≃100 [13]

SNR 0519∼69.0 ≥ 0.7 [14] 1000∼2000 [13,14]

SNR 0505∼67.9 ≥ 0.7 [14] 300∼800 [13,14]

SNR 0548∼70.4 1.1 ± 0.2 [14] 500∼1100 [13,14]

Tycho (SN 1572) 0.77 ± 0.09 [14,18] 1500∼2800 [14,18]

SN 1006 0.73 ± 0.06 [14,18] 2200∼3500 [14,18,19]

Kepler (SN1604) 0.72 ± 0.37 [20,21] 1550∼2000 [20,21]

Cygnus Loop ≃ 1 [22] 170∼210 [22]

RCW 86 1.18 ± 0.03 [1] 545∼793 [1]

SN 1987A ≃ 1 [23] 7840∼9200 [23]E� 1) �mTEBwÆ6TZ�sqw9\℄;�i:6TÆkE�B-6e
TEBw7℄;b�Xm6T<w2�w�4Æ�℄6T( sqw�41ÆB�i:6TÆ:L+7w�41Æ``iE�w&f
 SNR 0509-67.5 7U?qwm℄;6�)�Æ�������gw�UÆ�>sqw�41Æp+7w*�imewB- [13] ÆXig�N-m6bVÆ:Lsqwg����#���EB� [17] 
 SNR 0519-69.0 7w6Tl1℄;b��BgÆ6Twg�N- [13] 

SNR 0505-67.9 h SNR 0548-70.4 7�i3��4wN-ÆBix3��4wN-
 SNR 1987Aw Balmer )�3�oU#��4 [23,24]4) th�� Ghavamian xr (2001) [1] ES� Balmer eÆt FWHM n	2/�tQ~V ($V 4) � Heng xr (2007) [11] tX!6[)-�y[W�o	2℄�et6L��/hef	2/�tQ~[9�g95S�i	2℄�et6L2Uz5�+aU�V^�y��5W�℄�e6Lt℄��

W 4 Balmer f�u FWHM o
30uR�W [1]X7w feq � Ghavamian zt�Rw e-p HpÆ



� 1 L x*A�y�&�wCH
3u Balmer '�7M 35�e� (2) [%� Balmer eÆt��!n 〈σxv〉s &Y�Q��eV 1 [%� 〈σxv〉s n
v0 &Y�Q�V^�eS=[Kk� Balmer eÆt��!�ES v0 t)�`��S	2/� vs t)�)rDPt��Vg1�8qtUn[K�A}
X Balmer ÆtX��9Kv�`v�~z�S=~�Q℄ Balmer eÆ��!mk�	2/���kj7t�V^G�tY�`�k;a BalmereÆt FWHM mk�	2/� [14,15] �5℄Q℄ BalmereÆt FWHMmk�	2/�S=a�j7��g�'*tuV [14] �C�U℄�Zt℄��l�5S'��a�	2��S=ot Balmer eÆ�ro�e���	2r}Rt/�+72U;at���^+d+7��,�C8v�~tv�D,�5℄�Q℄ Balmer eÆt FWHM k�	2/�t[$��l?!Q℄ Balmer eÆ��!?>r��
3.2 ��O Balmer �T<V�o5M)�bokavBQ-<vBo��

Balmer eÆtÆ#k0e	2rt>93RR��g)�	2t��/���ÆtÆ#k0�e<e%�;35t�5+}RR��9K Balmer eÆ&�tkHMR��	2��k<e%�;3t��/��y[�e 3.145t'�dS	2t/��M[Kk�	2tZ1'�n�Æ'�t�.�
3.3 �*s e-p %�t	2�pU���3�$!�p��Rm�yg3Rm�t 1/2 000�6r3RQ℄b�BGfC8xsRH2�(9�Z�E�R����?&opFn�Og�Stm��e-pFn� feq �)��Rf3R&�tpFnhtyv��g�85St)�'��Ghavamianxr (2001) [1] 'S( feq )�g�

feq ≃
2Te

Te + Tp
(4)l feq = 0 ���R3R&�^h5Fn�l feq = 1 ���R3R&�opFn� e-p Fn� 	M�I!%F�8K5tC�*F:?tyv��^℄�=z�	2/�t=�gL:?t℄� [1] ��2 e-p Fn�tC8Fat'��za Balmer eÆ��!��k5St	2/�f	2UQHt�s�� e-p Fn�n Balmer eÆ��!tQ~�5St�V 5 � Ghavamian xr (2001) [1] �2t:+6[�=� e-p Fn�tC8'��+,dS	2rt�Rm�f3Rm��=�	2r}Rm�t'��?gK��8 [26] � (1) Q℄p℄.2��1K[Kro�Rm�� (2) Q℄18t-KÆtp�e[Kro�8t-tm�� (3) Q℄18t-5SKÆ&�t��!��5St-KÆ&�t��![Kro�Rm����8'��a�LC�ti���k'� (1) �Vg�X Balmer ÆtvBG	25�*p2�__g:?t℄��9KK<irotm�AOg/dt5k�+��k'� (2) ���2KÆ�e��T�p�e℄�z?DPM;C��e�2�KÆe�t℄���k'� (3) �KÆt��!T�nm�gQ℄�znt-t.�f�sFngQ��t-.�f�sFn5�kk�th��a'� (3) drtm�A[9g/dt{A��[�k1�KÆ (y He II λ1640) ��R	���?t���kC�KÆ (y C IV λ1550) �3RfsRt	��OL:?tYa [27] �����℄�om�t�2�
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W 5 Balmer fÆ���"o e-p GouR�W [1]X7w fH∗ ��4WRJw�uÆ
3.4 ��b3t� e-p %�tV�ou?}}9D=m�zmz�tS=)-�	2/�f e-pFn�&�k[9a�!�QQ~ [1] �V 6 � Rakowski(2005)[26] ESt�R3Rm�!n	2/�tQ~V�

W 6 ��S4Sn"o
30uR�W [26]	2/�f e-p Fn�&�t!�QQ~[9�8\t��k e-p *FntxsRH�Vg3Rm�x>k�R�9K�R(`3RW�r9����C℄P5�O�?Yat�



� 1 L x*A�y�&�wCH
3u Balmer '�7M 37�C8xsRH2�5)?W�K\(	25{��2��Rt�p�Vg	2rt>93R�℄EtYa�(o℄�Æ2F�9K=$[KAz	2Ues�y[:+!�~	2rest>93Rwl9O�QD,�h9t��ek>93R$�f	2r�R&�a���~���	2rQH5(CÆ��5s�+� o℄Et℄��A�	�{��2�{��2(n3Rf�R�ÆK!����&��Æ9�,|�`��p�R���C℄P5�{/f>/	2Xdt5S��k{/	2O��I��s�t��>/	2OgX[��V�Az	2UestQHt/�(gC�t.+7���M2��5s�+�`�+{�R�pt�� [11] �V^��k{/	2��R�pt��/>� e-p Fn�A/>���k>/	2�ek[�tM2Ya�	2�p��/{� e-p Fn�A/{�	2/�f e-p Fn�&�!�QQ~A[9??�I!%F�;vtC8Tl6[�	2/�f e-pFn��nI!%F�=�gQ�6LI!%F�=�t
H�	2/�?&+{��
e-p Fn���?&�>�5l e-p 5Fn�e	2�p�Lt�-�� o	2/�t℄��i�OHW���tQ~��A?W�oI!%F�5�Rm�f3Rm�6��;vt℄����I!%��t��yf<e%�;3�W(�)�t&�+7�Æ� ρej ∝ r−n �
ρam ∝ r−m �M5 ρej gI!%����yt&��ρam g<e;3t&��n > 5�m < 3��I!%F�;vtTeA���y[?W�pZnf2��Ltrj�[�Rm�xx�k	2m� Ts (Ts =

3

16
µmHv2

s ) �.ug	2m�yxk3Rm� (�:t-^�5�*F>th�QF��L|t) �kxNro	2/�n�R3Rm�!tQ~ [28] �
Te

Tp
∝ v

−

2
5

n−4m+9
3−m

s (5)�kQFth� n > 5 �m < 3 �� (5) t+%g7�� Sedov ���CQ~[K)�g�
Te

Tp
∝ v

−

8
5

2(1−m)(n−3)

5(3−m)
s (6)l m ≤ 1 ��� (6) t+%g7�il m > 1 ��+%t$7n n tf)gQ�5l�I!%F�;vt5S1�� e-p Fn�n	2/�tQ~5S�i=$C��Og!�QQ~�eS=�S e-p Fn�n	2/�tQ~�[KAC9k�I!%F�t;v1��� (5) � (6) t(+%&Ag m(3 − n)

(3 − m)
��kQF n > 5 �m < 3 th�T* m = 0 �1��TeA�� Te/Tp 6 vs t&v�?! Sedov �
�AM�*�6LI!%F�t;v�	2/�?&+{��Rf3RA?&opFn��nV 659��C.t�

4 ����b2U Balmer &Æ6L8K�?ttG�S=�ek Balmer Æte�5�kd��K+'�5>�[�/dth��g��-59-�}+'S Balmer eÆ (yV 7) �Æ�9O+'Sm��kÆe����KÆ�JpkHt=�AOgkdt{A�V^��K+'�5O>th��Q℄K<irot Balmer &Æt<%gkdt5k�+��MEv�8Kfm�kdtj7�T�K+'�ttG℄�2U�kI!%F�tV3VKS=��?�Q℄�0V



� 38 �������M�p�4�B��������� 26 Q�KmA*��M5[%)}�fm5Ses2�t�i�� 3.245JHFo�	2Z1'�n�Æ'�t�.�℄�oS=ot Balmer&Æ6L�V^�8�0VK9�Lt�i(℄��
Balmer&Æ6LtG�8K��gtI!%F�5�?�:+esS=o� BalmereÆ�d:+esVo�Æ�etÆT [13,14,17] ���8h��{K+'�℄{�k[9v�S=o&Æ6L��_�+'�5>n.t5Ses2�t�iA(�A℄�=�t6[�T�??�F>K+'�&℄�;a_�+'�G>tV�VKA�:?t;AS=YI&C�

W 7 � Ghavmian ys (2000)[15] T>u Tycho J"&G�75 g u Hα �D=m�I!%F� SN 1987A t!�	25S=�	� Balmer &Æ6L [23,24] ��8
Balmer &ÆCÆkTeA�t5+_QH�l��QHH℄!�	2���	�CÆ Balmer&Æ�� tyvV�n~*t;�d.�,�i�yt5+_QH�I!%���t��y�Ogk>tA�/��V^ Balmer Æt�JpkH?>k Balmer eÆ� SN 1987A�~C��!�	25�=o Balmer &Æ6LtI!%F���=tAC9S=[9�G�
z};&r$�I!%F�5 Balmer &Ætu��� Balmer &Æ6Ltv�IY�H�t/'JH9OES��t:�� Lyman VR5�℄Pf2�UnA[KQ℄%)�2ES��t6[ [1,15] �.[nS=4ir/`�itG�� BalmerÆX�gL:?℄�t5+}Rfq=ÆCÆUn�2Uz,9�MA*�+t:��Vg5+}Rfq=ÆCÆtUn� Balmer ÆX�gL:?℄��9K��'*v�%�ti�� Balmer &Æ6Lt���2MgL*F:?t℄��^℄�Vg�C�stv�IYnq=ÆtCÆ℄P&Y�Q�9K�5+}Rfq=ÆCÆtUntAC98KA$(\�q=Æf	2�p℄Pt8KA��Vg8K Balmer &Æ�	2℄�et℄E	�f}R�/�9K	2℄�e6LM� Balmer &ÆgL:?t℄��℄�etR�QFk��,gy 1015cm−2·n−1

0 t�� (M5
n0 g	2Ues}R%&�)[11] �QFk7(0S=o��℄�e5tC�yv℄PFF��A}℄�℄�et6L��℄�e-�Ds��*���`�℄�o Balmer &Æt�2���	2/�/>��rdg:? [11] � Heng f McCray(2007) [23] aG�Gkt/'�2



� 1 L x*A�y�&�wCH
3u Balmer '�7M 39����I!%F�5t Balmer eÆ��!�rot6[nS=4ir!/`�i�k SN

1987A �;$t6[^h59:�S=ot Balmer eÆt��!�;$ug�[9�Vg(	2t℄�eVL�C���*��Lt�y[tG[�y^�ek℄�e6L�	28K5tC�7G��v�fS='*�gkdt5k�+��k SN 1987A�=t	2/�k>th�	1�z#gk`t:R���	2/�f e-p Fn�&�[9a�t!�QQ~�o	2n%�;3�uYate#tG�vI�*F:?t�eV 6[KVS�2UtS=%N�5�	2/��k 1 000 km/sfdk 2 000 km/s t:+��k	2/��k 1 000 km/s th� e-p Fn�6	2/�t&v*F
���k	2/�dk 2 000 km/s th�	2/�6 e-p Fn�t&vj*F
�����E=�fm-�t{A� Ghavamian xr (2001) [1] Fo�	2/�f e-p Fn�&�[9a� feq ∝ 1/Ms(Ms g	2t�j%) tQ~�i��~�?�kY}ES	2/�f e-p Fn�&�t_%Q~�X:?tC�SSM�� 1 000 km/s < vs < 2 000 km/st:+��M.?AC9tS=6[� CKR80 [4] Fo SN 1006 t X �Æ	2t/�yg
1 800 km/s �[|[ η es (η Carinae Region) t	2t/�yg 800 km/s �dH~�Wk�C%e�)rAC98K��k	2/�f e-p Fn�&�!�QQ~tv�:��I!%F�;vt℄�[9�OL:?tYa�g�k��CQ~o|�8\tz�??�I!%F�;vfmtTl6[�[KW�S=C�OgQ1y3��tv (y SS433) ��=tv5t	2/�nI!%F�=�vQ�Z9�	2/�f e-p Fn�&�Q~tk�g:?t<W�)�XD  oroY�TlX3�=�2OB (10221001�10673003) �f�6:�
[1] Ghavamian P, Raymond J, Smith R C, et al. ApJ, 2001, 547: 995

[2] McKee C F, Hollenbach D J. ARA&A, 1980, 18: 219

[3] Chevalier R A, Raymond J C. ApJ, 1978, 225: 27L

[4] Chevalier R A, Kirshner R P, Raymond J C. ApJ, 1980, 235: 186 (CKR80)

[5] Decourchelle A, Ellison D C, Ballet J. ApJ, 2000, 543: L57

[6] Hededal C B, Haugbøelle T, Frederiksen J T, et al. astro-ph/0502372, 2005

[7] Haugbøelle T, Hededal C, Nordlund Å, et al. astro-ph/0503332, 2005
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Balmer Double Line Produced by Collisionless Shock

in Supernova Remnants

LI Jiang-tao, CHEN Yang

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

Abstract: Balmer line is an important way for studying the interstellar collisionless shock. In

the optical spectra of some young supernova remnants, Balmer line is often observed to have

two components: a broad component produced by charge exchange between cold neutral atoms

and high energy protons, and a narrow component produced mainly by collisional excitation of

preshock cold neutral atoms. Recently, more precise observations and theoretical calculations

show that this kind of Balmer double line may be influenced by some other processes, and may

be related to shock velocity and electron-proton equilibrium. In this paper, the physical processes

which could influence Balmer double line and the use of Balmer double line in studying supernova

remnants will be discussed.

In section 2, we will first introduce the essential model of Balmer double-line only considering

about collisional excitation of cold neutral atoms and charge exchange between cold neutral atoms

and high energy protons. Then we will discuss other processes which will influence Balmer double

line, including Lyman line trapping and different kinds of precursors.

In section 3, the use of Balmer double line in studying supernova remnants will be discussed.

Balmer double line can be used to determine the shock velocity and the angle between the shock

propagating direction and the line of sight. It can also be used to determine the state of e-p

equilibrium. The anti-correlation between shock velocity and the degree of e-p equilibrium is also

discussed in section 3.4. This anti-correlation can be either intrinsic or due to the evolution of

supernova remnants.

Finally, in section 4, we will discuss some recent observations about the Balmer double line

discovered in SN 1987A. Also we will briefly look into the future about the research in this field.

Key words: astrophysics; supernova remnant; shock wave; Balmer double line; electron-proton

equilibrium; cosmic ray


