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^��a℄2	��M.`U�I^�*}�w.
e��;k^Y�2�^����bIÆK/4zI,d	a℄2	��yNk�(�IJO5X�w.z3 J�JÆ^� R��F JÆ��8RJ!�\�[J�C)!�HII O�5J�RJO5XS)zI�;k^Y�i
pÆ�;k^Y�~0`Æ`~.�36a℄2	��M.`U��w.U�(j�2�
o�JO�;k^Y�pÆU�.��:Æ 20 �R 60 ���1963�ÆKamijo[1] %wYk
��h|� SiO2 ^Y.�IJ M MJ��;���ÆZ&A! J�;�JO�_m�%:ÆJO5X�I 20 �R�3ÆJO^��mMtb�JO^����bI��L;� [2] ��� jIhd�2006-03-24 � zRhd�2006-05-15SWv`��S*[,dAu#�:� (10433010,10521001,10403006)
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���<l_Z 133�7 Kamijio [1] b�bB^Y.�YnPbJO�L;������Gilman [3] 3^���zRMtN?Æ�kIU}�J�JÆ��^Y����;k (g Al2SiO3 �Mg2SiO4 �)�a�yN0NI MMJ�:w0�TNÆ�;k�Vh/ [4,5] �xh!Ih*4JD� TrapeziumO [6] �5J�:w0 [7] �t�GB; [8] �BN(Becklin-Neugebauer)a℄� KL(Kleinmann-Low)[9]JDB;��"0��TNÆ�;k�zI�0~ÆSpitzer 5X~>� (SST)3�b$
 z ≈ 2.3�
ULIRGS (Gb$vJ ) FSC 10214+4724zR
yNÆ�Æ6 10 µm �;k:wVh0 [10] �b�%wI ULIRGS �yNÆ�;k��$vVh/Æ3`~Mo ULIRGS �℄~,�%J$5�<'J �U�a�(�����2�L,`pÆ6��;k����t*K&� Mg2+ � Fe2+ >^ai(�yo 1 .�#k�I([� (k�) �akr�Æ�;hK&.�/6J�;hK&q#6 O8&ÆPbDj.`IH��;k�I�[ (Ek�) kr�Æ)q8� O8&�0�3|b�;hK&)Dj�Ek��;kzI 10 µm � 18 µm zI;�~,Vh�Æ7k��;kI 9∼40 µm (Y5Wi�:wVh�k��;k(^	�*�.`IH�Mg−Fe 7� MgxFe1−xSiO3 (6� 0 ≤ x ≤ 1)Æ ?^	G.��x7� MgSiO3 �h7� FeSiO3 �:8� Mg2xFe2−2xSiO4 Æ ?{:8�
Mg2SiO4 �h:8� Fe2SiO4 �7�( 2 	Dj�k�kr�m7��D7��

p 1 ��\� (Fl�P) �)\� (l�P) �<l�9'ls�#N�%w;x�1 [11]

Si >iL(� 4 
 O :(�^�
�:(��;U�7u+L(�;k�6J�B�S�^��2�5X����*bI��;k^Y:�U� gDj��M�.`2	1.
eÆbb
e.�
~6*}U��Z1��H(6J�2�^���Æ�;k^YLTJOq��e2w.Æ�U
yw.z3$�J�JÆ RÆJO�lD�~�DÆHÆ JPbOI&D�w.
e��vÆ�;k^YIw.
e���M.`1.3pÆlbJ �.`w.�(��3#�
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d	a℄�M2	��;k�yNVhÆ<gkyyN"f.��Æ�(w�;k^Y�a℄<�`I��� 3 [Ut�;k�^	�akr (Ek�O�k�O) �PbI6VUÆ<3K~Hg��Ia℄�MpÆ����3Z�W-�0&ÆI�
4 [gk
I�;k^YpÆ�zI��[Æ36�D�:V1kV~�
2 �f�d_4���=m`[�{Pq�$�I8quId	a℄2	��;k^Y�yNVh�
2.1 �xTZUEKk|NI 20 �R 70��ÆIY5!/B;�JO�"0��yNÆ 2 g�A�$vVh/Æ�G?ZI8� 9.7 µm � 18 µm �Æ�=�yÆ`~5DyVIpU�bBVh�����Y/b�kr���b���;k� Si–O B{f'
�� O–Si–O �Pf'
�U�
b 2gVh0� (go 2 H�) �lvÆ`~yIJ�U} J (6JO#w�.���Pb�;k) ��_%m�yNÆ 10 µm :wVhÆIUS J (6 O 8&%&/ C 8&k�Pb�&� CO I&Æ7D�Pb�;kI&) �vm�Xy(yNÆ�bz�Go�
 10 µm �
18 µm JO$vVh�
	�;kU���0~ÆI<'J ��^�2��yNÆ�A��;k�">:w0�bB~0��G?Z+I�� yNÆ��;k0/�Z�5Æ��I 10.5∼11.5 µm �60/rA�(�;�B�

p 2 ��<l� Si-O C|g(��� O-Si-O  Qg(����p�y�N_�kÆk��;kI 10 µm ~0p(LgWiD�U�Vh/ (g 11.3 µmVh) Æ7Ek��;k�0P;D~,�IJO5X�yNÆ��;k�d;D+d~, (y(&kr) Æb3�JO5X��;k�II�Ek�kr� Chiar � Tielens [12] V# ISO SWS(Infrared Space Observatory Short Wavelength Spectrometer)3 4 (>~do��
C M WR (Wolf-Rayet) JzR~$vÆ�$v�~0yNÆ�vDpÆ�lJOq���;k�.`/bÆyo 3 .�#kI 10 µm � 18 µm �;k(�(��"Vh/� Li �
Draine [13] �,$vQwu?�lJOq��^�h| a < 0.1 µm �k��;k��_�I+05D:\
 5% �0~ Kemper �` [14] �Æ
j�'2�k�ÆJ~i
I��G!/ Sgr A∗ �>~0Æb��lJOq��k��;k�p.� 1.1% �.XxkÆY5yN)6��GB;DyzI�lJODÆ�zIY5~�JOD�Kemper �`Vz�Æ�~0)��lJOq��o,Æb.�
~�u
�lJOD�k��;k�_ [15] �
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���<l_Z 135�l�B�Æ Bowey � Adamson [16] i
$T% 8 	k��;k/b�;����"0��kt Cyg OB2-12 !/� 10 µm �"0P�%vJ~b�JO�;k�II�k�O�Æb3b�JO�;k��%Ek�Orb��mMtYk
fZÆ	6kt5W�i
��6JaO�:w0Dyo�Z7ÆnEb 8 	k��;k�(2j�	,ÆPQK~:w0�$T4&D�o�/4yNÆ� 10 µm ~,:w0 [17] �b 8 	Dj.`/I��;k%,$v / .℄~��"�℄DjÆI$v�:w�DjÆD.��(2j�	,��vÆ�Zb 8 	k��;k/b�;��.���t Cyg OB2-12B;� 10 µm �"0ÆXD���I6JaOyNÆ�:w0�

p 3 4 ) C N WR K���#1 [12]'q}%�x�� WR104 � WR112 � WR118 � WR98a 
 (a): �[?� 7∼40 µm �
4 
�22eq%(��8K"�0�	)$mLQs��� 10 µm � 18 µm �-Hn��>n��

(b): 7.5∼13 µm ��>nXj�� τ9.7 = 1.0 ��0�3j�2(�� 0.2JO�;k�k�,/w.z3 JJÆ R:*�k����+W (��� 10%∼20%Æ0℄.~Æ 75%)[18] Pb'�3+�iXb�Æw.z3 Ji
$�J�\�J�JO�_m�>aFJ�\FJ%:�B�Yn
JO^���II�_���xbBk��;kzhJO5X&�1bEk�O��*I`~
�=o�JOq��k��;k�_\��yNk��(T��Æ SST 0~I 12 bGb$vJ �yNÆ
k��;k�:w0 [19] �JO5X�Æ Trapezium O�;k:w0��NV; FWHM ≈ 3.45 µm [20] Æ7 µ Cep��NV; FWHM ≈ 2.3 µm [21] ��v�;k�~0VUI2��<D�k���Ijv�lJOD�!/pÆ 9.7 µm �"/.�#dU� µ Cep 0P�� [22,23] �7II&D�Æ#d;� Trapezium rA��d� [20] �i~N| �lJOq�� 9.7 µm �;k�"VhA,/.℄~>~_t+~4� (∆τ9.7µm/AV ≈ 1/18.5) �bbw�Mh~N|L,� Si � Fe� Mg �kIEk��;k^Y� [24] � Snow � Witt [25] b�%, B MJ��FÆK�L,j��62�`L,Æ<� B MJ�L,3�5 L,�b�JO78L,y�N|L,�
60% ∼70%��xÆbxs_� Si�Fe� Mg8&g��Pb-t_��;kÆy7I 9.7 µmU�bb_��"�� Mathis [26] xkz(�^Yd)657�OÆDA(�, 25% �℄C�e5
��N|L,� 60%∼70% � Si � Fe � Mg L,U�+W� ∆τ9.7µm/Av ≈ 1/18.5� 9.7 µm �"�	0~ Li [27] 3vMtYk
fZÆJy Kramers-Kronigw k:ÆYk�



� 136 �������b���a�{�W������� 25 ��t57^��)6,S5�Æj� B MJL,3�L%L,Æ
D�o�yNÆ��� >~ÆDbbktD�F,^��h|�P��I�BJOO5yNÆ 9.7 µm � 18 µm �;k�"0�'fVU�yNÆ�'fP/�5~,Æ�&krÆyl�
,o�
JO�;k��II�Ek�O��z( AFGL 2591(�F Ja℄Æ��I&D) I6 9.7 µm ;'f0p$T( 11.2 µm �UVh/ÆiXb�bb 11.2 µm &��k��;kPb�Æ	{vD����o�b�*= [28] �
2.2 �~Pp
Oxx�=A�EKk|w.z3 J�x�U
�[j0<K!�[&�w.j0� JÆK~ ? AGBJ�
post-AGB J�RJ�JD�\FJ�� Gilman [3] i
3^����MtN?YkIJ� MM�J�^� R� XzI�;k^YÆb�0NyMtpxk
Ia℄�M2	�zI�;k�%,w.z3 JYn
JO^���II�_ÆpÆw.z3 JJÆ^� R�<�`/b3�~
o J�J �w.(�����h��_�?Æ.aw.z3 JI� 2 H���_�w.z3 JÆs, AGB j0Æ�(w9�;v�\�JO��
$\�Jj0���_ JÆ�(H4, AGB J�JO�
AGB JJÆ^��U�.��6w.z3 JJÆ^� R�U��h� C/O 78t+Æ
AGB J.�I�U} M MJ (C/O<1)�US C MJ (C/O>1)� C/O≈1� S MJ�IJ�w.z3 J�vR�;��kPb�^�HMS�,6Æ�;℄� C/O +w�� C/O> 1
ÆH(� O 8&N;,/ C 8&k�PbEX�&� CO I&ÆZ&Pb� C �^���
C/O < 1 
ÆH(� C 8&Pb CO I&&Æ�.� O 8&aPb�;k�d	}.��w�����Æ$\�J)�U}�2	�I�(��_m�p (Ṁ < 10−7M⊙/a)�MM�J�Æ���^��Z�t*}.� [29,30]Æ~0(�Ek��;kD�6��bI (go 4(a))���Pb�;k^Y�Mv℄/;℄tX�2)3#Æ7I6��,�JO�D.�:�b	J=�I�(���℄�_D�p�U} JJO��_0LU�^���;k^Y (go 4(b,c))�vhy;O��Pbd;jU��;k^Y4(DN.�Æ��b�M%&Pb����ISO%wI�(℄�_m�p� AGB J�vm�TNÆk��;kÆb� ISO I*k5��9m-U:* [31] �k��;k�L,+Ek��;k��_�?�5Æ��zY,��;k�
10%∼15% ÆzIs0V(J=$k��;kJY�
���I AGB Jvm�k��Ek��;k��(Dj�U�	�qz�*=W�#^���PbMtDo��k��;k� MgL Fe *�Æ7Ek��;k�(
	P�� Fe �k�O�Ek�O��;kI8�(Dj�	,Æ�+X�^�HM�b^b
�(�v&�k33k�Mo���Zy�_I$
,D#Æk��akr��;k0.�zI��O (��K��_0���O) Æ	;D~,�$v~03��II��;k^Y�Ek�kr��	.��o��ÆEk��;k�k�.
eW�~Æ�&�℄	J�:���	,℄, 1 000 K Æk�
e�
Xh,�L�ÆL?
Æ7�	,�, 900 K 
Xh,:1�L��{�,ÆB
5�g��;k^Y��k+k�.h,:�5ÆPb��;k� �Ek�O��b��!g��;kI 900 K �$�	,Pb>:9JXÆa:�Ek��;k�l�	Mto���;k%&�k�POPbÆA&6k�krMÆ-1�
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���<l_Z 137��}I�50J=$ÆIJÆ^�-R�k��;k�_�sÆ
(�BV(�w.z3 J�(EX℄�k��;kL,�bBV(a℄iX)(�b!��^�IF [32] �%,^�!�	,>�,Ek��;k��k	,Æ�xI�	2	�k��;k�g�Pb�� Molster �` [32] Yk�	k�
e.�o�bBV(a℄
℄��;kk�,�

p 4 �4eIb^�N3
zO� 10 µm Fl��<l� [31]�� (a) R HYA ��*��an�q� AGB L�[�~0��taHn��>nV� 10µm �� (b) AGBL MTRA ��B�Hn��>n�1LQs��|Q��2QHY35� (c) AFGL 5379 ��*_�aE�q� AGBL�)�e�B�Hn��>n�$� (d) u�HC<� 10 µm �>n�$2 (Æ1) 1Æz Q��i}K:� 0.1 µm� 2 µm �Hn�;9	���i}8	��2}T-f� (e) Herbig Ae/Be L AB Aur � (f) Herbig Ae/Be L HD

100546 �<y2qm+�B�n��>nXj�d��*�>nn�-�_��H"L
Y5pÆ~℄,V#�y�N��d	�;k�`wp��Ek��;k�a�yN~0�pÆ:*J�w.z3 JÆ���;k.�# [Mg,Fe]2SiO4 �~0D�� [33] �IU}
AGB J� 10 µm � 20 µm ~0OÆNw���b 2 bVh���;(�brV (go 4) �bB1.II��,6J^�bI (gZ�}.��) �k*ÆII�%,^�bI�Z1�w.z3 JÆ��Ek��;k�(:8�M6$+wÆb��Y5
MII�^�!�;k<�`
�&V&�(Ek�:8�����
2.3 �g�{eafOxN�{xB<b�EKk|II&D�I� JPb
e�ÆIIÆ�2\�;℄�^�uh�Ga℄L/
 J�PbÆ6JIIQ1bÆ��_�^�!Æ0�PbRJ�J&���vi
I��F Ja℄ (YSOs) Æ��^�!�U�.�Yn J�RJ kPb�I��$6�k��;k/ JPb���_
e�C2wÆpÆJÆ^�!�;k^Y�<�`/bÆ3
o JPbO��M�.`w.{w���
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ISO �℄I3p�;?0T[ (2.4∼200 µm) �~0�TN\�F Ja℄Æ�^�!�<�`/bYn
j4���Y�"f�It!�h JPbO� YSOs B;yN� ISO ~0(�Æ 9.7 µm � 18 µm �;k��0��;�"VhÆDK~EX~,�Demyk�` [34]#�5� MgxFe1−xSiO3 �
	� Al �;k�;��o�8 J~�D� 9.7 µm � 18 µm�"~0Æ�k�lJOq��k��;kHY�_�I+�p.� 2% �	�Æ Li �` [35]xk�, [34] I��
e�HK#�WT�"pVzI�Mp�DmY�Æ�73k�:(!7�I&~_J�~�D�Æ^�(Y.�~ÆL� K �℄	Æy7I$v?0:w~&Æ6:w0(�k�;kVh���}`~b�:w0�5%?h|Ek�(YU�Æ	�BV(Vh/��9`~��ÆWg Onaka � Okada [36] I λ ≈ 65 µm s�Vh/)b��%l7� (� Ca �k��;k) U���y~0yNk�.�s�ÆI�F Ja℄Æ�zI!�_��;k�Meeus �` [37]3/I&DIK��F���_J (J Herberg Ae/Be J [38]) zR
��*gaÆg�
�;k:w{sYX<,:w� 70% ��Ba℄�:w0z( 10 µm � 18 µm Ek��;k�Æ7(�BQk*dU�vO:w�� HD 100546(�({s 8 b% Mg2SiO4 U��:wVh [39,40](℄o 4(f)) �I Herbig Ae JJÆ!obk��� ? MgSiO3 ��2�;k�

SiO2 � [41,42] �23,Ek�:8�Æk���HY��_�I+� 5%∼10% �DjyN<���;k 10 µm 0PzIT8ÆK~/�lJOq��0P2T���go 4 H�Æ�B�;k� 10 µm :w0ÆNw���_;Z?B;'
�I�ByN<�y(d* 10 µm 0�Æb.��%,Ws?h| (?,L µm) �;k^Y>a%,	,N�D-�U�:wVh�0~Y5pÆI�
 HD 100453� SWS ~0Æk�3�^	A .�)93#�IdZ?0 (�, 30 µm) TNÆ�h| (A 2 µm) k�{:8��:wVhÆ7IA 11 µm Xy(TNÆVh/�
ISO � PHOT-S �:yN
��_ T Tauri JÆ�^�!��;k:w [43,44] ��}~0�_D℄Æ	
.�y~0�#k%:8��7�/b�i��h|(Y�Ek��;kVh/�I�B<�Æ(D=6�k* 11.3 µm k�{:8�� 8.6 µm SiO2 VhÆ	z�GobW�d℄IO+�I3p�~0yN�
ISO �yN0�(��F Ja℄�k��;kL,℄,�BpÆY&�JOq���k�,�i
4"I��F Herberg Ae/Be J HD 100546� ISO ~0 [40,45] Æ`~:*k��;k�Y�
���?h|^YÆ6L,�{℄,?h|Ek��;k�b(J(BV(Æ�II YSOs �k��;k�_�I+y(bx℄��F JJÆ2	�k��;k�_23JOq�+d℄Æb��!
	k�.Pb
eTI!p:�Æ.��I8RJ!u=�Pb��yN:*I!p	,d��v�O5�zIk��;kÆ`~tN6I&~�G J�℄	Ou=�PbÆ%,
	
;;�
e7�
ÆX�Æ�℄�
;�B�
DIp [46,47] �
Telesco � Knacke [48] %wI�[J β Pic Æ��C)!yNÆ�;k^Y� 10 µm :wVhÆo�
�;k��[JJÆ^�!���/b��� β Pic ��(�(M;^�!��[JÆK�6
N| N3��O� 1993 �Æ Knacke �` [49] I�
 β Pic JÆ^�!� 10 µm :w0Æ:*6 ��5&krÆb��!II�;k�k�OP�zI� β Pic
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���<l_Z 139���;kVh0/�B5J 10 µm :w0EX24Æbbk�(℄�rg
5JYn β PicÆ�^�!�^Y�3=�0~Æ Subaru 3�F��[J β Pic zR
℄5XI3p�~0yNÆ^��:w0p( 9.7 µm Ek��;k� 11.2 µm k��;kVh [50] �Okamoto �` [50] i
�� Subaru yNÆ� 10 µm $vVh�Æ:*?h|Ek��;kH�I 3 b	�Æ�
I8� 6.4 AU � 16 AU � 30 AU ��h|Ek��;k�k��;kH�I�GJW~�J~tN.�zI 3 b\ β Pic �%5J�J&/b�J&�Æ5J&&�U��i�����h|��;k^YD1CjÆ k�Æ��CC)!p%,QwhPb�?h|�;k�\D���g k�'℄`,�Æ.�I	��
 12 AU szI�b\ β Pic �RJ� Okamoto �`�tt(�&^�pÆ�lvÆw�����Æ Li � Greenberg [51] �,5JYn β Pic ^�<�VzÆ#�5�JO�;k� —— (B�e�-R (I	,d��v�	��(WT�;-R)�^�Mt
MÆ���o�
yNÆ�k��Ek��;k$v:w0�
2.4 ��G�EKk|B℄5J�zI,N| 0=�^�(Y�;�;�℄�iXb�)yN| ��Æ5JPb�&y(�U���w1
eÆ�v5J�<�`/b�*.��68N|JD���/bÆ5J��� �
8N|JDIPb5J�����M2	I��pÆ5J$v~0�Y&5J<�`/b�I�5JtXT��X#D(A�B=�I~`"�5:�?h|�;k^YaU� 10 µm � 16∼25 µm :w0Vh�% Si–O B{f'
��9� 10 µm Vhm��, 8∼13 µm �;u8Æ���~0yN.��ÆY55JIb�OX�~0 [52,53] �6��A���5Jd*�A�k��;k:wVh�yÆG9J (1P/Halley)�d℄IO+�~0.�#k�TNÆ� 11.2∼11.3 µmN�Y6�U Mg�k�:8��* Fe�Ek�:8��7�;�rb 1P/Halley5:�;k [52,54] �3�9?05J C/1995 O1(Hale-Bopp) �yN��;k<�`pÆYn
F�/GÆKd*
H(T�yN
�5J�0A��;kVh [54−57] �yo 5 [58] .�#Æ6 10 µm~0�(LbIX�N�I8I?Z λ ≈9.2 µm � 10.0 µm � 11.2 µm 
(G�w�I 10.5 µm �
11.9 µm (?kr�6 λ ≈11.2 µm :8�N/ Halley 5JyN�k�H4� 11.9 µm s�m9��k�:8�U��� 9.2 µm s�G�w.��7�^Y�9�ÆN?�Æ�Ek�7��:wp/yN� Hale-Bopp ~0�(24�P�� λ ≈ 10 µm W~d;�G�w.��Ek�:8��o,�7 10∼11 µm 23,R�%I� 10.5 µm s�kr0(.�%k�7�U���,�p3~0Vh�I�Æ Wooden �` [54] #{s 5 	DjbI� Mg L�;k
�5J~0ÆI8�Ek�7��Ek�:8��k�:8��k�m7��k�D7��X
Mk�k�:8��7���y�~0Æ# Mie Mt [59] N?Ek�:8��7��:wpÆD�� 8∼13 µm ��yN~0IX5JIKN| 2.8 AU >s� SWS ~0��
o�5JI�KN| 1 AU � 2.8 AU s�Æ�5J~0P��T8ÆJ~VzzI�H	,d���h| MgLk�7�^YÆ6_:wI�N| 1 AU W~J�)yNÆ�bB^YI 9.3 µms%Wi�NÆ<DI λ ≈ 10.5 µm zI&kr�Wooden �` [54] uNbB Mg L7�^YY5:?h|^Y�{s 90% � Galdemard �` [60] �Yk#:8��7�tX�	,T�
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MÆ Li � Greenberg [61] ����o�
HyNÆ� Hale-Bopp ~0�
Wooden �` [54] �
M�>��W�o�g�/�?h|k�7�^Y/6J�"���_hrÆ�v#oK~�	,+6J�;k��>a�.�o��Id��dG�KsÆi��h|��;k^Y)(B�e�-RT[ÆI~d�K���Æ(B� R:9�+Æk*~"��;k:w [62] ���7�:wVh<y( 11.2 µm :8�VhN(�ÆH�7�.�jf�)(B Rv[�b�M Hale-Bopp 5:��7�^Y+XzIÆbDS��=/4bj�y!�5J�5:��;k��S��;���57���(Y [63,64] �

p 5 Hale-Bopp 6K ("0) � P/Halley 6K (
0) ��<l;xWi [58]

2 
�2*9oeq�
-%�`Ry�p-�>E� Halley �B-S� 3 '
ISO yN Hale-Bopp � 2∼45 µm ~0Æ:*I?Z�, 16 µm �?0zILgd;�:wVhÆbBVh/L()�%U Mg k�:8���Pf'
��9 [55,65,66] �L(H(3 Hale-Bopp 5J~0�o�) �Ek�O�k�O�:8��7�Æ	K~�23L,>�_�I+XD� YY&��=zI�B>���~�=�Y&_I�d	bI�23L,��B�Æ�y�N_D�gk���&_�_�" 0 [67](JD�gk Y��_>~ 0) ÆlvVh/�A,�F,^Yh|�l�B�Æ�� #,N??h|K�(Ylw�:w� Mie Mt<D�#,
�k�:8��VhNÆ��:8�IqfN?ZW~�~`X0/^YP�(wÆ7D!7�� [57] �0&ÆJ��Æ
�Y�:wpÆ_:w5S�,	,Æ5:�;k^Y�	,%�"N|Qw�$v:wJXtX��_,��&Æ	,/^Yh|�Mg/Fe w��"���_hr��5�8(w��52w�k3)b�^��(2j�	,Æ�bb	,3�)%L_Æ7bI�Mp�DmY�� Li �` [68] Ut
	,A 3
�5J$v~0�I�5:�;k<�`�!7�d	pÆ�k Hale-Bopp 5J�;k�k�,I 30%∼90% X1.� Li � Greenberg [61]i
�� Hale-Bopp� 3∼20 µm$v:w0Æxkk��;k��_A� 10%∼30%�Wooden
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���<l_Z 141��`�k7�� Hale-Bopp �;k���bIÆk�:8�yY 20% >js [58] �y6JZÆ35J 10 µm ~0tk��;k<�/b/ Hale-Bopp H4Æ	Dj5J�~0zId�T��Colangeli �` [69,70] b�d	�;k^Y23�_�1.> Mg/Fe+w�1.
~T�� Hayward �` [56] Qb�~0T8.�>"
^Yh|IF�	,�1.�I Kuiper �Pb�/Æ35J��;k 10 µm :w0�kÆk*�k�;:w�DEX~,�/Æ35J�A�;kVh/�>�.�# Oort D� Kuiper �5JPb2	�T�
~W�?h|(Y�*=o� [65] �/Æ35JI&~N|���IQwh�3#$�DII5^Æ?h|57(Y)R�kN| (?h|^YJ�IU��II_:w
Æ
.�yY^�,�_��?�II) ��}gvÆ(�/Æ35J�
:*k��;kÆg
ISO yN�5J 103P/Hartley 2 �~0p( 11.3 µm Vh/ [71,72] � Li � Greenberg [73] #57�5:^�
MN?/Æ3ÆJ.5J P/Borrelly (1994I) �_:w0Æ:*�)6,
P = 0.85
Æ#57��;k�——�&PS-R^�
M.������yN�Hanner [74] #�GEk��;k�S^Y�;���� P/Borrelly �_:w0�b^	+XbI/b�;��U���;kVhI/?B;N�Æ7IZ?B;zI�b:wNÆD������ Borrelly��;k:wVh�

p 6 �� GEMS MV� IDP ��C GEMS � 10 µm Si–O C|�0b^�<luY,e [76]

(a) L\� IDP L2008V42A (A), Halley 7L (B), Hale-Bopp 7L (C), |5 Herbig Ae/Be L HD 163296(D);

(b) IDP L2011*B6 �� GEMS(A), K(E Elias 16(B), Trapezium K(E (C), �℄? T Tauri YSO DI Cephei (D),�℄' M O℄�L µ-Cephei (E)
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2.5 IDPs(yxTB<) �EKk|`~��b�I�;,mR"HÆ� IDPs D)?RJ�5J� IDPs �� CP(KY�57��) EXH4,5:^�Æ��K~�(�M&-1���Kkr�℄SL,� MgL��;kbI�i
�y�I� CP IDPs .��`~3N|JD(Y���U�(j�2�Mo�

Bradley [75]I CP IDPs�:*�HEk��;k^YÆa6�GEMS(Glass with embedded

metal and sulfides) �GEMS ��MVUH4,IJO�JÆ5X/4zI�Ek��;k^Y� GEMS �$v�"~0I 10 µm � 18 µm ( Si–O B{
�� O–Si–O �P
��9�Vh�� Bradley �` [76] a�y�N_�Æ� CP IDPs � GEMS �$v�"~0/I6Ja℄2	yNÆ��;k� 10 µm �zR+d�Bradley �` [76] :*%x7��{:8��
GEMS /b� IDPs � 10 µm Si–O B{���"kr��;)/N| 5J��[= Herbig

Ae/Be JEX24��B GEMS �(;D~,� Si–O B{�Æ~0P�H4,IJOI&D��F Ja℄Æ�yNÆ�$v~00P (℄o 6) �J~b�<v�yy(a��	aZ�>�b��;k.�gv����a℄Ek��;k�0P�g� GEMS Y��a℄Ek��;kÆ�x GEMS ���`~Z3�Df^�r`N| ��q���b��!ÆIN|JDIFt=ÆN| �II��78�kIbB^Y��% GEMS �x7��6JEk��;k/b� IDPs � 10 µm Si–O B{Vh/N| 5J��BJÆ�;k� 10 µm Vh24�/F�2+ÆI�;,mR"HÆ�� GEMS LU� IDPs j��6=N|JD^���7Æ IDPs ���;k^Y�.n�y�pÆ��K0>�a℄���
3 �m�Q�Gm�Q��=mKd_�O
�����;k^Y�2�^����/bbIÆ/4zI,N| ��y.`krp#Æ�;k%�;hK& (SiO2−

4 ) �
	t*K& (g Mg2+ > Fe2+) ��akrk��([��akr/b�a�k��;kÆKU�Y5Wi�~0Vh/Æg 11.3 µm Vh���[�akrzI�a�Ek��;kÆK�~00PI 10 µm � 18 µm (;D~,�Vh (go 1 H�) �Pb
�	,�&
�;k^Y�PO —— k�O>Ek�O�g�Pb
�	,℄,
�V&	, (Tglass ≈ 800 K) ÆPbk�O�;kÆb��_I$p0M6��akr�g��;kId��	,�kÆ̂ Y�vbEk�O�lvÆ�Ek��;k^Y~Æ�&�℄	 (Tanneal ≈ 1 300 K) Æ�.�u=Pbk�O�;kÆ>a;.&I	, T > Tglass 
�F�kPbk��;k��vÆk��;kI�&e,p �
a℄2	�:��℄��^�I��l�B�Æ2�w/�#?�^YtX�&�:-1([��akrÆ�k��;kEk�.�%, ISO �bmGRS��;?0�℄I3p~0Æ��y�3�;k(Y~`X0��YN_Æ`~IY5a℄�M2	�:*
k��;k�I�(d℄�_m�p�w.z3 J�JÆ-R�zI.y0_�k��;kÆ6�_�I+AY 10%∼15%�I5J�5:ÆRJOq���F JÆ��^�!p)TNÆk��;k�zI���JO^��e2w.MtÆw.z3 Ja����J�$�J�_m�>a\FJ%:�B�#hJO
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���<l_Z 143�5XÆJOq�Hw��PbF� J�5J�F���`~I�;k^Y�=} (w.z3 J) I6�D (�F J�5J�RJO^��) )^Æk��;kÆI^�w.��XO
——�lJOq��M zI�&L,�k��;k�Z7Æ̀ ~{vy(^Æ�lJOq��k��;kzI�YCo���,�lJOq�y(�;k:w0�yNVUÆ Li � Draine [13] uN
k��;k��_�I+p.� 5% � Demyk �` [34] I�
 2 (8 J~�D��"0Æ�Æk��;k��_ X?, 2% �0~ Kemper [14] i
I�t�� �GB;�>~0Æb�I�lJOq��k��;kHY�I+?, 2.2% Æ�Th 1.1% �k��;kÆ
M/yNS��0��	�Æ Demyk �`��
e�HK#�WT�"pVzI�MpDmYÆ3k�:(!7 [35] �7 Kemper �`Vz�Æ�~0)�D)�lJOq��o,Æb.���u
�lJOD�k��;k�_�8� [15] �JOq��k��;k�_�p.>>�,yN:*�w.z3 JÆ� 10%∼20% �+W��	o��JOq��℄�(Y�Ek�.
e�
Xh,?, 10 Ma Æ>>/,^�MÆ-1�
Xh,Æ#hJOq��k��;k+i

	B�Ek�.
�l�	.�U�6J< (g\FJ SN) U��Ek��;k�9p>℄,�=Æ�_#hJO5X�Ek��;k��
 post-AGB J�k��;k+WÆ�JOq���k�,�,8&�k�,��lJOq��y(yNÆk��;k���6��F JJÆ�\�[J�C)!�5J�RJOq���k��;kD�vhD)8�lJODÆ7�I6Pb
e���Pb�Z7Æ5JI6w.��II
Xs,>K�{ J�	,d��	�pÆ7Pbk��;kW��℄�	,��xÆ5J�5:�k��;k�D<��x�bb�[Z��DzI�5k��(�
M#N|JD��sm
;;�3�5:�k��;k�D< [77] ÆJ^�(YI&~8N|
�U
_
eÆA&)
;t {	,d��5JPbO�Harker� Desch [78] Yk�;k^YIZÆ35JHI�	�p)�℄D�&UU��F?u=ÆPb
k��;k�{vÆ`~
D�o�5J�k��;k�D<�(`b�I5JPb=ÆJO^�~Æ℄	�Ek��;kk�.�l�	Mtb�Pb5J&Æ�;k^Yyb
yEk�Æk�O��.� Greenberg �` [64] %o
5J�Pbk��;k�^	r
�g�JO^�IN|JD�)6&T_ÆQ 10 µm :w0.�#k�,� 15% �^�
M���l�B�Æg�Ek���;k�v(k��;k-RÆb	^�
MD�o�yNÆ� 10 µm kr��vÆb^	k�.
eG(.�)93#�k��;k�L,�v��;ka℄<�`k5��ot��%,K/ J kPb�J w.�C2wÆ~�DÆb�JO^�k5�_!3[�
4 �m/4X�3d	a℄�M2	���;kyNo�1
�℄quÆ< k�gk
�=�~H℄��3bB2	��;k�M�.`U��b�Æ�Ut
�BV(a℄��;k<�`/b (g Herbig Ae/Be J HD 100546��F�[J β Pic � Halley 5J� Hale-Bopp 5J
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_w.
ePb�ÆK>"
^YPb
e�_U�ÆH�k��;k�_�pÆ(�$�����Zk��;kI$v?0U�� gWi�Vh/Æ	%,6�_��dsÆiXbB0/�kÆW�℄IO+�℄I3p�~>�yNJ�pÆ�)y ISO �bmGR��y�3d	�;k<��~0��YN_M,�Y℄Æ`~Ib�k5ÆS���zV�*vyNo�IJO^�w.�=} (w.z3 J�JÆ^� R) �6�D (5J) Æ�(.y0_�k��;kzI�	�bD��M�o�Æ��`~{v5y(I6�XO (�lJOq�) �^Æk��;kzI�YCo��bb��;ka℄<�`k5.CW�o���[�Æbm:w� Spitzer 5X~>����a�t���pÆd	a℄2	�^���M.`VU�A!d	&zyNz(�k*��y�g^�Zz�3v℄����M.`U�Mt�yoÆbB�o���[a)�Gl1��w �*�3aQ�hA�\E�
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[44] Gürtler J, Schreyer K, Henning Th, et al. A&A, 1999, 246: 205

[45] Bouwman J. Ph. D thesis, The Netherlands: University of Amsterdam, 2001

[46] Harker D E, Desch S J. ApJ, 2002, 565: L109

[47] Bockelée-Morvan D, Gautier D, Hersant F, et al. A&A, 2002, 384: 1107

[48] Telesco C M, Knacke R F. ApJ, 1991, 372: L29

[49] Knacke R F, Telesco C M, Hackwell J A, et al. ApJ, 1993, 418: 440

[50] Okamoto Y K, Kataza H, Honda M, et al. Nature, 2004, 431: 660

[51] Li A, Greenberg J M. A&A, 1998, 331: 291

[52] Hanner M S, Lynch D K, Russell R W. ApJ, 1994, 425: 274

[53] Hanner M S, Gehrz R D, Harker D E, et al. Earth, Moon and planet, 1999, 79: 247

[54] Wooden D H, Harker D E, Woodward C E et al. ApJ, 1999, 517: 1034

[55] Crovisier J, Leech K, Bockelée-Morvan D, et al. Science, 1997, 275: 1904

[56] Hayward T L, Hanner M S, Sekanina Z. ApJ, 2000, 538: 428

[57] Hanner M S, Gehrz R D, Harker D E, et al. Earth, Moon and Planet, 1997, 79: 247

[58] Hanner M S. Astromineralogy, 2003, 609: 171

[59] Bohren C F, Huffman D R. Absorption and Scattering of Light by Small Particles, New York: Wiley, 1983

[60] Galdemard P, Lagage P O, Dubreuil D, et al. Earth, Moon and Planet, 1999, 78: 271

[61] Li A, Greenberg J M. ApJ, 1998, 498: L83

[62] Li A, Greenberg J M. A&A, 1997, 323: 566

[63] Greenberg J M, Li A. Space Science Reviews, 1999, 90: 149

[64] Greenberg J M, Li A, Yamamoto T, et al. ASP Conference Series, 1996, 104: 497

[65] Brucato J R, Colangeli L, Mennela V, et al. P&SS, 1999, 47: 773

[66] Colangeli L, Brucato J R, Ferrini L, et al. Adv. Space Res., 1999, 23: 1243

[67] Koike C, Shibai H, Tuchiyama A. MNRAS, 1993, 264: 654

[68] Li M P, Zhao G, Li A. ApJ, 2004, 613: L145

[69] Colangeli L, Mennela V, Rotundi A, et al. A&A, 1995, 293: 927

[70] Colangeli L, Mennela V, Rotundi A, et al. A&A, 1996, 312: 643

[71] Crovisier J, Encrenaz T, Lellouch E, et al. In the Universe seen by ISO, 1999, 427: 161

[72] Crovisier J, Brooke T Y, Leech K, et al. ASPCS, 2000, 196: 109

[73] Li A, Greenberg J M. A&A, 1998, 338: 364

[74] Hanner M S, Lynch D K, Russell R W, et al. Icarus, 1996, 124: 344

[75] Bradley J P. Science, 1994, 265: 925

[76] Bradley J P, Keller L P, Snow T P, et al. Science, 1999, 285: 1716

[77] Bockelée-Morvan D, Gautier D, Huré J M, et al. A&A, 2002, 384: 1107
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Silicate Dust in Astrophysical Environments

LI Mo-ping1, ZHAO Gang1, LI Ai-gen1,2,3

(1. National Astronomical Observatories, Chinese Academy of Sciences, Beijing 100012, China; 2. Purple Moun-

tain Observatory, Chinese Academy of Sciences, Nanjing 210008, China; 3. Department of Physics and Astronomy,

University of Missouri, Columbia, MO 65211, USA)

Abstract: Silicate grains, one of the major cosmic dust species, are ubiquitously seen in various

astronomical environments through their vibrational absorption or emission bands: Si-O stretch-

ing at about 9.7 µm and O-Si-O bending at about 18 µm. Their physical and chemical properties

vary with local environments, as revealed through the variations in the spectral shapes, relative

intensities, and peak wavelengths of the silicate bands, both amorphous and crystalline. With the

advent of both ground-based and space-borne infrared telescopes and the rapid accumulation of

high-quality observational data, astronomical silicates have been receiving much attention in re-

cent years. In this review, we summarize the observational characteristics of silicate grains in the

interstellar medium, dust torus around Active Galactic Nuclei, protoplanetary dust disks around

pre-main sequence stars, debris disks around main sequence stars, circumstellar envelopes around

evolved stars, cometary coma, and interplanetary space. Their physical and chemical proper-

ties in different astronomical regions are studied on a comparison basis, with special attention

paid to crystalline silicates: whereas crystallinity is prevalent at the beginning (i.e. circumstel-

lar envelopes around evolved stars) and end (i.e. cometary dust) of dust grains’ life cycle, no

crystallinity is found in the intermediate phase (i.e., in the diffuse interstellar medium). The as-

trophysical implications of the presence and absence of crystalline silicates in certain astrophysical

regions are discussed.

Key words: astrophysics; interstellar dust; review; silicate grains; circumstellar envelope around

evolved stars; dust disks around young stars; cometary coma; interplanetary dust particles


