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(1.  H3q���AW  100875 �2. �x{�V�/[5�A{f 210008 �3. Department

of Physics and Astronomy, University of Missouri, Columbia, MO 65211, USA)���21 µm �~X�e)tO��O�z(z[��,q��5MX 20 µm mA��)[P��/>�s�~�yX`�z��CK��k�$�D���`�5Æ�)� 12 [O�z(z[#�)5 21 µm �~Q�f,�%�&[�wXG,F&z��z(z[$�~kX 21

µm �~Q�y 12 [O�z(z[Q� 21 µm �~��fk��:��A
�;E 20.1 µm �ytQ��wz�XO�� F , G }Noz�|Zb (��?O�?�2{WMn) ��
Æ��,2G�e{� 10 o��&H
℄*p( 21 µm �~aÆ��K�� "����:�S
(C60Hm, m = 0∼60) �&"5g� (PAH) ���I��� (HAC) �dKZXLy���T}�p<2��/��K (�2Xqn) �����K (,� γ–Fe2O3 � Fe3O4 � FeO) � SiS2 �dK TiC %k�H_� SiC y��/RLV SiO2 C� SiC y���zv�yt�K��%C��� )�Td* 21 µm �~�/^6��	�fk�k�X;* 21 µm �~Q���~�&PjY��*&H1
℄�R�~aÆ��K��[ i L��ÆK��� 21 µm �~�7d�z��CK��Kaoz���Kaoz���z��Wo℄�P155.1+2 ��� ��Hxp�A

1 �8���
1989 n
!V�3�J��< Kwok �% [1] .℄ 4 Z IRAS (Infrared Astronomical

Satellite) P�
;+7p� (Low Resolution Spectrometer, LRS) �d 21 µm bmd(Z8"�(z�.=�}�xsP�p��\℄\g��j';8�T
.UxG:?0f;�)�O��B
	}jbDJ`ny� (AGB) ��y'yZ (PN) �B���R�
7N�y'yZ (Proto-Planetary Nebulae, PPNe) +�J`ny� (post-AGB) R��=Dx(�}d
AGB � PN R��B?l�~
DW Kwok �%=�
x��+�}�PD^�d AGB [�� yXvs�2005-06-15 � �evs�2005-08-15fl	q�x=5"{�0[S8-"la (10473003)



� 44 ���������?���^�o������� 24 q��IF)d PN R�"l'�;1�
1995 n
 Omont �% [2] �;w+61`�>z! 5 Z (�����(� 1 Z) 21 µm �}P℄�)l��) Kwok �% [3] � Justtanont �% [4] �z�Ql�#�(\) 4 Zu�

21 µm �}P�xs_A�℄(:�P) 21 µm �}�md��n
 Hrivnak [5] 0X;M)xsP�}Fp�
.℄xGp?	%b����6xsp�l��W
;+7�
�� Kwok �% [6] �;�+�B�>z (Infrared

Space Observatory, ISO) �Y;+7p��(\) 12 Z 21 µm �}P�r�
 Volk �% [7]!xsY;+7� ISO ,,℄�)0X;M
Æ(g�~) 21 µm �}�e��	4L��Y���or
0+wG$.℄x 12 ZP� 21 µm �}�p�9
d%�(��~e4
%G! 21 µm �}*!W/Z���xZEM��}~�W=OAJ�}���x{��mdD PPNe xZ�f�R��+y�P+e
xFm�!g~�.F)OA �S)
>S�xd PN R�7Mmd� Kwok (4xW���/J=1%�-�I$�(�J8n�
%G! 21 µm �}℄�)o'����$>Æ 2 ;;MD!T 21 µm �}
W:~_�4u�� 12 Z 21 µm �}P25xG�b��}�Æ 3 ;;�;0f	\�%� 21 µm �}`���J��=�
dÆ 4;;	\)(sM�}j�_A7n�
2 21 µm ��R�d ��
2.1 21 µm {�

1989 n`g.℄ 21 µm �}N
 Kwok �% [1] S;�W IRAS �
;+7p� (;+74 20∼60) 
wG|Nu �	oWd 21 µm b
6exZ.=�}"Q4 21 µm �}� 10n�
 Volk �% [7] �; ISO ��4p�.em℄�)�u;M (F! 1) �xgp�KU)

" 1�>Æ� 21 µm �~Q IRAS 07134+1005 � IRASq�I ISO q��"v&P [7]

2∼45 µm�4L23
�� 16.5∼24 µm4��;+7n~) 2000�u5~u?� 21

µm P�p���md}jPDO��"��
6e'�hp���_"��>j�~*���}9
�DW
Volk �%;1! 16.5∼19.0 µm � 22.5∼24.0 µm %�"��℄�) 5 g%kT~el�
�_"����~) 21 µm �}�9
 (+! 2 uU) �=�wG�\+ZS;Æ
(1) u?P�?9Jej�i?9

9'y-}jW="��;;l��7���}���
(2) d�_"���
u?P��	�de��:�
7 λmax = 20.1 µm �



� 1 � s�~����0��zz��C� 21µm �~ 45�

" 2 4 [Q� ISO q��`#	�<<���q�:�&P [7]

(3) �Z�r9
p�
B?.℄'�PD;1N℄r+.=r��Se�q!6P��	4L37d 21 µm b
yTo6o<*!�xZ�}Q4 21 µm �}�h�b9
6}2t\
�Z9
39/�!Q
d��6GO�
)��?(Z7�T�('
�Y��W4 2.2∼2.3 µm �(��h
�b�o(�
xZ�}#(�(��d=� 21 µm �}P IRAS 07134+1005�
� 21 µm �}G=�j'reP�Z�+G=j'� 8% [8] 
)�wPi4 0∼7% 7��
2.2 21 µm {��PY�{R~_�4
0d 12Z PPNe��(\ 21 µm �} [6] 
iF. 1 �Hony�% [9] �8
wGd%Z�vWF+E�%y��y'yZp��#.℄) 21 µm �}� Volk �% [10] .℄%Z3����~yp�d 20 µm b?2.�.=
wG(4xZ.=?}jW 21 µm �}�y Clément �% [11] �u;M)��(x~y� ISO p��
(4��37md 21 µm�}
)0(x#	� /�6e
=`.℄� 4 ZP~_�4$B?�~�,X(
o;;>_#!e	\/C
u2EGx�*��; 12 x PPNe P�

21 µm �}P�b���+ZÆ
(1) �bD PPNeR��Æy��~ AGB [�N
x�;;�'(r+yBv=\�
dx��3�Sr��
�O�<S��B�r+℄(:��
�B(6wt)�J)�
ÆyM(4\xZ#��vy�EG�;� PPNe R� (+Q Post-AGB R�) l0f4\�vy�xs PPNe �y��B�s�vyoW? 104 Z�vy�i�U
6eO�<��%O

(�
D 250 K �
(2) �WN~�
7xG��vy.Q C/O %�Q`+YD 1:1 [1] �
(3) �W{Ya�
yp���N#.℄?>N�>�1zVIF�Lm [14] �
(4) �?	��+1F [1] �
(5) p�|r4 F + G | [5] �+. 1 uU
d 21 µm Pp��
fJ$(\℄ 30 µm �}� PAH �}� 30 µm �}



� 46 ���������?���^�o������� 24 q�I 1 21 µm �htZ�|� [6]W R 21 µm 30 µm r�~ r��� PAH % �� =3d
02229+6208 �	 G8-K00-Ia C2, C3 CO

04296+3429 � G0Ia C2, C3, CN 3.3, 3.4∼3.5, 7.7, 11.3 CO, HCN

05113+1347 �	 G8Ia C2, C3, CN 3.3, 11.3 CO

07134+1005 :K� �	 F5I C2, CN 3.3, 6.9 CO, HCN

16594−4656 � CO

19500−1709 :K/ F3I CO, HCN

20000+3239 / :K� G8Ia C2, CN 7.7, 11.3 CO, HCN

AFGL 2688 :K/ �	 F5Iae C2, C3, CN 3.3, 3.4∼3.5 CO, HCN

22223+4327 �	 G0Ia C2, C3, CN CO, HCN

22272+5435 � :K� G5Ia C2, C3 3.3, 3.4∼3.5 CO, HCN

22574+6609 �	 7.7, 11.3 CO

23304+6147 :K� :K� G2Ia C2, C3, CN 7.7, 11.3 CO, HCN$� PAH 6'#6h� (Polycyclic Aromatic Hydrocarbon) 	W�d AGB ~ PN R��(sÆyp� 30 µm b\℄�	�.=�} (ISO �Y;+7p�;+\x�PW 26 µm b�Om.=�}� 30 µm b�O�.=�})�)S�) �xG=\o'�j'
�J(r~ PPNe �Z�+G=j'� 20% 
xhUx�`=>�OY�Lm<S
_�%O3��l�(4x�`W MgS � PAH �}(�W��+p���
3.3 � 6.2 � 7.7 � 8.6 � 11.3 µm .=�}
xs�}d 21 µm P�p��fJ}2t~�
Kwok �% [12] l; 5 �8pz (KU 11.3 � 21 µm 5�.`4�) s<)%Z 21 µm P�!m�wG.℄7�4��!m�}B?\!�S)
x49+ 11.3 � 21 µm �}�PD�(NB"v=\�0)�d(��J�
+wWh AGB�v=\�J�fz)�����S��7�.=�}�)�jU+. 2 uU�I 2 M AGB O PN kT`
b�Uw|�uSFj [13]�-�� /µm 	 S �{ PPNe PN

3.3, 6.2, 7.7, 8.6, 11.3 6h;H�ÆC�.� D Y ��� 21 D �� D� 30 Y Y Y
3 21 µm ��b���ÆL�J8n�
%G!IF 21 µm �}�J�℄�)7 ��;�wG6�u5 21 µm $D�}5�P���
	\x�J�9Q=9�(s.$!�Æ`[
 21 µm �}�2.=��Tmd
$B?dN℄r�"l�~��g
x���e|�
oD 2 µm 
xhUxZ�}7}jWN1.=b�=�
!u5x�J�dN~!gZjCIF+wmd
+y�d
PPNe �md
$'�UZ�}�`J�W+�d AGB R�[�IF\�CW+�d PNR�qI��



� 1 � s�~����0��zz��C� 21µm �~ 47�_�
%G(4 21 µm ���J�o�}2;4 3 �Æ?1;1�w�b���J�~�u���J�
3.1 ��gV�^N�m~
3.1.1 �(!�*u5~O��<�

) 21 µm PC�WN~�
?1;1S4=g	\���J��gd 1990 n
Buss�% [15] l(4
21 µmPp��� 3.3 �6.2 µm %b��+.=�}�PD PAH 
 6∼9 µm �B�}z� 12 µm �.=riPD��H��~ (Hydrogenated

Amorphous Carbon, HAC) 
6e 21 µm �}}j#=^��j�?1;1IF�
Webster [16] 9p)%�9�R (C60Hm, m = 0∼60) X|
w(4(Z)�� C60Hm .\�G=(IFo'�.=�b
xs�b)�SO��.=�}
��(Zl:D 19∼23

µm �B�xH 1989 n Kwok �%.℄� 21 µm �}eI
)�$}2UZ(s8"�(��+.=�}�y��.℄x�J�� 21 µm �}�:�H�>6�(\� 21 µm �}�	37B��
Papoular [17] D 2000 nXl�8�|~o;1��+N℄p�}2;�UZ 21 µm P�+p���!�}�w	\p��� 30 µm �}W=;1�� OH (D.) }���) 20 � 26

µm �}iW=�G��t) 5 !~N1��N1}���d�|x0��|�N1�o;1�>- S � N �^�N1
l}2�~H ISO l�eI�p��,��W
x�;1dUZ
26∼35 µm 4��p�9
N371%=4�e+$?(s|~?1J
yWxGH�>6l�~� 21 µm�}9
7|B��Souris-

seau �% [18] 	\
pm (OC(NH2)2) )�?1~x� (	a"��;;) � SiC (	a 11.3

µm �}) d(Z���ny��B!gZ
}2�℄%Z=!V� 21 µm P (IRAS 22272 �
IRAS 07134) �j�� Buss �% [15] � Justtanont �% [4] �(4 21 µm �}�`9QW
PAH ;1�Grishko�% [19] .℄ HAC p��?:D 21 µm b�.=�}�y℄d(�(4
PAH � HAC W 21 µm P`IF"����!J� [20] �
3.1.2 ��)#$_?1;1+
w��b#"(4W}j�`�

Hill �% [21] �j)P�[�Gx^��;��12.�JYWKx����+.=r
.℄x�x�d 20∼22 µm B?.=�}
)�d 8∼10 µm B?^�.=�}�wG(4}jWG^�2.S�YWKx��SeIF)�`
}�xs�+.=r�\℄�DW
wG&�x�JYWKx�?}jlWIF 21 µm �}�J��
3.2 �Æ���J�!W�����J�u���J
x��!�;����J
u���JMdu���J;;�;�
3.2.1 �%��"' &

1990 n
 Cox [22] �z IRAS 12 � 25 µm 3'H IRAS/LRS p��%O
.℄d 10 Z
HII �P��?Q` 21 µm ��	
.=r�W4 5 µm �Q.=r�G=j'e|%
oWr)�Z HII ��+G=� 20% �hx��}d HII ��md�s4��x$D��

Cox	\��w9QW(�O>NLm<S�J�
	}jW����J��zp�%O
w



� 48 ���������?���^�o������� 24 q�(4}jW γ-Fe2O3 � Fe3O4 (F! 3) �

" 3 γ-Fe2O3 � Fe3O4 �O^Vfs5M�*� [22]�� Orgueil 6M&�℄M (u0�A#h��U� Fe3O4) 	
Oudmaijer � de Winter [23] d 1995 n�u;M)xs HII �P� IRAS p�
.℄xs

21 µm �}W64�?�p�(ThS�
P:��V39+e��� ISO l�#B.℄ HII�?�j�}�x 
HII��}j�.$6"t_)�!D��YA��J$D�h
xG	}j(dN~�!gZ"$N
6eA4��J��}j�	r�
3.2.2 FeO����Jdf�)LNB��K��
 2004 n Posch �% [24] C	\) FeO A4��J��}j��A4(��BA}���J
 FeO }2"℄(:��4YA��J
#}2"$N4�N1
6ex�jmdD(Zm23�J�!g����IZ�xH 21 µm �}_��d PPNe �fR��\℄W(��� FeO 7d PN �md}2UZ4 PN �o;;;1�0f"��
)�mdYN�� UV p1
 FeO ("$N4�N1�bA4OA FeOdN~+N�� AGB y�#7mdh�x}jW64xZR��y�O�<�% PPNe !Y
|<�GYN��2d�N16�87N
)
�S FeO �}j�E9�e+#? FeOx�or�a�� Roberts [25] D 1961 n� Fehlner �% [26] D 1970 nl�\
7Sd	
�<�Z
 FeO #}2d Fe �.Q�o�S�y!d
<ZSO�x��|9g� FeO S;
 Fe x�'�9Jr
oWDZx�=%�| 1000ZN1
�iW4 2 nm �x!�q!���Pd|v�
yH TiC x� (Md~�J;;�;
!�7%D 125 ZN1) e%0f



� 1 � s�~����0��zz��C� 21µm �~ 49�W	�l)�
Posch �%�;�' FeO x��N℄Ue
d7�<�ZH�>6� 21 µm �}℄�)l�
.℄<�d 120∼155 K N
%wB��	�
F! 4 �y FeO#39/EH��u5~ 21 µm�}P�W{Ya�
jCIF9g%�rx��#W(Z	o�C��e+
+yO��<�
D 100 K 
FeO� 21 µm p�b�j'l\�|9)
792UZ�>6l�~�℄o�)℄mP�[�'Sy
|<�YD 250 K N


FeO �p���C(|�)��	�-|%
#Hl�7I�� 
 FeO d PPNe �IF�md#$B?(ZJ;���UZ�
3.3 �z�\_�dN~!gZ
C � Si�WO4>N�Lm
6exG���JIF 21 µm �}�}j�#e|o�<�W`n�
?j��;�!�4�dxs��J6
��=#F�W TiC �
SiC �J��
3.3.1 SiS2

1993 n Goebel [27] d;M IRAS p��.a6
� 21 µm �}vS4 SiS2 �hp�6t
x�J�?%Z�+.=r�!D�'x " 4 �w)�� FeO q�ImA� 21 µm �~q��&P [26]#�RdY#�)z �m��dY$
*�=9Z~
(CDE) [29] 	�� SiS2 
�%Z�}�	;1:D 16.8 � 19.8 µm b
���(Z.=r���4 1.6

µm �xs��H���~� 21 µm �}7I [28] �+yS;"�)�;8X| (Continuous

Distribution of Ellipsoids, CDE) [29] 
#lW?� SiS2 x�7W��)W)�' (�x�L�iH��i�%4("�;8~e) 
iHl���$(E9 (λ = 20.2µm
FWHM = 1.8 µm)�yjGW 16.8 µm b�.=�}dl�637md�+y!Er 16.8 µm b��
_9<�U
D 100 K 
yx �
<W	g=9��u5~26�$
 SiS2 .$6}2"t_�
3.3.2 TiC

2000 n
 von Helden �% [30] 	\M TiC $j (Titanium Carbide clusters 
DZx��| 27∼125ZN1) A4��J��wGdP�[��~)x� TiC Jx���+p�d
20.1 µm b?(Z\!�.=�}
xZ�}�9
H�>6l�~� 21 µm �}8�/�(� (F! 5) �)�d℄�3\K (Murchison Meteorites) �.℄z�vWJY�� TiC �.QKU+82J�K\�r�'x� [31] 
�z�:m;M�(x�x�{FD AGB R��Æy�� von Helden �%;l��}��h9)8bu�� TiC x��'
3(4 TiCWd PPNe R����fNB (W 100 yr) idyB��S�
xMd PPNe R��S 21 µm�}�

2001 n
 Henning � Mutschke [32] .℄) bulk TiC (7%Oo� TiC x�) �p�
y



� 50 ���������?���^�o������� 24 q�

" 5 ��?7mA�� 21 µm �~ (7R<<) IQ�\ TiC q�:��&P [30]��B88YeL TiC z �Tf	B?de9:�.℄ 21 µm�}�	�#4�W
xH von Helden�% [30] �Sy37�$
64J TiC H bulk TiC ���7/�( �dJY�x �rx��
d}�1Hx�(V�x&k>
S�W�~e��e;;ko
��+.=�}}jl(Hox�?\!F1 (?F>_ [33]) �
TiC Jx���}�*�:��x`�/E�9
l�Sx�~)�,(�
y#?%r�	\)�/
�!/�dD Ti x�P?Lm�>�C��Hony �% [20] 	\
m TiCx �O�x�
�+�.=j'�4Dxd.+�}F4�N℄�j'�!Sj'}�
_9d PPNe ��So'�1%g2�x� TiC + TiC x�
CiH0d.+�}Fp�Jp!o�N℄j!� Chigai �% [34] M PPNe �� Si/Ti >�%H 11 µm (SiC) � 21 µm �}�A)%O��#(4
 TiC �};8'7g�=Dx(S;.D|�U� Ti/Si >�%
6e$7W�;� Li [35] i℄m Kramers-Kronig jU [36] �a�℄(:�\
7n TiCx�d.+�}Fp�J�Npj!?%
7S�B�� Ti �;�S TiC Jx�
*!7gu�8'� 1% �6e
q! TiC Jx�X|9JN7%
y*!"t_�

3.3.3 SiC

SiC WN~y��B�JFO�x�
_�x?%��|"(4W 21 µm �}���J�ÆG^� SiC x� (doped-SiC) �+QKU SiO2 B� SiC x� (SiC core-SiO2 mantle

particles) �
(1) G^� SiC x�
2004 n
 Speck � Hofmeister [37] ��)wG! SiC �+N℄��P�Sy�wG.℄d^��IZ
 SiC 7\\℄\0�� 11 µm �}
�N$mdÆ-ZN℄r
��	oW



� 1 � s�~����0��zz��C� 21µm �~ 51�d 20∼21 µm b�yxZ�}�d β–SiC (�7bSe) �J SiC x��p��\℄
x}jW=D β–SiC x��G^) N + C ^�7��� Speck � Hofmeister $.℄
+y�or4 1 µm �<�d 50∼60 K � SiC x�p��>d(Z 100∼200 K ��G=6
�.=�}H�>6l�~��}eI�wG(4=����wW�| C ^��<�W4 100 K �or4 1 µm � β–SiC �J SiC x��+y{Wx 
 21 µm �}�\℄l7W64�S)u�O�J�
)W=D�3!g�S)hS�
7 AGB � PN �3�!g}j7�DlE~ 21 µm �}
) PPNe R��O�<���oyB��O���4l� 21 µm �}	a)=;�I��!	~�W
 SiC $D=��+b|r:D 11.3 µm b
)�|� 21 µm �}P�� 21 µm �}!% 11.3 µm �}�%�+y(4%Z�}�`�W SiC x�
l'�u5xG�B�e��WC�� 2005 n
 Jiang �% [38] ℄m SiC �p�Je
9p)x%Z�+.=�}���Sy\U
+y!S%Z�}��%Hl�(�
bA�!� 21 µmb|rl|)
xH℄?�P�em7I�=e}F
 SiC -��}j�#	� /�
(2) KU SiO2 B� SiC x�
2004 n
 Posch �% [24] 	\M+QKU

SiO2 �B� SiC x�A4 21 µm �}���J��=Dx�or��'�7�
 SiC Jx�(?(Z:D 10.8∼12.4 µm �B��+b|r�y+y SiC x��.Q";;���
x�p�(d 9 � 21∼22 µm bIF(+�.=r�xZ.=r}jW SiO4 iQ�Btu��|O�<�d 120 K ?AN
x�.QKU SiO2 B� SiC x��p�d 20 µmbmd(Z.=�}
Hl��eI (F!
6) �) 11 µm b.=�}�p.}2;O�<�
}����	�-�UZ�C�W
de<�Z
SiC � 20 µm .=�}����? 1.9 µm 
%l�r) 0.3∼0.4

µm �+yS; CDE X| [29] ��
��(�(s�y<1dD
H;+�S)O�<�� " 6 �w)��� SiC+SiO2 y�Y}�/>� [24]z��A+ IRAS 07134+1005 �P�|DO�=9Ji
1/r

2 t6*=�=9jY>H?~t6'^��	
CDE X|
p����ZNb�?(ZHl�7I�}z�
4 �q��1~_�4
u?0	\� 21 µm �}���J��7j/�=9�I
$?vD℄(:�;�|!
P�[_A(�~jGA;
64uJ��	\�!N?��w�C��*�DP��0(7Q
�!!℄?J�℄�C�
h\7Q�a��I+_
!xG℄��;��Qu	~�; Ti >��t_ TiC lWZS`��1�)!D SiC 
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The 21 Micron Feature in the Circumstellar Envelopes

Around Highly Evolved Stars
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(1. Department of Astronomy, Beijing Normal University, Beijing 100875, China; 2. Purple Mountain Observa-

tory, Chinese Academy of Sciences, Nanjing 210008, China; 3. Department of Physics and Astronomy, University
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Abstract: The origin of the so-called 21 micron feature which is prominent in the infrared (IR)

spectra of some carbon-rich proto-planetary nebulae (PPNe) has been a mystery since its first de-

tection in 1989. So far, this feature has been detected in 12 PPNe (and possibly in two planetary

nebulae associated with Wolf-Rayet central stars). This feature has a similar intrinsic spectral

shape and peaks at the same wavelength (20.1 µm) in all PPNe sources. These sources have quite

uniform properties: they are mostly metal-poor, carbon-rich F and G supergiants with IR ex-

cesses and overabundant s-process elements. A large number of candidate carriers for this feature

have been proposed in the past decade, including hydrogenated fullerenes, polycyclic aromatic hy-

drocarbon, hydrogenated amorphous carbon, diamonds, synthetic carbonaceous macromolecules,

amides (especially urea), iron oxides (γ–Fe2O3, Fe3O4, FeO), SiS2, titanium carbide nanoclusters,

doped SiC, and SiC core-SiO2 mantle particles. But none of them has been widely accepted. In

this paper we review the observational characteristics of this feature and the proposed candidate

materials.

Key words: astrophysics; 21 micron feature; review; circumstellar matter; AGB; post-AGB;

stars


