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Spectroscopic Study on Cloud Formation of
Dust and Molecules in Cool Objects (Brown

Dwarfs and Red Giant Stars)

Takashi TSUJI
Institute of Astronomy, The University of Tokyo

Summary

The major outcomes of this research project can be summarized as follows:
1. Red Giants and Supergiants: We confirmed the presence of molecular condensation

(or referred to as MOLsphere for simplicity) in the outer envelope of red supergiant star µ Cep
and determined its physical structure by a consistent analysis of the infrared spectrum and recent
visivility data. In a large sample of M giant stars, we found that their infrared spectra are a
hybrid of at least two components originating in the photosphere and extra molecular condensation
(MOLsphere). Only the weak lines, mostly of high excitation, are relatively free from the effect
of the MOLsphere and can be used to extract photospheric abundances. The strong lines and
the intermediate-strength lines, which dominate the observed infrared spectra, are affected badly
by contamination from the MOLsphere. In the interpretation and analysis of the infrared spectra
of M giant stars, it is essential to consider their hybrid nature. Also, molecular condensation
referred to as the MOLsphere in M giant stars may exist in the K giant star Arcturus as well.
The MOLsphere, however, is not necessarily a separate “sphere” but may be an aggregation of
molecular clouds formed within the outer atmosphere. The formation of molecular clouds (referred
to as MOLsphere in our modeling) in the outer atmosphere appears to be a basic property of all
the red giant stars from early K to late M types (and red supergiants).

2. Brown Dwarfs : We extended our unified cloudy model (UCM), which we has proposed
before, and applied it to analyze a large sample of observed data. We found that the spectra
and colors of brown dwarfs cannot be interpreted in terms of the four basic physical parameters
(the effective temperature Teff , surface gravity log g, chemical composition, and micro-turbulent
velocity ξmicro), which have been sufficient for stellar cases. In fact, even for the objects of the same
Teff , spectra and colors of brown dwarfs show large differences, which cannot be explained by the
differences of other parameters such as log g, ξmicro, and chemical composition. For this reason, we
should have a 5-th parameter to specify the observed characteristics of brown dwarfs and it should
be related to the physical property of dust cloud. For the 5-th parameter, we choose the critical
temperature Tcr which is a measure of the thickness of the dust cloud. With the 5-th parameter
Tcr in addition to the 4 classical parameters, the observed characteristics of brown dwarfs can first
be understood consistently. At present, the 5-th parameter Tcr is an empirical parameter to be
inferred from observed data, and it remains to be specified by the theory of cloud formation.
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4.1 ��� ��� ���	���

4.1.1 
���
�� FTS ��������������� MOLSPHERE  !�#"#$�%'&)(+*�,.-�/�013254
, 1980 687�9;:=<8>)? FTS 9.@BA CO CED�F�GIH�JK>=L+MON , PRQ M S�TVU�JXWZY=[�9;\]�^

1000-2000K JR_=`�aR<=b8c=d ^fe8g�h A.i)jlknm�oqpsr ^ [1], t8JRu , Stratoscope v ISO wx JRy=z�{f[+M�N;JR|=}#9O~ , �=Q M S�TVU�����T�U�JR�8[+C=D�F�G�H�9 4 iK��N;JXU�JXW8Y�9 4e=g p;w=� 4�� Js�Z<Zb ^l����� �)r [2]. tZJX�=� , PsQ M S�TVU�JB�8w�N � �ZQ M S�T5U����OTUqkn�+�E�R�=�OTVU�����T�U�9 4 , W=Y , �=� ,  +¡£¢BC - ¤sC3G¦¥�§�[�9 , yZz�Js¨ 4 JK©=ªZ«£¬�jEp� ” \�M��R<8b£¥ ” J e£g�^ @�~®­R¯+MOj;w+°�r . iRJ�@+±®wfW8Y8[�Js<=b£c=d ²³<=b£W=Y�´=r 4
Molsphere jnµ8¶�i.j;9 h A�²·J e=g�4 , @+±�v�¸º¹+�qNV�8»8»�¼)A ^ , ½�JE¾s¿ 4 tZJX©ZÀ , Á�9Â£Ã�Ä Á8Å#k�>�­ h A.i)j®Æ�¼)A . iRJ=rZ�£9 4 :8<=>.?£CBD�F�GÇH.Js>8L ^�ÈBÉ)Ê Æ)¼�A ^ , Ë+Ì4XÍÎ2 JX|=} ^RÏ�Ð5Ñ ¸ÓÒ�Ô=�£�=�+A M S=��TVU Betelgeuse Õ�Ö Ori; M2Iab) 9�»8�E� , ×ZØ=Ù ] ,Á�9;<=bZW=Y�J;Ú=Û ^RÜ w+AnÝZÞ=ß�jà:=ÞZß�J�CZD�F�GIH�Ø�J�á£âXã Â JK>=L#k�Ò�°fr . in��NnJK��.MqN ,

Â£ÃlÄ a89 4 <EbEW=Y 4 W=Y�J;ä Â 9;å Â p��=�)A ^ , æ Km/sec J;çZèZä Â ^f� NV� , á8âa89 ÈZé=ê wsë �;ì�í ëZîqk�m h i�j ^ ­�N�M�j�w.°Rr . iRJ�@)±®ws×ZØZÙ ] JBá£âXã Â JK>=L.MqN4
, ï.ð8ñXòEó8ô�9.@�AnõZö��ø÷Eù�9.@�~ , [E��9;\+M=�X:8ú ] cBd ^Rû ª � ��A�j h AfüEýEH 4 , þÿ�� ��w=��i)j ^ ��� � ��A .

4.1.2 �������
	���
������������.��� �X���#������������� MOLSPHERE  ��"�$
%'&.(��� "!�#

�=�8�OT5U�9�»��Z�)J Ï�$ JK|8}�a&%('�jZp�� , )Bâs�8[=d�9+*�,�An:£<8>.?�<ZW£|8}£v ,
$ �=[M�N-)BâR�£[Zd#9�Ô.r)A Ñ ô�.�Æ�J0/�â-1�2�3�9�@BA Visibility JR}�4�w x ^ ¼�5#NV��A . Á�9 , 67 d98�:KH�;B²£9+@�~ , <8b 7�<�] J Ü w.A;cZd�J Visibility JR}�4 ^ Ò)Ô=� [3], [£��Js<=b8c=d�²132�^-= 9;�=[.CBD�F�G�H.JK>=L.MON?>A@�p�<ZbZWZY#´Br 4 Molsphere jnµCB�D Ð J ² JE/�âX©ZÀJCFEG�aEH(I ^RÉ ?�jnw)°Rr . p�M�p , i®��N®Jlý)²�;lJK>KJ�9f»8�B� 4 MZw�~VJEL(M ^f� NV� , in�N?N�pn�R|Z}E�=� 4EO�� p ÐQPCR 9TS+M � �£�Z�ZwE� . Á�9 , i®��N?/�âE1K2�3£ý£²�; 4 , C�D�FOGIHý.²U;=kTV'p�¸XWZY�pKw=�=Æf>�J � ���8�+AZrE� , [�\�pXrs�8� ^ m � �)�8�+A . ]K^�9 , VisibilityJK>KJ�9 4 MZw�~VJ�_&` ])^ ¼O~ , Visibility J���9)@lAsüZýBH)JZ]Za=Å 4EO�� p ÐXb�c#� �8w=��i�j^ m � ��A . ]Cd ,

Ñ ô(.#9lÔ+r)A��£[�CED�F�GÓH�9 Ð M�w�~n9&/�âZe(f ^ �#´R���K*'~ , iK��Nskg ]+a£9X>ZL h A)i)j ^0h «�Æ)¼)A . i�j , iRJ�@+±�9&/�â&1�2�3)ý�²U;�j��Z[�CZD�F�G�H�k g ]+a9K>=L h A)i.jK9�@�~ , <Zb8W8Y�J-j g�4 ­�k+j®w�~ , l�mZÅ�¼�A;<=b=W8Y�J-n�o�aEüZýZH�JX©(p ^É ?Oj�w+°�r . j�q.9 , �=�=��T5U α Orionis
ì�í

µ Cephei 9l»£�Z��isJ�@)±nwf>ZLqknÒ�� , tf��NJX<Zb=WZY�JErCs�t#kvuK4�pKr [4]. � � �.9�p�� Ð , CBD�F�G�H£MqN;tEJ eZg+^-w(xO� �£�=�£rK<EbW=Y�J e8g+^ , /�â01(2�3�Js�8��kTy�z({+�.A.i�jX9+@�~ , @.±�vÎ¸|F&G�a89BM=» Ï�} a£9X¯ cO� �r�i)j;J~a(� 4 y9�X� . ½�J=¾K¿ 4 , ifJ+@.±®wR<EbZW8Y�JXßK�)vC�C4ZÅ#kB­�N�M�9 h A)i�jnÆ£¼£A .iRJZ¾s¿ 4 , �K� jZp����=>�u�J£´8´Z9-� � ���=�+A ^ , *)t#N)¸º<=b=W8Y 4-� U8�8�'j�ú(G�9���åpXrE���)Æ)¼q~ , ��������J;:£\ ì�í ÝZ\�J&�=ç ^ �=� ì�í <EbZW8Y'jEp��Z�C�'pn�8�.A Ð J#j�W=ðN���A . �=��9f»8�E� Ð , tBJKßC� 4&��� 9R»8�E� h N O�� p Ð ­K¯)Æ 4 wZ� ^ , �E��vl<EbEW=Y�J ûª(�=© ^ >�­ � �Z�.ñ , ���8â-�Z>�u.Æ)¼�°frs�=��T�U�� �OTVU�J&�(tK� � �Z© Ð <ZbZW8Y�k�����jh A)i)jK9+@�~ g ]+a89~s8> h A)i�j ^sÉ ?=Æ)¼���± .

4.1.3 ��������(���� ����(�¡����
������¢�£�¤9¥�¦�§
�(¨(H �~©�ªE«­¬T® %K'�¯Z°(±�²T³U´sË­µ ª * ®C¶�Ð , ·�¸K¹�º�»+¼9½X¾�¿CÀ�¸CÁ (FTS) Â , Ã ®ÄKÅ�Æ(Ç�ª�È ´�É�· ®ZÊKË�ÌEÍ ¨UÎKÏ�Ð�ÑÓÒ�Ô�Õ�Ö�É~×UØ+ÙUÚKÛ�ÜAÝ ¶ZÞ�ß Ø�à�É . Ù�á�Â , KPNO

FTS
ªUâAãåäKæ
¬ ´~·K¸C¹Uº FTS ÎçÏAÐ
ÑèÒ ªUé�êQë�ì , 12C16O, 13C16O, íAî 12C17O

Ì&ï�ð�ñçò
óCô Ì ¹(õ�ö9÷ , 12C/13C í"î 16O/17O

Ì~øKù Ô 23 ú Ì M û
üXý ªvþ�ÿ�¬ ´ [5]. � ë , AGB ��� ª
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à(É ê�� Ö�÷�³AÉ���� M ûçýUØ�Â , 16O/17O Â��	� 500 
��çØ 100
ª °�
UÉ é-Ì�é à�É-¯ , ��� M û

üQýAØ�Â , 16O/17O Â 100 ��� ö
÷���������� Ì�� (≈ 2700)
ª � ®"éZÌ �ZØ�� ì Ú��! �"�#�Ô%$&
 .' ÷Q³U´ 16O/17O

Ì&ä(æ�� ê�(�)"Ì+*!, Ô%-/."Éç´CÝ , Hipparcos
ªAâ ÉvÁ Ë�ê10�2 Ñ3 &40ÐZö9÷ ()"Ì65Kù Ô%798-´ . : Ì6;�< , 16O/17O Â�= (�) ýUØ�� ì Ú&¿ ó Ô�$�
�¯ , >�³�Â first dredge-up Ø��

�+?�@+Ø ì É .
¬ ö ¬ , A (�) ý ª�é 100

ª � ® 16O/17O B�ÔC$�
 é&Ì ¯�à ã , >v³�Â first dredge-upÌ�D�E ÒUØ	?F@�
"É�> ê Â�G+H"ØUà�É .
ð�I

, 12C/13C Â K5 ¼ M8
ªZÈ ´ ã Ü�Ý ¶ =�²J� , 5 ¼ 10Ì�K9L�ª�M ��É�> ê ¯�N�ö�Ý9÷|³�´ . > ÌAâ�O Ú ;P< Â , first dredge-up
ªAâ É6Q/R�Ø�Â�?9@+Ø ì Ú® > ê Â�ST�Qö�÷VU ÷|³ ¶ Û ã , W���ØUÂ ad-hoc Ú�X ù�ª"é�êvë �YQZR D�E Ò [ e.g. cool bottom

mixing) Ø	?&@ ¬çâ�OKê 
�É�\�] é à�É .
¬ ö ¬ , > ÌAâ�O Ú ad-hoc Ú�Q�R DPE ÒUÂ+= (�) ý ª�¬ ö^�ß Ø ì&ë , _T` Ì�;�< Â9>T³ ª�â 8 ¶�é ?9@�
"É�> ê Â+Ø ì Ú ® > ê ¯Z@�÷�ö ê ÚF8�´ .

0�2�Ì�0
aZb ý ª Û�c�É�dPePQ�RKí"î/: Ì�fPg�ê Ú�É%h�i Ì�j ¹�Â , ÚCÛ�ÜAÝ ¶lk	m ¸�Ø�à�É�> ê ¯0¸�É .

4.1.4 n!oqpsrJt&u!vxw�yJt&z!o!{}|&nqo!~q�
� ý Ì�� e�í�î+�Ze���±!�	�Z� ¶ Â , W�� , �&��Á��s�l�Z� ¶�é , ����Ã���� ß��6��� �Z� �­â"ã

50% � Ë/� Ú�� ê 
AÉ ;�<&���9�9�6� , �+� ê Ú&8 � ��É .
� ÷6����� Ì+� � Í�� üQý ( �/e�� � ) �

�/� � , _�`�Â~·�¸(¹�º FTS ÎCÏ�Ð­ÑåÒF� â É CO í"î OH ¸�� Ì ¹(õAö�÷ � eKí�î+�/e���� Ì��� Ô \&]�� [6]. Ù ��ØZ��¡!� CO ����� � Â&¹Kõ�Ô 7�� , ¢�£�¤ Ì�¥ ��¦�§�¨�Â6©�ª"Ú ò/« Ô+
�ÉZ>ê Ô�@�÷�öZ�9¬�� � , > � ÂTÁP��
�­q�E¸��(ÁP� Ì�® Õq� â É ê ¬ �çðl¯ ¹ ø°�6� � . ¬�öJ¬ , OH �
�/� � Â , ± ë ¬ é ¢�£P¤AØ�ÂKÚP�lBl²!³ ¥ ��¦�§P¨ � , ´¶µq��©�ª"Ú òZ« Ô�
�É�> ê·��¸!¹��6� � .
�	� , CO �¶��� �"é|ï�ð íAî ï	ºKñKò ó � â É � eP��� �+ð�» ¬~ÚP�F> ê�� ¸J8 � ��� � , > ��é B
²!³ ¥ � ï�ð+ñCò ó Ì ¦+§�¨ � ©�ªAÚ ò�« Ô�¬ � ���P�CÝ ê·� Ö9÷ � É . > � ÷ Ì > ê ö�÷�¼P½�¾ <
Ô·$&
 â�O Ú Í�� üQý Ì Bl²q³ ¥ �0¸��!¦+§P¨!�KÂ , �P� Ì�¿ Ð�À6ÁPi DPE Ò&� â É�S	Âq³çÚ(ÎçÏ"Ð
ÑÓÒç¹�õ Ì�I�Ã Ô ^�ß 
AÉ�> ê ÂPG�H"Ø�à�É�> ê·�¶;�Ä���� É . > � ÷ Ì > ê ö�÷ , 
Å�XÚÆ� êçé|Í� üQý Ì d�e���� Ì&øKù Â , Ù Ì�ê >	Ç ¼P½P¾ < Ôl� ê asÈ $ � Ú�� â�O Ú�Bl²J³¶ÉZ�0¸P�9¦¶§�¨q�â"ã 7 È Ú�c ��Ê Ú9÷vÚP� .

� e����!���Z� � Â , Ë&� CO
ïPº(ñ(ò ó ö�÷�Ì�Ý�� ;�<&� ���+ÍJÎZØ

à ã , �/e����q�l��� � Â OH
fPÏ(ò ó íAî ï�ðCñCò ó Ì É/��¨�ö�÷1Ì"Ý/� ;�< Â���� ðl» 
AÉ .

4.1.5 u!vÐw�yÒÑ&ÓsÔqÕ/u!Ö!×ÙØ}ÚZÛÝÜ�Þ6ßJt�àÙá&âsãÍZ� ü�ý (RGB í�î AGB ý ) Ø ä�æÝ��� É CO, OH Ú È Ì ¦¶§�¨�Â , : Ì�¥çË � â�ã ©�ÚAÉ ò« Ô�$q
 3 � Ìqä Ò�¼�å , æ�ç , I (log W/ν < −4.75), II (−4.75 < log W/ν < −4.4), í�î III
(log W/ν > −4.4) �E¸�è ��� É � , > � ÷ Ì&é , êZÐ�À Á�i D�E Ò9� â É+SlÂ!³CÚKÎCÏ�Ð
ÑåÒ	¨Pë��j�Ä � â"ã ¹(õUØ ì É Ì Â ,

ä Ò�¼�å I
Ì ]CØ�à�É .

ä ÒU¼/å III Â6¢P£�¤ Ì�¥ � CO
Ì ¦�§�¨ Ì ]Cö

÷�Ú ã , Á��P­ Ì ¸P� ÆCÇ MOLsphere
Ì ® Õ�Ô%ìZí ê�� Ö�÷ ��� ��É . ¬vöJ¬ ,

ä Ò�¼�å II
Ì ¤�î"Âï ¹ ø�Ì � �P�+ð ���Z� �Z� .

ä Ò�¼�å II Â 2eV ��ñF
AÉ ò/£�¤ Ì ¨ �+ØAÔ6ì a ØZ�UÉ Ì Ø , Î ó ,ä Ò"¼/å III
Ì�â&O � MOLsphere

Ì+® ÕAØ�Â(Ú�� ê·� Ö � �Z� . ¬~ös¬ ,
ä Ò"¼/å II

Ì ¦�§P¨ ÌEò« Â ä Ò�¼Zå III
Ì : ��ê�â �õô � ��ÉZ> ê·� @�÷�ö ê Ú ã ,

ä ÒU¼Zå II
Ì ÎKÏ�Ð�ÑÓÒ	¨�ÂEÁ���­ Ì

MOLsphere
ê+,%ö ¬��-Ã&�¶÷ Ë�ÆCÇ � È ��É6ø�Rq³���ù�úPûJ� â"ã ë�� �6� � é0Ì Ø�à�É�> ê·�¶;Ä°�6� É	�6üs8¶� [6]. > Ì > ê ö9÷ ,

Í ­�¨UÎçÏ�Ð
ÑåÒ�Ø�ý�þ9³KÚ+�Pÿ�� Ì ���9¦+§P¨"Â&ÁP� ê����
MOLsphere � ,�ö 
AÉTÁ/��­���� êEÌ ø/R���Ø�à ã , > Ì > ê Ô	��
Æ¬ � Á�� D�E Ò�Ø Í ­�¨AÎCÏ
Ð�ÑÓÒ�Ô��KõÆ¬ ��é , 
Æ¬�� ;�< Ô ' É�> ê Â k�� º�Ø�à�8l� j�����â&O�� � @�÷�ö ê Ú98l� . > Ìâ�O � ,

2�� ������õ!��Û/� � Â&ÁP�&
	­ Ì ����Ô ì ��Ú�� ä Ò�¼/å I
Ì ¦�§P¨ Ì ]�Ô ß ��ÚZc ��Ê

Ú9÷�Ú�� j���� @�÷�ö ê ÚUÉ�Ú È ,
ÍP� üXý"ÎKÏ�Ð�ÑÓÒ Ì �(õ Ì G�H Ì���( ³���� � �q@ � � � .

�
÷6� , > Ì�â�O Ú���� ��½"! úPû Ì ¾ < Ô��$#AØ ì Ú���A&% ¢��$' Ì&Í ­�����ÎAÐ�ÑÓÒ�ö
÷ 2$� �P�
Ú È Ô·Ì"ÝUÉ�> ê Â�� j ³�� k�� º(Ø�à�É�> ê%��;/Äs��� É .
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4.1.6 ��y����ÆÑ����
	��
��Õ�� ? K �Æw�y ARCTURUS t��!á
�P� Ì � ý���ù�úPû Ä Ø�Â ,

� ý���ù�Â+ªq��� ð ��Ú������KØ�à�É ê·� Ö �"ì � . ��ý ���P��� ýÌ ��ù�Ø�Â�� ����� Ú� 
!UØ�à�ÉZ> êC� U�÷ �/� ��É � ,
� ý!�#"+�Pù Ì � ª9³KÚ+ú�� � e Ì�ð � ê

¬ �UÌ �$"� %!Ò¬EÚ/� Ì b Ç O ö ? &�'�(
)�*UÚ È � â É,+.-���õ!� â�ã > Ì �+� �,/10 ÷ � É Ì
"CÚCÛ.2 Ì > ê(ê 
 ��Ê , 3�! �14 Ú �#5 � ³ IPÃ � â 8 � >�6��+�!� È > �.7.8:9�> ê·� 7 ì 9�7
à�Ç O ö ? 3%! , W é ��5 E<;<= 6?>�@Å¬ � ��9 K ACBED Arcturus ( F Boo; K1. 5IIIp) �	�Z��

, G�H , Hinkle et al. (1995) �1I.9KJP­<L,M�NCOQP1RSOUT�L [7] 6���V9�<I�W , X�6����ZY ��� ¬�� .
Arcturus L[M�NCO\P&�l��� � " , ]
7�� �_^ 6 ��V �?`%aP� , b<c Ê , CO �P��6�d 1 %ed 2 f�g
h1iÈ ".j�Â!³#i�5�k�l�m�P�7 ��V
npo%q�r?s,t , u�v�i ��V�wyx.XzoCx,{�|�9�},~ (logW/ν ≈ −4.75)
71��6��
�<t?�
��������� , ����6��
�<7����
V�7�r�i ^ i<9�X1��t��ZxEw
��i��?s . n�xp� , 5 µm��� �p���ynKo�9 CO ����g%h������<i�g
�:YE�S� , XzoyxK6[L#M�NyO�P1�p5�k
�� <l�m#P1��{¡�?I
W , Ca+ H, K ¢
£�i�¤�wCx¦¥§xEo�9�¨�©?ª�«�l
m#P
¬ , n<x����#© a%­�®K¯ «<l�m#P<i�¤�°:{²± ^³ �,°�r�i�©�X¡��t%�:x²w
��i1�?s . X.´<I�µ�i�¶�·���V�´[¸�°�¹�´pº�»ZY�¼?½�¾
�z¿�À�] ® X¡�K�
{��,I�WÂÁ[Ã<Ä
°¡| ® t , L�M�NÅOQP#£�´[}.~ , Æ�£�Ç
~ , È�É�i:¤p´p�
V��UÊ%Ë�q , Ì�Í%i�l#m�P,�
V��1I,�pq , X�´ K ACBÎD
�� ��p¶#Ï�¹<t�½���¾��zÐ�ÑC�Kq�© ® �EÒ
cZxUo ®�Ó§Ô ´�À[Õ�YE�<]�X¡�
t�°�r ® [8]. Ö Ô � , J�×1L�M�NCOQP%t
Ø Ó ´�Ù����:Y��1]$I�WÛÚ
Ü�~�´ M AyBÎD , ÝyBÞD��?ß
©#q
� , ¶[·�à�á�â�ã
ä%m�å¡æ�Y�ç�èC��q , MOLsphere G#s��p¶�Ï#·�ké�Þê
H�ë#s�ì#D
×�«�´píÅ�z©�î�Ñï%ð t?º
»1] ® ��Ò%c�q�r.s#t , XzoCxz��ñ#òS�ps�í��p©.î�Ñ ï%ð �K©�µ,I�W�� , ×
«��
 :ó��pÐ
Ñ
�psp¶[Ï
¹�´Kô%è[õ1°
| ® �EÒ�c ® ´,t?ö�÷.°
| ® . ø$ù , ì�ú��� ��?û¡ë ® ¶#Ï�¹�´zÐ�Ñ�� , ü�i ^
�,{ K ýÅþ�W�{ÞÚ
Ü�´�ÿÎú , ÝCÿÎú:�.û<ë ®���� ¾�����°%| ® ��Ò�c ® X1�Et
°�r ® .

4.1.7 �
	���
�� MOLSPHERE ��������� ) ������� �"!$#
% ��´ %�&�' ú:�?û<ë ®�(")+* Ð
Ñ",�� , -KoCx ´zú�w
xz´/.+0+1�2��<þ$35476�8:9¡��;�<Znzo ,

ú$9/,".�´p�+= % ��´/>"?�@C�BA ® . 476�CED7F[� , -�´�þ�µGA/H�IKJBLM35N7OK-1�z��þ:35��»�´�4
6:JQP�sROTS Ó AU,E. % ��t/V�Ñ�nKo�s . ��w:� ,

% ��´ %�&�' ú���û1ë ® .E0W1
2#´�X#î�� , ©�Y '
�<þ$Z\[%��npo%q
©+A
© . -�´�þ<µ]A�.+0+1�2�X
î�´����%�#� ,

% ��´ %�&^' ú$´�×�«
îE_$´�[%�<t`Ra �BA ® . û��:x�Z�×�«��� ��.û1ë ® ¶#Ï%¹%¬<��byx]c�ô+dÅ��e�¶#Ï�·"f�´�g�Ñ+X�î7c.����hBbEbi
, j<©�9Uk��+l<°%|1��e/mEnCÿÎúpo ÝyÿÞú�´U.E0+1�2BX
î
{+-BbCx/JGq+rS�sO ® -��z��þ�3\t^u1¾
�B[���O ® -%�Qc�Ã1Ä�°¡|"v�µ . w�x i , mWn�Ý
ÿÎú�´�¶[Ï�·+f�´�y+z�� , {}|#â�ã�ä���þ�3�~"�KhBb
e<þ�µK� , óG�#ú�´���b¡´��"�1°%|�3 , -�´�þ�µsA/�+�<°
����2�Ç�~�����¶+��h:Z , ¶#Ï�·Ef
þ:3²´�.
0E1K2��/���+�T����°¡| ® . w�x i , µ Cephei ´�¶�Ï
·Ef$´U."0�� 10−4M� I�~S���
½�h�b ® ´[° ,
����h�b ® 10−7M�/yr I�~�´U.+0E1K2����U��¶:A ”reservoire” �#�B��X1Ä+O ® .
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4.2 �������
4.2.1 �	��

�����������������
�
Ö Ô ´ a�� ��e Unified Cloudy Model � UCM  [9] °¡� , !#"%$¦´'&)(��}u Ó °#*�+�´-,�h.´.!/"$ ¹1°#Ò#0�hGb���© ® c , -�´1!2"%$ ¹�´43)+���!-"%$Â´'5�6�Ü#~ Tcond °/l�Y�3 , {7+��.!-"8$�c}�

¶��:9:Z\Ñ<;Å�Q�/=)>�O ® +2?[Ü#~ Tcr °/l�Y ® . -W-p°-5�6�Ü�~��K¨^@�=�¾���l#½ hGb1´?° , +/?[Ü
~�c�lKY�b i !2"8$ ¹�´-,�hUcTlKY ® c , -Gb
JQ[%À�¾%��l�½7O ® -1�p�/@�´$��-RvBA/C�°1D ® . �E � , +-?�Ü�~���!/"8$ ¹�´F,�h , �:���}m�×EnHG+���HI-J )1K hBb ® ´,° , �#��h�b ® m#×EnLGE� EM �
½�Ã�Ä�°�D ® . N+C���Ì¡Í1´"e��1+2?�Ü�~���±��¡´HO)PHQ�°�u#½��SR
½Å�Ue�c , N)T�´�ÆLU
��½
�<þ ®WVLX ·)Y E M l���eF*<&%ÜLY�c
Ø[Z�°�D¡�U�[\ , ]�×"n<GE�$�p��9
ZÛ�+?Å�G�
© ® -¡�Gc%� ME �GA��Re . -.´�-��z�/*L&%Ü7Y7c%Ø[Zz°.D1�/�	\ , !/"^$ ¹�´/,�h , ø:ù , +2?�Ü7Y�� , *L&
Ü7YS�
��ñ#ò:���+?7O ® -¡��J`_	aRO ® . -�´���?�´�>cb%�.Á<�#°.D�3 , +2?�Ü)Y�´U[
À�¾Ul
½��2d Ô A-C
�GA��Te�c , Ö Ô ´ UCM °%�)+/?�ÜLY�J`*L&
Ü)YS�z��ñ#ò[ep�+?7O ® íÅ�p©#f[gLh�æ[å���Ò+x ® -
�Fe<þ:3 , �
��¿)( JKè�[$¾)eB[
�7O ® -��Qc�Ã1Ä%°1D ® . ø$ù , i#� , ì#ú
��  J�Ù7j�k1ë ® �Ll�¾f[g7h
æ#å:�<m��#*)&%Ü)Y , n7@<o�Ç.Y , p"=7q
Ñ , r"�1s)t�Ç7Y�´ 4 ß�c#u ïwv Ò�x M b��
©�e�c ,!2"8$5c/g%Ñ�h�b ® ì�ú7xLy�°1z:-Gb ' ë?°.z�ÁW��¶<° , h M e/{ 5 ´#f�g)h
æ,å v mG�c!/"%$ ¹�´,�hBe X+* O ® +2?�Ü)Y Tcr J
|)}�O�~7- v cB�4���.��D1~7- v J�_[aTOc~ [10].

UCM zU�)�	� v -�v�u<���Uy7�1���<O)PHQ��.D�3 , !/"^$��	�Ug)�+H"I�J`�1��m/ec�:35,E[[�HOP<Q�eF�)��h
�	~
u)��c�D1~ . -Bb�eLzUw�x i X t�c#� M E �F��9�J�mG�1��~7- v c7�+x M b�~ . mE m , uH�	e/�En)�7�7x7y���z X t7��z�!#"8$ g)�7�����2\ �c�}�[e)D�� , ¡)�"eW� X t v !2"^$��
g7� v c/¢.£:��¤¥I-J)¦)§)¨7©�ª�~�« v z'C¬m�¤ , ��­<� v «Tv.«#����®`¯ X t[e��4~7!2"%$°�<±)�OLP<Q�z/�L²¬mW³1�)¯7� . ­L´ , µ�eF¶�´���®'e , *L&7·7Y , n�¸4o)¹7Y , p)º7q)��¯:»
¼7½[Z vS¾�¿À ~WÁ)Â��[\4Ã2Ä8Å��cz-Æ�¯�~'ÇLÈÊÉ�ËÌm , »F����®`¯)Í-Îc¼�Ã/Ä^ÅÏ���-Ç)È�ÉWÐLÑÓÒW³7��~<�4ÔL¼¡�Õ#¡�Õ�Ö)×)Ð���Ø.~ . ÙÛÚ � UCM ��z , «2�c��®
¯2Ü7�7Ö)×)Ð���Ã#Ä8Å����-±7�)Ý1Þ�ß)zLà v ­áBâ À á

, Ã2Ä8Å°�	�-x�ã)äLÉ
å�ª<æ	ç7è1é4ê�É�|1}�ªc~�« v ß���� , Ã#Ä8Å°�	�F±1�LÝ1Þ[ß���ë`¯�/ì7�1���Hí<îLï1�2ð)ñ�î�ê.é4�F×Lò:É�ócô�~�«�õ2É�ö'�[õ<ÒW³)��~ . ÷��-ø�ù�õHÒW³ UCM �Fú<û�-ü)ýÊÉBþÊë Ô�ßBª�~Hß)ÿ , ����ß����Bª��%Ú��
	��ÊÉ2�
�¬Ò
³
���Hº	������É
|)}�ª�~�«.õ
¼
�<��.Ø���® .

4.2.2 L–T ��������� �"!$#&%&'"(
M )Ó���2Õ�*,+��/�7�[ß)´L�<ªc~4Ä.-�/�Å ï.021�ÿ , 3%õLÒW³�è7é54 , 6 , 7�8�9�:)úc¯:»'�;0LÎ<>=,? ß��#~ L ê T 0.1�¼
@^¤BA ¿ À , ÙwÚFÕDCFE�ÿ G L ê T ÄH-&/�Å ï.I.J�ÿ�K.LL· ?NM I2J>O1ØP
Q õ`�2R<³7�7´B¼ , « À ÿ;S"TF³L�1´�«.õ`¼1þ	ë�ÔÊõ�¯ T2´ . « M
U Í1ÿ , « À ë M ÁLÂ5O/±)�:ä ÀP ÃBÄ8Å M L�Vc¼ , · ?�W"M L�VÌõ;X�Y�ä À á , ÒFÔ	Õ7�c�[Z�\ÓÒ'³.�1´7´Lô2O�Ø P . « À ë Á7Â OÃ2Ä8Å ¼;]7� O.Ø P «.õFÿ;^w¤ Ô:ë`_2a�ä À ³7�1´4¼ , ¡ M L�VcÿL¯Hb#Ý�c�d.e�ä À ³7�1´ M2f ¯Êëá
, gÓÒ�¤Bh ¿ À ³L�L¯LÔ5T2´�«�õ ¼1þ�ë¥ÔÊõ
¯5T2´ . µ1ßFi5j�´���®Wß , « M ��®�¯�kÓÒW�
l 5

Mnm
o�?

, p
qL· ? Tcr, Ésr�tÓÒW³BðLñ�ä À ´4Ä2-n/�Å ï	É UCM ß u�� ×7ò�Ò/´
v�V , L ê T ))�)� MÜ�w M Ä2-n/ÓÅ ïH)[ÿ�K�L7· ?�M I�J�ß�x�yÓÒ'³2b�ë á , z[Ò��7Ã#Ä^Å|{ M�} ä , ~��Hp,q)· ?�M��� ß�x�y�ÒW³�� P «.õ`¼1þÊë ÔÊõ
¯5T#´ . �8¤ M
���&�
� És��³��2�[����E��cß;�.��ÒF´��.��ÄH-N/Å ïH0�1[ÿ , ��E.� ¤����&�7ß;� ¿ ÀH� ß'· ?�M I�J5O�Ø P «�õ
¼/Ë�ä À ´ . « M �.�cÄ.-�/�Å ïH0
1:ÉF�2� õ<Ò
³D� ¿ À ´
�.�2��� M L ê T 0�1�ÿ , +���ä À ´ u�®�¯/· ?NM I2J O1ÿ<¯Ó¤ , « M ´Hô
�8Ú M�  ��¼[Õ/´Êë#ä À ´ . « À ÿ , Ã2Ä8Å ß�¡2¢�ä À ´/ÁLÂ M Ä.-n/ÓÅ ïH×�£ M�¤D¥ �.¦
§ M å À
O.Ø���® . ���.��� M ÄH-�/�Å ïD0�1�ÿ;¨.�"�)ß�©2ª�« M �2¬�¼.Ø P>­ õ`¼,v�®:ä À P .

4.2.3 ¯�°N±�²³#�´��µ��¶"·n¸n�"#5'"("¹�º5»³¼
�2�2�2� M �2� O1ÿ�Ã/Ä8Å M {�¼/±��:ä À P>­ õWÿ ¤D¥ ß
_�ôÊë À ³�� P ¼ ,

­ M Ã/Ä8Å|{ M ±��½�¾ ßH¿>�)³ M;À�Á _�a	ß7ÿ;Â ÒF³���Ã�� .
­ M�Ä
Å É�ª�«5Æ P Ç ê /2È�ÉËÊ�Ì<¼ 2006 Í 10 ÎÊß
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Leiden OD� ¿ À ´ [11]. ����ß�����ÿ	Ò�Ã)Ô&T��4¼ , Ü�w
	��cä À�
 � P�� Ú M í)îHï[É#½ ¤ M æ	çè4ê.éBêHO ¾�� Ò 
���� ª�«�Æ P���� ß����ÊÉ ¬��:ä À , ÙwÚ M Unified Cloudy Model (UCM) ß,¿
� 
 M v�V:É�	���Ò�� . L �� T )����NO�ÿ , K�L�! ? , ]�"
��# ? , 7�8%$NÃ'&�(*),+�O�Ø>T 
 Õ ,Ä.-n/�Å ï�-D��.%/0(21¬Ò�3 ÆnÃ P>­ õ�(2ð7ñ5O.ÿ)þ�ë Ô�õsÃ5T���( ,

­ M ­ õFÿ.Ã2Ä8Å|{ M Ç�4�(Á)Â65�õ-ß���ã7398$T 
 � P>­ õ2É�:<;�Æ P .
­�­ O M ��ã;Ã�¦;§	ÿ ,

­ M u�=FÃ�Ã/Ä^Å|{ M Ç�4�(
& M u�= Ã)Í-Î	ß u0> ÐLÑ:ä�? 
 � P M Ô�(.þ[ë�Ô2O1ÿ.Ã2� ­ õsO1Ø P .

­ M2Ä
Å É`×LÐ5Æ P>­ õ@(
{�A�� ½2¾nM ×cþ M�B O1Ø P ( , ����C��'Ü��D(DE�FÓÒ 
 � P�G�H 4�Õ2Ø P . Ù8Ú ÿ , UCM ß u0>WÃÄ8Å|{ M
} äHÉF���&�)ß�I)Ñ�Ò 
 @&�#æ[çLè7é4êKJ
LNO�M�N%4cØ P íLîHï[É ¾�� Ò , OP?�ß5u�> ��QR Ã/ð<ñ.î�ê1é M ×<ò�É ó�ô P�­ õS(;K%T>O7Ø P õ�U2R 
 � P . O M �4ô , UCM ÉF@5�2æ�çLèBê.é#ê
J�L[ß�V�WÊÒK� .

4.2.4 M, L ¹�º T X&±$²³# Unified Cloudy Model ¸,Y�Z�[6Y"�
�2�2��� M�\ � ð)ñ�î�ê.é M ×7ò�O M�]�^>M y�_,`�U���Ò 
 , UCM a�bHÊ7cS`

700 ≤ Teff ≤ 4000 K
3.0 ≤ log g ≤ 5.5
Tcr = 1600K, 1700K, 1800K, 1900K, TcondM�d7e ßH¿>� 
 , f%gNÃP/*h�î�ê�é��7 DO�?0ikj�õ�lm3on�-"/qpsr , SED, t%u���.�/ M�v*w h W `x*y*z�{Dy n,|
} 

~ y�����y%� (www. mtk. ioa. s. u-tokyo. ac. jp/ ˜ ttsuji/export/ucm) i��D�

}K� .

4.2.5 ���k����� (ASTRO-F) �7��� L ¹�º T X&±�²����7�7�������,����P� >�� (ASTRO-F) i�u�> L �� T �.�H�0  2.5–5µm J�L� �¡�¢�£ w ` �¤= ­ |�`S	�¥6} , ¦,Ê
È�É�§;Ì%¨�a�© � |�} 
Kª%«­¬ ?�� .

­  �J
Lk® SPITZER Ã,& ]  �t%u�¯
°�±�²
³�´*®�£ w ´0µ�l ,¶�·  ,| ­�¸ �¹�
� >º�ki�»�¼ 
  
½P£ w G0H ´ �*¾ . £ w ` v�¿ }�� 20 ³7 �=KÀ , 11 °�Á7i�Â�Ã
 £ w (�Ä%Å ¬ ? , O� ,=KÀ 7 °%Á7i�Æ*Ã
Ç , È%É%¡�Ê H Æ�Æ,»�O 100  KË%Ì0Í%n �kÎ pÏr<`�Ð ¾DÑ
|�Ò�Ó�Ô�Õ .

4.2.6 ���0�Ö�P�D�����Ø×�ÙØÚÜÛ�Ý­���7��Þ<ßkà�á<�Dâkã<ä�å,æ,�Dç<èké­ê�ë�ì�íqîkïkÝ
�*�,�­ð�ñ<ò�ó�
�õô �0ö0» ô Ë�÷<  xDy�z  �ÐÖø@ù0Õ 6 °%Á,ö�Â�Ã�Ç�ú�û%ü�ý*þ'ÿ�� ¿ }�Õ . ������³���	

ö�Æ�
 ¾���
�������� ® , ���< ���³���	­ÿ�� ¿���¾ 4 �, 2ú�û�ü�ý*þ , �­À , �� �!�" Teff , #%$&(' " g, )�*%þ , +�,�-(. ' "� �½%Í­ø0/ , 1�ù(243� �5(67 �7�8 ( 	�9�: ¶ 9 ?) ö<;�= �0¾  �´ ,>
5  �?<©�@�ACBDAFE(GKÇ �   ����H�I ÿJ� ¿C��¾DKML !�" Tcr ÿON�PQG2Õ unified cloudy model

(UCM) ö�» ô Ê�R,ÿ�Å,¼�Õ . )�*%þ , +�,�-�. ' "k®TS�UMV,ÿ�W ¿ G ,

�X Î ��Y   ��Z ÿ\[C]
´kµ¾

Teff , Tcr, log g ÿO� ¿ GKÕ . ^�_'ÿJ`�Ã�Çbadc�Õ�e%Á%¢�"QE�fbg%ú�û%ü%ý*þCh6øji�k�ÿO�lc�Õ . mn ® , o0p(qDr�sDt Y%uJv�w%u »�x�öJy�³(i�k u(z�{ 30% 2|o�ö\}d~ ¾ . ~�Õ , � ¿ Í CO �(8l� , �
:��(� u B��4� 
(� A Y ÒT��.<ö�» ¾�����u 12ù,» ô�� Ã*Õ4c����D��ö�� ¾ E���ù�Ç�Ã ¾ Ò , ����hô�� ö0» ô CO4.6µm �����9ÒM������ù ,

ÑTu »%x�ÍDs(t Y�u�¿ þ|�KÊ(R�ÒM��c�ÇT�� �E�Ík¼�Õ . ¡
! T ¢(�(£C¤���o0p u\¥ ! HDI ¤b¦ � G�Õ CO ÒT§(¨<ö �(� G�Ç , CO Òb���D�QE�Í%©bs�t Y ¤ z�{
�(��Ò4[C]D¤lª�Õ�Ò , «�¬ T ¢���£l¤�� � ¤*öT�D�C¤�h�Í ô0u CO ÒT=�­ � © u ¤ ,

ÑTu�® x�Í�s�tY ¤ CO Ò�¯��<öb°²± ÍC© Ñ EJ�T[�]D¤|ªKÍ�Ã Ñ E@Ò�],ø0h�E�Íl³PÕ . ~
Õ , T ¢���£,ö�� v(´ 37ö
°�Ã CO2 4.2µm �µ�F��ÒT������ù�Õ�Ò ,

Ñ ù��<���D�%sDt Y ¤d¶ , UCM
uC® x@ÍM�D��s�t Y ¤|¶·[

]4¤dª�Í%Ã Ñ E�Ò�],ø0h�E�Í�³�Õ [12].
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