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, 3	J�&�K!L�MONQP�RS.T	U!V�W w�����X�Y[Z]\�^ �)F P�R F%_ �]`�a F�b�c�\EdHe	f�g ��h�i�j�k�l FHGnm , o S�p \ �
 ^[`RbWc�q (ISAS)

\srHt]\IuH8 Q
, v�*,w!xzy.�! .{}| (ESA)

S�~�� T�\����
\!u�8 Q
1995

T
11 � Q r���� QE�}� LH� , 1998

T
4 ��� F P�R[Z]����� i�� 3 \ rhs Z]� O���� w��H����� F,G � .

o�� M , � \��H� \s� g��!� MON �� ¡� , o S�p Q0¢�£ N¥¤ �§¦�¨%� w�©�ª�« \�¬ J[Z® £ � , �]¤ 8¬	¯�°�± � w�©�ª�«!Z]²�³ i ,
/�1 � { \0´�µ W�¶�· �¸�º¹ � �

M, S, C B¼»)½E' � ��¾ � �zy�{ , y{ , �U{,B Q.�!�H�E¿�ÀÂÁ W w�����X�Y Q¼Ã)ÄH� &�'�Å�RnZ �!� � � .
´Æ8 � i�Ç�È�É &�'�Ê �

ISO
SWS B Q�- m , 2.5–45µm

Q��,��� ¶.· ���Ë¹ \ ¿�ÀIÁ Å�R S�Ì�Í0Î SÐÏ�ÑHmÓÒ � ¤ , �®¤¸NQÔa{ \ w
��� ¶�· ���º¹ \sÕ�Ö S c OUiH× NØM Q�Ù ¤ � .

�RbWc M
, �§¤¡N \ Å�R�Ú s QsÛ)ÜUi , 2000

T Q °
Ý Ù ¤ � ISO (H*H+.Þ�*�ß�à�á�MON \ (H*H+�Z®3â� ÁUQ ²H³ i e g[i , w[xW�zy�{)MnN /�1 �U{ Qfg�H�§/�1 � {���2�3�4�5W� \s6�7Ð8ã:�<�= Z�ä Á 8 � i Ò W � ¤ � .

ISO
\Ec�å ��� F

, æ�ç \	è (	¹ F M Õêé Î�ë Ù ¤ iUg W M�ì �Eí�î 4 \ ¶.· �O�º¹ÂZ ��å M � y{ , � y { Q0ïÂð � , �®¤¸N \ { \ ��2 QaM�ñ.òIÁs1 M�ó�&�ô�õ�ö�X�Y S�÷�øHù)ú � 8 ZØû¡�Eü .
�.å

M ý�þOÿ���� í S�÷�ø�ù�ú � 8�� , 40 ��� é
	 ���������j�k�l Stratoscope II ��� m�� ï[Ù ¤���ó
ü S , �0¤ � £���� ��� ��� m � Î�ë��! � ï#"�$ ì.ü�ü�%�&9� é('*) Ù ¤*+ , ,.-�� "0/�1OÙ ¤2�3 ü�4 , � Ñ65�é ISO �7� ú o �  98 � ï �:� m , ;  9<>= Á9?*@ 4 8*A�B Ù ¤!ü . C*D�EF� Ã ó���

, K ý¡ÿ�� Aldebaran (α Tau; K5III) G�H#I M0III J*K  Õ �  M ý¡ÿ��L� í 4�M�N Á � ÷�ø�ùú � � G ï}ð � , ;  �O�P�Q�R � 1000K J2S �;ñ�ò}ÁUT ó%� � G ×WVYX �Â�sü . ��ü ��å M ý�þ¸ÿ
� µ Cep (M2Ia)

52Z�å
M ý¸ÿ6� " � í �U[�\ � ���!]zÅ�^ Ù ¤ , ;  )�_ X�Vãí�î � ¶.· ��� ¹ �`�a Á ��b édc 4!ì�üfehg�i ` je �Y" ]9k�l�m 3 ��n g�i�oF�>� ú ]  "*$ ú2p � G]Ú�qsrsü . æ

ç X�V
tuV�v ��ó ú `  ,
T Q: 9wxn

, »!½9y Q: Uz>{7|�¶~}>� g�i��  �Ì X � , æ�ç  Ô�� ��n�� � ' q " �0Õ é���� ÙUv ��ó�� X ì¼ü9g�i `   s÷�ø 4 ×WV�X�� �Iì�ü .
p� 7p � �

, ���  ���ø! 
y Q�R � ��n�� ����ý�����C Á �����LG�� ú ]  "*$ ú . ,��  Ôx� ��n�� ����ý  98���� � $ üHì
� � ,

p0 � Ñ �0gxi `   UP�� 5 ;  �� ' ���� ) × 4����2� "2$ ú .

M ý���������ó�� � , 2.2 – 12 µm ���,ü ú��x :¡s}d¢> �£x¤:¥9¦ ^WG , ISOPHTS §:¨ ISOCAM-
CVF �#�:© Ò ��ì�ü . ISO

" �Uª R 4���«  üx% ¦ ^ " 3 � X ì¼ü9¬�x��� � , � éd®F¯ S*°�4�±�²³ v ��ó ú ASTRO-F ´ ISAS µ�§>¨ SIRTF ´ NASA µ��F¶  �·x� \ ¦ ^x¸��!�>�#©U�2¹ 5âé ¦ ^ ³ v
�>¹ � r���ó ú .

p vºV  ��x !¡º}»¢7 )�_  �¼�½ G�¾�¿ ù!ú:ÀU¥ " , C�D�E " � p vºVÂÁ�Ã�Ä �  � � ���� 9¼�½:¥ D�EWGÆÅ7%�ü . ¬�x��� � , ÇxÈ�É�S�Ê�Ë!��Ì:� ú�Í�Î GYÏ ù L ý�§:¨ T ý  2 ÐÑ*Ò ��g�Ó ³ v ��ó ú 4 , Ô�Õ2�9Ö�× a ¥ ��Ø � ¼ + 3 p vsV G ¤*Ù#¥ �UÚ7Û ù)ú�ÜxÝx¢ G�Þ�ßºrEü .pU �Ü�Ý�¢ " �
,
|��u} � ¬�����  �à�á�Q�R7 �âxã � X�X � V +�Ë!�x;  �ä#å9Q�R (Tcond ≈ 2000K)� ö�æ � g�ç �éè�ê G ��ë % ú�ì0íxQ�R (Tcr ≈ 1800K)

 xî* 9ï7ð "  �ñ�÷�ø r ,
p� Uï:ð�� " � |

�ò} � � 3Fó �º©õôsö , g�ç �éè�ê r��Wr0÷�¹ . ø ¯ ,
|���} � à�á*Q�R� �â�ã � X�X � V + Q�R 4

Tcr ∼< T ∼< Tcond

 �ï!ð �Uù7ú�o  9û " ÷�ø,ùIú . üLý�� ,
p� �|0�~} o � ,

à�á�Q�R! �þ�ÿF¥ T ú L
ý���� " � ¦ ^����2� � ��� (τ < 1) ����� ù!ú 4 ,

à�á�Q�R: y#ú T ý���� " � � �  	��
 ó ¦ ^
�����2���� (τ > 1) �	������� .

p0 �>¹Æ��Õ Ù# �ÜxÝx¢ �#�:© M ý , L ý X�V T ý�������ú�ü��·�� ���� , SED, §7¨ �x 7¡s}»¢ �F¶�G��>%�� ¤*Ù�¥ �UÚ#Û " 3 � p � G�Ï.r�� .
p9 #p � �

, ÷�� ,
���  >|���} o û��7ÜxÝ�¢7 U¦ ^ ¥	��� � � � � p � 4 " 3 , ,�� � Ç ³ v � "�$�! ¹#"�$ £��&%6�'�( ��¶�G*) ó %�� , +�, � -�.*/ É�� |0�~} o û��0.2143 " 3 � "2$4! ¹ .

p� �>¹Y� L 5�§:¨ T
5�¬x�� (  U¤�Ù2Ü�Ý�¢ Unified Cloudy Model (UCM) GY¾x¿ºr2� p �76 , C�D�E  �8:9 � ��;: �Ù
� "2$ � .

1 ISO is an ESA project with instruments funded by ESA member states (especially the PI countries:
France, Germany, the Netherlands, and the United Kingdom) and with the participation of ISAS and
NASA.
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Ò B�C Ñ ��» ¾ . Ó
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ðeJ�Ö5ñ&Ö�ò�ó>=çô�õ�ö , Ó�¾ ³�´�µ÷ Ö�ø h Ù ¹ ù æ�ú�ß5û$ü�ý�þ�Ö ¸�¹ § õ�ø h Ñeÿ�� º����e¾ . �$Ö���	ØÑ
������
Ò�����Ñ �e» ¾
Ò�Ò�� Ö�� moÑ��������eæ!ß .� Ò , Ú�Û�Ü"Ý
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��Ñ�O�Ö"ÿ%�çÑQP�� � ! E�oÓ$æ . R���Ö�S�T�: ��Ù 9�:��;� , UWV�G>X�Y�Z�	&Ñ $ :\[���] ! K�Ó
æ;� , � ��Ù�S*T�: ��Ù^9 �2U4V�GHX^Y�Z�	!Ö�_%`HN�ß ��a3�>E�ß��çÖ3�F� �HE ��Ó"ö*N . ( @-bc�-@ ,
3�5^6�7M@ed�!>"#�
ö !�$/& �f'/ß/gih @2E�ß���Ö)�F���FE �oÓ�ö�N ( , ���eÙ�j�1>kfl>m�n�o�prq
Ö�s�t-u�v -/w#� �F��x�02y{z#� , |�}f~ 9��� >�i�*��}8� $�& �cE.����� ).

�\�!ÿF�/x���+f~*�������H�-�>�fx"ÿ)� , � G%�� >� - $*& ����������}F�����F�*���)0 !^�8� �
E � , G $ �  (�(�\�-�����c�-�(� 9>x�@��+�(@\E �e�2]>� . � +8~/�f�*���<�>[ , ������j G�6c F�
�>[ , 6F ^¡��(x"ÿ)� �  ��(�\¢-£8��¤�¥;z/¦ ! :c��� ( , O\¦%�H���� ��i� § !^� ¨�©%ª E{« , ¬�
x��2��GH®�¯H��°�±�²(³�´H³>µc��G(¶\®�¯ ª\· I(9�¸�¹{º/»(Nf§/¼>:F�-� . 3�5^6>78���H[fx�� , 6
 ^¡>�(��½��e9\y��8~ 9�®�¯��8��@F�-½8«¿¾��{À-@Á®>¯���º*Âf�*Ã�Ä(K>��9�:H� ³ ¢^Åf~ ª E{« , �
GH®H¯>���rÀ/�\°�±(³H9FÆ-¦��2®>¯H�8��ÇÉÈÊ��:�Ë%��x�9Ì«��^� . 3�5�6>7;º*ÍHÎr§*¼>Ïf'\9>³{À ,
®�¯���º $/& ���<Ð�Ñ�ÒF�{ÀeÓ�Ôc§�¼>:c����:Õ�����8Ö��<:Õ�-ËH�<9H� ª §F×^�Á�;ØQË<¦F� , 3�5-6
7f��®�¯Ùº2���-9Ù�ÛÚÌ�*x*ÜÌ§*:8ËF� ª EM« , ÇÝÈßÞ>à8x�áÌ§/âÕ�-Ë � ª E;«���� . ´H³>µ>��ã�ä(� ,
O��2D 23 å ª ” Gf¶>���\� ��Ë*¦fº�¤H¥F�(� ” �*æ2_�x�1>yÌ§/¼>:%�-� . ” G(¶H���\� ” ����9Fxcºçfè �(��� ª §%×��é�ÌØêË�¦�� , ë�9ÌÈ^� @ÁGf¶%º*w�9;� ç>ì ³FE;« , O��^Ñ�íF³cEF�/"f� , RîÀ/�
��}Õº/ï�Æ>�%ËF�W�QÈ¿G8¶%º/w�9{� ����³^ð8��¦(�%Ëc���>æÙÀe� ª E;«/��§�× � . R�ñ , y���ò�  ó
x���Ë\�8���\³-ô�õ;ÀÁ¦c9�:c� ª §%× �<�MØ÷ö���øH®�¯>� ª EH��� GH®�¯>��°�±�²Ùx�ù>:�¼ , ��+8~
�f�����c�^����x�½^�/��}Õº2���FËc��� , ´H³>µ2ã>ä8��ú�ûfx�ü%���FËF�*��æ�ý ª E{«<�-� .

¬>þf��ÿi§*:��������f�(@%� ª @ , ��GH®�¯H�>°�±>²r@e�>� ª ��EM«Á��� , 	�
������*®>¯���8x
��b2¼��#§/¼ ¨>©�ª ��9�:fË��*���> ª E{«/�^� . Ë-�(½%��9������(@%� ª , �(�F� , ���H®�¯>"��
� ·�����© º�w#�-ËF�/����� ª E;«����>³ , � �;À��<:%b\¼-y���ò� ^ó(��®�¯�"�x���G>®�¯��8��° ±
º�ïfÆc�/Ð%Ñ^ÒÕº�Ó��c9ÕÖ���:{�^Ëc��� , Ç È���T(: ª E{«���� . � GH®�¯H��°�±>²8��V��� �!�"�Þ
x$#%� ÈÊö���ø>®>¯H� ª E{« ,

�f� 9\�>}�x�½8«¿ö>�8��&('�º*)(õ�+ÝÈ �(�(�éÚi�-Ë%�*� , ,�-��{À
ö�.(9� �!{º0/21�§/¼�:��cËc� ª E{« , ��G>®�¯���°�±�²fO���@2�>�*V��8�$354 x*ü%���(�ÛÚH´H9HÆ
¦%��9r«<�2]c� . Ë�Ë ª , 3�5-6�7�x�N�:f§/¼�R Àé�H��687�9;:�º����cËc��º0<(õ�¼H:F� � ª � 9rÈ ,
N����>�f�$=�>#�@?�v{º���}�9iÈÊö8.Ùx�w#�-Ë%�\º<I�<#§*¼�:��A�>Æ ª E{«���� . � N , ��B>¼F��®
¯�"(� , :8� ¦F��y��;ºDC��%�cËc�2º�E�� ¦F� , y ��ò% -ó�����}Ùº0F�GF���cËH�*� , ����®�¯�"Ùº�ð
â\¬��f��®�¯�"fxf��b2¼f@éR À4ü�HF��Bf'HËc� ª ��9�: ª EM«<�(§F×�� .

@%�Á¢>ù%��¶�I�� , y��>ò% �ó8�2��G>®>¯��>°�±�²(³-ô�õ{ÀÁ¦�N*�c[ , O��$��Jf~LK���M;º�Ö���½N x�w�9 NDO ª Ec�2PRQF´�¦��-� . ¬>þ , N8S · 9��UT�VXWLY�x�½8«¿ÿi§*:�Z�[�x�EH�\��J^](x�z�À
x$_�`�³ O�O �FË�P*��æÕÀ O ª E;«��\�H³ , Ë*¦%x-ùH:�¼H��zH§�E>N;«ba�c{z/¦8�/��G>®�¯��>° ±�²
��¢^£;º0��J��H�dP�§/¼�eÙb2¼�f>N��MÈ�Ë^P ª à�� ª(g � � ª �Ah�f ª §F× NUO Ø�§ O §$h�³{À , y
��ò%  ó5ie®�¯�j�³�k�����lmP@n�oÕº0p O §/¼�®�¯Ùº\q�MF�(�cË�P*��� ç�r h8Ë�P ª�s « , t>ó��vu
����w�>8x s^x ¼ ªXg ¦%�vy�z8~�x%i�Ë\��Ë�P\º s �\{�¤;| ���U}�~�ºU���F�8B g*ª�s �HË^P\º>Ë2�
=�>fxv��������i\� ª^s «���� .

�^��º0���%�(�(P , y��>ò% �ó8�2���>®>¯����$�(������j�P�§*¼�ô�õ�h�ffË�P$� , ´>³Hµ\ã>ä���ú
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Modeling of the Outer Atmosphere of Cool
Stars based on the ISO Spectroscopy B

From Red Supergiants to Cool Dwarfs

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: From the analysis of ISO SWS spectra, supplemented

with those from the ISO data archive, we show that water exists throughout red (super)giants
including K giant α Tau (Aldebaran), early M supergiants α Ori (Betelgeuse) & µ Cep, and all
the M giants of M0III - M9III. Water was discovered in α Ori & µ Cep nearly 40 years ago with
the pioneering balloon-borne telescope named Stratoscope II, but this important discovery was so
unexpected at that time (and even today) that it has been misinterpreted and overlooked for a long
time. We rediscovered this phenomenon neglected during the 40 years and extended it to a larger
sample of cool luminous stars. The excitation temperatures of the water bands are rather high
(Tex ≈ 1500 K) and water appears in emission in µ Cep as well as in late M giants. This finding is
difficult to understand by the presently known models and/or theories on stellar atmospheres, and
we propose instead the presence of a warm molecular sphere (MOLsphere) as the 4-th component
of the stellar atmosphere consisting of the photosphere, chromosphere, and expanding cool wind.
How to understand the origin of the MOLsphere and its physical structure should be a major
challenge to the theory of stellar atmosphere.

2. Cool Dwarf Stars and Substellar Objects: We observed some spectra of M dwarfs by
ISO, but we must wait for the next infrared missions such as Astro-F (ISAS) and SIRTF (NASA)
to observe the spectra of brown dwarfs. To provide the physical basis of interpreting the infrared
spectra of cool dwarfs including M-type and brown dwarfs, we developed model photospheres of
cool dwarfs, in which formation of dust cloud plays a crucial role. Based on a simple thermody-
namical argument, we proposed unified cloudy model (UCM) in which dust can be sustained in
the temperature range between the condensation temperature (Tcond ≈ 2000 K) and the critical
temperature (Tcr ≈ 1800 K), independently of Teff . Then, the dust cloud appears in the optically
thin region in L dwarfs whose Teff are relatively high but will sink below the observable photosphere
in the cooler T dwarfs. The observed CM diagram, SED, and spectra are well reproduced with our
UCMs consistently throughout L to T dwarfs. This fact in turn can be regarded as an observational
confirmation of our model of the cloud formation. We hope that our UCM will be of some clue for
modeling the atmospheres of extrasolar giant planets.
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4.1 ��� ��� ���	���
�����������������������! #"%$�&('
, )�* ' ISO +�, ����-�.0/�132%4�5�����-6.0/7'389";:<='?>A@CBED3F�GIHKJ�L3�0MONP �Q�RA"

(Tsuji et al. 1997,1998)
�
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,
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Stratoscope II
'A8�" W7XAY��

Woolf et al. 1964)
^`����� f

, T  �N ^����f!Q0�����3���=���E�3Hd��� ^9� N�G(' ) " .
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. ×�Ø ´AÙI�6�=���³�#'(8v© , T H?Ú�Û=Ó%Ô SdÜ�Ý�Þ�ß � 2000K
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α Cet (M1.5III)
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M «�¬P#* îKÓ0ÔA��:�<t�? (w . T H T ¾ S 2000K

H ×�Þ á�â�z SÐ { *7S k�Rj¾�f!Q�î ¸ H��=B h B�'KÕ�Ö ) " T ¾ ^ �ã� ) " .
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4.1.2 Stratoscope II �=�=�)(+*ã�C���j�Ê�7� �¢¡-, [Tsuji 2000a]
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Stratoscope II
'A8�"!á#H6Å%Æ S7G ©9¾9�; , °�¬æ ��ý _ z=H 5 ´v'�HòNJI'K ) " T ¾`k�B , L R�M�6ÚN���! �Qvu0w

.
í h ISO

'38#©
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^���� k �Ø ¾ ) "���������� *7û " T ¾`� ú � �! =" .
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,
ávHKÕ�Ö3�9ä�ÆOf%w

.
Å! vB

, ISO
W(X7Y�Z�X�[�\7] ' � o% ="dË�Ì
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j�T , �������b� q�Y MOLsphere

������\ a��*��v����V� . � y � , g \ MOLsphere ����  Y�¡,y¢ Y
�f��~�£x¤ v,�,e�a , ¥ \
¦V§ t e?¨�© c ª«#Y ¥uT rb¬®�£ v Y�h¯d , °�± \�² au³�´ M � ~µ�¶ v�·�¸¹R?TVe yOn�º#�*� � ~ , »�¼�½ \�¾�¿#h�À�ÁSn?Â Ã v { e .
{�Ä TfÅf� ~VÆ , g \OÇ � h

����·�¸���� \
È�É#Y
Ê�Ëf\�Ì�Í�µ�¶���Îf\ ©�Ï3v�Ð
Ñ dF�uÒ&Ó?Ô�~�Õ j Ä ,
Ê�Ë3y j_Ö×j Ô�~�{ eØ�Ù

(Tex ≈ 104K) Ú�Û ¶�ÜfÝ
Þ�Ù ( Tex ≈ 102K) Ú �,ßfà�ákâ ã ����ä#Ú�åxæ�Å , ç�Ú Ç ��è Ù æié
(Tex ≈ 103K) ���1ê�Å �f{ ����·�¸����Së ��Ò � ~bÇ �®ìíé�� �xÆ è Ì�Í�µ�¶���Î ���� OÚ
î�ïOðñ ò�ó ���#� .

4.1.4 ôVõ÷ö�ø¹ù�úiûýü�þbÿ����������
	Oþ [Tsuji 2001a,2003a]

ISO ���
����������8æ���� 10 �VÚ K � Ü�� M ��� Í Ú Ø ��¼ ò ���
 (R ≈ 1600) ë�� � , 6
µm ���bÚ á��� iâ  bë¼"!i�$# . ç�Ú&%�'VÅ Õ ¢)( ���+*-, � �/.�Ð H2O Ú ν2 0�1�243 ð65 ó �7

, 8fÚ����+*-,#Ð:9�;"# � H2O Ú�<-=bÅ�Ð$> Æ �i�-#&%�' ó � ( . ?VÅ/@"A µ ÚOç � Ð , K ��� Í
Aldebaran (α Tau; K5III) Å ² Ú�*6,3ð ¡CB,Ó�Ô # ç � ó � ( . ��# ,

Ø ��¼ ò ���
xÚ�� ( M0IIID"E Ú�ÑF.�Ú M �G� Í Å�Ð H2O Ú ν2 0"1�2)3 ð4*6, ó ¡+B�Ó�Ô , ¥�Ú&H"I Ù"J Ð 1500 K �K#�Ð�¥Ô�D)L
,
² ���#Ú-M�N J Ð (0.2 - 2.0)×1018 cm−2 Ú/O�P�Å�� ( ð ,

áK�� Xâ  Q� � Ð$R Ä � ÆTS+U �
è�; .
ç�Ú-V�W&ë Ó ��Å
°�X#Ú:Y�ZQ[� OÅ&\ ß"] (�^ ê ó , ISO �
��K�����"�)��Å Â � Ô ( SWS

Þ �
¼ ò Y_ZQ[�  (R ≈ 200) ÚQYF�a`
�3ë/b èFcQ# . ¥�Ú-V"W , YGZ:[� aXbÐ$X"dbÅxè 7 , ç�Ú Ç ��è Þ
��¼ ò�ó Æ 6 e  �f Zg%�'fÚ H2O ν2 0�1K2"3 Å Ç ( *-,�hiZkj�ÚQl J ëTm�= ] ( ç � Ð ñ3ò�ó � (ç � ëTn¯�&# .

Æ���� # ² ���fÚ$M�N J Ð , K5III - M5III
ó Ð?���O���� 3Ú/@"m�o Ç 7 Æqp �Oésrit

é , ���4I�u ó Ð-vFw ó t
è�;#ç � ð#ç Ô ��°�X#Ú-Y�Z6[�  ó6x"y Ó?Ô # . z1Åa{6| M �G� Í ó Ð ²
���VÚ-M"N J Ð����O���x OÚ$@"m"o Ç 7 ÆT}¹Ó é , M8III � ó ë ÂO� . Æ 5 × 1018 cm−2 ~ J ð L"�ó � 7 , �K#�{6| M �G� Í ó Æ å �ÃS¬l² Ú�*6,*ë�n Ó è�; Æ Ú Æ � ( . ç Ô �?ÚOç � Ð , 6 e  �f
Z�%�' ó ] ó Å/�"��¸�� ð , ����I"ufÚ�*-,�¸��*ë S"� ��."; ( ñ òQ� ë�nF� ] ( .
ç Ô ��Ú&V�WfÐ?���"I�ufÚ ² �x� ó Ð$vFw ó t Ä , ��| M ���_� Í µ Cep (M2Ia)

ó wK��Å�n Ó�Ô
#�������� ��Æ
���K� t Ù æ�;�����·�¸�%�'Oð , {-| K �G� Í æ�� º 7 ]�� .�Ú&����� Í Å&���#ê�ÅÈ�É�] ( ç � ë-� � .6n�� ] ( Æ Ú ó ( . �kéFæi�F°�±#Ú&��±�� B ë�b¯� Þ�Ù Ú&������� Í ì�e6���
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� � Í è ¬ Ú����bÅ Ø H"IfÚ ² ���Oð È�É�] ( ç � Ð ²�� ������Å Ç 7 Ö � Ô .";4#8ð , ç�Ú Ç ��èØ H�I#Ú ² ���VÐ K �G� Í Å º � 7 �"��� Í Ú$r Î ( 	X�l��� ó Ð�è�;�
 ) Å&���Vê�Å È�É�] ( ç �
ð)wC�æ � è
c:# .

²�� �������� Æ ç�Ú Ç �è-����� Í���� ó ] ó Å�¥�Ú��#Ð$r Î Å������1� Ô .
;4# ���� ( ç � ð ó t ( ó ���#� .

4.1.5 ���! �"�#��!$bÿ�%'&)(+*-,/.10SøC�'2F�!$
D)L ó ¡ # Ç ��Å , H2O Ú$�4� á��� iâ   Æ n ] ���"�_� Í ì
{:| M �G� Í ë Â�3 # Þ�Ù�Ø � JÍ Å Õ ¢"( ² Ú È�É ë54�6,ê�Å�©�¼ ] ( Å�Ð ,

µ�¶ Å Õ ¢4(87 ��;�����·�¸�%K' � �x����� � Ú ÈÉ ð+9 ñ�:3ó � ( . ��æ1�?è�ð_� , ç�Ú Ç �è-�"� á��� Xâ  OÐ x�y Ó�Ô .�;�è�; K �G� Í�Ü�� �K|
M �G� Í ó Ð , ç�Ú Ç �è��������bÐ$R Ä � Æ�; w ó Ð�èXé ,

£ Å Ê�Ë Ú
���f���� �ð19�<�Ñ ó � (
Å�=?>�è�; �A@ � ñ ò:� Æ8B = ó t�è�; . >/C , D L ó Ú 10µm %�' ó Ú Ø ��¼ ò ���1Å Ç 7 K �_�Í

Arcturus(K1.5IIIp) Å Æ H2O Ú ¤�E�F �Oð�G�m Ó�Ô #�ð , ç�Ú-V�W#Ð�� É Ú
���O���� fÅ�H � .Í Ú�I�J Ù�J ð6X 100
J�Þ é�èFc-."; ( # 3 ó � ( � ¼/K Ó?Ô ."; ( (Ryde et al. 2002). ��æ*�?è

ð�� , ç�Ú Ç ��ÅLI�J Ù�J ð6X 100
J�Þ é�è (�M�N Ð&?"= Ó�Ô .";�è�; . O �QP , �SRVêUTWV�X (1D)

��� �x�8  ó Ð�@�m Ó�Ô èxæ
c$# Þ�Ù %�'#Ú È�É ð , YZV/X (3D) äS[�\�] ���8 3Å Ç 7 @�m Ó�Ô (�^@ � Ç ��è ñOòQ� Æ_B = ó t�è"; . ç�Ú Ç ��è�����  Ð , � É � ó Ú ^ ç8��`�äOðba Ã èc�d�±VÚe
è"; 1�f Í è ¬ ó�g�h Åi��i� Ô , j/]QX/k���¸VÚ$=�±�¼"!bÅ Æml/nF] (�^ Ó?Ô .4; ( (e.g. Nissen
et al. 2002).G�mfê�Å�Ð , >SC , obÅ Adaptive Optics (AO)

^qp �&ë�V�rX�&# Spectrocalipermetry Ú�s/t#Å Ç7
, �����i� Í ì4{$| Mira ��� Í Å Õ ¢�( ç
Ú Ç � è p �����fÚ È�É ð/u�v�n Ó�Ô # w Takami et al.

2003) ç ^ Ð , x 3 .�y/z è�{S| ó � ( . ç
Ú 7 ��;�}/tfÅ Ç 7 , CO ì H2O Ú�*$,�~�XfÚ&r�t�è áK� Xâ  �%�' ó Ð ,
Í Ú��Q�3ð�����*:,fÚ���Ú$%�' ó Ú�� Ô ÅH � .�� d D�L ó�� ( ç ^ ð:n Ó?Ô , çÔ ÐQ�1Rbê�X1��� 1D �/��� ó Ð
Ñýé v�w ó t�è";Vç ^ Ð"wk�æ ó�� ( . ��ì , e è¯é ^ Æ ���"�_�Í ì
{6| Mira ��� Í Å Õ�� (Lp/� �/�bÚ�� É Ð ,

p�� � ;A����� ( u�v���� ��� 7 <1� � g������
# . ç�� ��� è Spectrocalipermetry ��s�t ó , K ���A� Ü�� ��| M �G� �Oð�¡L� ������¢�� ( æQ£x 3 .b¤�¥ � (�^ ç+¦ óQ� ( . ç�� ��� è�G�m ��� 7 ,

p/� ���&ëb§XéA¨ 7ª© ;�«/��r�¬��/�1����® O�P�ð)w x � ��� (�^/^+¯ � , �SRfê��������S��� ��° ¯ wk�8± � ��� .S²U³ óQ� ¦ � .

4.2 M ´¶µ¸· ¹Zº¼»½µ¸·
ISO ¾/£ , M ¿SÀ1� ��Á�Â+Ã ¯ , ÄbÅ�Æ!ÇW�Q��ÈSÉ�ÊLË1Ì�Í8ÎQÏ�ÐbÑ , , ÒSÓQÑ�Ô+Õ��1ÐbÖ�×1Ø+À1��£Ë�Ì�¾�Ù�ÚS±�Û�Ð . Ü � £ , Ý)³ßÞ�à�á�â�Ñã�ä �5� Ã/ÂQå ASTRO-F æ ISAS çLè�é SIRTF æ NASA çÚê¡L��ë/ìSí�ËSÌ/î1�ïÍ5ð�Ð+Ú � ��ñ Ú!òmÚ Â . Ü � ò5�+Ä+Å'Æ�Çßó���ôSõ���ö�÷�Í5ø1ù�ú å�û Ê+¾ ,ü�ý/þ ¾Q£ M ¿�À���±!òÿ×SØ/À�����¾�Í���¨����	��
	����/¬��	����ö/÷'Ê ý/þ Í���Ö�Ð .

4.2.1 �������������! #"���$&%#'��)(+*�,�-/./0 [Tsuji et al. 1999]

1995 13254�6&758QÐ9�Ð Â ×1ØSÀ;: Gliese 229B (Nakajima et al. 1995) < , =�>!? , @�Ú�A�B+Ä+ÅÆ?Çßó�Ñ�C�D'Ê+¾FE#G , H�Ä)ÇI<+ú/¾!2J	K;L	MON�Ð�Ð1Ö�P1Ä�Q!òRK	SUTWV;XON�Ð�Y[Z�\!ò]8 Ã Ù�Ð .
N�Q�N , Ü�8?ò5B_^;`Só�¾�Ë�Ì	a�bêÍ[J�K�cedbú å Ü!Yf<hg�i�¾ , je\ ñ HST B�Ë/Ì/2+k�GldêòlQ!2
7f8�Ð�m�n	o	p�q/B�+r�Úts�ueB�v)wF<fMUòyx Ô�d+¾!EQÛ�Ð . Ü�B�ô	z{Y;N Ã ��|e}�~;��2;<	P1Ä�Y�	�F�	� 2�E å5� Q Â H�Ä Ç Ñ��	�{N , át~;��¾!<yH�Ä)ÇI<�P1Ä�Q�ò�K;S�T�V	XON]K	��P�Ä�Ñ�CFD�Ê¾!E å k+�_Ú����+^	`Só�Í�Z�\ å . Ü�8e2+k/G Gliese 229B Ú�A5By=�>+?ÿÀ�:/<��

1) ��|)}�~	�325����ú å�� Q Â HÄ)Ç�~�< , m	n;o�¾�<fo��'Ê	2��x��[�)Q!ò�Bf� � p�qêÍ��;�32�ïå Y�Y_��2FH�Ä Ç � Ó3B���;pFq�¾���x . Ë/Ì#7f8 å m�n�o	pFq�<�Ü�8Q¾F�� tc)de758 å . 7�òf2¡ óe¢#£R¤F¥�Ú#AB�¦�§!4�¨!©	ª/<�PSÄ�«�¬32�EG , ®¨�v���B¯e°1í (e.g., K I, Na I doublets) �
m�n	o�p�q/B�s	o�2f±�²�ú å .
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2) á���B � Q Â H�Ä Ç ~�<�ë�ì�����¾!<fo��'ÊF2���x , ë/ì�Ä1Å'Æ?Ç ó)2;<±	² NLÚ Â . ��|�á�~
��¾F<�=�>!? , @�Ú�A�B¦	§	4	¨	K;��Ñ	�h��Bf����N , ë�ì�Ä+Å'Æ�Çßó�ÍlC�DQú å . Ü58�ò�BfK	�eP1Ä
<;}�~	�32��	��ú å5� Q Â HÄ Ç ~�¾ � Öïò 8 å Ð1Ö�
�8?òfB�����/<�� xÿÚ å Ñ , 
	B�a	b�Ë�Ì{Y
B����3<�� xAÚ å .

3) HÄ ÇRB±;²�Ñ��;� Y8Ú å���� ¾�������<�!r+2�����ú å Ð+Ö��;|�< ��!/Ô�"+äOY_Ú å . 
�8
k�G���# xq¾�H�Ä)Ç Ñ	$�4�ú å Y%��!3<�&�'�ú å Ñ , 
�B)(/2 *'é�# Â ��!�~�Ñ�4�+�ú å . Ü�B�k+�Ú),�-.��!�~0/p�q�~0/)�l���.!	~/B)k)�8Ú)1�2.��!�~�<�3�:�¾�4 ò 8 Ã�Â�å Ñ , ×�Ø�À�:32e� �	�ú å ÜyY�m65�¨�Ñ!E#G , ×/ØSÀ�:���|/2�7�8 å |.9;��Ê :�9êÍ<;�Ù�=?Ü�útm65�¨ïÍ?>A@Sú å .

4.2.2 L BDCFE T B0GIH&(KJML�-3./0 - Unified Cloudy Model [Tsuji 2001b, 2002]
N Ý , ��3B×/ØSÀ�:�Ñ�4�6#78 , Üf8?òf< L ¿/è'é T ¿3B 2 >	OQP	2K�R7f8 Ã/Â�å . Ü�B�ced
YhN Ã , L ¿/2h<�S	��Ú+H�Ä Ç Ñ�P+Ä&YT�	U/2WV��#N�Ðf«;¬/2hE å ^;`+ó B Ñ , T ¿32h<FHÄ ÇR<hP+Ä
Q�òIK	SUTWV�X�N�Ð_^;`Só C Ñ�Z�\ïò 8�Ð . NfQ�N , Ü58�ò�B_^	`1óe2�XZY Bi�[�ÑFE å Ü!Y�Í�>ON ,á�¾!B	\�Ð����+^	`Só�Í?]6^ T 4._�7�` , L ¿¼è'é T ¿�À	:�B�É��F^�`1ó – Unified Cloudy Model
(UCM) Í?a�b{N�Ð . ×�Ø�À�:/B�ky�2;�� dcF@e �;� 2�E å �	|32!H�Ä Ç Ñ�ä�f'Ê�2f����¾�Ù å B
< , Ü�8 ò5B+H�Ä Ç Ñ�S���¾yE å Ð�Ö�J�K�L	M NLÚ Â ¾!P�Ä�Y �	�!��� 2�E åW� �/2�g å Ñ , Üf8�Ñ
mK5�Ú � Ó<hAiF<FHÄ)ÇIBWj0k � Ó (Tcond) Y�H�Ä Ç ÑtLhMïÍ_<0l5Ö å g�m � Ó (Tcr) B<n1¾!E å . Ü
B hAi�ì�¾!<!HÄ)ÇI<��!Ù/xAÚGporq , K�S T V�sON Ã N��/� . HÄ)ÇI<�Ü�B)k)�52 Tcr ∼< T ∼< Tcond

B � Ó�����2gä#7f8 å . t�à , H�Ä Ç <~�«�B)uêÍ�v�L�ú å .Ü�ByHÄ Çwu�< , �	� � Ó�x�y32_Q�Q<z?ò�{�f32 Tcond ≈ 2000 K B)|SÝ�2b¾�Ù å B1¾ , �;� � Ó�Ñ}�~ Êf� Â L ¿SÀ�:�¾�<�Ë�Ì	mK5���� (τ < 1) 2hE å Ñ , �h� � Ó�Ñ }�~ Ê � Â T ¿�À�:�¾�<�Ë�Ì�Ô
mK5�Ú)��� (τ > 1) 2 �êÛ Ã N��/� . Ü�B+k+�8Ú����yB_^	`1óe2+k)G L ¿)Q!ò T ¿SÀ	:�2 Â Ð å ë�ìØ�����è�éSÄ1Å�Æ�Çßó)B ���ïÍ?��Ö Ã É���Ê�2�cedbú å Ü!Y_Ñ/¾'Ù å . ÜtB�ÜyY5<F�1Ð��{N Â É��F^
`Só UCM B�Ë/Ì'Ê���� Y[Z�\ å Ü+Y8Ñ/¾'Ù å . ���/Bh^	`Só B < Tcr = T0 (T0: ,.- � Ó�ç , tïà�HÄ)ÇIB�K;S3<�	|/B�,�-&�b¾�=!ÙÚ Â YhN�Ð � �/2 , �+^;`�ó C < Tcr = Tcond, tïà�HÄ)ÇI< v�L{Y��� 2K�S�T V�s�ú å Y	N�Ð � �/2����{N ,

Â {	8���:.��2	<)=�Ü�G���{ , ÝQ� Y;N Ã ���.�32 o�qå
. �1Ð , ��/2 �;� ��|�¾y< , HÄ Ç < � � B��	|�,�-.����¾F<�Ú�x Tcond(≈ 2000K) Ý��3Bf� � �

�6�FB+Ï��;�/2�;��N%� å . Ü�B�Ü!Y�< , ×1Ø�	:/B�������x , �l�<3	:Q�.�� ¢¡W£<¤3B �;� ��|�2�7
8�¥�H�¦¨§wv�L32��<�D©�2�ªQ«�7f8A¥	�FE�¬�� .

4.2.3 UCM (K¢® ¯��Q°²±��50+$´³ [Tsuji 2003b]
N.µ aD¶�78�·�¸6¥ L–T �F:�¹Q�;K�R (Geballe et al. 2002) < , Harvard K.R�2 º.»780¥ ���
B�¼	:A¦½¢¾¿§ÁÀ_K�R/B)Â�¹�2)Ã GTÄ²Å 8.·	Æ.Ç0©<�!EQ¥�È , Éf8¿ÊfB�¦�½0¾Ë§ÌÀhK�RAÈ�Í�Î¢©�2 yÏ�ÐMÑ Ä0¥�Q!<)ÒK{�N���d)ÓA�!<���¸ . É�B L–T ¹K�;K�R0��ÔD�tK�R�B��.Õ Y;N�·	ÖQ«�78�·�¸K¥
@/B	×#?FØ < , L Ù.�.Ú´Û�Ü�ÝD�QÞ.ß�àFáãâ¿ä���å	æ.ç�è Ï�é¿ê �.¸�È , T Ù���Ú´Û)Ü�Ý0ë�Þ)ì�í0îï.ð�ñ Û)× ñ ØòÞó�ôDõ)öø÷�õ)ùK¸�ú�û¢õWü�â�ÄA¥ . L Ù��.Ú6ë�Þ)ý�þ¢õ�ö¨÷�õ)ùK¸�ì0Û�ÿ��¢Þ�ü��
Ä6¥�È , ����Û UCMs ë�Þ��)¦ø§
	0Þ â��0Û���D©�õ�6¸)ÜÝ¢õ�������Û��)¦ø§
��� ý�þDõ�öZ÷�õ
ù6¸)ü��6Ä��Û<ë , ì0Û)ÿ���ü�âDÞ���� �!	¢õ�"#�$��´Û�%'&)(+*�,-�W· , .'&)(/��·	ìDÛ�× ñ Ø å
æDÞ�ßQàFá ç.è-�10�¸ . T Ù'2�Ú´Û�Ü�Ý6ë�Þ3�4�5�!	¢Þ�â'�0Û�6�7d÷�õ�8�9;:<��à>=@?�A , B/C�ÿ��
ùD9;:4B�E´Û�F�ÕAëQß�� × ñ Ø å	æ¢Þ , GH�#B�C¢õJI�K���þ.æ�%�&0Û�L�õ�"Dápú.ûDõ ü.âNMN� . É�Û
É3(PO¿Ê , L Ù�2.ÚAë�Þ�ìKÈ#B�E´Û�F�Õ)(/�:�QSR#OST�=UO�V�W;X�(Y0N�4V , L–T Z�[HB�E´Þ�þ.æ'\] (/�@:�^�_1`'a êb � .
ù�c¢Û�d�Ú���e>f��hgHB�E´Þ�i�jlkma/j3n�o¢õ�"0áUpJq ñ , r�C , B�C��0Û)þ.æ�ç.ès(��:>"¢÷h`
a ê@b ?JV , L–T �/etfu�vgJB/E¢Þ4wJxDõ����5�y��V�ý�þDõH03�<õ#z b :)ü�â�MN�{(H�1?�Û�ëQÞ| ÷}N~ ë0ä;0/� . ��� Û UCM V é M>"�=�õ , ������V��/��â��D� ë4�N��	D�U����� , �Û1����ÜÝNV��
e{fu�!g�Ù¢õ3"0áÁç�è�M�����(UV;���6ë�ß'� . �>� , ���H2�Ú¢Û#�He�f��!gJB/EDÞ , ����â��<��õ�I3K
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�����.Û�� ê Û�	DÛ1���S� é �;?N�3(�õ�"Aá , �/��2�Ú�O��	� â�
.Ú�0DT���������������0Û)â����� Û����¢õ���{0����D���� �? ("!�=J��(YV�ë¢äJ� .

4.2.4 UCM #%$'& (*),+%-'.0/ [Tsuji & Nakajima 2003]

�'� 2, 3 1¢Û32�õ54�6MÛ4����2�ÚMõHz���:	798�V�:9; êb , �'<5=3>@?'V�A3BMõ{��(@A,� b ��"
= õ/0N9J? . ��Û;.'& , ����2.Ú¢Û;�@<�=9>C?QÞ�DtA�:FE�Gt0t��Û<ë�ß3�3��(PV ~ �UO�(Y0�9#? . �
� , L H{O�� T H�2�ÚJI�ÛLK3MDõ�ß�?�9;:�Þ , J −K 0DTWÛ�N�O���F�6¢Þ ú�ûDõ�Pd÷ 0�á , Q�RQõ MJ

0ST Þ�S²÷ 0���"0á?Þ�<��T ~ �F÷ 0N� (J -brightening) ��(YV é�ê�b ? . �	Û{"�=Y0�.'&S� }{~ M
��U{LD(��1: , V�w305W%X/�'Y�Z�[´õ�"J���4� � 	S��\ á 8 b ?;� �?Û1�'�@]�^�g (Unified Cloudy
Model –UCM) Û�_a` ��b3c-�;? . ��Û�]�^�g�ëQÞ , �4� �y	¢Þ;����2�Ú´Û���%�þ�æ¢Û�d3eMõJO'O�f
�hg�i¢õ���Û�j�k)þ�æ (Tcond ≈ 2000K) ( ��l k B�j knm3o<�	Þ'p@A����Fqþ�æ (Tcr ≈ 1800K) Û�2
Û�r�s�ë�ÛHL4��� � , ù<9�:N�4� �!	0Þ , ��%�þ�æ¢Û�t�u'Y�v{� L H�2�ÚAë�Þ�w3:�xCy�0�â��{z�õ�|} M��#V , �/%�þ.æDÛ)ýN� T H'2�Ú0ëQÞ)â'�0Û�6�7d÷�õ�M.ö�M{� . ��Û�?�A , L H�O0� T H�����2�Ú
I�ÛLK�M¢õ{(#��0391:N�����òõN"4�Y$��DÞ$3~u� , MJ 0 T�Þ/^>(��DT $3~3��g , �/F�6���GH��B/CDÛ����� 6S�����S�@:�Pd÷ 0��3�3(PV5xCy�ë�ß�� .�%� õ , ���%�5; ê@b ?��a��ÛL��� k����<ÿ��Dõ3"4�����/�H���%]�^/g�����������%� �����-� , �b O0����� êb � SED õ���(hg´äh��èJ]�^Hg0õ�"J� (Teff ,Mbol) � (J − K,MJ) õ�ç� NM��3��( õ
"0á , w�: êb �@�@<�=�>J?���;���Y�õL¡�¢6ë¢äJ���3(�� é �;? ( £ , ”J -brightening” õ5¤% 3����Þ ,
G{0��L��� , 1�¥'�;����2�¦{V�§�� �@:'���/?HAa�5¤�O3K�¨3��%�&Kë�ß�� ). ������(WÞ , ����2�¦'�
�.èJ]�^�g ©5�'��]�^�g�V , "�=�ªø÷ ��<�=3>�?Qõ�"H��«�¬@Y5�®´õ�"Aá¯b3° êb ?N��(4��±{²JM
�4V , E´õ , �-��³�B�;�´@��âFä;O�9#?�'�J]�^Hgu(��Y:�\a`u�1? UCM, µ��/:QÞ'�����3�Dõß3���
� �y	��'�J]�^/gJ��¶>R�´@��w�:@Y�b9°-(�Z� N����(UV.ë0ä/� .

4.2.5 UCM #%$'& (¸·º¹{»½¼�¾,¿{À@¼�ÁÃÂ{Ä{Å½#JÆ�Ç [ Nakajima et al. 2001]
È5É ��Ê'Ë��3z�Ì5Í9Î�(ÐÏCQ�ë , Ñ M%Ò���Ó6õN"#�Lw�:<��ö�0�� , a�Ô�.'&DõN"0á UCMs �5w�:�Y

b3°<����A�z�z�ß�� . ù/c ,
ï�ðKñ ��Õ ñ ��Þ , T H�2�¦¢õ��HL;�'�3M��{(�Z� 0� b :'��?JV , Ñ MaÒ

��Óa� IRCS õN"AáÖw�:��1? L H�2�¦ 2MASS 0920 + 35 (L6.5V) õ�Þ ï�ðQñ 1.6 í6î 2.2µm Õ ñ �
V����3M����3(UVF¤@× ê@b ? . ���N"�=P0�ó�ô L H�2�¦6ëQÞ���� �
	0Þ�â��@�5t	u@Y17N��ØÝ´õ@���ê1b

, ùD9;:{��� �!	@��¨5ÙMõ�Þ ï�ð�ñ 0STL��Ú3Û3´'B�C{V���� êb ��Ü�Ý{VaÞ,ß , àaw�:'á��F�{"
=P0 L < T H�����2�¦'� UCMs ��¶>R�´D� é M�w�:@Y�â�ã'�4[�z�(�Z3 �����(UV.ë�ä/� .

4.2.6 UCM å�æ0#{ç@è@éÃ#%êÃë
��� , 
�¦3ì3í'��î3®<��`���: , ����23¦{ïJINK��9ð�� �òñ'���3óS��\ôß 8 b�õ ]�^/g3V	UNL0� b
:�� õ (e.g. Marley et al. 2002; Cooper et al. 2003; Helling 2003; Woitke & Helling 2003). � b
����]�^�gaö�á , ÷3ø'ïCù�ßUG�ú�VFv3û3Ø�ü�O,�þý3û�Ø�üÃïLÿ{Ò b@õ � ï�ð�ú��Ð�����3ó , ó�l{V��� f b , G�ú�V�ý�û3Ø�ü�O0�þv9û�Ø�ü{ï�ÿ@Ò b@õ
	 ð�ú�� á���ÛNM õ . ����ù� ����� V�� ß���� bõ �,ßLð5ú��þá�;�i@Y3ï������ , ÷3ø����Jp � k ú"!9<�g�ï%ù@ß�ð�ú#� �%$�p & � T('*)3;+� b@õ,	- õ 'F��öaÞ õ . �/.Já , 0�¤21���I9�(39XJY9ï54� õ . E@ï , ý3û�63¦@á wholly convective ö�Þ õ	 !af�.�7�8 ß , ÷3ø,9;:H��ï�ö<'>=?Cï(8'ä õ2	A@ f".�7CB õ ù,��öaÞ õ . ��DE� , FG.Cá��3��H
ì�íJI�K L<MONP�,QSR"T - .JU�VWD õ ù��ïGNP�,Q � B . ý�û�6�X 	ZY�[ :�'�ð5ú#�]\�ó2^�_;` õ ù
� �%a"b ö�c , û�dWe�f<c�g3ø�h�i�jEM5kW`O_�F -Jl : ìm`<QOc � Q ,

- Q � Q 	 '>n�H�6"X<^%o�ü
(Teff ∼> 1000 K) öc�ùW�ZpqQrg3ø,9�_m` õ ^"c T ≈ 2000K

� d<^�sm��öt õ . F�^
F 	 c , uwvx^
UCMs ^�4 �;yxz�{5| ^G}wv (e.g. Burrows et al. 1997) ^5I5K�L2MG~�.JU�����ï��JDC� y . õ F 	
ö�t õ . 05� , ð5ú��]\9ó
c 1000 - 2000K ^�o�üCö(� �5� . õ ^�ö , g�ø 	 ðFúq��\3ó2c5�C^ I�K5L
ö���j;�/.C7�B õ ù�Lï/����ù2Q������"� - õ F 	 c � B . �C� , F%^CùJ� � I�K L�ö L �,D y T �
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6�X�� � 1������+M	�0�
�������<`��J'%^"c�0�� ' � B . � [ U , Marley et al.(2002) ^ I�K5L��
c , H��������WM������
` z , �! #" ^%$,9�V�&��/7�'�^)(�* D y,+�-).�/ 9!0J.�1 -�2 :�3 B54 ad
hoc
2 ��j+M�6�798/7CB�� (Burgasser et al. 2002). Helling(2003)

| ^ I�K�L��c , �:�;3�^!<)= -y?> 2 � ."7�B 2 B . @(1 , F . yBA�C � , 1�DFEFGH���! I"�9�J�KL��M:N�O���3�8�P�^)Q)�$2^G\�N
M!RFS98�T"B 2 B�I�K�L (e.g. Chabrier et al. 2000) ��c , H��������JMVU
�!���EM%����O��FW3GcX QY�2` 2 B .
u�vO^ UCMs ��c , F%^�ZW4 2 g�[
^\�]H��^�_ 2 Q , `)a�b�c���t���� d"%3Ve) �f , M�Nhgjik M	lnmpoWO2F�3V�WZ�m , �� I" c�j)qL
:��r)sWO�� . F�^�ZW4 2�t�u�v 
�Rw2^�Q�D y c , �! n" ^x�y)z 2|{ c}�j�~%� 2 B:f , F�^�ZW4 2 `:a�b)cH��t������ 2 �F d" ^��!��_:�<c ,

x�y:z ��Z y2 B"^����"�������2c 2 B . F�^WZ�4 2 �� I" ^�r:s)��� , � ��� n"�$,^%�|~�c , � C H)�)�������
�%����~V���(^�� , �:�WD y }�j�~V��� . � � , uqvO^ UCM c�������
 I5K L��Ct�� . ��X����JI5K
L���c , �C�L�WZ��!TcWF%^�ZW4 2 ������
����Wf 2:�F�:  �t|m , ¡)��\:¢��Ct�� . � [ U , g�[ M£ 4?¤C��¥)¦"R�§H� ��¨ TH© , ¤"��¥)¦ c!ª 2:� ������
��%}"j�~%��T � m , g�[EMFRFS98P I�K5L
c�O����V������
 I�K5L���t�� . «:¬��(~�P�Z�4�� , �^�Z�4 2 uqvO^ UCMs ^FE:JJ^�®�¯F°�±?�WZ
m , L ��¡ y T ��²�X�� � P��F �³�´µ"SL , SED, H��:� , HH������� 2¶{ ^%�:�<c%��JW
������W~V�
P . ·�s<^H3��¸ , uwvO^ UCMs c , %^�Z�4%����� MV��J�
��!�����2`���¹�JW^ I�K5L���t�� .

4.3
º¼»¾½À¿ÂÁ

A ��~�P�Z�4V� , ��H�Ã*XÄgjÅ�Ã*X�¡ y n�H)²�X�� � P���Æ - d:Ç�È MÊÉ"fWO��	ËÌ©BÍ  �2FÎ R:ÏÐ c , V�Ñ¼gÒ�� I" ^G\�NW�Ct��Ff , �� y V�Ñ¼gÒ�� I" c��:����Ó:ÔL�GV�Õ�O��(^���c 2 Q×Ö�ØW~V�
P�o:Ù¶��$
^�\���r:s�O����3�f�� y ¡|3 2 ��P . $2^�ZW4 2FÚ Ó�Ô�Û�Ü ^%r�s2c , `µ8 ¨ �:�<^%ÝÞ 2ß XJp)à�á���Z<Q×â y ��T ¨ P)f , Æ - d�Ç:È<^���X�ã�ä¶��å ¨ TH©æ!K<^�·�ç�fFr�s98 , ~)èé �Cc Ú q��Vê 2 �V��ë�ÃZXhgjÅ�Ã*X;3 n)ë�²�X¶� ��¨ TL© , K v>^�\���V�Ñ�pH�! #" ^$Wf!r�s�O
���3	f�� y ¡�� 2 ��P . V� y V)ÑÄgì�F I" ^�r�s�\�í�p�\�N)Ï Ð c�î:ï:ð�ñ��:�H�Vò�ó|~���T l
3Êô { �)�W�,` 2 ¡���P�f , «�õ)ö��Cc ,  �³��� )¡ y ^�� C�÷ �)����Z�m×øIm?ù�¡����	úÌ8 ¨ Ý Þ!û
� ¨ ��ü Qpýµþ)8 , '�^��:�:ÿ���� Ë���Ø����C�|8�T , ��X)ã:ä���� � é � V�Ñ g �! n" \�N)Ï Ð �OT
�L8 ,

C	� �:��Û:Ü�
	�	�J^���Ì3���Û	����þ?� 8�P . ~ y � , Ë���ù��|~%��P Spectrocalipermetry
(Takami et al. 2003) ^����H��Z�m ,

+ ¨�� *�V�T Þ 3� )³H´�"��5V�T Þ �Vÿ"�Ì8%P�ú 8 ¨ ����f��
·�~�� , ����WZLmp��X����
^õ:ö<cW~ y ��ú98 ¨ Ö b ��� [ �F��t�¸L4 .
%^H4 2 �)�,�"^��� L�)P ¨ 8�T , 	� y ^�R�§ b �C^/R"T,c�t�@�m���ô)� ¨�2)¨ ^�f·�!W�Ct�� .

��ëµÃ*X¾gjÅµÃ*X¶� � é �/V�Ñ�$2c , " � 25{ fFr�s98BÔ$#	%51�f > 2 � �L� C$� o�Ù¶� , ú 8 ¨FÎ
RH
���È���6�7WO���©%^)� ,

¨ @ 2���& T�}2^��� y?C�� o�Ù2^ Î R�Û:Ü<^�T����V«�ÔL
 2('*) ��©
��©�^��Ct�¸L4 . î:ï , +�ñ<^�Q"^,
	������Ï.- 2:¨ ©�^�fF�5X��:�/
��,�Ì310�~V�L���3Êf�2 ¨ f ,
��c v$3 ��4
^�¤	52^�Q)� 2.6 , 7�8J�"^�¤�5���©:9�O�©%^���t�� . «�ï , �5X��:�93/c;+:ñ , " � ,< Ñ�+�ñ , �	=$><^ X T?�A@�BWO��W©DC)�t�m , DC�Z�4 2 «�ïEC '*) �FC���=����GC X È$HI�A9�O
©JC:f ” �	=����?
	�	� ” �LK��JM*N�LK�� . 8�¡|8 , �$=���� X ÈO�	É�P 8VT ¨ �,C�Q(+�ñ��FK�m ,
" � ,

< Ñ	+�ñ , ��=�> 2|{ � Î Ô;3SRUTJ��V:�U��W	X�O���+:ñ*C�Í   û Q%}98�TJY ¨,Z é �UQ 2[6 ,\ 8!¸��C�Z�4 2 �,=��)� X È�C�],^�Û�Ü 3)8	T�C;+:ñWOO_�@�D(` 6ba$c ~V��T ¨:2)¨ �3 f������
KUd . @:P , e�ë)²�=Gf � é d��F I" $GQ , +�ñ�gShGf�i�N�~V� , '�C 'E) �!«�õ�öW�FQDj,k?l(+:ñ/

�,�E�	m�npo:�ABLq)T�rLs:O/d����;3�8	T £ �P . 8�¡�8 , tEC�Z�4 2Ú Ó�Ô)Û)ÜGQ , KvuwC���ç v l
·�ç���x/NSyµ�O�Ý Þ�û fUK�m , ª$z?Q��ç v C�{���f , ��[_�C���ECõ�ö*f�© ��  3 2 dJ|FK�¸
4 . O�|�f!JJhEC(e)ë)²	=Gf,Q , }L~J�L��C��$�(���5©����|~���T � m , � 6 Ý Þ��S� d�|�K�¸E� à�á�	� Ã � ß =EC(����©�R�SEf;�L�$� , e:ë:²�=�¡�_ ß =��AB \ Ç:ÈGC;+�ñ$���:Û�ÜI�Vî:ïECDj�k?l;+
ñ�
	���/C(�I��ÅF���D�?qLd��	����KFd .
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