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2'� ()UV*�$�GWX&12), 13)���0� %
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^G.�0/�_��0`0�9�� Ia)���
����� ����$�G�%��.���a

bcd��� 1�200e�0����f������
g1�.�<25fh�� ��������3�
�4�9�� /f�a
�	5#�i6��j�
k75�14)� 6�WX&�� �8 X9l*mn�
��,�o#p9<q��r4�s� tu��A
�� Ia)������	f�-v#�:;�
s�13)�
�	�	�����<�	�w��x %M
�(��� II)���� O, Ne, Mg, Si, S, Ca, Ti

�,� aw�� Ia)���� Fe0 Cr, Mn, Co,

Ni�,�=>w�� +���� Zn, Co�,��
y�?@A��s�w�<BzCD�<�5
�15)� /f�a
� �:�:�w��EFB��
{|00���@5�� }G�� ��	�23
��*#~��&��� i6�0�H����I
J/
��� }K<L!�dh�60�M/��
/�/� 23�@�EFB<��5	�� �{|�
�NO<�s�560��s���9��

2.2 �����
' 3�23G��J�@�EFB��@<�
5� P���	f������@�EFx %
M<Q5� ���=�EFB [Fe/H] �� '��
����{|���5�� (1) 23�FR[��
+�����4�� [(Zn, Co)/Fe] ��s�� (2)

��/��� II)���0`E�
�S/� [a/

Fe] �}1T<�5� Na, Al, Cu�,���w�
�� CNO�!�&�m���0A��	���
�� i6�00��U��2V5�� (3) [Fe/H]

F�1 �VW5�0 Ia)�����S/�h�
[a/Fe] ��X/� [Mn/Fe] �2V5�� [Fe/H]

�0��YZEFx %M ([X/Fe]F0) �r4
	
��� �9� �23�?�[.�\{�}
]����`;� 0�; 1<��f one-zone

model �9�� ��F¡�� ^�����dh�
	� ����H�i6�¢£*i6���_`a
�`;��<b�
�� �c¤�d¥ 11'�

[a/Fe] ��X/�h�06: ([Fe/H]F�1)

��� e)C� Ia)�������F1.5 Gyr0
¦§�s�� /�/� Ia)������<=>�
0� ,�WX&���	��f�� Ia)����
i6���<=g/��0� ��<:;5�60
��s��� 0��� Ia)����¨l����
�h©�ij`kª05�BCD7��� D��
��� 0.1 Gyr0f�� [a/Fe] ��X� [Fe/H]

F�2 0l5«�14)� ¬��� ����h©�
ij`kBCD7�m®�� 6� (i) @��@�
`E��60�b��� (ii) noC�
�/��
0�E	�60� (iii) _�p����%K���
�E�¯� ���;�����~°�b0±,�
�	��60�²³�	��
+����qr��±��f�±9��ª:

;�´ µ¶ Zn�� QSO·s9G����	
��4�w��9��� �����w�`F�
�<��� 1¸¹tX����u��vw0	

�f�+���<=g5	� �ºkC��20M�

¹t�x`�+������0 15�0'� �
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����	-.�/0����
12� [a/Fe] �3��4		5�6%� (0.05

dex)16) ��	
78%&9��� :;<#=>�
�� �?@A�BC���.9DEF� ��)
#GHIJ�� *���KLM�NO�����
PQR#SITU�VEW���XM9� VEW
��F
-�� YEZ���C��[�\]
	����B^,Z_ �MZ�� ����`3
ab���	����
� aPQ���c��
�� MZM$�%&�d���
�� Fe��e�
���`3���� M�	.9� [a/Fe] ��4�
�f����+gF.�6%���� �hPij
T
+gkl�m�%&�n�B	� ��
7e

op=>�d����q�	������rsM
9��B^,�
�� '()#��$tZE� uv:;w�-

�+,��6:;��:;x�]#�Q (building

brock)��yzE&����{&9���Mn, Eu

�3�'()#GHIJ	:;x�|����Z
E� IMF	},� �������	d~����
�yz���� �R����	WZ��� ]#�
Q�� e.�@A	��
�<#�	�����
6:;
� ����6:;��},�
-^,�
2.3 G-dwarf��
��9�M�
7�W�9� �������N

���� �� ��4�������M�$�
�
��� �������V���e��� :;<#
���� ����<#�'(�'�HS�A�I
T�}���z9�&����$���
-��
������N�����I���� =>���

� 3 :;x�D��PQ)#���'� ��!M9� �Q� �Q�  ¡¢£�� ¤¥¦§£�� ¨T©ª£��
�SQ� S«£� ¬T§£�� HJ� �®�� ¤J@J� ¯°T¡� ª±�T� �� ²³�)#� [X/

Fe]´log X/Feµlog X�/Fe� ¶0	·�)#¸� t�$�� ¹º���ijT�
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1�� 2�#3�	45��� �����	�!
01) 6G-dwarf�78� 9&:;<���� (i)

�=>�'?@A?BC+D��	*+,-!
	�'1�� %&%&	��#/E�1)� 
F
��GHI��1J�K���� �����	�
�01?9'!LMN&O?��
�P�� *+,-� CDM�Q�RSTU�
 ��VOW9X� �� K��*+Y	�Z'
�[�\�QVOW9�']^�_`�'� *+
,-K�� Ka)W9X�b� G-dwarf�7:
cd�e1?� G-dwarf�7	f	cdg'�
O� (ii) hij�k�!���1?P� (iii) ,-
*+!.lm:noP!pX@�� �/Q)q�
N&O?1?!� 9&�� rs�G�� ���
KPtu/�v�.�1�7�p��
<w	*+	�������2�x ��

([Fe/H]y0)� 46>�z�{�&�%&%&	2
�#�� |{�}��O����!~��p��
�3� ��:�@�	��x !45N&�Q@
�1V�� ��:�%1?K	'���'� lm

x �����1�?��t&O?1?!� ��
�!~?K	!(?� ��� ���Q�'� �
� I�!���O��:�)�	�� �+�	
�w!.��p�'?%&O?�� ��� hi
�����|{��� �=>��VOQ@G)�
��	Q@1��!|{�e�Q@�1V�	P
K�&1?� Nt�� �����:� ��	�
�� �� �{�� :|{N����� Ju1lm
!.�1	/�@P��� %&%&	|{'�	
�	�1!X:K�tP��O?e�?�
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rs	��� ��?�J9�{�&�	/�@
P� ���?�?P�� N&� ���Oe�	
/�@P� %&%&	�:T ��.lm�� J
9PtGVOe�	/�@P� �@?V��� 
`����� *+	!�"���� � 
���
����'?V�#���:$%�O� hi��
'�O CDM�tbPt� ��"���� ¡
¢��£¤:$@� ¥ 4�� �	¦§ 610 Mpc&
¨� 2©963�817) :L�� ªPt«¬}!�o
��&O� rs	��� ��®¯B�	°±�

¥ 4 rs	��"���� ¡¢��£¤² ³´��	��N� µ´�*+	���:L�� }�ªPt«¬
�o� ��®¯B�	°±��?� �¶�~'�1*+Pt�!{�&�� ��
��():W9�O.l
m:*·�� ��¸�¹!VO?)�

º 101» º 3¼ 119



���������	 
���������
����	 ��
���������������
�� ����	 �� !
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�&�'�()*+,

'-./01.!��!23�4	 Tree�
5	 ��67�89�23: GRAPE���;�
(, ��!�7�<4	 �8=>(�	 SPH�?
@$!�AB?>(, �C	DE@��	 
EF
$(��
%E&FG(, 
HI!JK (i) con-

verging flow ��vL0, (ii) rapid cooling tcoolLtdyn,

(iii) Jeans �M�N tdyn Ltsound EO��P;	
SchmidtQ�R�	 
HI��SFR�Sr1.5?�P�


%EF$(4), 
HI!1TU�V.W4
dynamical timescale ! 10�$;���'X('
YZ�[�5X�26),
\]�^23_`?@G(!4��a!b[4�

%c�d�e�c�f;��7	 ����g
F!hijk.hlm?4	 g
%� 105�7M��
^(, X('g
%�gF!
)'n^Xo'
4?�^�!?	 
!�p)'qr(, s!t?
uv!
v!w�4	 xyw�zc�R���
�X('{�X(, AB!P| Salpeter (1955)

IMFE��(�	 0.5M�}�?4 Kroupa (2007)

'~'����;�	 ��w�'O���^�E
����	 �<��4 Kroupa IMF '��?>
(,
X('	 �

%f;!��
��!uc

R(t)	 ����(���!� EZ(t)^�4	 �<
��! one-zone model ?��P=!Eg

%
���X(o'?	 _v�v�;�(, 

%!
� E!�^�;	 ��"?	 ��!��
%�
#��W�.'���E�$O�5����
���.���/�, \ !o+��Phijk.
hlm?4	 �@%�\]!���4!�FG
�	 ��
���?�@?�^�!?	 ��.�
��/!��W��4�8�>(, �&f; '
�?��¡�^YZf;¢£X(''=�	 (7
�V.W!¤¥)hijk.hlm'!*¦=�
+)*+,
3.1 �������
§¨�g�?>(o'f;	 ��?4	  $E

&('�+o'4	 ©ªE&(o'��O�, O
P���	  '�! UV§!,(�f;	 ��
!
HI«E3�X(o'�?�(, 1996-��

¬ 5 ��!
HI«, s��!®.�>(�!,(�f;¯|P
HI�4	  '�°f��±²O	 �;
� '?4³´�/µ(, �<�<��hijk.hlm?	 "¶4��.���/^O	 0¶412!�
�
��.���/!n	 ]¶4·��
��(��.���/E3�Pb[, 
HI������YZ
�"� 'g¸X(, ¹^(0./4¹^(YZ45!º»E6X,
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� z�1.4����������� �������
�� !"#�$���% &�'� ()*�+!
�,-�./� 0123�45�6�789:#
;<=!#� ���� z�2�3>�� &�+���
?�@@�� !+A?��� z�5�6?��B�
CD4!+A?�!%

CDM�+!EF��G��� HI�J)�
	K?L
����!�?�78#;<M N

OP� QR��ST�UVW�?����X�
�4Y�Z4R4["#�\�R]R��[!%
^_���`a��Zbc��-d" �?�
�efgh���iji��k��� ����
X��!% �l�� mno��k��!�p� 	
Kq>�rs��!% bc�ST�UVW��t
u��v?� wxy2z{�y|}?~����
4Y�Z4R4[%
� 5�� <�<������s�y2z{�
y|}�9:-78##��$/�% bc���
�ST�UVW� N�OP ?�� �X#rs��
����� �#�5��4[�� �bc�-��
!# N�OP� IMF?��/�� 3 ��D�ef
gh���k��!�?� ���+��:��
�X��!% 9:� ������� z�3���
�-��� 78�;A% ��	
?�� z�3a?

�`a����<M� 3�>�?� �����
z�2���`a�� ��a?�V3�}� 1�
>����4!%
3.2 ��������	

y2z{�y|}?�� ���5���5"?
`a���-�� !"#�?�!% ?����
���-���_��#���/��+A% a
M�������_��#��Y!#� � 6a�+
A�4!% 5���?�� �D�����?�`
/�[!% "��������������� 
!% ����^_������A�����!%
 �� ¡����?���_�-8¢ !#�

� 6b�+A�4!% "�������78�£
9 !�?�!% �_� 1011M�������?
�a¤�`/�[4[�?� "��¥ (10 Mpc)

?�4D4��/aA% 1010M� ����¦� 
!% ¤����^�-§��[!��� ��#
¨�4 108�9M����?�!%
©a�� �D���� ª�;
/�^_���

�4!«��¨��? ?��`/�[!% ^_
����k��¬[�� ��[% ¤�R78�
�!®¯��������D4��[!�?�
!%
78°��� Lyman-Break, ERO, BzK, submm

45� �a±a4² ?���^_���-³©

� 6 ������ N
OP -���_��#��� !´ M

�

�1011 N�OP� 1010 N�OP� 109 N
�OP�
108M� Nµ
�OP% ¶�´ �����_�?�Y���� ·!���������� !% ¸�´ ¡��
���¹Y!��_�?�Y���� ����78�£9 !%

º 101» º 3¼ 121



����� ���	
����������
�� z�5� 1012M����� 100 Mpc� 1���
������ ��������� !"�#$%
&'� ��(�)�	*+����
�,�-$
."/0��1%��23�'���4���
�/56� 7849:�:��� ;	
�<�
��=>������&?��'��'	�
(down-sizing e#ect)20) 4+�@�
A�����
B+��'�� ���� !"�#$��� ��
�����CD$�EF4�'��� G�H/I
J4�K� �����<�4�'�H�	� ��
���� LM�%NO���PQRIJ4 X�
�A�+��S=�  !����TU"V.QW
X���Y"�
+Z	���� ��(%[\]
���� ���[#�4��X^	H� ;
��
_ (active galactic nuclei; AGN) ���TU"V
.QW21)�`�4��a�H�
'� b�cdQ
WP"F�� e��	�<�+�/�a�� ��
�����1]��a fg�1h� ��$���1
�$%�ij%kl]�a fTU"V.QWh �
?a��S(m� �X�Xn&+��op���
�����
3.3 ��������	

56� 'q���<�r�� dry merger f('
��)s�t*u�+h a� wet merger f,'�
�)s�t*u�+h a�'	n&22)%��-�
4� �3��
'� mergerva=��w� f.H
��/x 23h� Z�Z�� 'q���ya(0(
��'�12z{|}���~3�{|�4���
<�7���r�4L����/��%B]� �
	�:56]op�� ��3e�'q���A�
+��� ���e~3�4�'�'	
�7��
~3��8���� ���9����~3���
���J�QR%���"�A�H� :(�/�
��%[;]����:(��� <�=
�8�
D log Z/D log r�0.3�0.2, :�=>�4 10?�

��~3��>"�
�24)�
������������/��t*����

���a(� t*u�H��~3��8�Z��
e@�+�
'��AB���/� HaH� 'q
���1�C��1�� !"�#$25), 26)�� �
�)s���D
t*u�4����� ����
��/~3��8�a
=@�+��H�	��
4B+�/� t*u�7�E	+�/�<��
����� ~3��8�Y"�F+�
'� dry

merger ����= wet merger ��� 6G�'q
���]o�%+H]�����p
'� �
�
��>"�'q���� I��F��/IJ%N
O>������u��=JFH/��K(�
�� ���	�� 'q���KL�M%.��A
�]�v� Z����<��%NO]���4�
p��
'q���:'��� A�a(*P�(���

��� ¡�Q�R�S [Mg/Fe] 4 0.2���
�p'��27)4��TU�+��� Ia� !��
�� Fe¢V4*(�
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Chemodynamical Simulations of Galaxies

Chiaki KOBAYASHI
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Abstract : How do galaxies form and evolve ?

Stars are like fossils; the history of a galaxy is

imprinted on the kinematics and elemental

abundances of the stars. The internal structures

of galaxies are being observed with integral field

spectrographs, and detailed observations for

galactic archaeology in the Local Group will be

obtained with multiobject spectroscopy and space

astrometry missions. To clarify the underlying

physical processes from such observational data,

we simulate the chemodynamical evolution of

galaxies including star formation, supernovae,

and chemical enrichment. Stars in present-day

massive galaxies formed in smaller galaxies at

high redshifts, despite their late assembly times.

Galactic winds blow e$ciently from low mass

galaxies and eject heavy elements into the

intergalactic medium, which results in the

observed mass-metallicity relations of galaxies.
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