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QcQ I ��� � ��� ��	 � �#� �TJ ���;K 	WL 	�M ��� �

Ò � Ý � ��� �4& � � � �A- ����& �R× -=
 ��&,���#& � ��� × 
 � &��,�JÔD����� ��� & ä�� � � �	��� 
 � �ØÝ �1� � � � �,��� � � �1�4� � �$����� � �
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 �!×��&�� 
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 � ��
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 �!×��&�� 
 � � ���4& 
 ��� � � 
��
� 
  #� � ��Ò4&��
� ��� !#���$�fÙ�� � ��Ñ.��& � ����� 
 Ò �sÏPO ) O � -=� �!× � &�& � �#& � ���4& �1� � � ���$�-Ò 
 × -S
 � ��&�� 
 � Ò ä �R×��TÝ �1�>� &6�$�
×P�4&,�������TÒ4��& � �%� !#� � â ��� ���,��� � � ��� ø ���R× � � � � �L×���� ��� 
 �  �

α � � β � � γ � � &�� Ñ � � 	 / Ð��ÍÐ -S� �!× � &�& � �<&
��� � �4& � �!×���� � � � � &,� � Ù ��� � 
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 � � ���4& 
 ��� � � ��� �C!#���$�fÙ%� � � â7W ��� � ��� 
 �#& - � 
<�%� ��& � � - ����� � !#� �
Ò ä � � �=� - ���>� � �,�  
 ��� � × � �<& � Ü ��� ���4& 
 ��� � � ��� × 
 ���1� ��� � ' ×�������� 
 �1� � �*�����1� � � � &�×��� � �RÔ � � 
�4& 
 ��� � �ÎÑ ø � â ��� �Z�4& 
 ��� � �À× 
 ���1�ÀÒ ä � �1��� �� þÒ 
 �#&������ �1� �<& - � � � ��������� � × � �#& â � � �,��� � � α

��
 ��� �
� � � � 
 ��� � ��� � �TÒ/��&�� 
 � ��� �$� � 
 �!×��&�� 
 � ��& � ���$����� � Ò/��� � ��� � � ��& � ��� � Ò4& � × � �<&ÀÒ 
 ��� �4��� � � � � 
 ×���� �
� ���4& 
 ��� � ��×��� ���RÔ � �  � � �����TÒ � &�&bÏPO�O����2ÏPO�O ) � â Ñ�� -=�4� &6� � � ��� � &�������� � �	�$�L�,��� � ���<& � � � ��& � � Ñ � �
	 λ / Ð��ÍÐ �Ý � � - � �R� � �#& � ���*�JÔD���#&,��! � Ò 
 �1��� � �4�,����� �>� � +4&�� � ����& � � �>� ���1�6�$� - ����&�� � ��� �4�1�O��� �0� -=� Ò4&�� � �!�+Ò � Ý � �G�$�
� � � �P
 �1� � �!Ô������ � � - � � �V!D�,��� � � �R� � ä �
�+&  � � �����TÒ � &�&¢ÏPO�O ) � â Ö �4-=� � � ���#&!�#��� � Ù�&�����Ò4&�� 
 �P� � � � & 
���� 
�� � �
��� � &��������,��&�� 
 � ��� �	�,��� � � � �E�L×����,��� 
 � 
�- &��TÝ �1�O� �4���TÒ/��& � �X��� 
 � � � � � ��Ò 
 ������! �O- ���6� 
 ��!D� �4� � � × � �#& â Ñ��
-=�4� &¯Ò 
 ������! � �Q�$���,��� � � α ��� 
 �sÒ 
 ���Y����&Q� � �,� -�-=
 ��& � β

�
Hα

 Ñ.��& � ����� 
 Ò �þÏPO ) O � â Ö 
 ������! � � � Ñ � � 	
� ��& - � � � � �4���TÒ/��& � ���1�I�$�b× � � � � �Q
 >ÎÒ � &�& � �,��� �Q� � &H� ��& � � �9� ���1�I�$� - ����&�� � ��� �4�1�9�%� � -=� Ò4&�� � �*Ò � Ý � �
�$�P� � � � - � � ��� � �1������� � �>��� � Ù%&�����Ò4&�� 
 � � &¢Ý � � ��� � � &6&�� � � � ���-Ò4��� �O��� �$�9Ò 
 ������! � � ��� ��� � Ù%&�����Ò4&�� 
 � � ���1�
�$��× � � � � �9
 > � ��� �Q� ��& � &�������� � � � � ���J� � & ��� �	�,��� � � ��� ø ���R× � � â

       Visible 160 microns

70 microns 24 microns

3.6 microns8 microns
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 ��! �1�4� � � � 
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 � ��
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 ×����� �0��� � 
 ��! �1�4� � � � 
 � ����-S� �!× � & ��
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 � ��� Û ) Ï � ) � &
� ( µ × â � ���L×���� ��� 
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µ ×� ��& - ������Ò4� - ��� � × � �#&����,� 
 Ò4��� � � � ÙØÿ ï�� �S��� 
 � �®Ý �1� Ò � ��� � ��� ( µ × � � &.��� � 
 Ò4��� � � � Ù -S� &���& �.!D�,�����1� â
ê ���1�-Ò � � ���4� ÙK�Y��� ��� ������+�,��� 
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 �#& � � � � 
 ��& � � � ×���� 
 ����& � 8 ��� �����?�,��� 
�� ! �
× 
  � � � ��& � � &��,��Ò �4� � ��� �$�2� 
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� | $�� � � �WS��	L��,K � �VJ ���;K 	WL 	�M ��� � Q $
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�� �3� � �5!#���$�fÙ�� � � ��
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 �!×��&�� 
 � � ���4& 
 ��� � �  ��� � Ù���� & �T��� �'Ò4����& � � � � -=
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 � � ���4& 
 ��� � � -=�4� & +4&�� �H� �4���RÔM�
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�� ! � × 
  � �  Ö ä ���� �9 W ���Y� � � 'D' Ï/��� W ���Y� � ��� ����� � 'D' � � â � � � ��&2!M�4�1�4�,��� � × � �#& - � � � � 
 ��&
Ý �1� Ò � � � � � � �%� ��& ��� ��� � Ü 
�� �%� Ô���������� � â

� | Q |�b w[� 	 	 � � � J �TLzy � �"^ �
	 �Z� �"K �xL{� � � ��	�� � � ��� � 	 ��L3L�� 	�� ��� �#Y � �
� � �����?�,��� 
�� ! � � 
 ���<&,����� � ��&C� 
�� Ô � �<& ��� � 
 Ò4��� �A�����L×����,��� 
 � � �<&�� � ��Ó � & Ó 'D' µ × â �G�E��
 ×����� �

� � �*×��������R×P�4&����TÝ �1� � � &����,� 
 Ò4��� �E�����L×���� ��� 
 � � � ��Ý � �#� Ï 'D'D' µ × � � �����+�,��� 
�� ! � � 
 ���#&,�����B�N� � � � �H�4& �
�4& �1� ��� - ��� � ÷ ï @ � � @ Ñ -�� ��� @ - ��&�� � � â �G� � -S� &���& � !D�,�����1� ��
 ×���� � �#&E�����L×���� ��� 
 � � � ��Ý � �#�yÓ ' µ ×� �NÔ<��� 
 �'%�� ����� � ���/� � ��!D� 
 ��!D�,�����1�G� 
 �#&�� � � -=
 �1�,����� � � ��� �$�ñ×� � �4� � �T- ����&�� �V��� �����L×���� � � 
 �Q�����?�,��� 
�� ! � â� �  ! � � � Ï â Ð - � �R� � �<& �C� � � �R×��! �Z��� ÛN) Ï"� Ï � ' µ × â°ï Ò � &�& � � 
 ��! �1�4� � � � 
 � ��� �$� �$����! �4� �3�
×��
	 ä � � & �4� � ��� �$��ÿ @ � � ��& - � � �9�R× -=
 ��&,���#&!��Ò � Ý � � � Ù - ���TÝ �1� Ý � � 
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 ���1� ����� �4&,�����
Ý �1�Q� ���1�I� � Ò/��� ��� ��� �R×��! � ��� ( µ × âÛ ����!D� � �>�$�ìÒ 
 ��� � � � 
 � - � � �L!D�,��� ��� �ØÒ � &�& � � 
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��� � � Ò 
 ��� �4��� � ��Ô � ÒQ�����L×���� ��� 
 � � ���1�	��� �����+�,��� 
�� ! � × 
  � � â � �P� 
 � ��� � � �����TÒ � &�&  ÏPO�O�� �I�4&,��������& � � �
� � �$��&�� 
 � � �<&�� � � � &,� � Ù ��� � 
 �!×��&�� 
 � � ���4& 
 ��� � � � &2�$�Q� � ×���� 
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�� ! � â Ö � &,� � Ù ��� � 
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 �
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 � ��� �5× 
 ���JÒ � � � � �%� ×������ �4� ���#& � � ��& � �
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 ��Ò � ��� � ��� � Ò/� � � �Q��� Ò � &�& � & ä�� � � â
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	�J �#�
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 � � ���1�2� �0��
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 � Ï â Ï â � â��� ���4� � Ò4&�� 
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 ÔD� �
�L× � &�& � �<& � � � ��� � �ÇÒ 
 �#&���� � � 
 � & ä � �!×��TÝ �1� ��� � 
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 ����& � -=
�� Ô����<&�ÔD�.	
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·¢×%¸�¶�¿<µV·¾´8ºn·¾´ÖÕ . ÕÖ·XºV·¾ÕQ¸�µ Ò �*¶I¶�·�µl½�¿1´�´�·¾´8ºn¶I¹�·¾À �!À�´�·.¼¾ÕQ¹�µVµV¹�¿1´Q»{³1½%¹�¿ Ò SW¿1ÕQÕÖ·X¶�³H½%À�»V¼�·J½�·[á	¹�·.½�·�µ
¼¾ºV¿1¹I¶�·�µ¨Õ}³1µVµV¹IáC·�µH·�µ@º¨º@»LF�µ!à�¿1À�»@ºV·<ðÁ¶�³;¸�ì¦³1µV·�µ@À�¸Á·¾»@´�¿tá<³1·Q·¾º¨¼¾ÕQ¹�µVµ@¹�¿1´í½�³F´�µ!¶�·�½�¿1Õ}³F¹I´�·�¹I´!�Æ»{³F»V¿1À�ÅC·
µV¿1´	º.µ@¹IÕZÀ�¶Iº{³F´�¼�·P�Z¶]ÃE¼�à{ì�·¾¶I¶�·h½ÄÃ À�´�·HÅ8³F¶�³4×%¹�· ÒT ·�µX¼¾º@À�½�·�µ[»{³1½%¹�¿G�ÇÑ Ò ? � ïQUG�6SW¿1´�½�¿1´ �10 � �"!ÄÑ$#1# É�� ·¾ºÍ Ò K � ïQU �6SW¿1´�½�¿1´ �10 � �"!�Ñ$#1#%Ñ � ¿1´8º.ÕÖ¿1´	º@»V¼ZÚ	À�·H¶�·�µ.Å8³F¶�³4×%¹�·�µJ³táC·�à LFIR ≤ Ú × 1011 L�

³�á<³F¹�·¾´8º
À�´�·o¼¾ÕQ¹�µVµ@¹�¿1´â»{³1½%¹�¿Þ½�¿1ÕQ¹I´�¼�·;¸¦³F»ZÀ�´�·o¼¾ÕQ¹�µVµ@¹�¿1´ ½%¹ ( À�µV·o³F¶�¿1»Vµ�Ú8À�·}¶�·�µhÅ8³F¶�³4×%¹�·�µ�¸�¶IÀ�µ�¶IÀ�ÕQ¹I´�·¾À�µV·�µ
¼¾º{³F¹�·¾´	º¨½�¿1ÕQ¹I´�¼�·�µ!¸¦³F»!À�´�·ZµV¿1À�»Và�·�À�¶Iº@»{³;à�¿1ÕQ¸¦³1à¾ºV· Ò ]�¶�µJ¿1´	º!à�¿1´�à¾¶IÀÜÚ	À�·�½�·�à�·�µJÅ8³F¶�³4×%¹�·�µ �Æ¹�µVµ@À�µJ½%À
E � Ï � ¸Á¿1À�á<³F¹�·¾´8º . º@»V·HÕÖ¿L½�¼¾¶I¹�µV¼�·�µX¸¦³F»JÀ�´Ìµ@º{³F»@Â�À�»Vµ@ºJà�·¾´	º@»{³F¶ Ò

q = log
LFIR(W )

3.75 × 1012(Hz )
×

1

L1.4GHz
ν (W /Hz )

�?Ê Ò Ñ �
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 �� � ������		����� V  ·�µX¼¾º@À�½�·�µX¿1´8ºXÕÖ¿1´	º@»V¼hÚ	À�·7¸Á¿1À�»[À�´ß¼�àVì¦³F´!º@¹I¶I¶�¿1´Ì»V·¾¸�»V¼�µ{·¾´8º{³Fº@¹��*½�·¨Å8³F¶�³4×L¹�·�µ7³D"8³F´8º LFIR ≥ Ê × 1010 L�

�Gà<ÃE·�µ@ºQ��½%¹I»V· LIR≥ 4 × 1010L�
àt³F»

LIR
7 Ñ Ò #%Ñ�� ± É Ò Ñ#� � LFIR

½ÄÃ2³F¸�»V·�µ!ÏL¿1¹��?·¾»J·¾ºJ³F¶]ð�Ñ$#<Í�� � ð�¶�·hà�¿1´8ºV·¾´	À±·¾´ßÅ8³,UZïJ]W¼¾º{³F¹IºJ½�·bK × 108 � �
× 1010 M�

ð	Õ}³F¹�µl¹I¶ª´�Ã ";³�Ú8À�Ã À�´�·7º@»LF�µ��?³F¹IÂ�¶�·!à�¿1»@»V¼¾¶�³Fº@¹�¿1´ß·¾´8º@»V· LIR
·¾º MHI

�]Ï%³F´�½�·¾»Vµ !ÔØÞ¹I»{³FÂª·¾¶
Ñ$#<Í<Í � Ò ·�µ*¼¾º@À�½�·�µn¿1´8ºn³FÀ�µ{µ@¹�¼¾ºV¼X»V¼t³F¶I¹�µV¼�·�µn·¾´Qìe"%½%»V¿1Å�F¾´�·.ÕÖ¿1¶�¼�à¾À�¶�³F¹I»V· Ò # ¿1À�ºV·�µlà�·�µ*Å8³F¶�³4×L¹�·�µnµV·[»V¼¾á�F¾¶�·¾´8º
É Ò � � Ê É �?¿1¹�µ�¸�¶IÀ�µQ»@¹�àVì�·�µ}·¾´ H2

Ò / ´�·ßà�¿1»@»V¼¾¶�³Fº@¹�¿1´ ·¾´	º@»V·ß¶]ÃE¼¾ÕQ¹�µVµ@¹�¿1´^SXå ·¾ºQ¶�³Ý¶IÀ�ÕQ¹I´�¿<µV¹�¼ß¹I´!�Æ»{³ 
»V¿1À�ÅC·Ç³Ì¼¾ºV¼}º@»V¿1À�áC¼�·W���l¿1À�´�Å �10 � �"!WÑ$#<Í,?�ðlÑ$#<Í�[%ðOÏ%³F´�½�·¾»Vµ ! ØÝ¹I»{³FÂÁ·¾¶7Ñ$#<Í�K%ð\�Oá<³F´�µ �10 � � !�Ê É<É Ê � Ò�O¶I¶�·Qµ,Ã ¹I´8ºV·¾»@¸�»LF¾ºV·Q½�·T¶�³;Õ}³F´�¹OF¾»V·Qµ@À�¹Iá1³F´	ºV· V ¶�·�µ¨Å8³F¶�³4×%¹�·�µHÚ	À�¹�¿1´	º¨À�´�·$�G¿1»@ºV·�à�¿1´�à�·¾´8º@»{³Fº@¹�¿1´â½�·�Å8³,UÕÖ¿1¶�¼�à¾À�¶�³F¹I»V·�µV¿1´8ºJµ{¿1À�áC·¾´8º7à�·¾¶I¶�·�µJÚ8À�¹i�?¿1»@ÕÖ·¾´8º7¶�·¨¸�¶IÀ�µJ½ÄÃE¼¾ºV¿1¹I¶�·�µ Ò

•
�	������
����� ����� ��� � 
*� 	 ��� � �,� ��� �
� � �&��
 . Ø . ÕÖ·ÌµV¹.à�·�µÖ¿1Â%Èä·¾ºVµÖ´�·ßµV¿1´8ºÖ¸¦³1µÖ»V·¾¸�»V¼�µV·¾´8º{³Fº@¹��?µ

½�·�µ!Å8³F¶�³4×%¹�·�µ!½�·T¶]Ã À�´�¹IáC·¾»Vµ¨¶�¿Làt³F¶ë¸�À�¹�µ{Ú8À�·�¶�·�µ¨à�¿1¶I¶I¹�µ@¹�¿1´�µH·¾´8º@»V·TÅ8³F¶�³4×%¹�·�µM"ÞµV¿1´8ºH³1µVµV· UT»{³F»V·�µtði�¨¹IÕ !
Ï%³F´�½�·¾»Vµ4�äÑ$#1#<Í � ¿1´	ºZÕÖ¿1´8º@»V¼;À�´�·N�?¿1»@ºV·Ö¼¾áC¿1¶IÀ�º@¹�¿1´ ½�·Q¶�·¾À�»�½�·¾´�µ@¹IºV¼}·¾´(�?¿1´�à¾º@¹�¿1´â½%Àí»V·�½�µ@ì�¹��GºZ½�³F´�µ¶]Ã À�´�¹IáC·¾»Vµ�¶�¿Làt³F¶i�Û¼¾áC¿1¶IÀ�º@¹�¿1´Q·¾´ ∼ (1+z)7.6±3.2 ¸Á¿1À�»\U ≤ É Ò Ê � Ò SW·�à¾¹L¶�³F¹�µVµV·n¸�»V¼�µ{³FÅC·¾»OÚ8À�·nà�·�µëÅ8³F¶�³4×%¹�·�µ¸Á·¾À�áC·¾´8º . º@»V·¨¸�¶IÀ�µ.´�¿1ÕZÂ�»V·¾À�µ{·�µM��Å<»{³F´�½ß»V·�½�µVì�¹��Æº Ò
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������� Ê Ò ÊJ	P�Ä¹IÕQ¹IºV·�µn½�·JµV·¾´�µ@¹IÂ�¹I¶I¹IºV¼.½�·3]@Ï�å
S�B!Ø��äÑgK µ ÕÌð É Ò ÑXÕGY�" � ð�]@Ï�å ã ïHå # �äÑ#� É µ ÕÌð�ÑtÊ É ÕGY�" � ðÏTS / E�B �?Í�K É µ ÕÌð8ÊFÕGY�" � ·¾ºnÏ	¸�¹Iº'Ut·¾»J�?Ê,? µ ÕÌð É Ò ?eK¨ÕGY�"Q³F´�½ É Ò É Ê<Ê¨ÕGY�"�à�¿1»@»V·�µ@¸Á¿1´�½�³F´8º[³FÀ%×T¶I¹IÕQ¹IºV·�µ½�·H½�¼¾ºV·�à¾º@¹�¿1´Þ½�·�µ[¸�»V¿1Å<»{³FÕQÕÖ·�µ Ð B¨Ï-B ½�·¨º "L¸ª·���·¾Å8³1à "ÌÏ
� ] 5 �³F´�½ � åHå  Ï � Ò SW·!½%¹�³FÅ<»{³FÕQÕÖ·T³¼¾ºV¼ÖÅC¼¾´�¼¾»V¼}·¾´ µ@À�¸�¸Á¿<µ{³F´	ºZÚ8À�·Ö¶�·�µ�Ï-�  µZ½�·�µHÅ8³F¶�³4×%¹�·�µZ½%¹�µVº{³F´8ºV·�µTµ@À�¹IáC·¾´8º�¶�·�µHÕ . ÕÖ·�µZà�¿1»@»V¼¾¶�³Fº@¹�¿1´�µ
Ú	À�·.¶�·�µlÅ8³F¶�³4×L¹�·�µl¶�¿	àt³F¶�·�µ Ò Ð ¿1À�µn³�áC¿1´�µnÀ�º@¹I¶I¹�µV¼J¶�³HÂ�¹IÂ�¶I¹�¿1º@ì>F�Ú	À�·Jµ@¸Á·�à¾º@»{³F¶�·J½�·�Snì¦³F»'"�! �O¶IÂ¦³,U$�?Ê É<É Ñ � Ò���*¶IÂ¦³,U�ï  5 �

�'$&�'$&� # ����/. � 2��
]äÏ�å �?³1à¾»V¿1´e"LÕÖ·[½�·�56<�40@ ��@ �L8 =�����; ���	� 7 � @�
 � 0 :�@�� � ·�µ@ºÓ¶�·n¸�»V·¾ÕQ¹�·¾»O¿1Â�µV·¾»@á1³FºV¿1¹I»V·W¹I´!�G»{³F»V¿1À�ÅC·W¶�³F´�à�¼ Ò]yµVµ@ÀÞ½ÄÃ À�´�·�à�¿1¶I¶�³FÂÁ¿1»{³Fº@¹�¿1´±·¾À�»V¿1¸Á¼�·¾´�´�·<ðÛ¹I¶�³Ö¿1¸Á¼¾»V¼Z½�· Ð ¿,áC·¾ÕZÂ�»V·oÑ$#1#�K �ÖØ±³F¹WÑ$#1#<Í Ò ]@Ï�å ·�µ@º!à�¿1ÕN

¸Á¿<µV¼�½ÄÃ À�´ÝÕQ¹I»V¿1¹I»¨½�·P[ É à¾Õ ½�·Z½%¹�³FÕGF¾º@»V·T·¾º7½�·b?}¹I´�µ@º@»@À�ÕÖ·¾´	ºVµN��]@Ï�å
S�B!Øâð�]äÏ�å ã ïHå # ð ]@Ï�åHÏ
� Ï
·¾º$]äÏ�åJ� � Ï � ¹I´�µV¼¾»V¼�µT½�³F´�µZÀ�´ à¾»'"C¿<µ@º{³FºT³ 4�´ Ú8À�·}¶]ÃE·¾´�µV·¾ÕZÂ�¶�·oµV¿1¹Iº�»V· �Æ»V¿1¹�½%¹W·¾´8º@»V·ÇÊ � Ò ]@Ï�å ã ïHå #
���Ó·¾Õ �C· �10 � � !.Ñ$#1#�[ � ·�µ@ºQà�¿1ÕQ¸Á¿<µV¼�·ß½�·4?íµV¿1À�µQ·¾´�µV·¾Õ�Â�¶�·�µ �G½�·¾À%× àt³FÕÖ·¾»{³1µ,ðOÀ�´µ@¸Á·�à¾º@»V¿1ÕGF¾º@»V·ß·¾ºÀ�´ß¸Á¿1¶�³F»@¹IÕGF¾º@»V· � Ú	À�¹Á¸ª·¾»@ÕÖ·¾º@ºV·¾´	ºJ½�·J�?³F¹I»V·¨½�·¨¶�³Tµ@¸Á·�à¾º@»V¿1ÕÖ¼¾º@»@¹�·HÂ¦³1µVµV·!»V¼�µV¿1¶IÀ�º@¹�¿1´Ì½�³F´�µ.¶�·!½�¿1Õ}³F¹I´�·Ê Ò K {ÑtÊ µ Õ � ã ï¨å # yÏ � ðW½�·Ç¶�³Ü¸Á¿1¶�³F»@¹IÕÖ¼¾º@»@¹�·ÌÕ�À�¶Iº@¹IÂ¦³F´�½�·Þ·¾ºÖÕ�À�¶Iº@¹�q¿1À�áC·¾»@º@À�»V·Üµ@À�»Ö¶�·ß½�¿1Õ}³F¹I´�· � ÑtÊ É µ Õ � ã ï¨å #  ã � Ò ]äÏ�åHÏ
� ÏÖ·¾º�]@Ï�åJ� � ÏÖµV¿1´	ºX½�·�µWµV¸ª·�à¾º@»V¿1ÕGF¾º@»V·�µXà�¿1À�áL»{³F´8ºX»V·�µ@¸Á·�à¾º@¹IáC·¾ÕÖ·¾´8ºX¶�·�µ
½�¿1Õ}³F¹I´�·�µ!½�·hÊ Ò K 6?eK µ Õ ·¾º3?eK {Ñ$#�� µ Õ Ò]äÏ�å
S�B!Ø �6SW·�µd³F»Vµ�� " �10 � �"!HÑ$#1#�[<³ � ·�µVºßÀ�´�· àt³FÕÖ¼¾»{³à�¿1ÕQ¸Á¿<µV¼�· ½ÄÃ À�´Ô½�¼¾ºV·�à¾ºV·¾À�»Þ½�· � Ê × � Ê¸�¹'×�·¾¶�µHµV·¾´�µ@¹IÂ�¶�·�µH½�³F´�µh¶�·T½�¿1Õ}³F¹I´�·GK {Ñ#� µ Õ«·¾ºhÊ Ò K  K µ Õ Ò SW·¾º@ºV·�àt³FÕÖ·¾»{³Ì³;À�´�·T»V¼�µV¿1¶IÀ�º@¹�¿1´I[ É �G¿1¹�µ¸�¶IÀ�µ7Å<»{³F´�½�·T·¾º.À�´�·ZµV·¾´�µV¹Iº@¹Iá	¹IºV¼;Ñ É<É �?¿1¹�µ.ÕÖ·¾¹I¶I¶�·¾À�»V·TÚ8À�·�à�·¾¶I¶�·Z½ÄÃ ] 5 BHÏÇ·¾º!³�¸Á·¾»@ÕQ¹�µ!½�·Z½�¼¾ºV·�à¾ºV·¾»!¶�·�µ� ] 5�� µnÈäÀ�µVÚ8À�Ã)�GU 7 Ñ�½�³F´�µ!¶�·�µ¨µ@À�»@áC· "%µJ¶�·�µ7¸�¶IÀ�µ!¸�»V¿,�G¿1´�½�µ¨µ{³F´�µ!ºV·¾´�¹I»¨à�¿1ÕQ¸�ºV·�½ÄÃ À�´�·T³FÕQ¸�¶I¹ 4¦àt³Fº@¹�¿1´
Å<»{³tá	¹Iº{³Fº@¹�¿1´�´�·¾¶I¶�·4�ÆáC¿1¹I» 4�Å<À�»V· Ê Ò ��� Ò

•
) ��� � 	
 +�
 	������ � � ��2� ��·�µTà�¿1ÕQ¸�º{³FÅC·�µ�¸ª·¾»@ÕÖ·¾º@ºV·¾´	º�½ÄÃ2³1à�à�¼�½�·¾»Q½�·}Õ}³F´�¹OF¾»V·oµVº{³Fº@¹�µ@º@¹�Ú8À�·4�Ìà�·¾»A
º{³F¹I´�·�µ7¸�»V¿1¸�»@¹�¼¾ºV¼�µ!½�·�µJÅ8³F¶�³4×%¹�·�µtð�à�¿1ÕQÕÖ·�¶�·¾À�»7¼¾áC¿1¶IÀ�º@¹�¿1´±·¾´Ý´�¿1ÕZÂ�»V·<ðª·¾´Ý¶IÀ�ÕQ¹I´�¿<µV¹IºV¼Z¿1ÀÝ¶]ÃE¼¾áC¿1¶IÀ�º@¹�¿1´
½�·Ç¶�·¾À�»Vµ�¸�»V¿1¸�»@¹�¼¾ºV¼�µÖÅ<¶�¿1Â¦³F¶�·�µ Ò ��·Ç¸�»@¹I´�à¾¹I¸Á·ß½�·�µQà�¿1ÕQ¸�º{³FÅC·�µÖ½�·ÇÅ8³F¶�³4×L¹�·�µQà�¿1´�µV¹�µ@ºV· �ÜÚ8À¦³F´	º@¹ 4¦·¾»Q¶�·
´�¿1Õ�Â�»V·Z½�·HÅ8³F¶�³4×%¹�·�µ.·¾´ �?¿1´�à¾º@¹�¿1´Ý½�·¨¶�·¾À�».¶IÀ�ÕQ¹I´�¿<µV¹IºV¼ Ò
]�¶�·¢×%¹�µ@ºV·H½�·¾À%×ßº "L¸ª·�µ.½�·Hà�¿1ÕQ¸�º{³FÅC·�µ VÑ Ò ¶�·�µXà�¿1ÕQ¸�º{³FÅC·�µX¹I´	ºV¼¾Å<»{³FÀ%× V ¿1´Ìà�¿1ÕQ¸�ºV·¨¶�·�µ[Å8³F¶�³4×%¹�·�µJ³g"8³F´8º.À�´�·H½�·¾´�µ@¹IºV¼H½�·���À%×Çµ@À�¸Á¼¾»@¹�·¾À�»V·b�

Sν
½�¿1´�´�¼ Ò ]�¶�µXµV¿1´8º.´�¿1ºV¼�µ Ð ��� Sν � ÒÊ Ò ¶�·�µ*à�¿1ÕQ¸�º{³FÅC·�µW½%¹ ( ¼¾»V·¾´	º@¹�·¾¶�µ V ¿1´}à�¿1ÕQ¸�ºV·.¶�·�µlÅ8³F¶�³4×L¹�·�µlºV·¾¶I¶�·�µlÚ	À�·X¶�³H½�·¾´�µ@¹IºV¼J½�·���À%×ÖµV¿1¹Iºl·¾´8º@»V·

Sν
·¾º Sν � ½ Sν

Ò ]q¶�µXµV¿1´	º.´�¿1ºV¼�µJ½ Ð � Sν � Ò
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+7À�·h¸�»V¼¾áC¿1¹�·¾´8ºJ¶�·�µJà�¿1ÕQ¸�º{³FÅC·�µ - ³F´�µl¶�·.àt³1µl½ÄÃ À�´ÖÀ�´�¹IáC·¾»Vµn·¾À�à¾¶I¹�½%¹�·¾´ V ¿1´}á1³¨´�¼¾Å<¶I¹IÅC·¾»n¶�³Hà�¿1À�»@Â�À�»V·J½�·.¶]ÃE·�µ@¸¦³1à�·<ðC¶]Ã À�´�¹IáC·¾»Vµlá1³ . º@»V·à�¿1´�µ@¹�½�¼¾»V¼¨à�¿1ÕQÕÖ·¨µ@º{³Fº@¹�Ú	À�·¨½�¿1´�à!µd³F´�µn·¢×%¸¦³F´�µ@¹�¿1´ Ò å7´Çá1³�³FÀ�µVµ@¹ªÀ�º@¹I¶I¹�µV·¾»XÚ8À�·¾¶�Ú	À�·�µWìe"L¸ª¿1º@ì>F�µV·�µ[µ@¹IÕN
¸�¶I¹ 4¦àt³Fº@»@¹�à�·�µ[·¾´}à�¿1´�µ@¹�½�¼¾»{³F´	ºWÚ	À�·X¶�·�µnµV¿1À�»Và�·�µ*´�ÃE¼¾áC¿1¶IÀ�·¾´	ºW´�¹Û·¾´Ö´�¿1ÕZÂ�»V·<ð	´�¹¦·¾´}ºV·¾»@ÕÖ·7½�·X¸�»V¿1¸�»@¹�¼¾ºV¼�µtð
·¾ºJµVÀ�»@ºV¿1À�ºJÚ8À�·¨¶]Ã À�´�¹IáC·¾»Vµ7´�ÃE·�µ@º.à�¿1ÕQ¸Á¿<µV¼hÚ	À�·H½�·hµV¿1À�»Và�·�µJ¹�½�·¾´8º@¹�Ú	À�·�µJ½�·H¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼hºV¿1º{³F¶�·b� ·¾º.½�·
¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼7ÕÖ¿1´�¿LàVì�»V¿1Õ}³Fº@¹�Ú	À�·!à�¿1´�µVº{³F´8ºV·N� L =

∫

Lνdν
·¾º Lν = 4πr2×Sν

³�áC·�à Sν
à�¿1´�µ@º{³F´	º � µVÀ�»ºV¿1À�ºW¶�·7½�¿1Õ}³F¹I´�·¨½�·7¶�¿1´�Å<À�·¾À�»X½ÄÃE¿1´�½�· Ò å7´oá1³T³FÀ�µVµ@¹ªà�¿1´�µ@¹�½�¼¾»V·¾»XÚ8À�·J´�¿1º@»V·7½�¼¾ºV·�à¾ºV·¾À�»[´�ÃE·�µ@º[µV·¾´�µ@¹IÂ�¶�·

Ú	À�Ã)�oÀ�´�·�½�·¾´�µ@¹IºV¼Q½�· ��À%×±à�¿1ÕQ¸�»@¹�µV·Q·¾´	º@»V·;Ï
ν
·¾ºhÏ

ν � ½¦Ï ν V ¹I¶�´�·Q½�¼¾ºV·�à¾ºV·¾»{³Ì½�¿1´�àQÚ8À�·T¶�·�µHµV¿1À�»Và�·�µµ@¹Iº@À�¼�·�µH·¾´	º@»V·�»H·¾º!» � ½%»h³táC·�à r =
√

Lν

4πSν

Ò Ï	¹O¿1´ÜµVÀ�¸�¸ª¿<µV·�Ú	À�·T¶�³}½�·¾´�µ@¹IºV¼Q½�·�µHµ{¿1À�»Và�·�µH·�µ@º!½�· No·¾´ Mpc−3 ³F¶�¿1»VµX¶�·!´�¿1Õ�Â�»V·H½�·!µ{¿1À�»Và�·�µX½�¼¾ºV·�à¾ºV¼�·�µX¸¦³F»[´�¿1º@»V·¨¹I´�µ@º@»@À�ÕÖ·¾´8º.µV·¾»{³T½ Ð 7 N0 × ? πr2 ½%» Ò
�O´Þà�¿1ÕZÂ�¹I´¦³F´8º!¶�·�µ.¼�Ú	À¦³Fº@¹�¿1´�µ.¸�»V¼�à�¼�½�·¾´	ºV·�µtð¦¿1´ÌÕÖ¿1´	º@»V·ZÚ	À�· V
Ñ Ò ��·�µ[à�¿1ÕQ¸�º{³FÅC·�µX½%¹ ( ¼¾»V·¾´	º@¹�·¾¶�µX½�·7µV¿1À�»Và�·�µ,ð8¹ Ò · Ò ´�¿1ÕZÂ�»V·¨½�·!µV¿1À�»Và�·�µW¸¦³F»Wµ@ºV·¾»{³1½%¹�³F´ß·¾ºW¸¦³F»nÀ�´�¹IºV¼
½�·Q½�·¾´�µ@¹IºV¼�½�· ��À%× ³�áC·�àQ½�·�µH½�·¾´�µ@¹IºV¼�µH½�· ��À%×Üà�¿1ÕQ¸�»@¹�µV·�µh·¾´8º@»V· Sν

·¾º Sν � ½ Sν
¿1ÂÁ¼¾¹�µVµV·¾´	º
�

¶]ÃE¼�Ú8À¦³Fº@¹�¿1´ V

dN =
1

2
No

(

Lν

4π

)
3

2

S−5/2
ν dSν

�?Ê Ò Ê �
Ê Ò ��·�µOà�¿1ÕQ¸�º{³FÅC·�µO¹I´8ºV¼¾Å<»{³FÀ%×Ö½�·[µV¿1À�»Và�·�µtðF¹ Ò · Ò ´�¿1ÕZÂ�»V·X½�·[µV¿1À�»Và�·�µ�¸¦³F»*µVºV·¾»{³1½%¹�³F´�µ�¸�¶IÀ�µ�Â�»@¹I¶I¶�³F´8ºV·�µ
Ú8À�· Sν

¿1ÂÁ¼¾¹�µVµV·¾´	ºQ��¶]ÃE¼�Ú8À¦³Fº@¹�¿1´ V

N(S ≥ Sν) =
1

3
No

(

Lν

4π

)
3

2

Sν
−3

2
�?Ê Ò ���

ÏL¿1À�áC·¾´	ºX¿1´o·¾ÕQ¸�¶�¿1¹�·!¶�·�µC�G¿1»@Õ�À�¶�·�µWµVÀ�¹Iá1³F´	ºV·�µn¸Á¿1À�»W¶�·�µnà�¿1ÕQ¸�º{³FÅC·�µX½%¹ ( ¼¾»V·¾´8º@¹�·¾¶�µX·¾ºn¹I´8ºV¼¾Å<»{³FÀ%×o¿ '
α
7 � 3 Ê V

dN

dSν
∝ S−α−1

ν
�?Ê Ò ? �

N(S ≥ Sν) ∝ S−α
ν

�?Ê Ò K �
B�¸�¶IÀ�µ�Å<»{³F´�½T»V·�½�µ@ì�¹��GºtðF¶�³!à�¿<µ@ÕÖ¿1¶�¿1Å<¹�·X½�· � »@¹�·�½%Õ}³F´! ��·¾Õ}³���º@»V·J½�¿1¹Iº . º@»V·WÀ�º@¹I¶I¹�µV¼�·W¸Á¿1À�»�ºV·¾´�¹I»Oà�¿1ÕQ¸�ºV·
½�·H¶�³�à�¿1À�»@Â�À�»V·�·¾ºJ½�·¨¶]ÃE·¢×%¸¦³F´�µ@¹�¿1´ Ò ]�¶�·�µ@º7³FÀ�µVµ@¹Ä´�¼�à�·�µ{µ{³F¹I»V·h½ÄÃ À�º@¹I¶I¹�µV·¾»J½�·�µJµ@¸ª·�à¾º@»V·�µJ½�·hµV¿1À�»Và�·�µX¸�¶IÀ�µ
»V¼t³F¶I¹�µ@ºV·�µ h º@»V¿1¹�µ.· ( ·¾ºVµXáC¿1´8º¨³F¶�¿1»Vµ.µV·Hà�¿1ÕZÂ�¹I´�·¾»!¸Á¿1À�»J³ ( ·�à¾ºV·¾»��?¿1»@ºV·¾ÕÖ·¾´8º7¶�·�µ.à�¿1ÕQ¸�º{³FÅC·�µ Ò

�Ó·[»V·�½�µ@ì�¹��Æº*½�·�µO¿1Â%È@·¾ºVµO½�¼�àt³F¶�·[¶�·�µO½%¹�µ@º@»@¹IÂ�À�º@¹�¿1´�µnµ@¸ª·�à¾º@»{³F¶�·�µO½ÄÃE¼¾´�·¾»@Å<¹�·.áC·¾»Vµ�¶�·n»V¿1À�ÅC·<ð8à�·WÚ	À�¹%¸ª·¾À�º
·¾´	º@»{³���´�·¾»nÀ�´�·[á<³F»@¹�³Fº@¹�¿1´;½�·[¶�³¨¶IÀ�ÕQ¹I´�¿<µV¹IºV¼7³F¸�¸¦³F»V·¾´8ºV·7½�·X¶�³¨µV¿1À�»Và�·.µV¹�¶�·.µ@¸Á·�à¾º@»V·.½�·[¶]ÃE¿1Â%Èä·¾ºl¸�»V¼�µV·¾´8ºV·
½�·��?¿1»@ºV·�µXá<³F»@¹�³Fº@¹�¿1´�µJ·¾´4�?¿1´�à¾º@¹�¿1´Ý½�·H¶�³T¶�¿1´�Å<À�·¾À�»!½ÄÃE¿1´�½�· Ò å7´Ì¸¦³F»@¶�·Z³F¶�¿1»Vµ.½�·���� ; :L@6@ � ; 0 9;:�< Ò

5 ·¾Å8³F»V½�·¾»X½�·�µW¿1Â%È@·¾ºVµ���Å<»{³F´�½;»V·�½�µVì�¹��ÆºW»V·¾á	¹�·¾´	º3��¿1Â�µ{·¾»@áC·¾»[½�·�µ[¿1Â%È@·¾ºVµW¸�¶IÀ�µÓÈ@·¾À�´�·�µ Ò å7»[¶�·�µn¸�»V¿,
¸�»@¹�¼¾ºV¼�µ�µ@¸Á·�à¾º@»{³F¶�·�µë½�·�µ�¿1Â%È@·¾ºVµÓ¸Á·¾À�áC·¾´8ºO³�áC¿1¹I»O¼¾áC¿1¶IÀ�¼W·¾´b�?¿1´�à¾º@¹�¿1´�½�·*¶�·¾À�»��FÅC· Ò SW·�µ�· ( ·¾ºVµë½ÄÃE¼¾áC¿1¶IÀ�º@¹�¿1´
¸Á·¾À�áC·¾´8º . º@»V·¨¹IÕQ¸ª¿1»@º{³F´	ºVµ7µ@À�»@ºV¿1À�ºJ�TÅ<»{³F´�½ß»V·�½�µ@ì�¹��Gº Ò å7´Ì¸¦³F»@¶�·Z³F¶�¿1»Vµ.½�· � � ; :L@6@ � ; 0 9;:�< Òã ¿1À�»!À�´Ý¿1Â%Èä·¾ºtð¦¶�³Q½�·¾´�µ@¹IºV¼�½�· ��À%×Ì·�µ@ºJ½�¿1´�´�¼�·h¸¦³F»7¶�³$�?¿1»@ÕZÀ�¶�· Ê Ò [Ö¿ ' ðTUZ·�µVº.¶�·h»V·�½�µ@ì�¹��GºJ½�·H¶�³
µV¿1À�»Và�·<ð ν ¶�³$�G»V¼�Ú8À�·¾´�à�·�½�·H»V¼�à�·¾¸�º@¹�¿1´±½�·h¶�³QµV¿1À�»Và�·<ð ν ′ ¶�³$�Æ»V¼�Ú	À�·¾´�à�·h½ÄÃE¼¾ÕQ¹�µVµV¹�¿1´Þ·¾º DL

¶�³Ö½%¹�µ@º{³F´�à�·
¶IÀ�ÕQ¹I´�·¾À�µV· Ò

Sν =
(1 + z)Lν′(z)

4πD2
L

�?Ê Ò [ �
Ï	¹ë¿1´Ìà�¿1´�µ@¹�½TF¾»V·ZÚ	À�· Lν

á1³F»@¹�·H·¾´*�G¿1´�à¾º@¹�¿1´Ý½�· λ ð�³F¶�¿1»Vµ V
Sν =

(1 + z)

4πD2
L

Lν′(0)

Lν(0)

Lν′(z)

Lν′(0)
Lν(0)

�?Ê Ò � �
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5 ·¾Å<¹�¿1´ Ð ³FÕÖ· ³F»V·t³ Ë Fmin
ðFmax Î³F»Và¾ÕQ¹I´ 2 ÕGY�"

B¨Ê � # É / ¶Iº@»{³   ·�·¾¸±Ï	À�»@áC· " [ Ò Í}³F»Và¾ÕQ¹I´ 2 Ë É Ò É�� ð É Ò Ê Îï  �  Ð ¿1»@º@ì / ¶Iº@»{³   ·�·¾¸±Ï	À�»@áC· " Ê�� Ò ?;³F»Và¾ÕQ¹I´ 2 Ë É Ò Ñ<ð É Ò �4ÎØÜ³F»{³F´�¿ 4¦·¾¶�½ / ¶Iº@»{³   ·�·¾¸±Ï	À�»@áC· " ? #Q³F»Và¾ÕQ¹I´ 2 Ë É Ò Ñ<ðIÑ Ò É4Î��¿Là �LÕ}³F´Ýï!¿1¶�·  ·�·¾¸±Ï	À�»@áC· " ?8Í,?o³F»Và¾ÕQ¹I´ 2 Ë É Ò ?�ðIÑ Ò K Î��¿Là �LÕ}³F´Ýï!¿1¶�· Ï	ì¦³F¶I¶�¿ � Ï	À�»@áC· " É Ò ?eKÖ½�·¾Å 2 ËIÑ Ò Ê%ð)K Î� � BM]@Ï�4¦·¾¶�½�µ , ·¾»'"ßÏ	ì¦³F¶I¶�¿ � Ï	À�»@áC· " ÑtÊ�½�·¾Å 2 Ë2Ê%ð)K É4Î
�����\� Ê Ò Ê$	 ã »V¼�µV·¾´8º{³Fº@¹�¿1´Ü½�·�µ.½%¹ ( ¼¾»V·¾´8ºVµ7àVì¦³FÕQ¸�µ!¿1Â�µV·¾»@áC¼�µX¸¦³F»Q]@Ï�å
S�B7Ø Ò

Kν(z) =
Lν′(0)

Lν(0)
�?Ê Ò Í �

Eν(z) =
Lν′(z)

Lν′(0)
�?Ê Ò # �

�Ó·ÇºV·¾»@ÕÖ·£Ê Ò ÍÞ»V·¾¸�»V¼�µV·¾´	ºV·ß¶�·oºV·¾»@ÕÖ·ß½�· ��� ;[:�@6@ � ; 0 9;:�< Ò ��·oºV·¾»@ÕÖ·�Ê Ò #±»V·¾¸�»V¼�µV·¾´8ºV·Ç¶�·ÇºV·¾»@ÕÖ·ß½�· � �
;[:�@6@ � ; 0 9;:�<�³1µVµV¿Là¾¹�¼ �±¶]ÃE¼¾áC¿1¶IÀ�º@¹�¿1´ ½�·�µQ¿1Â%Èä·¾ºVµ;³�áC·�àÇ¶�·Ç»V·�½�µ@ì�¹��Gº Ò å7´�¸ª·¾À�ºQÕÖ¿1´	º@»V·¾»}Ú	À�·o½�³F´�µÖÀ�´�·
à�¿<µVÕÖ¿1¶�¿1Å<¹�·.½�· � »@¹�·�½%Õ}³F´! ��·¾Õ}³���º@»V·!·¾ºO¸ª¿1À�»�À�´�·[¶�¿1´�Å<À�·¾À�»*½ÄÃE¿1´�½�·X½�¿1´�´�¼�·<ð<¶�·�µOà�¿1ÕQ¸�º{³FÅC·�µO¸Á·¾À�áC·¾´8º
µ{·}ÕÖ·¾º@º@»V·ÇµV¿1À�µT¶�³*�G¿1»@ÕÖ·o½ÄÃ À�´�·o¶�¿1¹W½�·o¸�À�¹�µVµ{³F´�à�·o½�³F´�µTÀ�´�½�¿1Õ}³F¹I´�·;¶I¹IÕQ¹IºV¼Ç½�· ��À%×â½�³F´�µT¶�·Çàt³1µ
·¾À�à¾¶I¹�½%¹�·¾´±¿1ÀÌ»V·¾¶�³Fº@¹IáL¹�µ@ºV· V

dN

dS
= α

No

So

(

S

So

)−α−1 �?Ê Ò Ñ É��

N(S ≥ So) = No

(

S

So

)−α �?Ê Ò Ñ<Ñ �
å7´Þà�¿1ÕQ¸¦³F»V·ZµV¿1À�áC·¾´	º.¶�·�µ.à�¿1ÕQ¸�º{³FÅC·�µ.»V¼�·¾¶�µ!³FÀÌàt³1µJ·¾À�à¾¶I¹�½%¹�·¾´Ý·¾´Ýº@»{³1ît³F´8º V

dN

dS
= α

No

So

(

S

So

)−α−1

× S5/2
ν

�?Ê Ò ÑtÊ �

N(S ≥ So) = No

(

S

So

)−α

× S3/2
ν

�?Ê Ò Ñ ���

� 	
 +�
 	������ � 2 � � 0�����# �
µ

 ]äÏ�å
S�B!Ø«³¨»V¼t³F¶I¹�µV¼7¸�¶IÀ�µ@¹�·¾À�»Vµn»V·¾¶�·¾áC¼�µl¸�¶IÀ�µn¿1À}ÕÖ¿1¹I´�µn¸�»V¿,�G¿1´�½�µtð

½�¿1´	ºH¶�·�µ!¸�¶IÀ�µ7¸�»V¿,�?¿1´�½�µh³Fº@ºV·¾¹IÅ<´�·¾´8º É Ò ÑTÕGY�" �ÝÑgK µ Õ áC¿1¹I»V·�À�´Ü¸Á·¾ÀÞ¸�¶IÀ�µ¨½�³F´�µHà�·¾»@º{³F¹I´�·�µ¨»V¼¾Å<¹�¿1´�µ
à�·¾´	º@»V¼�·�µnµVÀ�»*½�·�µn³FÕ}³1µ*½�·XÅ8³F¶�³4×%¹�·�µ*·¾´ÖÀ�º@¹I¶I¹�µd³F´8ºl¶]ÃE· ( ·¾ºl½�·[¶�·¾´	º@¹I¶I¶�·.Å<»{³�áL¹Iº{³Fº@¹�¿1´�´�·¾¶I¶�·N�GØÞ·¾ºVàt³F¶��?· �10 � � !
Ê É<É���� Ò �Ó³�º{³FÂ�¶�· Ê Ò Ê�¸�»V¼�µ{·¾´8ºV·h¶�·�µJ½%¹ ( ¼¾»V·¾´	ºVµ.»V·¾¶�·¾áC¼�µJ·¢×%º@»{³FÅ8³F¶�³1à¾º@¹�Ú	À�·�µ.»V¼t³F¶I¹�µV¼�µ!³�áC·�à:]@Ï�å
S�B7Ø Ò

��·�µO»V¼�µ@À�¶Iº{³FºVµn½�·�µOà�¿1ÕQ¸�º{³FÅC·�µlµ@À�»OºV¿1À�µO¶�·�µlàVì¦³FÕQ¸�µ*¸�»V¼�µ{·¾´8ºV¼�µl½�³F´�µ*¶�·[º{³FÂ�¶�·t³FÀ Ê Ò ÊHµV¿1´8ºO¸�»V¼�µ{·¾´!
ºV¼�µ[½�³F´�µW¶�³�4�Å<À�»V·¨Ê Ò � Ò Ï	¹Û¶�·�µWÅ8³F¶�³4×%¹�·�µ[½�·J¶]Ã À�´�¹IáC·¾»Vµ[¶�¿1¹I´	º{³F¹I´ÌµV·Jà�¿1ÕQ¸Á¿1»@º{³F¹�·¾´8º.à�¿1ÕQÕÖ·¨¶�·�µnÅ8³F¶�³4×L¹�·�µ¶�¿Làt³F¶�·�µ �Q�Ì¶�³ �?¿1¹�µZ·¾´ ºV·¾»@ÕÖ·;½�·;½�·¾´�µ@¹IºV¼<ð�½�·}¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼o·¾º�½�·Ö¸�»V¿1¸�»@¹�¼¾ºV¼�µ � ðO³F¶�¿1»Vµ�¶�·�µ�à�¿1ÕQ¸�º{³FÅC·�µ½�·¾áL»{³F¹�·¾´8º!µV·Hµ@¹Iº@À�·¾».½�³F´�µX¶�³$Ut¿1´�·hì¦³1àVì8À�»V¼�· Ò ��·�µXÕÖ¿L½TF¾¶�·�µX»V·¾¸Á¿<µ{³F´8º7µ@À�».à�·¾º@ºV·Hìe"L¸Á¿1º@ì>F�µV·hµV¿1´	ºJ³F¸!
¸Á·¾¶�¼�µXÕÖ¿L½TF¾¶�·�µJµ{³F´�µJ¼¾áC¿1¶IÀ�º@¹�¿1´ Ò
å7´T¸Á·¾À�ºë»V·¾Õ}³F»VÚ	À�·¾»OÚ8À�·l¶�·l´�¿1Õ�Â�»V·W½�·WµV¿1À�»Và�·�µO³�áC·�àWÀ�´ ��À%×P�ZÑgK µ Õ µ@À�¸Á¼¾»@¹�·¾À�»1�7ÊJÕGY�"ZµV¿1´	º�à�¿1ÕN
¸¦³Fº@¹IÂ�¶�·�µO³táC·�àn¶�·�µëÕÖ¿L½TF¾¶�·�µ�µd³F´�µë¼¾áC¿1¶IÀ�º@¹�¿1´ Ò ã ³F»�à�¿1´	º@»V·W¶�·l´�¿1Õ�Â�»V·W½�·nµV¿1À�»Và�·�µ�¸�¶IÀ�µ`�?³F¹IÂ�¶�·�µ�µtÃE¼�àt³F»@ºV·¾´8º
¶�³F»@ÅC·¾ÕÖ·¾´	º!½�·Hà�·�µ.ÕÖ¿	½TF¾¶�·�µ7·¾º.½�¼¾ÕÖ¿1´8º@»V·¾´8º¨Ú	À�Ã ¹I¶ "Ç³TÀ�´�·
�G¿1»@ºV·H¼¾áC¿1¶IÀ�º@¹�¿1´±½�·hà�·�µXÅ8³F¶�³4×%¹�·�µ Ò
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������� Ê Ò � 	@SW¿1ÕQ¸�º{³FÅC·�µZ½%¹ ( ¼¾»V·¾´	º@¹�·¾¶�µb�ÝÑgK µ Õ �ÆÂ¦³F»@»V·�µH½ÄÃE·¾»@»V·¾À�»b�4[<Í H � Ò ��·�µHà�¿1ÕQ¸�º{³FÅC·�µH¿1´8ºh¼¾ºV¼´�¿1»@Õ}³F¶I¹�µV¼�µG�ÌÀ�´�·;½%¹�µVº@»@¹IÂ�À�º@¹�¿1´·¾À�à¾¶I¹�½%¹�·¾´�´�·o½�·oµV¿1À�»Và�·�µ�µ{³F´�µT¼¾áC¿1¶IÀ�º@¹�¿1´�ð�Ú8À�¹[µ@À�¹IáL»{³F¹Iº�À�´�·;¶�¿1¹W½�·
¸�À�¹�µVµd³F´�à�·Z·¾´ α = −2.5

Ò SW·¾º@ºV· 4�Å<À�»V·Z·�µ@ºJÀ�´�·Z·¢×%ºV·¾´�µ@¹�¿1´Ý½�·H¶�³ � ¹IÅ Ò Ê}½�·:�O¶IÂ¦³,U�·¾º!³F¶��äÑ$#1#1# � ¸Á¿1À�»¶�·�µH»V·¾¶�·¾áC¼�µP] � # �nÏ ��]äÏ�å
S�B!Ø � ³F»{³F´8ºV·�·�½ # ¹IÕÖ· ��×%º@»{³FÅ8³F¶�³1à¾º@¹�àÇÏ	À�»@áC· "%µtðÄà�·¾»Và¾¶�·�µh¸�¶�·¾¹I´�µZ·¾ºhá	¹�½�·�µ
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MIR : SPITZER FIR : IRAS RADIO : VLANIR : WIRC

������� Ê Ò KM	 ã »V¼�µV·¾´8º{³Fº@¹�¿1´o½�·[¶�³!¸¦³F»@º@¹�·.à�·¾´8º@»{³F¶�·7½�·[¶�³!Å8³F¶�³4×L¹�·.½�·�µCBJ´	ºV·¾´�´�·�µC�¨½%¹ ( ¼¾»V·¾´	ºV·�µl¶�¿1´�Å<À�·¾À�»Vµ
½ÄÃE¿1´�½�· Ò

´�·Hµ{¿1´8ºXµV¼¾¸¦³F»V¼�µXÚ	À�·!½�·HÚ	À�·¾¶�Ú	À�·�µ�[ Ò ? �L¸Áà Ò �Ó³T¶IÀ�ÕQ¹I´�¿<µV¹IºV¼¨¹I´!�Æ»{³F»V¿1À�ÅC·H½%ÀÌµ'"%µ@ºLF¾ÕÖ·¨³T¼¾ºV¼H·�µ@º@¹IÕÖ¼�·:�
1011L�

�GØÞ¹I»{³FÂÁ·¾¶ �10 � �"!%Ñ$#1#<Í � Ò �Ó³,4�Å<À�»V·âÊ Ò KJ¸�»V¼�µV·¾´8ºV·W¶�³7½%¹�µ@º@»@¹IÂ�À�º@¹�¿1´Ö½�·lÅ8³,U[ïJ]Ä·¾´�Â�¶�·¾À*�Gï7¹IÂ�Â¦³F»V½
� 0 � �"!CÊ É<É Ñ � ½�·n¶�³!Å8³F¶�³4×%¹�·X½�·�µ B7´8ºV·¾´�´�·�µtð8µ@À�¸ª·¾»@¸Á¿<µV¼�·��!À�´�·[¹IÕ}³FÅC·X¿1¸�º@¹�Ú	À�· Ò å7´Ö½%¹�µ@º@¹I´�Å<À�·X¶�·�µO½�·¾À%×´�¿#"8³FÀ%×Ý½�·�µXÅ8³F¶�³4×%¹�·�µ7³F¹I´�µ@¹ÓÚ	À�·H½�·�µ7³F´	ºV·¾´�´�·�µ!³1µ{µV¿	à¾¹�¼�·�µM��½%ÀÌÅ8³,UZÚ	À�¹�µtÃE¼�àVì¦³F¸�¸Á·Z½%ÀÝµL"Lµ@ºLF¾ÕÖ·Hµ{¿1À�µ
�?¿1»@ÕÖ·h½�·HÚ	À�·¾À�·�µJ½�·¨Õ}³F»V¼�·�µ Ò

�Ó³ 4�Å<À�»V· Ê Ò [ ¸�»V¼�µ{·¾´8ºV·í½�·�µÇ¹IÕ}³FÅC·�µÇÕ�À�¶Iº@¹�]¶�¿1´�Å<À�·¾À�»Þ½ÄÃE¿1´�½�· ½�·Ü¶�³âÅ8³F¶�³4×L¹�· ½�·�µ B7´8ºV·¾´�´�·�µ Ò
Ï	À�»T¶]Ã ¹IÕ}³FÅC·oï¨Ï # ðë¿1´â½%¹�µ@º@¹I´�Å<À�·;¶�·�µ�½�·¾À%×í´�¿#"8³FÀ%× º@»LF�µ�¶IÀ�ÕQ¹I´�·¾À%×â·¾´â¿1¸�º@¹�Ú	À�·<ðÓÀ�´ ³F´�´�·t³FÀ ³1µ{µV· U
¹I´	ºV·¾´�µV·í½�·ÇÈ@·¾À�´�·�µÌ¼¾ºV¿1¹I¶�·�µÌ·¾ºÝÀ�´�·Ü»V¼¾Å<¹�¿1´ º@»LF�µÌ¿1Â�µVà¾À�»V·íµV¹Iº@À�¼�·í½�³F´�µß¶�³/Ut¿1´�·í½�·Ü»V·�à�¿1À�áL»V·¾ÕÖ·¾´8º
½�·�µZ½%¹�µVÚ8À�·�µH½�·�µ¨Å8³F¶�³4×%¹�·�µ Ò ��·�µh¹IÕ}³FÅC·�µ:]äÏ�å
S�B!Ø �±ÑgK µ Õ �GØÝ¹I»{³FÂÁ·¾¶ � 0 � �"!OÑ$#1#<Í%ð , ¹IÅ<»V¿1À%× �10 � �"!
Ñ$#1#�[ � ·¾º�] 5 BQS �?Í µ Õ � ÕÖ¿1´8º@»V·¾´	º[Ú	À�·.¶]ÃE¼¾ÕQ¹�µ{µ@¹�¿1´}¹I´!�G»{³F»V¿1À�ÅC·7·�µVº*Õ}³4Èä¿1»@¹Iº{³F¹I»V·¾ÕÖ·¾´	ºJ³1µVµV¿Là¾¹�¼�·Q�hà�·¾º@ºV·Ut¿1´�· Ò �*¶I¶�·Hà�¿1»@»V·�µ@¸ª¿1´�½*��À�´�·!´�¿1À�áC·¾¶I¶�·HÅC¼¾´�¼¾»{³Fº@¹�¿1´Ì½ÄÃE¼¾ºV¿1¹I¶�·�µ.µ{·¾À�¶�·¾ÕÖ·¾´8º.áL¹�µ@¹IÂ�¶�·�µ[·¾´ß¹I´!�Æ»{³F»V¿1À�ÅC· Ò �ë³
ÕÖ·¾¹I¶I¶�·¾À�»V·}»V¼�µV¿1¶IÀ�º@¹�¿1´â½�·Ö¶]Ã ¹IÕ}³FÅC·d] 5 BQSæ¸Á·¾»@ÕÖ·¾ºZ½�·Öà�¿1´�µ@º{³FºV·¾»TÚ8À�·�¶]ÃE¼¾ÕQ¹�µ{µ@¹�¿1´ ³1µVµ{¿	à¾¹�¼�·G�Ç¶�³ Ut¿1´�·
½�·T»V·�à�¿1À�áL»V·¾ÕÖ·¾´8ºh½�·�µ¨½%¹�µVÚ	À�·�µ7µ{·�½�¼�à�¿1ÕQ¸Á¿<µV·�·¾´ÞÅ<»@À�ÕÖ·t³FÀ%×ÜÚ8À�¹�¸Á·¾À�áC·¾´8º . º@»V·Q³1µVµV¿Là¾¹�¼�µJ�;½�·ZÅ<»V¿<µ
³FÕ}³1µJ½ÄÃE¼¾ºV¿1¹I¶�·�µ.·¾´��G¿1»@Õ}³Fº@¹�¿1´ Ò �lÃ ¹IÕ}³FÅC· , � B ¸�»V¼�µV·¾´	ºV·¨¶�³�½%¹�µ@º@»@¹IÂ�À�º@¹�¿1´Ý·¾´ÇÅ8³,UPSXåTð%º@»{³1à�·¾À�».½�· H2�Gà�¿1´	ºV¿1À�»[Â�¶�³F´�à � Ò �Ó·.Å8³,U!ÕÖ¿1¶�¼�à¾À�¶�³F¹I»V·!à�¿ - ´�à¾¹�½�·H³táC·�àJ¶�³:Ut¿1´�·J¶IÀ�ÕQ¹I´�·¾À�µV·¨·¾´;¹I´!�Æ»{³F»V¿1À�ÅC· Ò �*ÃE¼¾ÕQ¹�µVµV¹�¿1´
� ·�µ@ºJ³1µVµ{¿	à¾¹�¼�·:�Q½�·�µJµ@À�¸ª·¾»@Â�À�¶I¶�·�µ.¹�µVµ@À�·�µ.½�·H¶]ÃE·¢×%¸�¶�¿<µ@¹�¿1´Ý½ÄÃ À�´ÝÅ<»{³F´�½ß´�¿1ÕZÂ�»V·�½�·Hµ@À�¸ª·¾»@´�¿,á1³1· Ò
�'$&%'$&� � �����&� %/��� � � 	 � ����� 
����� $

]q¶*µV·¾Õ�Â�¶�·ÖÚ	À�·�¶�³o¸�¶IÀ�¸¦³F»@º�½�·�µHÅ8³F¶�³4×%¹�·�µZ³F¹�·¾´8ºZÀ�´íº@»V¿1À ´�¿1¹I»Zµ@À�¸Á·¾»@Õ}³1µVµ@¹��[·¾´í¶�·¾À�»hà�·¾´8º@»V·W�ÆáC¿1¹I»
¸�»V·¾ÕQ¹�·¾»�àVì¦³F¸�¹Iº@»V· � Ò  ³F´�µhà�·¾»@º{³F¹I´�µ�àt³1µtðÁ¶�·�º@»V¿1Àí´�¿1¹I»hµ@À�¸Á·¾»@Õ}³1µVµ@¹��W¸ª·¾À�º . º@»V·Ö¹I´¦³1à¾º@¹��[µ@À�»@ºV¿1À�º�µ@¹�¶�³
Å8³F¶�³4×%¹�·7ì
�1ºV·J·�µ@º*¸¦³FÀ�áL»V·J·¾´;Å8³,U Ò ã ³F»nà�¿1´	º@»V·7½�³F´�µn¶�·�µnÅ8³F¶�³4×L¹�·�µn¸�¶IÀ�µ*»@¹�à{ì�·�µW·¾´;Å8³,UCð8à�·7½�·¾»@´�¹�·¾»l¸Á·¾À�º
ºV¿1Õ�Âª·¾»W½�³F´�µlÀ�´}º@»V¿1À}´�¿1¹I»lµ@À�¸Á·¾»@Õ}³1µVµ@¹��ÄáL¹�³¨¶�·.½%¹�µVÚ	À�·.½ÄÃ2³1à�à¾»V¼¾º@¹�¿1´ÇÚ8À�¹Ûà�¿1´8º@»@¹IÂ�À�·��¨¶IÀ�¹>�]³F¹I»V·X¸Á·¾»V½%»V·
µ{¿1´ßÕÖ¿1ÕÖ·¾´8º!³F´�Å<À�¶�³F¹I»V· Ò

å7»X¶�·!½%¹�µ{Ú8À�·!½ÄÃ2³1à�à¾»V¼¾º@¹�¿1´Ý·�µ@ºXà�¿1´�µ@º@¹Iº@À�¼H½�·!Å8³,UH¼¾ÕÖ·¾º@º{³F´8ºJ½�³F´�µ[¶�·¨½�¿1Õ}³F¹I´�·H½�·�µ � áC¿1¹I»V·H½�·�µ γ ðà�·ZÚ8À�¹�á<³Qà{ì¦³FÀ ( ·¾»7¶�·hºV¿1»V·h½�·H¸Á¿1À�µVµ@¹OF¾»V·Zµ@¹Iº@À�¼H¸�¶IÀ�µ7¶�¿1¹I´ Ò Ï	¹�¶�·Hº@»V¿1ÀÞ´�¿1¹I»!³1à�à¾»LF¾ºV·ZµVÀ%ê}µ{³FÕQÕÖ·¾´8º!½�·
Õ}³Fº@¹OF¾»V·<ð¦¶�·H½%¹�µVÚ	À�·h½ÄÃ2³1à�à¾»V¼¾º@¹�¿1´Ý¸�»V¿L½%À�¹Iº.À�´ß»{³D"C¿1´�´�·¾ÕÖ·¾´	º¨³1µ{µV· Uh¼¾´�·¾»@ÅC¼¾º@¹�Ú8À�· ÒÐ � S!Ñ É [<ÍT·�µ@ºWà�¿1´�µ@¹�½�¼¾»V¼�·¨à�¿1ÕQÕÖ·J¶�·7¸�»V¿1ºV¿1º "L¸Á·!½�·�µnÅ8³F¶�³4×%¹�·�µXÏL· " �?·¾»@º�]L]���� � Ò S!ÃE·�µ@ºnÀ�´�·7Å8³F¶�³4×%¹�·µV¸�¹I»{³F¶�·QÂ¦³F»@»V¼�·}µ@¹Iº@À�¼�·G�íÑ ?ÝØÝ¸ÁàQ½�¿1´8ºZ¶�³Ç¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼Q¹I´!�G»{³F»V¿1À�ÅC·}·�µ@ºh·�µVº@¹IÕÖ¼�·d�ßÚ	À�·¾¶�Ú8À�·�µ 1011L�

te
l-0

04
08

68
9,

 v
er

si
on

 1
 - 

31
 J

ul
 2

00
9



��� � ��� � �&� 
 ������ �������
	���	��	� ��� � � 
 � �������������	� ���

��� ��� Ê Ò [P	 � ³F¶�³4×%¹�·h½�·�µ3B7´8ºV·¾´�´�·�µJ��º@»{³�áC·¾»VµJ¶�³�½%¹�µ@º@»@¹IÂ�À�º@¹�¿1´Þ·¾´ÌÅ8³,UhïJ]��GïJ¹IÂ�Â¦³F»V½ � 0 � �"!ÛÊ É<É Ñ � Ò

� # ·¾¶�·�µVà�¿ �10 � �"!�ð�Ñ$#<Í,? � Ò ³F´�µn¶�·J½�¿1Õ}³F¹I´�·¨½�·.¶]Ã ¹I´!�G»{³F»V¿1À�ÅC·7ÕÖ¿g"C·¾´�ðL¶�·�µl¸�»V¿1¸�»@¹�¼¾ºV¼�µ[½�·�µnÅ8³F¶�³4×L¹�·�µW½�¿1ÕQ¹I´�¼�·�µW¸¦³F»nÀ�´;´�¿g"8³FÀ
³1à¾º@¹��*µV¿1´	ºX¶�·�µJµ@À�¹Iá<³F´8ºV·�µb� �Ó³FÀ�»V·¾´8ºtð¦º@ì>F�µV·<ð � ·¾´TUt·¾¶ � 0 � �"!�ðÄÑ$#1#<Í �
V	�À�´�·nÚ	À¦³1µ@¹L³FÂ�µ{·¾´�à�·n½�· ã B!ï Ò ]�¶	·�µ@ºë¸ª¿<µVµV¹IÂ�¶�·lÚ	À�·*¶�·�µ ã B!ïµV¿1¹�·¾´	º�½�¼¾º@»@À�¹IºVµ�¸¦³F»�¶�·*»{³D"C¿1´�´�·¾ÕÖ·¾´	º

º@»V¿1¸;½%À�»l½%À}½%¹�µ{Ú8À�·.½ÄÃ2³1à�à¾»V¼¾º@¹�¿1´Ç½�·.¶]Ã B � Ð � 5 ¿	à{ì�· �10 � � !ÛÑ$#1#%Ñt³%ðCÂ�ð � ·¾´TUt·¾¶ �10 � �"! � ¿1À;´�¿g"C¼�µ½�³F´�µX¶�·hà�¿1´8º@¹I´	ÀÝº@»LF�µ3�G¿1»@º.½�·�µX¸Á·¾º@¹IºVµXÅ<»{³F¹I´�µ Ò
	�À�´I�?¿1»@º�à�¿1´8º@¹I´8À�À�Õ �Þà�¿1À�»@ºV·�µ�¶�¿1´�Å<À�·¾À�»Vµ}½ÄÃE¿1´�½�· V ½�³F´�µ Ð � S!Ñ É [<Í%ð�¶]ÃE¼¾ÕQ¹�µVµ@¹�¿1´�½�·;¶]Ã B � Ð
·¾´8º@»V· K±·¾ºoÑgK µ Õ »V·¾¸�»V¼�µ{·¾´8ºV·*K É H«½�·oºV¿1À�ºV·o¶�³Ý¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼Ç¹I´8ºV¼¾Å<»V¼�·ßµ@À�»TºV¿1À�º�¶�·;µV¸ª·�à¾º@»V·
S , � ���Ó³FÀ�»V·¾´	ºtð¦º@ì�·�µV· � Ò	�¶�³Ì¸�»V¼�µV·¾´�à�·o½�·oµ@¹I¶I¹�àt³FºV·�µ�·¾´ ³FÂ�µV¿1»@¸�º@¹�¿1´R�âÑ É µ Õ Ò ]�¶n·�µVº�áL»{³F¹nà�·¾¸Á·¾´�½�³F´8ºQÚ	À�·}¶�·�µTµ@¹I¶I¹�àt³FºV·�µµV¿1´8º.¸�¶IÀ�µ��?³1à¾¹I¶�·¾ÕÖ·¾´	º7½�¼¾ºV·�à¾º{³FÂ�¶�·�µ!½�³F´�µX¶�·�µ.µ@¸Á·�à¾º@»V·�µ.µ{³F´�µ ã B!ï Ò

	 ½�·�µO»{³F¹�·�µ*·¾´}¼¾ÕQ¹�µVµV¹�¿1´Öà�¿1ÕQÕÖ·hË Ð ·D] , Î ·¾º.Ë Ð · , Î Ò �*¶I¶�·�µ*µV¿1´8ºW³1µVµV¿Là¾¹�¼�·�µC�!À�´Q»{³D"C¿1´�´�·¾ÕÖ·¾´	ºnº@»LF�µ½%À�» Ò
�'$&%'$(% � ����� 
 � � 	��	��� 
 � ��	
 �"����� 	 � � 
 � ����1� 
 � �"������	�����������

�Ó·�µ.½�·¾À%×ßÕÖ¼�àt³F´�¹�µ@ÕÖ·�µX¸�»V¼�µV·¾´	ºV¼�µJà¾¹�q½�·�µVµ@À�µJµV¿1´8º.¹I´	º@¹IÕÖ·¾ÕÖ·¾´8º!¶I¹�¼�µ V ¹I¶�µX´�¼�à�·�µVµ@¹IºV·¾´	º.¶�³�¸�»V¼�µV·¾´�à�·½�·¨Å8³,U �Æ¸Á¿1À�»J³F¶I¹IÕÖ·¾´8ºV·¾»7¶�³P�G¿1»@Õ}³Fº@¹�¿1´±½ÄÃE¼¾ºV¿1¹I¶�·�µ.¿1ÀÌ¶�·¨º@»V¿1ÀÌ´�¿1¹I».à�·¾´	º@»{³F¶ � h ¹I¶�µX¸Á¿1À�»@»@»{³F¹�·¾´8ºQ�?³1à¾¹I¶I¹IºV·¾»¶�³Ýà�¿1´8áC·¾»Vµ@¹�¿1´�·¾´ Å8³,U;ÕÖ¿1¶�¼�à¾À�¶�³F¹I»V·;½%À Å8³,U}´�·¾À�º@»V·<ðë¸Á·¾»@º@À�»@Âª·¾»�¶�·ÖÅ8³,Uo³FÀâ¸ª¿1¹I´	ºT½�·}¶�· �G»{³FÅ<ÕÖ·¾´8ºV·¾»
¸Á¿1À�»��?¿1»@ÕÖ·¾».½�·�µJ¼¾ºV¿1¹I¶�·�µtð%¶IÀ�¹ �]³F¹I»V·¨¸Á·¾»V½%»V·hµV¿1´ßÕÖ¿1ÕÖ·¾´8º!à¾¹I´�¼¾º@¹�Ú8À�·Z¸ª¿1À�»J³F¶I¹IÕÖ·¾´	ºV·¾»J¶�·Hº@»V¿1ÀÝ´�¿1¹I» Òã ¶IÀ�µ@¹�·¾À�»Vµ7à¾»@¹IºLF¾»V·�µ!·¢×%¹�µ@ºV·¾´8º7¸ª¿1À�»Jµd³�áC¿1¹I»7µV¹ÄÀ�´Þ¿1Â%È@·¾ºJ·�µ@ºJ½�¿1ÕQ¹I´�¼Z¸¦³F»J¶]Ã À�´Ý¿1ÀÞ¶]Ã2³FÀ�º@»V·Z½�·�µ.¸�ì�¼ 
´�¿1ÕGF¾´�·�µ7½�³F´�µ.¸�¶IÀ�µ@¹�·¾À�»Vµ.½�¿1Õ}³F¹I´�·�µ!½�·¨¶�¿1´�Å<À�·¾À�»7½ÄÃE¿1´�½�· Ò

•
��� � 
�������� �
	���� �,� ��	
$		�"��� ������� ��·�µH½�¿1´�´�¼�·�µ � �6Snì¦³F´�½%»{³%ð � ØÞØ � ½�³F´�µ¨¶�·�µ!Â¦³F´�½�·�µ É Ò K �Ê·¾º�K {Ñ É �C· , ½�¿1´�´�·¾´8ºX½�·.¸�»V¼�à¾¹�·¾À�µV·�µW¹I´!�?¿1»@Õ}³Fº@¹�¿1´�µ[µ@À�»l¶�·JÕÖ¼�àt³F´�¹�µ@ÕÖ·�µ[½�·JàVì¦³FÀ���³FÅC·¨½�·�µl¸Á¿1À�µVµ@¹OF¾»V·�µ

�Gï¨³1µ@¹I´�ÅC·¾» �10 � � !�Ê É<É Ñ<ð � ³1½�½�³ �10 � � !�Ê É<É Ê � Ò ]�¶ª·�µVº[³1½%ÕQ¹�µXÚ	À�·J¶�·�µ[µV¿1À�»Và�·�µ.³táC·�à LX ≥ 1043 erg s−1

µV¿1´	º7½�¿1ÕQ¹I´�¼�·�µ!¸¦³F»7½�·�µMB � Ð ·¾ºJ¶�·�µ7µV¿1À�»Và�·�µ¨³�áC·�à LX ≤ 1039 erg s−1 ¸¦³F»!½�·�µ7µ@º@»{³FÂ�À�»Vµ@ºVµ Ò �O´8º@»V·
¶�·�µ.½�·¾À%×Äð�¶�·�µ.½�·¾À%×ÇÕÖ¼�àt³F´�¹�µ@ÕÖ·�µ7¸ª·¾À�áC·¾´	ºJà�¿1ì¦³FÂ�¹IºV·¾» Ò

te
l-0

04
08

68
9,

 v
er

si
on

 1
 - 

31
 J

ul
 2

00
9



�'$&% � � � � �"��� ��� � � � 
 ��� �1������"������	��������� ����� ) ����� �*� 
 ����� � ) � ��� � ��%

� ³1½�½�³ß·¾ºZ³F¶]ðÄÊ É<É ÑÖ³Ç·�µ@º@¹IÕÖ¼�¶�³oà�¿1´8º@»@¹IÂ�À�º@¹�¿1´â½�·�µbB � Ð ³FÀ �?¿1´�½Ü½%¹ �ªÀ�µH¹I´!�G»{³F»V¿1À�ÅC·G�ÜÑgK µ Õ«·¾ºZ³
ÕÖ¿1´	º@»V¼ZÚ	À�·Hà�·¾º@ºV·hà�¿1´8º@»@¹IÂ�À�º@¹�¿1´Ü¼¾º{³F¹Iº.¹I´!�?¼¾»@¹�·¾À�»V·b�ÖÊ É H Ò

•
��� � 
�������� �+�
���%/����� ��·�µWà¾»@¹IºLF¾»V·�µn¿1¸�º@¹�Ú	À�·�µW¿1´8ºn¼¾ºV¼J¶�·�µ*¸�»V·¾ÕQ¹�·¾»Vµ�� . º@»V·JÀ�º@¹I¶I¹�µV¼�µ Ò �Ó·�µl½%¹�³FÅ<»{³FÕQÕÖ·�µ

½ÄÃMå!µVºV·¾»@Â�»V¿	à*�à�¿1´�µ@º@»@À�¹IºVµd�Ü¸¦³F»@º@¹I»}½�·�µÖ»{³F¸�¸ª¿1»@ºVµÖ½�·Ì»{³F¹�·�µÖ·¾´¼¾ÕQ¹�µVµ@¹�¿1´ ¿1¸�º@¹�Ú	À�·�µQ¸Á·¾»@ÕÖ·¾º@ºV·¾´8ºo½�·
à¾¶�³1µ{µ@¹ 4¦·¾»l¶�·�µW½%¹ �Á¼¾»V·¾´	ºVµlº "	¸Á·�µl½ÄÃ2³1à¾º@¹IáL¹IºV¼!½�·�µ*Å8³F¶�³4×%¹�·�µJ�]å!µ@ºV·¾»@Â�»V¿Là �ÁðªÑ � Í � � Ò SW·¾¸Á·¾´�½�³F´8ºW¶�·�µl»{³F¹�·�µn·¾´¼¾ÕQ¹�µ{µ@¹�¿1´ÞµV¿1´	ºJº@»LF�µ7µV·¾´�µ@¹IÂ�¶�·�µM�Ö¶]ÃE·¢×Lº@¹I´�à¾º@¹�¿1´�ðªà�·hÚ	À�¹�»V·¾´�½Ì¶]Ã À�º@¹I¶I¹�µd³Fº@¹�¿1´±½�·ZºV·¾¶�µJ½%¹�³FÅ<´�¿<µ@º@¹�à�µ7À�´Ý¸Á·¾À
½�¼¾¶I¹�àt³FºV· Ò

•
��� � 
�������� ����� � ����� ��� � � �"������	��������� 
 �� �	�  ·�µ�à¾»@¹IºLF¾»V·�µ�¿1´8ºO³FÀ�µVµ@¹	¼¾ºV¼n½�¼�4�´�¹�µ�½�³F´�µÓ¶�·W½�¿1Õ}³F¹I´�·n½�·

¶]Ã ¹I´!�G»{³F»V¿1À�ÅC·7ÕÖ¿g"C·¾´ Ò ]q¶�µnµV¿1´8ºnÂ¦³1µV¼�µlµVÀ�»l¶�·��]³F¹IºlÚ	À�·.¶�·�µ�B � Ð µnÕÖ¿1´8º@»V·¾´	º[À�´G�?¿1»@ºlà�¿1´8º@¹I´	ÀÇ½�·�µn¸Á·¾º@¹IºVµ
Å<»{³F¹I´�µH³F¶�¿1»Vµ!Ú8À�·Z¶�·�µ ã B!ï7µ!µV¿1´8º!º@»LF�µQ�?³F¹IÂ�¶�·�µ7áC¿1¹I»V·Z¹I´�·¢×%¹�µ@º{³F´	ºVµ Ò �Ó·�µ7µ@º{³F»@Â�À�»VµVºVµ7·¾´!�?¿1À�¹�µJÕÖ¿1´	º@»V·¾´8º
¶�·Tà�¿1ÕQ¸Á¿1»@ºV·¾ÕÖ·¾´8ºhà�¿1´8º@»{³F¹I»V· Ò �O´Üà�¿1´�µV¼�Ú	À�·¾´�à�·<ðª¶]ÃE¼¾º@À�½�·�½�·�µ!»{³F¸�¸Á¿1»@ºVµ!½�·ZÂ¦³F´�½�·�½ÄÃ ]äÏ�å
S�B!Ø � � Ê
�<K �Í Ò K µ Õ � ð � � � �äÑtÊ {ÑtÍ µ Õ � ·¾º � � ?d�iK Ò K  [ Ò K µ Õ ¸ª·¾»@ÕÖ·¾ºO½�·[à¾»V¼�·¾»*½�·�µO½%¹�³FÅ<´�¿<µ@º@¹�à�µ*µ@À�»�¶�³!µV¿1À�»Và�·
½ÄÃE¼¾´�·¾»@Å<¹�·h»V·�µ@¸ª¿1´�µd³FÂ�¶�·!½�·!¶]ÃE¼¾ÕQ¹�µVµV¹�¿1´o¹I´!�G»{³F»V¿1À�ÅC· Ò ���Ó³FÀ�»V·¾´	º �10 � �"!�ð%Ê É<É<É�� ÒT Ã2³FÀ�º@»V·�µX¼¾º@À�½�·�µX¿1´	º.¼¾ºV¼�]³F¹IºV·�µQµ@À�»T¶�·�µT»{³F¹�·�µQ·¾´ ¼¾ÕQ¹�µVµV¹�¿1´�ð�·¾´ À�º@¹I¶I¹�µ{³F´	ºQ¶�·�µT»{³F¸�¸ª¿1»@ºVµßË Ð · , Î 3 Ë Ð ·D] ] Î ðWËMåJ] , Î 3 Ë Ð ·D]L] Î ðë¿1À�½�·�µ»{³F¸�¸Á¿1»@ºVµ ã B!ï$�6� Ò � µ Õ � 3 à�¿1´	º@¹I´8À �6� µ Õ � � � ·¾´TUt·¾¶ �10 � �"!�Ñ ��� Í � Ò

•
��� �,
 ����� ��	�� � �.� � ��	 � � 
 � ����1� 
 � � ������	�� ������ �Ó³Þ¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼o¹I´!�Æ»{³F»V¿1À�ÅC·o¸Á·¾À�º�»V·¾´�µ{·¾¹IÅ<´�·¾»�µVÀ�»

¶�·Ìº "L¸ª·ß½�·ßÕÖ¼�àt³F´�¹�µVÕÖ·Ý½�¿1ÕQ¹I´¦³F´8º Ò Ï	¹.¶�·�µÖ¿1Â%È@·¾ºVµÖ½�¿1´8º LIR ≤ 1011 L�
µV¿1´8ºÖ¸�¶IÀ�º �1ºo³1µVµV¿Là¾¹�¼�µd�

½�·�µ¨Å8³F¶�³4×%¹�·�µ:� �Û³FÕZÂÁ¼�·Q½�·P�G¿1»@Õ}³Fº@¹�¿1´íµ@ºV·¾¶I¶�³F¹I»V·<ðÁ¶�·�µ¨Å8³F¶�³4×%¹�·�µH½�¿1´8º LIR ≥ � 1012 L�
µV¿1´	ºH¸�¶IÀ�º �1º

³1µ{µV¿	à¾¹�¼�·�µM��½�·�µQB � Ð µ:� � ·¾´TUt·¾¶ �10 � �"!�Ñ ��� Í � Ò

te
l-0

04
08

68
9,

 v
er

si
on

 1
 - 

31
 J

ul
 2

00
9



�� � ��� � �&� 
 ������ �������
	���	��	� ��� � � 
 � �������������	� ���

te
l-0

04
08

68
9,

 v
er

si
on

 1
 - 

31
 J

ul
 2

00
9



���������
	��� �

� � � ��� � � � � 
 � � �8��� �8� � ��� �%� � �	� �
��� � ������������� ��� �����â�Q�£��� ��� � �

��·}à{ì¦³F¸�¹Iº@»V·d]L]!³ÇÕÖ¿1´8º@»V¼;Ú8À�·Q¶�·�µhÅ8³F¶�³4×L¹�·�µ�½�·Qº "L¸ª·d� ]�� � µZ·¾º��M� ]�� � µH´�ÃE¼¾º{³F¹�·¾´	ºZ¸¦³1µZ»V·¾¸�»V¼ 
µ{·¾´8º{³Fº@¹IáC·�µ¨½�·H¶]Ã À�´�¹IáC·¾»Vµ7¶�¿	àt³F¶ h ¸¦³F»!à�¿1´8º@»V·<ðÛ¶�·�µJà�¿1ÕQ¸�º{³FÅC·�µ!½�·HÅ8³F¶�³4×%¹�·�µJ�Q½%¹IáC·¾»VµJ¶�¿1´�Å<À�·¾À�»Vµ¨½ÄÃE¿1´�½�·
¹I´!�G»{³F»V¿1À�ÅC·J¿1´	º*ÕÖ¿1´8º@»V¼7Ú8À�ÃE·¾¶I¶�·�µl¼¾º{³F¹�·¾´8ºlº@»LF�µl´�¿1ÕZÂ�»V·¾À�µV·�µ��¨¸�¶IÀ�µOÅ<»{³F´�½Q»V·�½�µVì�¹��Æºl·¾ºl»V·¾¸�»V¼�µV·¾´8º{³Fº@¹IáC·�µ
½ÄÃ À�´ÝÀ�´�¹IáC·¾»Vµ.¸�¶IÀ�µ�È@·¾À�´�·�µ Ò

Ï	¹¦¶�³HÕ}³4È@·¾À�»V·7¸¦³F»@º@¹�·J½�·�µnÅ8³F¶�³4×L¹�·�µn¶IÀ�ÕQ¹I´�·¾À�µV·�µW·¾´}¹I´!�G»{³F»V¿1À�ÅC·7µV¿1´	º[³1µ{µV¿	à¾¹�¼�·�µ��h½�·J¶�³��?¿1»@Õ}³Fº@¹�¿1´
µVºV·¾¶I¶�³F¹I»V·<ð8³F¶�¿1»VµO¶�·��?¿1´�½Q½%¹ �ªÀ�µ�¹I´!�G»{³F»V¿1À�ÅC·X»V·¾´�µV·¾¹IÅ<´�·.µVÀ�»O¶]Ã ì�¹�µ@ºV¿1¹I»V·.½�·[¶�³M�?¿1»@Õ}³Fº@¹�¿1´Ö½ÄÃE¼¾ºV¿1¹I¶�·�µl·¾´!�?¿1À�¹�·
Ú	À�¹�³T·¾Àß¶I¹�·¾Àß³FÀÌà�¿1À�»VµX½�·!¶]Ã ì�¹�µ@ºV¿1¹I»V·H½�·!¶]Ã À�´�¹IáC·¾»Vµ Ò å7»W¶�·M�?¿1´�½Ç½%¹ �ªÀ�µ[¹I´!�G»{³F»V¿1À�ÅC·H·¾º.¿1¸�º@¹�Ú8À�· ]¸�»V¿LàVì�·
¹I´!�G»{³F»V¿1À�ÅC·ÌµV¿1´	ºÖ¸�»V·�µVÚ	À�Ã2³FÀ�µVµ@¹X¹I´	ºV·¾´�µV·�µ Ò B ÑgK µ ÕÌð1]@Ï�å
S�B!Ø ³±»V¼�µV¿1¶IÀ À�´�·Ç¶�³F»@ÅC·ß¸¦³F»@ºÖ½%À �G¿1´�½
½%¹ �ÁÀ�µH¹I´!�G»{³F»V¿1À�ÅC·Ö·¾´ Å8³F¶�³4×%¹�·�µh¹I´�½%¹IáL¹�½%À�·¾¶I¶�·�µZ½�·�º "L¸Á· � ]�� � µH·¾º��M� ]�� � µHÚ	À�¹*µV¿1´8ºh½�¿1ÕQ¹I´�¼�·�µZ¸¦³F»
½�·h¶�³P�G¿1»@Õ}³Fº@¹�¿1´±½ÄÃE¼¾ºV¿1¹I¶�·�µ Ò

# ¿1À�µXà�·�µn¸ª¿1¹I´	ºVµn´�¿1À�µX³FÕGF¾´�·¾´	ºQ�H¸Á·¾´�µV·¾»WÚ	À�·.¶�·�µ�� ]�� � µW·¾ºn¶�·�µ��M� ]�� � µW·¢×%à�·¾¸�º@¹�¿1´�´�·¾¶I¶�·�µX½�³F´�µ
¶]Ã À�´�¹IáC·¾»Vµ7¶�¿Làt³F¶]ð�´�·Zµ{¿1´8º7Ú	À�·H¶�·�µJ»V·�µ@ºV·�µJ½ÄÃ À�´�·T¼¾¸ª¿LÚ	À�·h¿1ÀÝà�·�µJ¿1Â%È@·¾ºVµ!½�¿1ÕQ¹I´¦³F¹�·¾´8º!¶�³Q¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼�·¾º
¿1´	ºOÈ@¿1À�¼HÀ�´ß» �1¶�·H¹IÕQ¸Á¿1»@º{³F´8º7½�³F´�µJ¶�³P�G¿1»@Õ}³Fº@¹�¿1´Þ·¾º.¶]ÃE¼¾áC¿1¶IÀ�º@¹�¿1´Þ½�·�µXÅ8³F¶�³4×%¹�·�µ Ò

Ï	¹.¶�·�µ��J� ]�� � µÖµV¿1´8º;½�·�µ}¿1Â%È@·¾ºVµÖ·¢×Lº@» �¾ÕÖ·�µ,ð*¶�·�µG� ]�� � µ}µ{¿1´8ºÖ¸�¶IÀ�µ}´�¿1ÕZÂ�»V·¾À�µV·�µo·¾º}½�¿1ÕQ¹I´�·¾´8º
¶�³Ì¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼Ö¹I´!�G»{³F»V¿1À�ÅC·<ð�à<ÃE·�µ@ºZ¸Á¿1À�»VÚ8À�¿1¹n¶]ÃE¼¾º@À�½�·}½�·;à�·�µZ¿1Â%È@·¾ºVµZ·�µ@º�º@»LF�µh¹IÕQ¸Á¿1»@º{³F´8ºV·4�ß¶]ÃE¼�àVì�·¾¶I¶�·
à�¿<µVÕÖ¿1¶�¿1Å<¹�Ú8À�· Ò

! À�·¾¶8·�µ@ºÄ¶�·*½�·¾áC·¾´�¹I»Ó½�·*ºV·¾¶I¶�·�µÄÅ8³F¶�³4×L¹�·�µ#"WÏ	¹C·¾¶I¶�·�µÓµV¿1´8ºë³FÂ�µ{·¾´8ºV·�µÓ½�·*¶]Ã À�´�¹IáC·¾»Vµ�¶�¿Làt³F¶]ð�Ú8À�·*½�·¾áL¹�·¾´�´�·¾´8ºA
·¾¶I¶�·�µ¨½�·PU%$TÑ$�dU%$ É "N��·�à{ì¦³F¸�¹Iº@»V·$].³}ÕÖ¿1´8º@»V¼�Ú	À�·Z¶�·�¸�¶�³F´@�G¿1´�½�³FÕÖ·¾´	º{³F¶*½�·�µ7Å8³F¶�³4×%¹�·�µ¨·¾¶I¶I¹I¸�º@¹�Ú8À�·�µ
¸Á¿1À�á<³F¹Iº&�¾º@»V·¨¹I´8ºV·¾»@¸�»V¼¾ºV¼hà�¿1ÕQÕÖ·HÀ�´�·J�?¿1»@Õ}³Fº@¹�¿1´Ìµ@ºV·¾¶I¶�³F¹I»V·H¹I´	ºV·¾´�µV·HÚ	À�¹Ó³Z¶�³F¹�µ{µV¼!À�´�·¨Å8³F¶�³4×L¹�·¨¸¦³1µVµV¹IáC·
·¾º7¸¦³FÀ�á	»V·�·¾´ÝÅ8³,UT·¾º.¸ª¿1À�µ{µ@¹OF¾»V· Ò �*µVº7à�·hÚ	À�·Zà�·¾º@ºV·Z¸�ì¦³1µV·Z½�·��?¿1»@Õ}³Fº@¹�¿1´±¹I´8ºV·¾´�µV·�½ÄÃE¼¾ºV¿1¹I¶�·�µ!¿1Â�µ{·¾»@áC¼�·
�ÖÅ<»{³F´�½Ý»V·�½�µVì�¹��Æº!à�¿1»@»V·�µ@¸ª¿1´�½ ��¶�³ �G¿1»@Õ}³Fº@¹�¿1´Ü½�·�µ7·¾¶I¶I¹I¸�º@¹�Ú	À�·�µ'"$��·TàVì¦³F¸�¹Iº@»V·$].³}³FÀ�µ{µ@¹�ÕÖ¿1´8º@»V¼�Ú	À�·
¶�·�µ!µ@¸�¹I»{³F¶�·�µ¨½�·�µ7Å8³F¶�³4×L¹�·�µ!¸Á¿1À�á1³F¹�·¾´	º(�¾º@»V·�¸�»V¿táC¿LÚ8À�¼�·�µ!¸¦³F»¨½�·�µJ¹I´	ºV·¾»{³1à¾º@¹�¿1´�µ¨ÕQ¹I´�·¾À�»V·�µ Ò �*µ@º!à�·�Ú	À�·
à�·�µ.Å8³F¶�³4×L¹�·�µ7à�¿1»@»V·�µ@¸ª¿1´�½�·¾´	ºJ��à�·¾º@ºV·H¸�ì¦³1µ{·)"

��·�µ.Å8³F¶�³4×%¹�·�µX¶IÀ�ÕQ¹I´�·¾À�µV·�µ7·¾´ß¹I´!�Æ»{³F»V¿1À�ÅC·hµ{¿1´8º7³FÀ1È@¿1À�»V½ÄÃ ì8À�¹�¶�³Q¸�¹�·¾»@»V·H½�·*�J¿<µV·¾º@ºV·H½�·¨¶]ÃE¼¾áC¿1¶IÀ�º@¹�¿1´
½�·�µ.Å8³F¶�³4×L¹�·�µ h ¹I¶�»V·�µ@ºV·:�T¶�³Q½�¼�à{ì�¹ �ª»V·¾» ÒIÒIÒ
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021  3 ��	 °54 � ���76��98
:;�<��6=�?>�@A�?:�B ¯DC 1
�*µ@º}à�·ÌÚ	À�·ß¶�·�µQÅ8³F¶�³4×%¹�·�µd� ]�� � µ;·¾º��M� ]�� � µÖ½�¼¾ºV·�à¾ºV¼�·�µ}¸¦³F»d]@Ï�å�·¾ºoÏ	¸�¹Iº'Ut·¾»;¿1´	º}¶�·�µQÕ �¾ÕÖ·�µ

¸�»V¿1¸�»@¹�¼¾ºV¼�µ!Ú	À�·H¶�·�µQ� ]�� � µFE �J� ]�� � µX¶�¿	àt³F¶�·�µ7½�¼¾ºV·�à¾ºV¼�·�µJ¸¦³F»M]��MB¨Ï ":��·hÂ�À�ºJ½�·Zà�·¾º@ºV·h¸¦³F»@º@¹�·Z·�µVº.½�·
»V¼¾¸Á¿1´�½%»V·h·¾´Ì¸¦³F»@º@¹�·P�Qà�·¾º@ºV·HÚ8À�·�µVº@¹�¿1´Ý½�³F´�µ.¶�·H½�¿1Õ}³F¹I´�·�½�·¨¶]Ã ¹I´!�Æ»{³F»V¿1À�ÅC·ZÕÖ¿g"C·¾´ Òã ¿1À�»VÚ	À�¿1¹ë¼¾º@À�½%¹�·¾»!à�·H½�¿1Õ}³F¹I´�·Z½�·¨¶�¿1´�Å<À�·¾À�»Vµ!½ÄÃE¿1´�½�·)"

�Ó³7¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼[¹I´!�Æ»{³F»V¿1À�ÅC·[ºV¿1º{³F¶�·W¸Á·¾À�º �¾º@»V·W·�µVº@¹IÕÖ¼�·��7¸¦³F»@º@¹I»O½�·W¶�³7»{³1½%¹�¿��7º@»{³táC·¾»Vµ�¶�·n¸¦³F»{³FÕGF¾º@»V·
Úªð<¶]Ã ¹I´!�G»{³F»V¿1À�ÅC·J¶�¿1¹I´	º{³F¹I´o·¾ºn¶]Ã ¹I´!�Æ»{³F»V¿1À�ÅC·JÕÖ¿g"C·¾´ Ò ã ¿1À�»�U ≤ Ñ Ò K%ð8¶]Ã ¹I´!�Æ»{³F»V¿1À�ÅC·7¶�¿1¹I´8º{³F¹I´Ç·¾ºlµ@À�Â�ÕQ¹I¶I¶I¹IÕÖ¼ 
º@»@¹�Ú	À�·[µV¿1´8º�ÕÖ¿1¹I´�µOµV·¾´�µV¹IÂ�¶�·�µ Ò  ·n¸�¶IÀ�µ�¶�³7¶�³F»@ÅC· ã Ï � ½�·�µ�¹I´�µ@º@»@À�ÕÖ·¾´	ºVµ*½�³F´�µOà�·[½�¿1Õ}³F¹I´�·[½�·n¶�¿1´�Å<À�·¾À�»
½ÄÃE¿1´�½�·�·�µ@º!À�´±ì¦³F´�½%¹�àt³F¸ Ò ��·�½�¿1Õ}³F¹I´�·T»{³1½%¹�¿Ç·�µ@º!ÕÖ¿1¹I´�µ¨µV·¾´�µ@¹IÂ�¶�·TÚ8À�·�¶�·�½�¿1Õ}³F¹I´�·�½�·�¶]Ã ¹I´!�Æ»{³F»V¿1À�ÅC·
ÕÖ¿#"C·¾´·¾º�»V·�µ@ºV·o³1µ{µV· Uoµ{·¾´�µ@¹IÂ�¶�·ß³FÀ%×IB � Ð µ Ò �lÃ ¹I´!�Æ»{³F»V¿1À�ÅC·ÇÕÖ¿#"C·¾´·�µ@ºT½�¿1´�àoÀ�´�½�¿1Õ}³F¹I´�·Ç½�·o¶�¿1´!
Å<À�·¾À�»Vµn½ÄÃE¿1´�½�·.¸�»@¹IáL¹I¶�¼¾Å<¹�¼ Ò ã ·¾À�ºAq¿1´;ºV¿1À1È@¿1À�»VµO¶]Ã À�º@¹I¶I¹�µV·¾»Wà�¿1ÕQÕÖ·Xº@»{³1à�·¾À�»n½�·[¶�³¨¶IÀ�ÕQ¹I´�¿<µV¹IºV¼X¹I´!�Æ»{³F»V¿1À�ÅC·
ºV¿1º{³F¶�·P��¸�¶IÀ�µXÅ<»{³F´�½ß»V·�½�µ@ì�¹��@ð�à<ÃE·�µ@ºQ��½%¹I»V·�³FÀÝ½�·¾¶ �Q½�·�U ∼ É Ò � "�*ÃE¼¾ÕQ¹�µVµ@¹�¿1´ ½�³F´�µh¶]Ã ¹I´!�Æ»{³F»V¿1À�ÅC·QÕÖ¿#"C·¾´ ·�µ@ºZ³1µVµ{¿	à¾¹�¼�·Q³FÀ%× ã B!ï7µZ·¾ºZ³FÀíà�¿1´8º@¹I´8À ½�·�¶�³o¸ª¿1À�µ{µ@¹OF¾»V·
à{ì¦³FÀ�½�· Ò` ³F´�µZ¶]Ã À�´�¹IáC·¾»VµZ¶�¿Làt³F¶]ðÄ¶]ÃE¼¾ÕQ¹�µVµ@¹�¿1´ ½�·�µ ã B7ï!µZ·�µVºZà�¿1»@»V¼¾¶�¼�·;³táC·�àÖ¶�³Ç¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼}¹I´!�Æ»{³F»V¿1À�ÅC·
ºV¿1º{³F¶�· Ò �lµ@ºOà�·náL»{³F¹T�J¸�¶IÀ�µ�Å<»{³F´�½T»V·�½�µ@ì�¹��Gº'"��lµ@ºOà�·nÚ	À�·W¶�·�µ�¸�»V¿1¸�»@¹�¼¾ºV¼�µO½�·�µ ã B!ï7µ\"TµV¿1´8º�¶�·�µ�Õ �¾ÕÖ·�µ'"
�lµ@ºnà�·7Ú8À�·X¶�³H¸ª¿1À�µVµV¹OF¾»V·JàVì¦³FÀ�½�·!·�µ@ºn³FÀ�µ{µ@¹¦à�¿1»@»V¼¾¶�¼�·¨³�áC·�à.¶�³h¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼7¹I´!�Æ»{³F»V¿1À�ÅC·)"J�*µVºAq·¾¶I¶�·.ÕQ¹�·¾À%×
¿1ÀÝÕÖ¿1¹I´�µXÂ�¹�·¾´Ýà�¿1»@»V¼¾¶�¼�·ZÚ	À�·¨¶�·�µ ã B7ï!µ'"

SW·�µß½�·¾»@´�¹OF¾»V·�µÝ³F´�´�¼�·�µtð[¸�¶IÀ�µ@¹�·¾À�»VµÇ¶I¹IÂ�»{³F¹I»@¹�·�µÌ¿1´	ºÌ¼¾ºV¼ à�¿1´�µ@º@»@À�¹IºV·�µÇ¸Á¿1À�»oÕÖ¿L½�¼¾¶I¹�µV·¾»ß¶]ÃE¼¾ÕQ¹�µVµV¹�¿1´
¹I´!�G»{³F»V¿1À�ÅC·Z½�·�µJÅ8³F¶�³4×L¹�·�µ Ò SW·¾»@º{³F¹I´�·�µ7½ÄÃE·¾´	º@»V·�·¾¶I¶�·�µ7µV¿1´8º7¶�·H»V¼�µ@À�¶Iº{³FºJ½ÄÃ À�´�·T³F¸�¸�»V¿	à{ì�·h¸�ì�¼¾´�¿1ÕÖ¼¾´�¿1¶�¿,
Å<¹�Ú	À�·.Â¦³1µ{¼�·.µ@À�»l¶]ÃE¼¾º@À�½�·7½�·�µ*Å8³F¶�³4×%¹�·�µl¶�¿Làt³F¶�·�µM�6Snì¦³F»'"HG �O¶IÂ¦³,U¨Ê É<É Ñ¾Â�ð �Ó³FÅ8³1àVì�·JILK�M�N !LÊ É<É�� ðLÊ É<É ? � ð½ÄÃ2³FÀ�º@»V·�µ.ÕÖ¿	½�¼¾¶I¹�µV·¾´	ºX¸�¶IÀ�µ2O�´�·¾ÕÖ·¾´8º.¶]ÃE¼¾ÕQ¹�µ{µ@¹�¿1´Ç¹I´!�Æ»{³F»V¿1À�ÅC·H½�·�µ[¸Á¿1À�µVµ@¹OF¾»V·�µ:�  ³F¶�·PILK2M�N"!�Ê É<É Ñ<ð  ³F¶�·G ï7·¾¶�¿1ÀÞÊ É<É Ê � Ò ��·�µ.¶I¹IÂ�»{³F¹I»@¹�·�µ!µV¿1´	ºJµV¿1À�áC·¾´8º7À�º@¹I¶I¹�µV¼�·�µM�Ö½�·�µQO�´�µ.à�¿<µ@ÕÖ¿1¶�¿1Å<¹�Ú	À�·�µ7¸ª¿1À�»J½�¼¾ºV·¾»@ÕQ¹I´�·¾»¶]ÃE¼¾áC¿1¶IÀ�º@¹�¿1´�½%À º{³FÀ%× ½�·G�?¿1»@Õ}³Fº@¹�¿1´ ½ÄÃE¼¾ºV¿1¹I¶�·�µ�ÕÖ¿#"C·¾´�½�·�µZÅ8³F¶�³4×%¹�·�µtð�½�·Ö¶�³*�G¿1´�à¾º@¹�¿1´ ½�·Ö¶IÀ�ÕQ¹I´�¿<µ@¹IºV¼
½�·�µ�Å8³F¶�³4×%¹�·�µtð�¶�·�µQ½%¹ �Ä¼¾»V·¾´�à�·�µÖ½ÄÃE¼¾áC¿1¶IÀ�º@¹�¿1´½�·�µ�¸ª¿1¸�À�¶�³Fº@¹�¿1´�µ}½�·;Å8³F¶�³4×%¹�·�µ�´�¿1»@Õ}³F¶�·�µtðO½�·4� ]�� � µ�·¾º
½ÄÃ �J� ]�� � µ Ò ÏL¿1´8ºAq·¾¶I¶�·�µ7À�º@¹I¶I¹�µ{³FÂ�¶�·�µJ�T¸�¶IÀ�µ.Å<»{³F´�½ß»V·�½�µ@ì�¹��Gº'"
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�Ó·HÂ�À�ºJ½�·Hà�·¾º@ºV·H¸¦³F»@º@¹�·h·�µVº.½ÄÃ2³FÂª¿1»V½�·¾».¶]ÃE¼¾áC¿1¶IÀ�º@¹�¿1´±½�·¨¶]ÃE¼¾ÕQ¹�µVµ@¹�¿1´Ý½�³F´�µ.¶]Ã ¹I´!�Æ»{³F»V¿1À�ÅC·ZÕÖ¿g"C·¾´Þ½�·�µ
� ]�� � µ¨·¾º �M� ]�� � µ!½%¹�µ@º{³F´8ºV·�µ Ò ã ¿1À�»Hà�·P�?³F¹I»V·<ðÛ¶�·T¸�»V·¾ÕQ¹�·¾»¨à{ì¦³F¸�¹Iº@»V·�á1³ �¾º@»V·�à�¿1´�µ{³1à¾»V¼ �;À�´�·T¼¾º@À�½�·
½�¼¾º{³F¹I¶I¶�¼�·�Ú8À�·[È�Ã2³F¹�ÕÖ·¾´�¼�·�µ@À�»Jà�·�µ.º@»V¿1¹�µJ¶I¹IÂ�»{³F¹I»@¹�·�µ7à¾¹IºV¼�·�µ7à¾¹�q½�·�µVµ@À�µ Ò ��·hÂ�À�ºJ·�µVºJ½�·HáC¿1¹I»7½�³F´�µ7Ú8À�·¾¶I¶�·
ÕÖ·�µ@À�»V·Ì¶�·�µÖ¶I¹IÂ�»{³F¹I»@¹�·�µÖ»V·¾¸�»V¿L½%À�¹�µV·¾´	º;¶�·�µ ��À%×ÄðO¶�·�µÖà�¿1À�¶�·¾À�»Vµo·¾ºÖ¶�·�µQ»{³F¸�¸Á¿1»@ºVµ}½�·Ýà�¿1ÕQ¸ª¿<µ{³F´	ºV·�µ;½�·�µ
Å8³F¶�³4×%¹�·�µo¶�¿	àt³F¶�·�µ Ò ��·ÞµV·�à�¿1´�½�à{ì¦³F¸�¹Iº@»V·Üá1³ �¾º@»V·Þà�¿1´�µd³1à¾»V¼W� ¶]ÃE¼¾ÕQ¹�µVµ@¹�¿1´ ½�³F´�µ}¶]Ã ¹I´!�G»{³F»V¿1À�ÅC·±ÕÖ¿g"C·¾´
½�·�µTÅ8³F¶�³4×%¹�·�µ�¶�¿1¹I´8º{³F¹I´�·�µ Ò YC·oá<³F¹�µT¸�»V¼�µV·¾´8ºV·¾»Q½�·¾À%× àt³Fº{³F¶�¿1Å<À�·�µQÚ	À�·ZÈ¾Ã2³F¹[»V¼t³F¶I¹�µV¼�µ �Ý¸¦³F»@º@¹I»Ö½�·�µVÚ8À�·¾¶�µ
È@·Ìà�¿1ÕQ¸¦³F»V·¾»{³F¹H³F¶�¿1»Vµ}¹I´�½%¹I»V·�à¾ºV·¾ÕÖ·¾´	ºo¸�À�¹�µ;½%¹I»V·�à¾ºV·¾ÕÖ·¾´8ºÇ¶]ÃE¼¾ÕQ¹�µVµ@¹�¿1´�½�³F´�µÖ¶]Ã ¹I´!�G»{³F»V¿1À�ÅC·ÝÕÖ¿#"C·¾´�½�·�µ
� ]�� � µ.½%¹�µ@º{³F´	ºV·�µJ·¾º.¶�¿Làt³F¶�·�µ Ò

0 1 ¬ 3 � ��� �?> 6 �76�� 	�>��5� � ���
	 � � �?>76 � ��	�� ²?4 � �
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�ë³¨¶I¹IÂ�»{³F¹I»@¹�·.½�·  ³F¶�·X·¾ºlï!·¾¶�¿1ÀÖ·�µ@º*à�¿1ÕQ¸Á¿<µV¼�·.½�·3[,?Z½%¹�µ@º@»@¹IÂ�À�º@¹�¿1´�µnµ@¸Á·�à¾º@»{³F¶�·�µ*½ÄÃE¼¾´�·¾»@Å<¹�·P�]Ï-�  µ � Ò��·�µX½�¼¾º{³F¹I¶�µX½�·!à�¿1´�µ@º@»@À�à¾º@¹�¿1´ÌµV¿1´	ºX½�¿1´�´�¼�µ  ³F¶�·JILK,M�N"! �?Ê É<É Ñ � ð  ³F¶�· GÔï!·¾¶�¿1À(�?Ê É<É Ê � Ò SW·¾º@ºV·!¶I¹IÂ�»{³F¹�»@¹�·Ç·�µ@ºTÂ¦³1µV¼�·oµ@À�»�¶�·�µTà�¿1À�¶�·¾À�»Vµ ]��QBHÏ ·¾º ]@Ï�å
S�B7Ø ½�·�µ�Å8³F¶�³4×%¹�·�µtð�à<ÃE·�µ@º �Ý½%¹I»V·ÇÚ	À�ÃE·¾¶I¶�·ÇàVì�·¾»VàVì�·*�
»V·¾¸�»V¿L½%À�¹I»V·h¶�·�µX»{³F¸�¸Á¿1»@ºVµ
f12µm

ν
E f25µm

ν
ð f60µm

ν
E f100µm

ν
·¾º f7µm

ν
E f15µm

ν
�Æ»V·�µ@¸Á·�à¾º@¹IáC·¾ÕÖ·¾´8º �ZÑtÊ/E1Ê�K%ð �M[ É ELÑ É<É ·¾º �J�'ELÑgKH¸¦³F»

¶�³QµVÀ�¹IºV· � Ò
�Ó·�µQ½%¹�³FÅ<»{³FÕQÕÖ·�µQà�¿1À�¶�·¾À�»FEFà�¿1À�¶�·¾À�»��ZÑtÊ/E1Ê�KÞ¿1À �J�'ELÑgKÞ·¾´I�?¿1´�à¾º@¹�¿1´�½�· �J[ É ELÑ É<É � O�Å<À�»V· ? Ò Ñ �ÕÖ¿1´	º@»V·¾´8ºlÚ	À�·W¶�·�µëÅ8³F¶�³4×%¹�·�µ�´�ÃE¿1´8ºO¸¦³1µ�´�Ã ¹IÕQ¸Á¿1»@ºV·XÚ	À�·¾¶I¶�·�µ�à�¿1À�¶�·¾À�»Vµ,ð1Õ}³F¹�µOÚ8À�ÃE·¾¶I¶�·�µOµV¿1´	º�¶�¿	àt³F¶I¹�µV¼�·�µOµVÀ�»

À�´�·XµV¼�Ú	À�·¾´�à�·X¸¦³F»@º@¹�à¾À�¶I¹OF¾»V·XÕÖ¿#"C·¾´�´¦³F´8ºWÀ�´�·X½%¹�µ@¸Á·¾»Vµ@¹�¿1´Ö½ÄÃE·¾´8áL¹I»V¿1´ É Ò � ½�·¢× Ò ��·�µ*½�¿1´�´�¼�·�µO¸�»V¼�µ{·¾´8ºV¼�·�µ½�³F´�µ¨¶�·�µH½%¹�³FÅ<»{³FÕQÕÖ·�µ�à�¿1À�¶�·¾À�»Aqà�¿1À�¶�·¾À�» ��? Ò Ñ � µV¿1´8ºH¹�µVµVÀ�·�µ!½�·dSnì¦³F»'" G �O¶IÂ¦³,U �?Ê É<É Ñ¾Â � Ò �M[ É ELÑ É<É·�µ@º7½ÄÃ2³FÀ�º{³F´8º!¸�¶IÀ�µ.¸Á·¾º@¹IºJÚ8À�·��J�'ELÑgKQ·¾º ��ÑtÊ/E1Ê�KÖµV¿1´	º.Å<»{³F´�½�µ Ò SW·�à¾¹Ó¸Á·¾À�º �¾º@»V·H¹I´8ºV·¾»@¸�»V¼¾ºV¼T·¾´ÝºV·¾»@ÕÖ·
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LIR = 11.15.5
−3.7 × L0.998

15µm

LIR = 0.890.38
−0.27 × L1.094

12µm

LIR = 4.372.35
−2.13 × L1.62

6.7µm
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Îæ©62Öà¿ÑZ·§�.���0�.��´0�e�"¡!����¤§�CÔo¼)¸ Ø ¬ è «�ï4ð ÑZ·>¡!´"´0±-´0�.��º7¤,Ôo¼q¸ Ú ¬ ú`«�ï4ð Ñ ´0�.���¾´0�.��º7¤,Ôo¬qà)�.�¾´0¤§���"Ð���ùZ�Ö¤§�"�P��¤Óq¬ è�ä3ÑZ·¥´0�.��»ç²7¤¥´"�0¤,Ôo¬�¨�Ï �£ ¢¡!º7¤`¡}����¤F�L¡!�£¦£¦�¤���¤�é$éqÏ
× Ø,ó Ï£¬

te
l-0

04
08

68
9,

 v
er

si
on

 1
 - 

31
 J

ul
 2

00
9



��� Å ÅÈÅ�� �������	��
��7Ê� É � É���� �7Ê���� �����LÉ���� �7Ê Å
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(
8� #-#P�	
��O�	�M20U����"� ����� ��U�� � �-2
> ��
 µ " U��	�"�P���(
���.*��
8�������6���eU��(��� ��* �B��
'&Q���,����
>×
� �J�4� *�
0�-��
 �6� � "!� ,��	�[U��1�+� >J��� �2��������"#�������	� U�� ����� Q��1�9&Q�	
 �6��U�� ���G.B�-,B�,����
�

�K� �Y&Q�	��� Q�� � �	���������4���/�G���!U����"� �����/U�� � �-2N> ����	� 
�� µ "¢×&35�P,%�`�T� ��2 #;�4��Q���� #7�	

��� � �-2?> � µ "R�+
�� #S.A�	
��!������� � �M2?>#� 
 µ "R�+
�� #2.��-� *���� !D,E�`,A�(�"� ���%�-�+�O�+
8�-U	� ���
#��	
9���T�W,��	��������
 � �3� ��U��� U'� ���-,P,&�	
:UH� &'�P,@��� �`, X��	��������� �	� U��&1<�	���*2-�%���D� �S,)�������#�	�
,'X��'#0���+
)�M#;
��`,&�`U������°×
• �<V WYXFZ7[QZ�\�]/V ^��F_ L15

IR ` L24
IR _�a Lradio

IR b

� � �`,)��
��@�����+
)�������2�-��"/���0�V� �������J����� U��c;d�eR� �	
&�AQ�� � �	� ,��	"9#���
8� Lradio
IR

��� L24
IRU'�`U��1�+�9U�� " R �	�f3g=?hC�	� �	
��7Q���� ���F"#�	�;�,�LY��'�AQ�� � >ji<d<d:e ���(�	� ,&�	"9#��	
)� Lradio

IR> L15
IR

���k�������4���B�	���A3g=mln�%��*����/iKo7× " �	�[,G������U����T���+������U�� � �-2�>HpQc µ " �%�	��� U��
"� ����������
&�9��������"#���,����
�� U�� LIR

Q����(��� � U����"� ������� U�� � �M2 >Si�q µ "¢×
" �	�"�J��� U^��"@�M��� �!U��j
)�`UV� X'� .��&r8d��0i0sEhD��� � �M2Z>fi<q µ " U��	�"�J���j
���.*��
)�������%���(�	�

)�$#P�V�\U�� ���T�P1<�	���*2-�%��� �����V���%�S,A���X>S��� ��* �%�	
$# �����	� U�� �R�����4� ,)�<�,�������O�	�M2$Q���������� U����
� �	
8�����ut%�%����� � �AU�� � � + R � >#v�×,w µ " >9t ∼ d7×�q���;#;
����[,%� #��	����"�����\>@��� ��"J�.�&� �����NU����
� + R �W>jt ∼ dN�	�xi7× � � ��*��%�	
$# �����	� U���� �����]� ,)���,� �S� � � ��� #7�V�U�+
8y�� *%�6��� ,��	�����7�:�B�
�!� �����[#��V�L"#�SU1���]�.�A�E� U��	�"�L������U-�.���+
 � *��������	�"�`�$#7�`,B�+
8�	����� U�� ��� ��
61-�%�>× � ����U'�`,&�	"9#P�V��� �
�����	�"�J� #7�`,/�+
0�	������U�� ,'X�� #0�+�+
)� # 
��`,��`U������ �����DU�� �-����������
&�X�����#
��)�	�]�.�A�E����U��#"#�	�T�%y�
8�
���<������.��-�.�������,�#���	�"�7�����]� ,)���,�U���x��*��A�	
 #T�����	�®× 9 �-�.�#� �9U����X�����]� ,)���,���X�%�	�;�]# 
����/�������
U<�	�T����� �41<�	���*2-�%���Kh ���]�5#7����&'�����6_��+
)��
)��� #P���"����*���� U�� ��� ��,E��
��%�-���T��U-�.� #7��
&� ���	�®× +zpQc
µ "m���X���+�+���<�����	�{� ��� * �%��� U-� |5��
8�����,�JU<���"�(���G"#� �K��
8� ��}J��� ��"J�.�&� �����Y� ���C�V�&�A�S,%���)�
�	�M2 #P�	�1�&� �6y�
)���W,'X��	��U����D#P�	��
Pt ≤ i7×�p�h\QB�1�F�%�	���M* �%����#;
 ���/���D��� ,���"D#T�,��U<�	�"�(�����
"#�SU�y������>×

� �?����� ,K�$#7���[U��	���P�,�P,E���&�B�-��
8�0U � �	"7���4���	
8��
����J" � U'���4���B��������� U�����4� *�
8�-��
��%���G�������	��

U��Di<d µ " ,)�	
&�����L1<�	���*2-�%���K��* �B��
'&V�)��� > # �M�1�L1	
8�	�[U�
8�PUV�QX'� .��=>p~c µ " &��	���4� &��-��

��� �/��"/���������	� U<���"�P����U^�	"#�-��� � U����
� ���4� ,E���,��� U<�	�T�����(
��+.A��
)�������%�����	�2
8�3#P�V�§×

2g�.��´P¤§�L�L¡§í7¤¥´n��¤- µ��¤¥�q»¹·§�. µ³�´0¤¥���q´0¤4·§¤¥�n±§·>¡!´"�P¤¥���"´0¤
L15

IR

¤¥�
L24

IR

¼$���.���P¡§²7�.���P¤§�0�L¡>í7±-��¤U·§�. µ³�¡!´0¤¥´
�q�£´0¤§·¥�0¤¥ ¹¤¥���`¦�¤§��³�´0�.³�´"��±¥�0±§�`��¡!����¦�Ï �£�qù ´L¡!´0�.��º7¤¢ ¹�>í7¤¥�ò��¤§��º�¡!¦e¡:»)��¤§��¦���·>¡!¦�¤§�`¤¥���q���"�L¡!���0¤§�}¸ç³�¡!´"�"�£´
��¤b�q�e¡!º$´L¡! µ ¹¤`�q�e¡!º$´L¡! µ ¹¤b¦£�� µ�£���$�"�£�0±b¦£�� µ�£���$�"�£�0±$¬
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ÄÆÅ���� �§Ë 
��0
���Ê�� ���^B Ê � ��� � ���^B Ê 
 � Ê �LÉ4��� ��Ê � Ä

ÄÆÅ��®Å�� � �	��
 É)Ì�É�� Ê � � � � �^B Ê���� � É ���7Ê�� � � B Ê 
 � Ê �LÉ4��� �7Ê

êP�. µ ¹¤î�.�÷¦�Ï1¡3²���³�´0±§·§±§��¤¥ µ ¹¤¥���>¼�¦�¤§�E¨�©kö « �E¤¥�`¦�¤§���i¨�©rö « �}��Ï&�.���}³�¡.�E±¥���.´" ¹±¥ ¹¤¥���¹±¥²7�!¯¦£��±î¤¥� �0¤¥´" ¹¤¾��¤¢³�´0�.³�´"��±¥�0±§�E��¡!���`¦�Ï �£�qù ´L¡!´0�.��º7¤¾ ¹�>í7¤¥��¬g¨ª¡ 8�¯°·§�.´"´0¤§·¥�"���.��²$¡ì��·¥�^<¥�"´0¤¾���"�£¦£���0±§¤î¡���
��¤l·§�. µ³�¡!´0¤¥´ì¦�Ï1¡!½��0�.´"³��"���.� ��¤§�ì�"�£¦£��·>¡!�0¤§�,¼n¦�Ï&±¥ µ���0�0���.����¤§�02�á ï ¤¥�ç¦�¤ë·§�.���"�£��� ��¤§�î³®¤¥�"�£�0�¾º$´L¡!�£���
³®�.��´N¦�¤§�Oº�¡!¦e¡:»q��¤§�N¦���·>¡!¦�¤§�N¤¥�U�q���0�L¡!���0¤§�>¬�¨�¤�½����U��¤F·§¤¥�"�0¤F�L¤§·¥�"���.�¿¤§�"�N��¤F·§�. µ³�¡!´0¤¥´-�q�£´0¤§·¥�0¤¥ ¹¤¥���4¦�¤§�
¨ª©rö « ���h�i¨�©kö « �N¦��)·>¡!¦�¤§�-¤¥�4�q���0�L¡!���0¤§�>¬®êP¤¥�"�0¤b±¥�"����¤�¤§�"�-³�´0±§�0¤¥���0±§¤`¤¥�ë��±¥�L¡!�£¦ª��¡!���4¦e¡µ�0¤§·¥�"���.� ú �q�³�¡!³���¤¥´F�£���"�£�"��¦�±��-9 � U ���/.�
8�	
8�PU�#;
�� #7��
����%���7�0.WU-�����%�	���L���/.�
0��
8�`UU�M��"/���,�	�'�&1<�	���*2-�%���C.�
��	" K L L " %�� ¬
�4�ì´0±§�"�� ¹±b��¤§�U´0±§�"��¦£�L¡!�0�-¤§�"�N³�´0±§�L¤¥���0±�·¥����¤§�L�0�.���bÜ

• ��a�� �F_H�F_��������;V �!� a~\�V;^ � _���Z"�!�FW \+^ V;]~\�a#�%$'&)( µ W * L12 + _�^-,nV;^ ��a~\�V;^ � _H�<_.�/��_�$10
µ W * L7 + �FZ�^ ]2��_�[3��,4��['_�^ a~\�_5�4Z6�f[Q_�X5V�]� _�]�7�Z6��Z)8 \�_�]9��V �<Z6��_�]#_<a��\�]Ba/Z�^ a/_�] b

Ý å �.����¡>²7�.�����0±¥¦�¤§·¥�"���.����±O¦�¤§��º�¡!¦e¡:»q��¤§�t�q���"�L¡!���0¤§�Ö�"�£�"��±§¤§�t��¡!����¦�¤O���. ¢¡!�£��¤U��¤P´0¤§���"Ð���ùZ�tÓq¬ Ú ¯ Ø ¬1Ò ú³��.��´FÕ���¤E¦�¤¥��´0� 1��q»l¸çÒ!è
µ
  Îë©62Öà�Ñ Ø>ú µ   ©Hà�FêPáiÎ ¨�� é7Ôi·§�.´"´0¤§�"³®�.����¤¥���`¸¾��� 1��q» ¸

Ø Ò µ   ©rö4á�àæÑ ó µ   ©"à�FêPáiÎlÔP��¡!���-¦�¤¥��´N´0±oùZ±¥´0¤¥���"��¤¥¦ª³�´0�.³�´0¤$¬
Ý 2��.��´4¦�¤§�Uº�¡!¦e¡:»q��¤§�U¦��)·>¡!¦�¤§�>¼�·§¤§�U��¤¥�q»ì¦£�� µ�£���$�"�£�0±§�i·§�.´"´0¤§�"³®�.����¤¥����¡!�q»:�¦£�"´0¤§�4©rö4á�àç¸ Ø Ò µ  ¤¥�-©"à�FêPá4Î3¯°¨�� Òµ¸ ó µ  <;$¬

¨ª¤§�=�º$��´0¤§� ó ��¤�¦�Ï1¡!´"�"��·¥¦�¤`·§�.´"´0¤§�"³®�.����¤¥���i¸E·§¤¥�"�0¤�±¥�"����¤$¬

• �La�� �F_2�F_>�������;V �!� a~\�V;^k�F_>��Z?�!�FW \+^ V;]~\�a#�@$"&BA µ WC* L15 + _�^1,nV;^ ��a~\�V;^k�F_2�<_.�/��_�$�&.D
µ W * L10 + �FZ�^ ]���_J[��5,���['_�^ a~\�_.� Z6�x['_�X5V;]@� _�]27�Z6��Z)8 \�_�]���V �<Z6��_�]#_<a��\�]Ba/Z�^ a/_�] b

Ý ¨ª¡ 8�¯°·§�.´"´0¤§·¥�"���.�ì���.���O�£ µ³®�$�0¤���¤i³�´0¤¥���q´0¤F��¤§�Oº�¡!¦e¡:»)��¤§�O�"�£�"��±§¤§�U¸EÓq¬ è ≤ ð ≤ Óq¬ Ú ¬q¨�Ï&±¥ µ���0�0���.�3¸Ø Ó µ  �¤§�0�4·§¤¥���"´0±§¤}�"��´4¦�Ï1¡!½��0�.´"³��"���.�æ��¤§�i�"�£¦£��·>¡!�0¤§�>¼�·§¤¥¦£¦�¤`¸ Ø>ú µ  ��"��´-¦�¤`·§�.���"�£������¤§�4³�¤¥�"�£�0�
º$´L¡!�£���>¬�êP¤¹���. ¢¡!�£��¤¾¤§�"�F�"´0¶§��·¥´"�£�"��Õ���¤¹·>¡!´b¦�¤§�`�"�£¦£��·>¡!�0¤§���L�.���b ¢¡!¦�³�´"����¤¥� ·§�. µ³��0¤¢��¡!����¦�¤§�
 ¹����¶¥¦�¤§�,¼�¤¥�N¦�¤§�N¦£�£½�´L¡!�£´"��¤§�U��Ï&�.���-³�¡.�U±¥�0±�·§�.���"´L¡!�£���0¤§��¸µ·§¤¥�"�0¤F¦��.��º$��¤¥��´4�ÆÏ&�.����¤$¬

Ý 2��.��´Ö¦�¤§�tº�¡!¦e¡:»q��¤§��¦��)·>¡!¦�¤§�>¼7·§¤§����¤¥�q»µ¦£�� µ�£���$�"�£�0±§�Ö·§�.´"´0¤§�"³��.����¤¥���P¡!���¦£�"´0¤-©Hà�FêPáiÎ�¸ Ø>ú µ  ¤¥��¸¹���ë���.��²7¤>¡!�?�¦£�"´0¤}���.����¦�¤A1��q»l¸¹±¥�0±}·§�.���"�"´"���£�b¸µ³�¡!´"�"�£´���¤§�D1��q»ë¸ Ø>ú ¤¥� Ø Ò µ  �¡§²7¤§·
¦�¤§�E�¦£�"´0¤§�-©"à�FêPáiÎ�¤¥�U©kö-áFà.F.¬

¨ª¤§�G�º$��´0¤§� Ú ��¤Ö¦�Ï1¡!´"�"��·¥¦�¤Ö³�´0±§�L¤¥���0¤¥���t¦e¡4·§�.´"´0±¥¦e¡!�"���.� L10
¯
L15

³®�.��´g·§¤§�gº�¡!¦e¡:»q��¤§�g¦���·>¡!¦�¤§��¤¥�t�q���"�L¡!���0¤§�,¬

H4IKJ�LNMPORQSQTLPMVUTWXOYJ�ZXWX[PL]\ �2^ \RW_Ua` � LbZcLVdae�L ��f d!g�d!UThPi=LPdEe�L a Z_USQTLNJ3LbdSOYJjU=k3\�dlQTWXm�O � QTL � dSLPi=LPJjUlZcLVd=i 7 i=LPdT\][VUT[\�k3k�ZXWn` � [PLo IKJ�LNMPORQSQTLPMVUTWXOYJ�ZXWX[PL]\ �2^ \RW_Ua` � LbZcLVdae�L ��f d!g�d!UThPi=LPdEe�L a Z_USQTLNJ3LbdSOYJjU=k3\�dlQTWXm�O � QTL � dSLPi=LPJjUlZcLVd=i 7 i=LPdT\][VUT[\�k3k�ZXWn` � [PL
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��� Å ÅÈÅ���� �����	��
��7Ê� É � É���� �7Ê���� �����LÉ���� �7Ê Å

� �������$�%�����	�
•

� ���G1��	�$�32-�6� �J� �S,)�	����� ���WU-�����%�	���,���J#;
�� �B�����,�����JU����W# 
�� # 
����������j�+
8y�� ����"J�����-��
)���
,��	"A"� ��� " �����+
8�>����� � 1���
)���!wO���!@�× � ��� 1<���$�*2M�6���MU-�.���%�	���,� ���%�	���-#;�-�'� �M��"/��� ���'�/���Eh
"#�-�.�J,K�`,%��� ���L�]��� >U��� * �+�M���7��*��/��
'&Q�������	��� ����×5=?������� �%�	�;�9U<�	�T�#���A#;
��	� �	��1���"���;�
U����#��Y��'���,��"�������A
��)�	�]�.�A� �9#"�	��
@�����&1<�	���*2-�%���#� �S,)�	���������{�,��
K"� U�� L7

&'��
��K�1� L12��� L10
&	��
&���'� L15

×
•
 � �/,��	"9#��	
8�-�.�%�	� � &'�`,���� �G�+
��-���G�]� *�
8�-��
��%����# 
��`,��`U������,� ��"#�	���+
)� Q����/,E�������/U��

" �	����� R ��� �	��#;
����B�����,�9���&"� ����������
9�-,P,���
:UU��&'�`,D����� U^�	���,�E���Eh7,K��������U���3 X��	
'(��
=?��*8�~t�K��
8��������"� L12/L7

hF�	� �	
�� Q�����,E�������AU�� � �/1<�-,'X7�Kh " �	����� � �	1���� �%���'�/��������"�
L12/L7

���F�K��
8� ������"#����� L10/L15
×

•
 �T�7���+��U�� U'���%�-�����)�)� U����(1<�	���*2-�%���\U-�.���%�	�;�,���9"#�	���+
)�#��� �@� �%1�y�
)� �'&��	�-�������	� U����

#;
�� #;
 ���B�����WU�����1<���$�*2M�6������ �,��
K"�WU��A
0� #�#P�	
��DU�� L7/L12
��� L10/L15

× =4�{��|L����h
������1<�	���*2-�%���(� �S,)�	�����M#;
����/�����,�����?��� L10/L15

���>��� L12/L7
#;�-�'�7#7�����+���§×

� �-�'� �6����
�� X�( #P���YX�y��/��� #7����&'���;�C��2 #;�4��Q�����
 ,K� ,&�	"9#P�	
��,��"�����4� ��� �'&��	�-�������	� U	�2
8� # �
#P�	
�� L7/L12

#7�����K_B�+
8�2�-�&�%� ,%���E�W> U���� � + R #;�-�1�7�����T���*���§×�� � �-� U'��Y%>��'&V�*Q��T� ,E�
#P�-����� �	� ,'X�� #0�+�+
)�^#;
��`,&�`U������G#"�	��
&��2 # �]��Q�����
������ &Q�	
 �+�<�����	�T� U�����
8� #-#"�	
����AU�� � + R
>�w���� i'p µ "¹×  � �(���	� ���B���������A#;�-�'�g.A�	
��,�DU���� � + R �e#7�����e&'��� ��
DU�� ��� ��"#�B�%�	���4� ,%�����
#;�-�'�?.��M� *����Kh U�� ��� �&1'���	"7���+
 �6� U��@�$�S
��61-���	�=U��4.A�	
�"@�<�����	� U � �����M��������UM� |5��
)�����,�X�	�
U��(����%�-������� U����L1	
8�-���"�§×
� � �'&����M���������=U	� 
0� #�#P�	
�� L10/L15

#7�����
_B�+
8�G�V���%�S,%���)� >���� �A#;
�� �B���[,K� #;�-�'�O.A�	
��,�
U����R�����]� ,)���,���@���Y��*��%��
 # �����	� U<���"�&��� �!1<�	���*2-�%���/> � �	"\*��)�\U�� .%��
K"#�������	�!U�� �����-�������
U-�.���%�	�;�,���§× " �	�"�J��� ��� � &'��
&��� �S,)��� h/���]�U� � �A�	���?.���,%������"�����WU'�B�,�`,B�%��*������ Q����\#P�	��

U����S1<�	���*2-�%���J#;
����/�����%�	���A��� �0� (<�	� �-,B��� .$�	� U����G1��	�$�32-�6� �J#7��� "7���%�	���]��Q������EhA� >
�	} ����� � + R �X�A�	���^#;�-�1�!.B�-� *���� �§× � �b� �%�	�;��U-� � ,A�������[>:"#�B�6�+
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Abstract. We present ISOCAM 15 µm and MIPS 24 µm photometry of a sample of 16 distant Luminous Infrared Galaxies
(LIRGs) characterized by a median luminosity LIR ∼ 2 × 1011 L� and redshift z = 0.7 (distributed from z = 0.1 to 1.2).
While some sources display 24/15 µm flux ratios also consistent with a featureless continuum dominating their mid-infrared
(MIR) spectral energy distributions (SEDs), the presence of prominent emission features such as the Polycyclic Aromatic
Hydrocarbons is clearly required to explain the observed colors for more than half of the sample. As a result, a general good
agreement is observed between the data and predictions from the local starburst-dominated SEDs that have been used so far
to constrain IR galaxy evolution. This is consistent with the star-forming nature of LIRGs derived from previous works, even
though our approach cannot rule out the dominance of an AGN in some cases. Our study also supports the possibility of tracing
the total IR luminosity of distant galaxies (up to z ∼ 1) from their MIR emission.

Key words. galaxies: evolution – infrared: galaxies – galaxies: starburst

1. Introduction

The excess of faint sources in the deep extragalactic surveys
performed in the MIR to sub-millimeter with their associated
redshift distributions when available, together with the shape
and intensity of the cosmic IR background (CIRB, Puget et al.
1996), which measures the extragalactic IR light radiated above
3 µm and is at least equal to the UV to near-IR extragalactic
background light (Gispert et al. 2000; Hauser & Dwek 2001),
suggest that a large fraction of the UV radiation of young stars
was reprocessed by dust in the mid to far IR range over the
Hubble time. The cosmic star formation history – the star for-
mation rate (SFR) per unit comoving volume as a function
of redshift – would be dominated by intense star formation
phases, during which the bulk of the UV light is reprocessed
by dust in the IR with a rapid decline of the SFR density
since z ∼ 1 and a flat or possibly slow increase from z ∼ 5
to 1 (Chary & Elbaz 2001; Lagache et al. 2004, and references
therein). These models called “backward evolution models” be-
cause they evolve the local luminosity function in the MIR as a

? Based on observations collected with the Spitzer Space Telescope
(which is operated by the Jet Propulsion Laboratory, California
Institute of Technology under NASA contract 1407) and on obser-
vations with ISO (an ESA project with instruments funded by ESA
Member States (especially the PI countries: France, Germany, The
Netherlands and the UK) with the participation of ISAS and NASA).

function of redshift, assume that the shapes of distant SEDs in
the MIR remain similar to the ones observed in local galaxies
and are directly related to the total IR luminosity.

The goal of the present study is to check the validity of
this assumption up to z ∼ 1 by combining data from ISOCAM
(Cesarsky et al. 1996a), the MIR camera onboard the Infrared
Space Observatory (ISO, Kessler et al. 1996), and MIPS, the
Multiband Imaging Photometer for Spitzer (Rieke et al. 2004)
onboard the Spitzer Space Telescope (Werner et al. 2004).
Studying the MIR shape of distant galaxies is particularly rel-
evant since direct FIR observations are rapidly confusion lim-
ited and strongly affected by moderate sensitivity limits. On the
other side of the peak of the IR SED, sub-millimeter observa-
tions are presently limited to the detection of ultra-luminous
IR galaxies (ULIRGs) above z ∼ 2 (Chapman et al. 2003). In
the near future, before the launch of Herschel and the advent
of ALMA, the best constraints on the evolution of luminous
IR galaxies (LIRGs), i.e. galaxies with LIR ≥ 1011 L�, as a
function of redshift and on their role in the global evolution of
galaxies will exclusively come from the MIR. Around z = 0.7,
LIRGs are too faint to be measured through direct spectroscopy
in the MIR with the infrared spectrograph (IRS, Houck et al.
2004a) onboard Spitzer. The only remaining technique to con-
train the MIR shape of distant LIRGs is therefore to com-
bine MIR measurements for LIRGs located at different red-
shifts, hence spanning a larger range of rest-frame wavelengths.
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In the present study, a redshift range of z = 0.1–1.2 allowed us
to study the 5 to 25 µm rest-frame part of the MIR SEDs. In
this wavelength range (see Genzel & Cesarsky 2000), the SED
is dominated by the combination of broad emission lines, gen-
erally interpreted as due to polycyclic aromatic hydrocarbons
(PAHs), and of the continuum emission of stochastically heated
“very small grains” of dust transiently heated to temperatures
of the order of 200 K. The thermal emission of “big grains” of
dust heated to ∼40 K also contributes partly to the MIR emis-
sion but peaks in the FIR (between 80 and 100 µm typically)
and contains the bulk of the luminosity radiated by galaxies
above 3 µm. Finally, hot dust emission due to dust heated by an
active galaxy nucleus (AGN) can also contribute to and some-
times even dominate the MIR spectrum of a galaxy. Before de-
riving the IR luminosity for a galaxy that will be used to com-
pute its SFR, one must start by making sure that its MIR SED
is not polluted by the AGN emission. The presence of PAHs
as well as a rapid decline of the continuum emission below
5 µm strongly suggests a star formation origin for the emis-
sion (Genzel & Cesarsky 2000, and references therein). Local
LIRGs are rarely affected by an AGN, contrary to ULIRGs
above 1012.3 L�. Using a combination of template SEDs and
deep X-ray surveys with XMM-Newton and Chandra, Fadda
et al. (2002) derived an upper limit to the contribution of an
AGN to the MIR light radiated by ISOCAM selected LIRGs
up to z ∼ 1 of 20%.

The MIR emission of local star forming galaxies – at 6.75,
12 and 15 µm – was proven to correlate, with some scatter, with
the total IR one, i.e. from 8 to 1000 µm, which is largely domi-
nated by the FIR component (Chary & Elbaz 2001; Elbaz et al.
2002). However, the validity of these correlations in the more
distant universe has not yet been established. Galaxies were
less metal rich in the past. Their shape and compacity evolving
with time might also affect their SEDs. Local galaxies SEDs do
present some variations in the MIR as a function of metallicity.
The metal-deficient (Z = Z�/41) blue compact dwarf galaxy
SBS 0335-052, for example, is bright in the MIR range but still
does not show any sign of the presence of the PAH features
which the authors interpret as an effect of the destruction of
their carriers by the very high UV energy density (Thuan et al.
1999; Houck et al. 2004b).

Throughout this paper, we will assume H0 =

70 km s−1 Mpc−1, Ωmatter = 0.3 and ΩΛ = 0.7.

2. Sample selection and data reduction

A 30′ × 30′ field was imaged by ISOCAM at 15 µm
in the Marano FIRBACK region centered on (3h13m10s,
−55◦03′39′′), about two thirds of which is covered by a larger
MIPS-24 µm image of 1.4◦ × 0.7◦ with a 80% completeness
limit of 170 µJy. The central part of this field (7′ × 7′, UDSF
for “ultra-deep survey firback”) was covered down to an 80%
completeness limit of 140 µJy at 15 µm with ISOCAM, a depth
similar to the MIPS one (see Fig. 1). The ISOCAM-15 µm
UDSF belongs to the ISOCAM Guaranteed Time Extragalactic
Surveys (IGTES, Elbaz et al. 1999). Six overlapping mosaics
were performed in the micro-scanning mode of ISOCAM for
a total of 2.7 h of integration per sky pixel and leading to a

ISOCAM − 15 microns MIPS − 24 microns

Fig. 1. Left: ISOCAM 15 µm image of the Marano FIRBACK field
(central part of the ultra-deep survey, 7′ × 7′) down to an 80% com-
pleteness limit of 140 µJy. Black X represent the positions of the com-
mon sources with MIPS plotted in Fig. 2. Right: MIPS 24 µm image of
the same field down to an 80% completeness limit of 170 µJy. White
X represent the position of ISOCAM sources.

final projected map with 2′′ pixels. The data were reduced us-
ing PRETI (Starck et al. 1996) and the transient correction as
well as the assessment of the completeness limit were com-
puted by Monte Carlo simulations with fake sources of known
flux densities in the real images.

The 24 µm observations were performed during the MIPS
commissioning phase (IOC/SV) in November 2003. The scan
map AOT was used, with an half-array overlap to cover
about 1300 Sq. Arcmin with high redundancy (20) and to get
an integration time per sky pixel of about 230 s (Papovich
et al. 2004). The data were reduced using the Spitzer Science
Center Pipeline and the BCD products (Basic Calibrated
Data, Pipeline version S10.0.3) were downloaded from the
Spitzer archive1. PSF-fitting photometry was performed using
DAOPHOT (Stetson 1987) with IRAF2.

For the present study, we used a sample of 16 galaxies
detected with both ISOCAM and MIPS at 15 and 24 µm
respectively and identified with crosses in Fig. 1. This set
of galaxies was extracted from a larger sample of ISOCAM
selected galaxies for which medium resolution (R = 1200)
VLT-FORS2 spectra were obtained (Liang et al. 2004) in the
“Marano FIRBACK” field. Oxygen abundances were obtained
for half of them with values of 12+ log(O/H) ranging from 8.4
to 9. With a median stellar mass of 5 × 1010 M� and red-
shift of z ∼ 0.7, they are among the most massive galaxies in
this redshift range but exhibit metallicities about twice smaller
than their nearby counterparts suggesting that they will produce
about half of their metals from z = 1 to 0 (Liang et al. 2004).
Finally, it must be noted that even though no direct FIR mea-
surement exists for this sample of galaxies at present, there is
indirect evidence that the MIR-FIR correlations remain valid
up to z ∼ 1. Indeed, MIR and radio measurements provide con-
sistent predictions for the FIR luminosity of distant galaxies up
to z ∼ 1 (Elbaz et al. 2002; Appleton et al. 2004).

1 http://archive.spitzer.caltech.edu, PID: 718.
2 IRAF is distributed by the National Optical Astronomy

Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under the cooperative agreement
with the National Science Foundation.
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3. Discussion

Figure 2 presents the 15 and 24 µm luminosities of the
16 galaxies detected with ISOCAM and MIPS in the UDSF fit-
ted by a library of template SEDs from Chary & Elbaz (2001).
This library of 100 template SEDs, from log(LIR/L�) = 8.5
to 13.5, was generated between 0.1 and 1000 µm to repro-
duce the trend observed for local galaxies between MIR and
FIR luminosities. The MIR (4−20 µm) part was produced by
interpolating between the ISOCAM CVF spectra of four pro-
totypical galaxies (Arp 220, NGC 6090, M 82 and M 51),
hence all SEDs contain PAH features. Because the 6.75, 12
and 15 µm luminosities of a local galaxy correlate with its to-
tal IR luminosity, LIR, it is possible to use a single MIR mea-
surement to derive LIR, and therefore a SFR, for nearby galax-
ies. In “backward evolution models”, such as Chary & Elbaz
(2001), the 15 µm luminosity function is evolved as a func-
tion of redshift to reproduce the observe galaxy counts and the
CIRB, assuming that a template SED is uniquely determined
by a given 15 µm luminosity. To fill the gaps between the ob-
served 6.75, 12 and 15 µm correlations, the templates interpo-
lated for all total IR luminosities were used. We used the same
technique to derive L15

IR from L15 (measured with ISOCAM),
L24

IR from L24 (measured with MIPS) and L15−24
IR from the com-

bination of L15 and L24. First, the 100 template SEDs were red-
shifted at the redshift of a given galaxy among the 16 and a
flux density was determined at 15 µm using the filter response
of ISOCAM. Second, the SED which 15 µm flux density was
the closest to the observed one was selected and normalized to
reach the observed 15 µm flux density. The total IR luminosity
of this galaxy is L15

IR. Using the same strategy, we computed L24
IR.

Lastly, we selected the SED which minimized the χ2 of the ob-
served 15 and 24 µm flux densities with their associated error
bars and derived a third luminosity, L15−24

IR . The MIR luminosi-
ties in the rest-frame of the galaxies (crosses proportional to the
filter width and error bar on the flux density) are compared to
the SEDs used to compute L15−24

IR in Fig. 2 and their associated
MIR luminosities (filled circles).

The values of LIR derived by the three techniques are equal
with a 1-σ dispersion of only 20%, which confirms the ro-
bustness of this technique. Hence on average, the combination
of both instruments will affect the predicted LIR values with
a 20% dispersion only with respect to the use of only one of the
two instruments. Hence the global shape of the template SEDs
is such that it can be used to predict with this accuracy the other
MIR value, suggesting that the SEDs did not vary very much
since z ∼ 1. In the “starburst” regime, i.e. below LIR = 1011 L�,
the template SEDs do not provide a good fit to the galaxy “#1”
(z = 0.4656, log[LIR/L�] = 10.7), which behaves very similarly
to NGC 7714 (Brandl et al. 2004) as shown in dashed line in
Fig. 2. The dispersion observed even among local galaxies, for
example in the MIR-FIR correlations already suggested that an
ideal library of template SEDs would have to include a varia-
tion of shapes for each LIR bin.

The bold SED in the middle of Fig. 2 presents a strong evi-
dence for the presence of the 7.7 µm PAH feature, band or com-
plex. The rest-frame 9 µm luminosity of this 1011.1 L� galaxy
(z ∼ 0.7) is 1.8 times larger than the 14 µm one, which is nat-

Fig. 2. All SEDs sorted (from top to bottom) by decreasing redshift.
The SEDs are shifted by an arbitrary offset in νLν for visibility; wave-
lengths are rest-frame. ISOCAM 15 µm and MIPS 24 µm luminosities
are reported with the filter bandwidth and the 1-σ uncertainty. The la-
bel indicates the logarithm of the IR luminosity as well as the redshift
and ID of each source, e.g. ID #4 is the galaxy UDSF04 in Liang et al.
(2004). The filled circles are the luminosities that would be measured
in both filters for the plotted SED from the library of template SEDs
of Chary & Elbaz (2001). Bold dashed line on gal.#31: SED of the
AGN NGC 1068 normalized to best fit the measured 15 and 24 µm lu-
minosities of the galaxy. Dashed line on gal.#1: SED of NGC 7714
(Brandl et al. 2004).

ural when PAHs are present but rules out a hot dust contin-
uum emission as the one locally observed in individual HII re-
gions (such as M 17, Cesarsky et al. 1996b), dwarf galaxies
(Thuan et al. 1999) or even Compton-thick Seyfert 2’s (such as
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Fig. 3. The observed colors νLν(15)/νLν(24) derived from our sample
(open circles and vertical error bars, with numbers refering to IDs from
Fig. 2), compared with the predictions for different object types such
as the Seyfert 2 prototype NGC 1068, two enshrouded IR-luminous
systems with deep silicate absorption (Arp 220 and NGC 4418), M 82
(log(LIR/L�) = 10.6) and three template SEDs from Chary & Elbaz
(2001, plain lines; the lowest line corresponds to log(LIR/L�) = 12.4).

NGC 1068, bold dashed line in Fig. 2; Le Floc’h et al. 2001).
The SEDs were sorted as a function of increasing redshift in
Fig. 2 in order to illustrate the effect of the k-correction which
acts as a low resolution spectrograph by shifting the broadband
ISOCAM and MIPS filters to lower wavelengths with increas-
ing redshift. The good quality of the fit was obtained without
allowing the luminosity of the template SEDs to vary which il-
lustrates the very good agreement with observations at 5–25 µm
rest-frame.

The templates from Chary & Elbaz (2001) are therefore
consistent with the observed 24/15 µm colors of distant sources
considered as a whole. However it is worth mentioning that
they do not provide a unique solution for every galaxy of the
sample, since some of them can also be fitted by a feature-less
continuum (e.g., ID #25 in Fig. 2). This issue is explored with
more details in Fig. 3 (similar to Fig. 1 of Charmandaris et al.
2004) where we compare the colors derived from our sources
with what would be observed as a function of redshift for dif-
ferent object types such as the Seyfert 2 prototype NGC 1068,
two enshrouded IR-luminous systems with deep silicate ab-
sorption (Arp 220: Elbaz et al. 2002; NGC 4418: Spoon et al.
2001), M 82 and three template SEDs (as in Fig. 2). The
comparison shows that galaxies with νLν(15)/νLν(24) ≤ 0.8
can indeed be explained by power-law spectra with no sig-
nificant contribution from PAHs. This fitting degeneracy re-
sults in an additional uncertainty in the extrapolation to the
total IR luminosity (typically a factor of 2), and it also indi-
cates that our approach is not sufficient in itself to discrem-
inate between starbursts and AGNs. Nonetheless, a non neg-
ligible fraction of sources at z ∼ 0.2–0.8 (∼40–50%) exhibit
νLν(15)/νLν(24) colors larger than ∼1. The latter can not be re-
produced by SEDs without strong emission features redshited
in the ISOCAM band and boosting the flux at 15 µm. As pre-
dicted by the starburst-dominated templates, these colors are
therefore the telltale signature for the presence of PAHs in the
distant Universe.

4. Conclusion

We have shown that by combining ISO and Spitzer in the pho-
tometric mode, it was possible to constrain the MIR SED of
distant galaxies too faint to be subject to direct spectroscopy
in the MIR. Deep images with both instruments and at similar
depths (140 and 170 µJy at 15 and 24 µm) do detect the same
objects which illustrates the robustness of both instruments.
The combination of 15 and 24 µm flux densities measured
with ISOCAM and MIPS was used to constrain the rest-frame
5–25 µm part of the SED of a sample of 16 LIRGs with z ∼
0.1–1.2, taking advantage of the k-correction. Similar studies
with larger statistics will become feasible soon by combining
MIPS 24 µm with IRS 16 µm peak-up imaging. Even though
some sources were found to be either consistent with a starburst
or an AGN-dominated SED, a significant fraction of our sam-
ple shows clear evidence for the presence of the broad bump
associated to the 7.7 µm PAH feature in emission and for the
silicate feature in absorption centered at 9.7 µm. Local template
SEDs fitting the correlations between MIR and FIR luminosi-
ties provide an overall good fit to the distant LIRGs support-
ing the possibility to use them in models fitting galaxy counts
and deriving a cosmic star formation history using a “backward
evolution” of the MIR luminosity function.
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çs¿mâ�Ã�¾�Ð�¿}Èx¿À¾V¾{¿mÊÁºfÌV¾V»Ï¿}¿xÅ{¾�Ð�¿mÂ
ÃÁºf¼N¾V»FúÁ¿ÀÌ�ÎÝºÆáµºfÉbâÓÍx¿}Ð�¿�ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ÞÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿lÐ�¿xÅ�çsèBémêÆÅ�ØLÈLÑi¿xÅV¾�Ü
Ð3»½Ì{¿!ÐÙÑiÍÀ¾VÃhÐ3»Ï¿ÀÌ'Èx¿�Â
Ã�»
Å�Ñi¿xÅV¾ûÊÁº]Å{Å{Í8Ðhºf¼hÅûÎÏ¿!Ð�¿ÀÌV¼�»Ï¿ÀÌûÉË»½Î½Î½»ÝºfÌ{ÐgÐÙÑYºf¼�¼hÍx¿xÅ�æfç8ÑYº]ÈxÈxÍxÅ�Ü}Èx¿À¾V¾{¿uÐ3Ã�Ì{Íx¿uÊÓÄ]Ã�ÌVÌJºf»½¾
¼hÄ]ÃhÅgÊÓ¿ÀÌVÉÛ¿À¾V¾VÌ{¿àÐ�¿ÛÉË»Ï¿ÀÃ3ßåÈxÄ]ÉËÊ�Ì{¿À¼hÐ3Ì{¿àÎÏ¿ÞÄ]ÃåÎÏ¿xÅ(ÉÛÍxÈ�ºf¼�»ÏÅVÉÛ¿xÅPÌ{¿xÅVÊÓÄ]¼hÅJºfâ�ÎÏ¿xÅgÐ3Ã§Ð�ÍxÈÀÎÏ¿À¼hÈJíh¿ÀÉÛ¿À¼N¾
Ð�¿üÈx¿À¾V¾{¿ðÊ�íÁº]ÅJ¿ðÐ�¿îÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼,Å{¾{¿ÀÎ½ÎÝºf»½Ì{¿Læuì8Å{¾ÞÈx¿ðÂ
ÃsÑ Ã�¼h¿îáµºfÉ(âãÍx¿�Ð�¿îÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼,Å{¾{¿ÀÎ½ÎÝºf»½Ì{¿ü¿xÅV¾�Ã�¼
ÍÀÇ_ÕÀ¼h¿ÀÉÛ¿À¼
¾äÈxÄ]Ã�ÌV¾àº]Å{Å{ÄvÈÀ»ÏÍýÜïÃ�¼h¿îÊ�íÁº]Å{¿ðÐ�¿îÌ{¿À¼hÈxÄ]¼N¾VÌ{¿�Ð�¿î×NºfÎÝºaß3»Ï¿xÅµ÷üì8ÅV¾jÔeÈx¿îÃ�¼-ÍÀÇ_ÕÀ¼h¿ÀÉÛ¿À¼N¾�Ê�Î½ÃhÅ
ÎÏÄ]¼�×u÷äþÆ¿xÅgÿf×_¿xÅtÇLºfÌV»ÏÍxÅbÄ]¼N¾gÍÀ¾{ÍÛÍÀÇ_ÄvÂNÃhÍxÅ(ÈxÄ]ÉËÉÛ¿�Â
Ãh¿ÀÎÏÂNÃh¿xÅ

107 ºf¼hÅ��ZòlÎÏÄ]¼hÅ{ÄfÔ��l¿ÀÌVÌ{¿ÀÌ{Ä����	��
���������3Ø
�ÁÄ]Ì{ÅV¾{¿ÀÌ��vÈ{í�Ì{¿À»½âÓ¿ÀÌ�������
�������������Ä]ÃðÂ
Ãh¿ÀÎÏÂ
Ãh¿xÅ

108 Ø3Ç_Ä]»½Ì{¿ 109 ºf¼hÅ�����Ä]×L×L»Ýºf¼N¾V»�������
�ÏØ ����������æì8ÅV¾PÈx¿�Â
ÃsÑYºfÃåÈxÄ]Ã�Ì{ÅPÐ�¿ÛÎÝºýÊ�íÁº]Å{¿�Ð�¿äÈxÄ]Î½Î½»ÏÅV»ÏÄ]¼hÅ(ÎÏ¿xÅb×NºfÎÝºaß3»Ï¿xÅ(Å{Ã�â�»ÏÅ{Å{¿À¼N¾gÊ�Î½ÃhÅV»Ï¿ÀÃ�Ì{ÅbáµºfÉbâÓÍx¿xÅPÐ�¿
ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼üÅ{¾{¿ÀÎ½ÎÝºf»½Ì{¿xÅmÅVÃhÈxÈx¿xÅ{ÅV»½Ç_¿xÅã÷

ø!Ä]Ébâ�»Ï¿À¼&ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅËÅ{Ä]¼
¾bÖzÄ]ÌVÉÛÍx¿xÅÛºfÃ%ÈxÄ]Ã�Ì{ÅËÐ�¿ÞÈx¿À¾V¾{¿äÊ�íÁº]Å{¿àÐ�¿�ÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅµ÷îçs¿äâ�Ã�¾
Ð�¿ðÈx¿îÈ{íÁºfÊ�»½¾VÌ{¿�¿xÅV¾ÛÐ�¿àÊ�Ì{ÍxÅ{¿À¼N¾{¿ÀÌÞÎÏ¿xÅÛÐ3»"!ÙÍÀÌ{¿À¼N¾{¿xÅÞÉÛÍÀ¾VíhÄ
Ð�¿xÅÞÂNÃh¿à¼hÄ]ÃhÅ�º�Ç_Ä]¼hÅÛÃ�¾V»½Î½»ÏÅ{Íx¿xÅäºf»½¼hÅV»}Â
Ãh¿
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ÎÏ¿xÅ!»½¼hÈxÄ]¼NÇ_ÍÀ¼�»Ï¿À¼
¾{ÅlÂ
ÃsÑi¿ÀÎ½ÎÏ¿xÅ!Ê�Ì{ÍxÅ{¿À¼N¾{¿À¼
¾�æhç>º(ÉÛÍÀ¾VíhÄvÐ�¿}úh¼ÁºfÎÏ¿ÀÉÛ¿À¼
¾}È{íhÄ]»ÏÅ{»Ï¿¡¿xÅV¾uÊ�Ì{ÍxÅJ¿À¼N¾{Íx¿tºfÃîÈ{íÁºfÊ�»½¾VÌ{¿
ÅVÃ�»½ÇLºf¼N¾lÂNÃ�»ÙÌ{ÍxÅVÃ�ÉÛ¿tÎÏ¿xÅ�Ì{ÍxÅVÃ�Î½¾Jºf¾{Å}Ä]â�¾{¿À¼
ÃhÅ}¿À¾mÌ{¿À¼
Ç_Ä]»½¾ÒºfÃ3ßýºfÌV¾V»ÏÈÀÎÏ¿xÅ}Ð�ÍxÈÀÌV»½ÇLºf¼N¾ÒÈx¿Æ¾VÌJºxÇLºf»½Î�æ
����� ������� A � A��! #"û=%$ � 7'= ?jA =#&�$ � ;'& � ;'&�(hA � A*)j7û?�9ï; � =F7+& �  ,( � 7'=-��A.$ � ;'&�$/�SA.$10s;'��;32s=�A.$

ç>Ä]Ì{Å{ÂNÃsÑ Ã�¼h¿�×NºfÎÝºaßv»Ï¿�¿xÅV¾>º]ÈÀ¾V»½Ç_¿�¿À¼¡¾{¿ÀÌVÉÛ¿uÐ�¿'ÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼(ÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿LØk¿ÀÎ½ÎÏ¿:Ê�Ì{ÍxÅJ¿À¼N¾{¿:×_ÍÀ¼hÍÀÌJºfÎÏ¿ÀÉÛ¿À¼
¾'Ð�¿xÅ
È�ºfÌJº]ÈÀ¾{ÍÀÌV»ÏÅV¾V»ÏÂ
Ãh¿xÅmÅVÊÓ¿xÈÀ¾VÌJºfÎÏ¿xÅmÄ]ÃàÊ�íhÄ]¾{Ä]ÉÛÍÀ¾VÌV»ÏÂ
Ãh¿xÅlº]Å{Å{¿ÀóÒÖ�º]ÈÀ»½ÎÏ¿ÀÉÛ¿À¼N¾mÌ{¿xÈxÄ]¼�¼Áºf»ÏÅJÅJºfâ�ÎÏ¿xÅmÐhºf¼hÅ�Ê�Î½ÃhÅV»Ï¿ÀÃ�Ì{Å
Ð�Ä]É�ºf»½¼h¿xÅ�Ð�¿lÎÏÄ]¼�×LÃh¿ÀÃ�Ì{Å�ÐÙÑiÄ]¼hÐ�¿xÅ5476vÄ]¼ÞÊÓ¿ÀÃ�¾�ºfÎÏÄ]Ì{Å�Ð�ÍxÐ3Ã�»½Ì{¿lÃ�¼ä¾JºfÃ3ßÞÐ�¿}ÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ýÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ�º]ÈÀ¾VÃh¿ÀÎ�Ø
º]Å{ÅJÄ
ÈÀ»ÏÍýÜ�Èx¿îÂ
Ã�»mÅ�Ñi¿xÅV¾PÊÁº]Å{Å{ÍîÐhºf¼hÅËÎÏ¿xÅ�Ð�¿ÀÌV¼�»Ï¿ÀÌ{Å

106 Ô 107 ºf¼hÅÛºxÇLºf¼N¾�Î�ÑiÄ]âhÅ{¿ÀÌVÇ]ºf¾V»ÏÄ]¼sæ�¹üÚÀÉÛ¿ýÅ{»�Èx¿À¾»½¼
¾{¿ÀÌVÇ]ºfÎ½ÎÏ¿äÐ�¿Ë¾{¿ÀÉËÊhÅ(ÊÁºfÌJºaöÏ¾bÎÏÄ]¼�×hØÙ»½Î!ÈxÄ]¼hÅV¾V»½¾VÃh¿ÛÎÝºäÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼åÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ(»½¼hÅV¾Jºf¼
¾Jºf¼hÍx¿äÜàÎ�ÑiÍxÈJíh¿ÀÎ½ÎÏ¿ÞÐ�¿
¾{¿ÀÉËÊhÅlÐ�¿¡Èx¿xÅ}Ä]â3ñV¿À¾{Å�æ

þÒ»"!ÙÍÀÌ{¿À¼N¾{Å�»½¼hÐ3»ÏÈ�ºf¾{¿ÀÃ�Ì{Å�Ä]¼N¾ïÐ�ÍBñVÜ ÍÀ¾{ÍõÊ�Ì{ÍxÅ{¿À¼N¾{ÍxÅïÐhºf¼hÅüÎÏ¿ùÈ�º]Ð3Ì{¿§Ð�¿<Î�ÑiÍÀ¾VÃhÐ�¿õÉ(Ã�Î½¾V»FÔ�ÎÏÄ]¼�×LÃh¿ÀÃ�Ì{Å
ÐÙÑiÄ]¼hÐ�¿xÅËÐ�¿xÅg×NºfÎÝºaß3»Ï¿xÅËÐ�¿�ÎÝºðÊÁºfÌV¾V»Ï¿/8Læ �3æ�èBÈÀ»�ØÁñj¿ÞÇ]ºf»ÏÅlñjÃhÅV¾{¿ÞÎÏ¿xÅgÈxÄ]ÉËÊÁºfÌ{¿ÀÌË¿À¾PÊ�Ì{ÍxÅ{¿À¼
¾{¿ÀÌgÎÏ¿xÅgÊ�ÌV»½¼hÈÀ»FÔ
ÊÁºfÎÏ¿xÅ!Ð3»:9�ÈÀÃ�Î½¾{ÍxÅ�Ì{¿À¼hÈxÄ]¼
¾VÌ{Íx¿xÅ!ÎÏÄ]Ì{ÅuÐ�¿�ÎÏ¿ÀÃ�ÌuÃ�¾V»½Î½»ÏÅJºf¾V»ÏÄ]¼sævèeÎÏÅ8ÅJÄ]¼N¾uÐ�Ä]¼�¼hÍxÅ!Ðhºf¼hÅuÎÏ¿�Ì{Í�ÖZÍÀÌ{¿À¼
¾V»Ï¿ÀÎÓºfÃÞÌ{¿ÀÊãÄLÅ
Ð�¿xÅ�×NºfÎÝºaß3»Ï¿xÅ�æ

•
ç>¿<ÈxÄ]¼N¾V»½¼NÃ ë<;³¿xÅV¾îÊ�Ì{Ä]Ê�»ÏÈx¿õÜ§Î�ÑiÍÀ¾VÃhÐ�¿õÐ�¿<ÎÝºåÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼�ÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿LØmÈ�ºfÌî»½Îb¿xÅV¾ðº]ÅJÅ{Ä
ÈÀ»ÏÍ<ºfÃ

ÌJº>=_Ä]¼�¼h¿ÀÉÛ¿À¼N¾8Ð�¿xÅ>ÍÀ¾{Ä]»½ÎÏ¿xÅÁñV¿ÀÃ�¼h¿xÅ�ØkÈJíÁºfÃhÐ�¿xÅ �Z¹
≥ ? M�

�s¿À¾>Ð�¿�Ð3Ã�Ì{Íx¿uÐ�¿8Çv»Ï¿8ÈxÄ]Ã�ÌV¾{¿LæA@l¼Pº�ÎÏÄ]¼�×L¾{¿ÀÉËÊhÅ
ÈÀÌVÃËÈx¿À¾'»½¼hÐ3»ÏÈ�ºf¾{¿ÀÃ�Ì8¾VÌ{ÕxÅ�Ê�Ã�»ÏÅ{ÅJºf¼
¾�Ø]¼hÄ]¾JºfÉËÉÛ¿À¼N¾8ÊÁºfÌ{Èx¿�Â
Ãh¿uÎÏ¿�Ð�Ä]É�ºf»½¼h¿�ëB;&¿xÅV¾�Ö�º]ÈÀ»½ÎÏ¿ÀÉÛ¿À¼N¾�º]ÈxÈx¿xÅ{ÅV»½â�ÎÏ¿
Ðhºf¼hÅgÎ�ÑiÄ]Ê�¾V»ÏÂ
Ãh¿ÞÄ]ÃåÎÏ¿�Ê�Ì{ÄvÈ{íh¿Þ»½¼3Ö@ÌJºfÌ{Ä]Ã�×_¿îºfÃåÉÛÄ]»½¼hÅ(ÊÓÄ]Ã�Ì

z ≤ C ×LÌJº]Èx¿àÜîÎÝºEDGFIHKJ�L�L �MH �!NOJAPÁØ:Èx¿äÂNÃ�»
¼sÑi¿xÅV¾�ÊÁº]Å�ÎÏ¿ÆÈ�º]ÅmÐ�¿ÒÎÝºgÊ�Î½Ã�ÊÁºfÌV¾mÐ�¿xÅmºfÃ�¾VÌ{¿xÅ�»½¼hÐ3»ÏÈ�ºf¾{¿ÀÃ�Ì{ÅkæhèeÎãÖZÃ�¾�Ã�¾V»½Î½»ÏÅ{ÍÆÊãÄ]Ã�Ì�Ð�ÍxÐ3Ã�»½Ì{¿ÆÎ�Ñ í�»ÏÅV¾{Ä]»½Ì{¿bÐ�¿lÎÝº
ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ùÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿ÛÜäÎ�ÑiÍxÈ{íh¿ÀÎ½ÎÏ¿ËÐ�¿PÎ�Ñ Ã�¼�»½Ç_¿ÀÌ{Å�ñBÃhÅ{Â
ÃsÑYÜÞÃ�¼ïÌ{¿xÐ�ÅVí�»FÖ@¾tÐ�¿ ? �ZçÙ»½Î½Î,= ��� ��
���8>Q�Q�R3ØÙ¹�º]ÐhºfÃ
��� ��
���8>Q�Q�R3Ø38>Q�Q�S���ØNÉ�ºf»ÏÅ�Å�Ñi¿xÅV¾�Ì{ÍÀÇ_ÍÀÎÏÍlÚÀ¾VÌ{¿l¾VÌ{ÕxÅuÅJ¿À¼hÅV»½â�ÎÏ¿lÜtÎ�ÑYºf¾V¾{ÍÀ¼NÃÁºf¾V»ÏÄ]¼sæT@l¼ÞÅ�ºf»½¾!ºfÃ]ñVÄ]Ã�Ì{ÐÙÑ íNÃ�»ÙÂNÃsÑ »½Î
¿xÅV¾}Özºf»½â�ÎÏ¿ÀÉÛ¿À¼
¾¡Å{¿À¼hÅV»½â�ÎÏ¿(ÜÛÎÝºËÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ïÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿(¿À¼3ÖzÄ]Ã�»Ï¿bÂ
Ã�»>Ì{¿ÀÊ�Ì{ÍxÅJ¿À¼N¾{¿gÎÝºËÉ�ºañV¿ÀÃ�Ì{¿bÊÁºfÌV¾V»Ï¿gÐ�¿tÎÝº
ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ðÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿(Ð�¿ÆÎ�Ñ Ã�¼�»½Ç_¿ÀÌ{Å}¿À¾mÎÏ¿xÅ�×NºfÎÝºaß3»Ï¿xÅmÍÀ¾VÃhÐ3»ÏÍx¿xÅlÅ{Ä]¼N¾mÎÏ¿xÅmÊ�Ì{Ä]¾{Ä]¾U=vÊã¿xÅlÐ�¿tÈx¿xÅmÄ]â3ñV¿À¾{Å�æ

•
ç>¿xÅsÌJºf»Ï¿xÅÙ¼hÍÀâ�Ã�ÎÝºf»½Ì{¿xÅûÇ_Ä]¼N¾ûÊã¿ÀÌVÉÛ¿À¾V¾VÌ{¿8Ð�¿�Ð�ÍÀ¾{¿ÀÌVÉË»½¼h¿ÀÌ>Î�Ñ í�»ÏÅV¾{Ä]»½Ì{¿!º]ÈÀ¾VÃh¿ÀÎ½ÎÏ¿8Ð�¿'ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼(ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ

Ð�¿xÅu×NºfÎÝºaßv»Ï¿xÅ!ÊÁºfÌ{Èx¿ÒÂNÃsÑi¿ÀÎ½ÎÏ¿xÅ�Å{Ä]¼
¾!º]Å{ÅJÄ
ÈÀ»ÏÍx¿xÅ�ºfÃÞÌ{¿�ÖZÌ{Ä]»ÏÐ3»ÏÅ{Å{¿ÀÉÛ¿À¼
¾�Ð�¿xÅ�¼hÍÀâ�Ã�ÎÏ¿ÀÃhÅ{¿xÅ!×Nºfó�¿ÀÃhÅ{¿xÅ�ÈJíÁºfÃ !ÓÍx¿xÅ
ÊÁºfÌ}Ð�¿xÅlÍÀ¾{Ä]»½ÎÏ¿xÅ}Ê�Î½ÃhÅ}É�º]Å{ÅV»½Ç_¿xÅm¿À¾lÐ�Ä]¼hÈtÃ�¼ýÊÓ¿ÀÃýÊ�Î½ÃhÅ:ñV¿ÀÃ�¼h¿xÅ}Â
Ãh¿tÐhºf¼hÅ}ÎÏ¿tÈ�º]Å}Ð3ÃðÈÀ»½¼
¾VÃ�¼NÃïë<;Pæ�çs¿xÅ
ÌJºf»Ï¿xÅ�ÎÏ¿xÅ:Ê�Î½ÃhÅ�ÈxÄ]Ã�ÌJºf¼
¾{¿xÅuÅ{Ä]¼
¾�Èx¿ÀÎ½ÎÏ¿xÅ�Ð�¿mÎÝº¡Å{ÍÀÌV»Ï¿mÐ�¿WV�ºfÎ½ÉÛ¿ÀÌ ���

α
Ø �
β
�:Ä]ÃYXZ@Òè{èU[eæNø!¿xÅ:ÌJºf»Ï¿xÅ�Å{Ä]¼
¾8Ê�Î½ÃhÅ

Å{¿À¼hÅ{»½â�ÎÏ¿xÅ}ÜPÎ�ÑYºf¾V¾{ÍÀ¼NÃÁºf¾V»ÏÄ]¼ïÂ
Ãh¿ÆÎÏ¿¡ÈxÄ]¼N¾V»½¼NÃïÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿tÐhºf¼hÅmÎÏ¿¡ÉÛÚÀÉÛ¿tÐ�Ä]É�ºf»½¼h¿tÐ�¿¡ÎÏÄ]¼�×LÃh¿ÀÃ�ÌlÐÙÑiÄ]¼hÐ�¿Læ
•
ç8Ñ »½¼3ÖZÌJºfÌ{Ä]Ã�×_¿üÉÛÄG=_¿À¼ ¿À¾ÞÎÏÄ]»½¼
¾Jºf»½¼~ÅJÄ]¼N¾îºfÃhÅ{ÅV»lÐ�¿üâÓÄ]¼hÅ�»½¼hÐ3»ÏÈ�ºf¾{¿ÀÃ�Ì{ÅàÐ�¿ðÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ

ÎÏÄ]Ì{Å{Â
Ãh¿�Î�ÑYº]ÈÀ¾V»½Ç
»½¾{ÍïÐ�¿�ÎÝºå×NºfÎÝºaßv»Ï¿ï¿xÅV¾àÎ½»ÏÍx¿<Ü§Ð�¿ðÎÝºõÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ�æ}ø!¿À¾à»½¼hÐ3»ÏÈ�ºf¾{¿ÀÃ�ÌîÊã¿ÀÌVÉÛ¿À¾
ÐÙÑYº]ÈxÈxÍxÐ�¿ÀÌîÐ3»½Ì{¿xÈÀ¾{¿ÀÉÛ¿À¼N¾�ºfÃ3ß&ÍÀ¾{Ä]»½ÎÏ¿xÅî¿À¼hÈxÄ]Ì{¿ü¿À¼3ÖzÄ]Ã�»Ï¿xÅàÐhºf¼hÅäÐ�¿xÅäÌ{ÍÀ×L»ÏÄ]¼hÅàÄA\~¿�ßv»ÏÅV¾{¿À¼
¾î¿À¼hÈxÄ]Ì{¿�Ð�¿xÅ
ÖZÌJºf×LÉÛ¿À¼N¾{ÅlÐ�¿Æ¼NÃÁºf×_¿xÅmÉÛÄ]ÎÏÍxÈÀÃ�ÎÝºf»½Ì{¿xÅl¿À¾mÐ�¿ÆÊãÄ]ÃhÅJÅV»ÏÕÀÌ{¿xÅmº�=Nºf¼
¾}ÈxÄ]¼N¾VÌV»½â�ÃhÍgÜgÎÏ¿ÀÃ�Ì�¼Áºf»ÏÅ{ÅJºf¼hÈx¿Læ�ç>ºËÐ3Ã�Ì{Íx¿
Ð�¿�Çv»Ï¿mÐÙÑ Ã�¼Þ¾{¿ÀÎh¼NÃÁºf×_¿Ò¿xÅV¾8É�ºfÎÁÈxÄ]¼�¼
Ãh¿l¿À¾uÐ�ÍÀÊã¿À¼hÐÞÐ�¿mÅJºÆ¾Jºf»½Î½ÎÏ¿LØ
Ð�¿�Î�ÑYº]ÈÀ¾V»½Ç
»½¾{ÍlÐ�¿�ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ÞÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ
Ð�¿!ÎÝº}Ì{ÍÀ×L»ÏÄ]¼sØfÐ�¿!ÎÝº}×NºfÎÝºaßv»Ï¿ÆØfÐ3ÃËÈxÄ]¼N¾V»½¼NÃÛ¿À¼P×Nºfó�¿À¾'Ê�Ì{Ä]âÁºfâ�ÎÏ¿ÀÉÛ¿À¼N¾�ÐÙÑYºfÃ�¾VÌ{¿xÅ'ÊÁºfÌJºfÉÛÕÀ¾VÌ{¿xÅ�æ]þÒ»"!ÙÍÀÌ{¿À¼N¾{¿xÅ
ÎÏÄ]»ÏÅ�ÊÓ¿ÀÌVÉÛ¿À¾V¾{¿À¼N¾lÐ�¿¡ÈxÄ]¼NÇ_¿ÀÌV¾V»½Ì}ÎÏ¿xÅ�Î½Ã�ÉË»½¼hÄLÅ{»½¾{ÍxÅmÐhºf¼hÅ�Î�Ñ »½¼3ÖZÌJºfÌ{Ä]Ã�×_¿¡ÉÛÄ>=_¿À¼ð¿À¾�ÎÏÄ]»½¼
¾Jºf»½¼ð¿À¼îÎ½Ã�ÉË»½¼hÄLÅV»½¾{Í
»½¼3ÖZÌJºfÌ{Ä]Ã�×_¿LØ

LIR ] 6ãÎÝºäÎÏÄ]»8Ð�¿_^¡¿À¼�¼�»ÏÈÀÃ�¾V¾��`8>Q�Q����lÊÓ¿ÀÌVÉÛ¿À¾tÐ�¿ËÈxÄ]¼NÇ_¿ÀÌV¾V»½Ì
LIR

¿À¼<¾JºfÃ3ß<Ð�¿(ÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼
ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ�æ

SFR(M�/an) = 1.71 × 10−10LIR(L�)
�OR3æ ���

•
ç�ÑiÍÀÉË»ÏÅ{ÅV»ÏÄ]¼ÛÐ3Ã�ÈxÄ]¼
¾V»½¼NÃ�ÌJº]Ð3»ÏÄbÐÙÑ Ã�¼h¿�×NºfÎÝºaßv»Ï¿�ÊÓ¿ÀÃ�¾�ºfÃhÅ{ÅV»hÚÀ¾VÌ{¿�Ã�¾V»½Î½»ÏÅJÍx¿��@Ç_Ä]»½Ì8È{íÁºfÊ�»½¾VÌ{¿lèU;-¿À¾�; ��æ

aûÄ]ÃhÅýÈx¿xÅà»½¼hÐ3»ÏÈ�ºf¾{¿ÀÃ�Ì{ÅýÊ�Ì{ÍxÅJ¿À¼N¾{¿À¼N¾ðÊ�Î½ÃhÅV»Ï¿ÀÃ�Ì{Åî»½¼hÈxÄ]¼NÇ_ÍÀ¼�»Ï¿À¼
¾{Åõô�Î�ÑièB¹ ��Ø�Ð3»ÏÅV¾VÌV»½â�Ã�¾V»ÏÄ]¼ ¿À¼ É�º]Å{ÅJ¿
»½¼�»½¾V»ÝºfÎÏ¿ÒÐ�¿xÅuÍÀ¾{Ä]»½ÎÏ¿xÅkØNÎ�ÑYºf¾V¾{ÍÀ¼
ÃÁºf¾V»ÏÄ]¼ý¿À¾�ÎÝºcb
ÔeÈxÄ]ÌVÌ{¿xÈÀ¾V»ÏÄ]¼sæ3èeÎã¿xÅV¾�Ê�Ì{¿xÅJÂNÃh¿}»½ÉËÊãÄLÅ{Å{»½â�ÎÏ¿}Ð�¿ÒÅ�ÑYº !ãÌJºf¼hÈJí�»½Ì!Ð�¿

dOegfIhji�fIhOfIi�k5f`hmlon�pqk5f`r�sjtIsOi�f�u�vov�n�iOs�w`fIhmhOpyx,z u{sOs�w`r>|AuKs�pqn}rcf`h!sjk�iUu�pq~�f`r�s�sOi�n�vB�:n{iOs�f}��`� n{iOi�w`xZu{s�pqn}rohgl�u{r�hjx,z pZrG�%iUuKi�n}|���f�~�nM��fIr��
LIR = 11.15.5

−3.7 × L
0.998
15µm

LIR = 0.890.38
−0.27 × L

1.094
12µm

LIR = 4.372.35
−2.13 × L

1.62
6.7µm.
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Î�Ñ Ã�¾V»½Î½»ÏÅ�ºf¾V»ÏÄ]¼õÐ�¿gÎÝºÛÖzÄ]¼hÈÀ¾V»ÏÄ]¼ùÐ�¿gÉ�º]Å{Å{¿g»½¼�»½¾V»ÝºfÎÏ¿îôÓÈx¿xÅÆÉÛÍÀ¾VíhÄ
Ð�¿xÅÆÌ{¿ÀÊÓÄLÅ{¿À¼
¾tÅVÃ�ÌÆÎÝºÞÐ�ÍÀ¾{¿xÈÀ¾V»ÏÄ]¼åÐ3»½Ì{¿xÈÀ¾{¿
�ZëB; �8Ä]Ãà»½¼hÐ3»½Ì{¿xÈÀ¾{¿ �ZÄ]Ê�¾V»ÏÂNÃh¿�ÔeèBé�Ô�ÌJº]Ð3»ÏÄ �uÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ�Ä]ÃîÐ�¿ÒÅVÃ�Êã¿ÀÌV¼hÄkÇ]º]¿uñV¿ÀÃ�¼h¿xÅ�æ�ø!¿ÀÊã¿À¼hÐhºf¼
¾�ÎÏ¿xÅ!ÍÀ¾{Ä]»½ÎÏ¿xÅ
ñV¿ÀÃ�¼h¿xÅg¼h¿�Ð�Ä]ÉË»½¼h¿À¼
¾ËÊÁº]ÅbÎÝºðÉ�º]Å{Å{¿ÞÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅbÖzÄ]ÌVÉÛÍx¿xÅËÜîÃ�¼§»½¼hÅV¾Jºf¼N¾PÐ�Ä]¼�¼hÍäÈ�ºfÌg¿ÀÎ½ÎÏ¿ä¿xÅV¾(Ð�Ä]ÉË»½¼hÍx¿
ÊÁºfÌ!ÎÏ¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅ�Ð�¿mÖ�ºf»½â�ÎÏ¿}É�º]ÅJÅ{¿}Ä]ÃàÐ�¿}É�º]ÅJÅ{¿m»½¼
¾{¿ÀÌVÉÛÍxÐ3»Ýºf»½Ì{¿LæhèeÎã¿xÅV¾�Ð�Ä]¼hÈ}¼hÍxÈx¿xÅ{Å�ºf»½Ì{¿lÐ�¿ÒÈ�ºfÎ½»½â�Ì{¿ÀÌ�Èx¿xÅ
� ¾JºfÃ3ßýÐ�¿ÒÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼üÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ}É�º]Å{ÅV»½Ç_¿xÅ��¡¿À¼ � ¾JºfÃ3ßî×LÎÏÄ]âÁºfÃ3ßîÐ�¿ÒÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼üÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ��Jæ

�
	��
�R3æ,8�� �:ÌV»½¼hÈÀ»½ÊÁºfÎÏ¿xÅtèB¹ �%Ã�¾V»½Î½»ÏÅJÍx¿xÅgôãèB¹ � Ð�¿ �3ºfÎ½ÊÓ¿À¾{¿ÀÌ �@Ì{Ä]Ã�×_¿ ��ØÓèB¹ � Ð�¿ �vÈ�ºfÎÏÄ �@â�ÎÏ¿ÀÃ��m¿À¾Æè¦¹ �
Ð�¿b¹ð»½Î½ÎÏ¿ÀÌ�� �vÈ�ºfÎÏÄ �@Ç_¿ÀÌV¾ ��æ

@l¼Û¼h¿�ÅJºf»½¾8ÊÁº]Å8Â
Ãh¿ÀÎ�Ê�Ì{ÄvÈx¿xÅ{ÅVÃhÅ8Ð�Í�úh¼�»½¾8Î�ÑièB¹ ��ÜÆÎ�ÑiÍxÈJíh¿ÀÎ½ÎÏ¿}Ð3ÃË¼
ÃÁºf×_¿mÉÛÄ]ÎÏÍxÈÀÃ�ÎÝºf»½Ì{¿LØ_¼�»hÅ{»�Î�Ñiè¦¹ �ï¿xÅV¾
Ã�¼�»½Ç_¿ÀÌ{ÅJ¿ÀÎ½ÎÏ¿Læ]øÒÑi¿xÅV¾>ÊãÄ]Ã�Ì{Â
ÃhÄ]»NÊ�Î½ÃhÅV»Ï¿ÀÃ�Ì{Åûè¦¹ �àÊÓ¿ÀÃ�Ç_¿À¼N¾ûÚÀ¾VÌ{¿�Ã�¾V»½Î½»ÏÅ{Íx¿xÅ>Ð�Ä]¼
¾ûÈx¿ÀÎ½ÎÏ¿uÐ�¿ �3ºfÎ½ÊÓ¿À¾{¿ÀÌ � �3ºfÎ½ÊÓ¿À¾{¿ÀÌ
8>Q ?�? Ø 8>Q ? Q���Ø �vÈ�ºfÎÏÄð¿À¾(¹ü»½Î½ÎÏ¿ÀÌ(¿À¾ �vÈ�ºfÎÏÄ �Z¹ü»½Î½ÎÏ¿ÀÌ�� �vÈ�ºfÎÏÄ 8>Q��AQ���æ�ì:Î½ÎÏ¿xÅgÅ{Ä]¼N¾PÅ{Ä]Ã�Ç_¿À¼N¾PÐ�ÍxÈÀÌV»½¾{¿xÅ(ÊÁºfÌ
Ð�¿xÅÞÎÏÄ]»ÏÅ�Ð�¿ðÊ�Ã�»ÏÅ{ÅJºf¼hÈx¿ýÐ�¿ð¾U=vÊã¿

ϕ
�Z¹ �

∝ M−(1+x) æuçs¿xÅÛÊ�ÌV»½¼hÈÀ»½ÊÁºfÎÏ¿xÅàèB¹ � Å{Ä]¼
¾�Ê�Ì{ÍxÅ{¿À¼
¾{Íx¿xÅàÜ<ÎÝº
¾Jºfâ�ÎÏ¿ R3æ,8¡¿À¾}ÜgÎÝºbúh×LÃ�Ì{¿�R3æ,8Læ�çûºgÎÏÄ]»ÓÐ�¿��3ºfÎ½ÊÓ¿À¾{¿ÀÌ�ÊÓ¿ÀÃ�¾mÈxÄ]¼hÐ3Ã�»½Ì{¿bÜ(Ã�¼h¿ÒÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ý¾VÌ{Ä]Êî»½ÉËÊÓÄ]ÌV¾Jºf¼N¾{¿
ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ�É�º]Å{ÅV»½Ç_¿xÅPÊÁºfÌËÌJºfÊ�ÊÓÄ]ÌV¾ÞºfÃ3ß%ºfÃ�¾VÌ{¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅ�Ø:ÈxÄ]ÉËÉÛ¿ýÄ]¼ ÊÓ¿ÀÃ�¾ËÎÏ¿àÇ_Ä]»½Ì�ÜðÎÝºüúh×LÃ�Ì{¿ R3æ,8LØiÈx¿
Â
Ã�»m¿À¼N¾VÌJºaöÏ¼h¿ýÃ�¼h¿îÅ{Ä]ÃhÅjÔe¿xÅV¾V»½É�ºf¾V»ÏÄ]¼ Ð3Ã ¾JºfÃ3ß%×LÎÏÄ]âÁºfÎmÐ�¿äÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ Å{¾{¿ÀÎ½ÎÝºf»½Ì{¿+6:ÎÝºüÎÏÄ]»mÐ�¿ �vÈ�ºfÎÏÄ�Ø8ºfÃ
ÈxÄ]¼
¾VÌJºf»½Ì{¿LØ�ÊãÄ]Ã�ÌVÌJºf»½¾g¿À¼N¾VÌJºaöÏ¼h¿ÀÌgÎÝºàÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼§ÐÙÑ Ã�¼å¾VÌ{Ä]Êõ×LÌJºf¼hÐù¼hÄ]É(â�Ì{¿ÞÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅgÐ�¿ËÖ�ºf»½â�ÎÏ¿ÛÉ�º]ÅJÅ{¿
ÊÁºfÌ�ÌJºfÊ�ÊãÄ]ÌV¾�ºfÃ3ßPÍÀ¾{Ä]»½ÎÏ¿xÅ�É�º]Å{ÅV»½Ç_¿xÅ�¿À¾�Ã�¼h¿mÅVÃ�Ì{¿xÅV¾V»½É�ºf¾V»ÏÄ]¼äÐ3ÃË¾JºfÃ3ßËÐ�¿�ÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼äÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿Læ_ç>ºÆÎÏÄ]»µÐ�¿
¹ü»½Î½ÎÏ¿ÀÌ}¿À¾ �vÈ�ºfÎÏÄÛ¿xÅ{¾�»½¼N¾{¿ÀÌVÉÛÍxÐ3»Ýºf»½Ì{¿g¿À¾�Êã¿ÀÌVÉÛ¿À¾}Ð�¿ÆÎ½»½ÉË»½¾{¿ÀÌlÈx¿xÅmÐ�¿ÀÃ3ßäÊ�Ì{Ä]â�ÎÏÕÀÉÛ¿xÅkæãø!¿xÅ�»½¼hÐ3»ÏÈ�ºf¾{¿ÀÃ�Ì{ÅlÐ�¿
ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼îÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿ÒÅ{¿}Ì{ÍÀÇ_ÕÀÎÏ¿À¼
¾�ÚÀ¾VÌ{¿}¾VÌ{ÕxÅ�Å{¿À¼hÅV»½â�ÎÏ¿xÅ�ÜbÎÝºtÊÓ¿À¼N¾{¿ÒÐ�¿}Î�ÑièB¹ �!ØvÈx¿}Â
Ã�»ãÊãÄLÅ{¿}Ã�¼ÞÊ�Ì{Ä]â�ÎÏÕÀÉÛ¿
Å{Ã�Ì�ÎÝºPÊ�Ì{ÍxÈÀ»ÏÅV»ÏÄ]¼ðÐ�¿xÅmÈ�ºfÎ½»½â�ÌJºf¾V»ÏÄ]¼hÅÒÐ�¿xÅmÐ3»"!ÙÍÀÌ{¿À¼N¾{Å}»½¼hÐ3»ÏÈ�ºf¾{¿ÀÃ�Ì{ÅlÐ�¿ÆÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ðÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ�æ

ç8ÑYºfÃ�¾VÌ{¿gÊ�Ì{Ä]â�ÎÏÕÀÉÛ¿(Ð�¿b¾Jºf»½Î½ÎÏ¿(¿xÅV¾lÎ½»ÏÍ(ÜÛÎ�ÑYºf¾V¾{ÍÀ¼NÃÁºf¾V»ÏÄ]¼sæsø!¿ÀÌV¾Jºf»½¼hÅÒ»½¼hÐ3»ÏÈ�ºf¾{¿ÀÃ�Ì{ÅÒÅJÄ]¼N¾ÒÊ�Î½ÃhÅlÅ{¿À¼hÅ{»½â�ÎÏ¿xÅ
Â
Ãh¿ÛÐÙÑYºfÃ�¾VÌ{¿xÅj6�Èx¿ÀÌV¾Jºf»½¼hÅbÅJÄ]¼N¾gºfÃhÅJÅV»8Ê�Î½ÃhÅ¡Ö�º]ÈÀ»½ÎÏ¿ÀÉÛ¿À¼N¾PÈxÄ]ÌVÌV»½×_¿�ºfâ�ÎÏ¿xÅ�æ�ç8ÑYºf¾V¾{ÍÀ¼NÃÁºf¾V»ÏÄ]¼ º !Ù¿xÈÀ¾{¿ËÊ�Î½ÃhÅgÅ{Í�Ô
Ç_ÕÀÌ{¿ÀÉÛ¿À¼
¾tÎÏ¿xÅÆÈxÄ]Ã�ÌV¾{¿xÅ¡ÎÏÄ]¼�×LÃh¿ÀÃ�Ì{ÅtÐÙÑiÄ]¼hÐ�¿LØãÎÏ¿PÐ�Ä]É�ºf»½¼h¿Ëë<; =ü¿xÅV¾ÆÐ�Ä]¼hÈPÊ�Î½ÃhÅÆÅ{¿À¼hÅV»½â�ÎÏ¿LæÙþÆ¿bÉ�ºf¼�»ÏÕÀÌ{¿
×_ÍÀ¼hÍÀÌJºfÎÏ¿LØ_Î�ÑYºf¾V¾{ÍÀ¼NÃÁºf¾V»ÏÄ]¼ÞÅJ¿�ÈxÄ]ÌVÌV»½×_¿mº]Å{Å{¿Àó�É�ºfÎhÈ�ºfÌ8¿ÀÎ½ÎÏ¿�¿xÅV¾:Ð3»:9�ÈÀ»½ÎÏ¿}ÜlÉÛ¿xÅVÃ�Ì{¿ÀÌ�æ_ç>¿xÅ:ÌJºf»Ï¿xÅ:Ä]Ê�¾V»ÏÂNÃh¿xÅ�¿À¼
ÍÀÉË»ÏÅJÅV»ÏÄ]¼�Å{Ä]¼
¾�¾VÌ{ÕxÅ�ÅJ¿À¼hÅV»½â�ÎÏ¿xÅ�ÜÆÎ�ÑYºf¾V¾{ÍÀ¼
ÃÁºf¾V»ÏÄ]¼ïôLÅJ¿ÀÎÏÄ]¼�Èx¿ÀÌV¾Jºf»½¼h¿xÅ�í =
ÊÓÄ]¾VíhÕxÅ{¿xÅuÐ�¿�Ê�íy=3ÅV»ÏÂ
Ãh¿}ºf¾{Ä]ÉË»ÏÂNÃh¿LØ
ÎÏ¿xÅÆÌJºfÊ�ÊÓÄ]ÌV¾{ÅÆÐ�¿gÌJºf»Ï¿xÅ¡Ð�¿ V�ºfÎ½ÉÛ¿ÀÌ¡Å{Ä]¼N¾Æ¾Jºfâ�Ã�ÎÏÍxÅ¡¿À¾Æ¼h¿gÇ]ºfÌV»Ï¿À¼
¾ÆÊÁº]Å�æ �
»ûÃ�¼h¿gÇLºfÌV»Ýºf¾V»ÏÄ]¼ï¿xÅ{¾ÆÄ]âhÅJ¿ÀÌVÇ_Íx¿
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èB¹ �
Mi Mf

ß
�3ºfÎ½ÊÓ¿À¾{¿ÀÌ �3æ,8 � 8 � ? 8Læ � ?�vÈ�ºfÎÏÄ �3æ,8 � �3æ,8>S Ô �3æqR��

�3æ,8>S �3æ C � �3æ ��� 8
�3æ C � �3æqR�� 8Læ � ?�3æqR�� 8Læ,8>S 8Læ ��S
8Læ,8>S �3æ ? � �3æ ? ��3æ ? � 8 � ? 8LæqR��

¹ü»½Î½ÎÏ¿ÀÌ}¿À¾ �vÈ�ºfÎÏÄ �3æ,8 � 8Læ ��� �3æ � ?8Læ ��� �3æ ��� 8Læ ���
�3æ ��� 8 �3æ � 8Læ ���
8 �3æ � 8 � ? �3æ ���

����� �R3æ,8 ����ºfÌJºfÉÛÕÀ¾VÌ{¿xÅÆÐ�¿xÅmÐ3»"!ÙÍÀÌ{¿À¼N¾{¿xÅlè¦¹ �§Ã�¾V»½Î½»ÏÅ{Íx¿xÅ�æ

Ðhºf¼hÅ'Ã�¼ÛÅVÊÓ¿xÈÀ¾VÌ{¿LØ]¿ÀÎ½ÎÏ¿�¿xÅV¾8º]Å{Å{ÄvÈÀ»ÏÍx¿!ÜÒÎ�ÑYºf¾V¾{ÍÀ¼
ÃÁºf¾V»ÏÄ]¼ ��@ÒÅV¾{¿ÀÌVâ�Ì{ÄvÈKbÓØ�8>Q�S�Q���æNø!¿À¾V¾{¿�ÈxÄ]ÌVÌ{¿xÈÀ¾V»ÏÄ]¼Û¼hÍxÈx¿xÅ{ÅV»½¾{¿
ÎÝºÛÊ�Ì{ÍxÅ{¿À¼hÈx¿bÐÙÑYºfÃüÉÛÄ]»½¼hÅlÐ�¿ÀÃ3ßýÌJºf»Ï¿xÅlÐ�¿tÎÝºÛÅJÍÀÌV»Ï¿tÐ�¿�V�ºfÎ½ÉÛ¿ÀÌlÐhºf¼hÅlÎÏ¿tÅVÊÓ¿xÈÀ¾VÌ{¿LæÁì8Î½ÎÏ¿(ºfÃ�×LÉÛ¿À¼N¾{¿ËºfÃhÅ{Å{»
¾VÌ{ÕxÅtÖZÄ]ÌV¾{¿ÀÉÛ¿À¼
¾tÎÏ¿xÅtâÁºfÌVÌ{¿xÅtÐÙÑi¿ÀÌVÌ{¿ÀÃ�ÌgÈ�ºfÌtÎÝºäÉÛ¿xÅVÃ�Ì{¿ÛÐ�¿ÛÌJºfÊ�ÊãÄ]ÌV¾{Å(Ð�¿PÌJºf»Ï¿xÅb¿xÅV¾tÅ{Ä]Ã�Ç_¿À¼
¾b»½¼hÈx¿ÀÌV¾Jºf»½¼h¿Læ
@l¼åÃ�¾V»½Î½»ÏÅ{¿ÛÃ�¼h¿ÞÎÏÄ]»uÐÙÑi¿�ß3¾V»½¼hÈÀ¾V»ÏÄ]¼��]ºf¾V¾{ÍÀ¼NÃÁºf¾V»ÏÄ]¼ ÊÓÄ]Ã�Ì(ÈxÄ]ÌVÌV»½×_¿ÀÌgÎÏ¿xÅbÈxÄ]¼
¾V»½¼NÃhÅËÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿xÅgÐ�¿xÅgÅVÊã¿xÈÀ¾VÌ{¿xÅ
Ðhºf¼hÅ}ÎÏ¿¡Ð�Ä]É�ºf»½¼h¿bëB;}Ô�Ê�Ì{ÄvÈ{íh¿�Ô�»½¼3ÖZÌJºfÌ{Ä]Ã�×_¿Læ	�


���������������������������! #"$�%�'&#��()"$������
;8Ä]»Ï¿tç>º]ÈÀ¾{Íx¿ ÎÏÄ]»sÐ�¿tòlÎ½ÎÏ¿À¼ �`8>Q��AR��

�v¿�ºf¾{Ä]¼ �`8>Q��AQ���Ø ��»½¾VóxÊÁºf¾VÌV»ÏÈKb �`8>Q�S�R��
êÆÌJºf¼hÐ+*}ÃÁºf×_¿bÐ�¿¡¹�ºf×_¿ÀÎ½ÎÝºf¼ �û»½¾VóxÊÁºf¾VÌV»ÏÈ{b �`8>Q�S�R��
��¿À¾V»½¾,*lÃÁºf×_¿tÐ�¿t¹ïºf×_¿ÀÎ½ÎÝºf¼ �:Ì{¿ÀÇ_Ä]¾���� ��
�� �`8>Q�S C �V!Ä]ÃhÈJíh¿À¾���� ��
�� �`8>Q�S ? ��
¾JºfÌVâ�Ã�Ì{ÅV¾ ø�ºfÎ½ó�¿À¾V¾V» ��� ��
� � ���������

����� 3R3æ ���Þþl»"!ÙÍÀÌ{¿À¼N¾{¿xÅ}ÎÏÄ]»ÏÅmÐÙÑYºf¾V¾{ÍÀ¼NÃÁºf¾V»ÏÄ]¼�Ã�¾V»½Î½»ÏÅ{Íx¿xÅ�æ
ç>¿xÅËÎÏÄ]»ÏÅËÐÙÑi¿�ßv¾V»½¼hÈÀ¾V»ÏÄ]¼��]ºf¾V¾{ÍÀ¼
ÃÁºf¾V»ÏÄ]¼,Ã�¾V»½Î½»ÏÅJÍx¿xÅËÅ{Ä]¼N¾Ë¾{Ä]Ã�¾{¿xÅË»ÏÅJÅVÃh¿xÅPÐÙÑiÄ]âhÅ{¿ÀÌVÇ]ºf¾V»ÏÄ]¼hÅ�Ð�¿xÅP×NºfÎÝºaßv»Ï¿xÅ

Ê�Ì{ÄvÈ{íh¿xÅäÄ]Ã&Ð�¿îÌ{ÍÀ×L»ÏÄ]¼hÅÞÐ�¿î¼hÄ]¾VÌ{¿ý×NºfÎÝºaß3»Ï¿+68Èx¿ÀÎ½ÎÏ¿ðÐ�¿ýÎÝº ;8Ä]»Ï¿ðç>º]ÈÀ¾{Íx¿ü¿xÅV¾ËÎÝºïÊ�Î½ÃhÅÛÃ�¾V»½Î½»ÏÅJÍx¿Læ�ç>ºïÎÏÄ]»
ÐÙÑi¿�ß3¾V»½¼hÈÀ¾V»ÏÄ]¼ýÐ3ÃðêÒÌJºf¼hÐ-*}ÃÁºf×_¿ÆÐ�¿Æ¹ïºf×_¿ÀÎ½ÎÝºf¼à¿xÅ{¾!Ã�¾V»½Î½»ÏÅJÍx¿lÊÓÄ]Ã�Ì�ÎÏ¿xÅ!×NºfÎÝºaßv»Ï¿xÅ�»½ÌVÌ{ÍÀ×LÃ�Î½»ÏÕÀÌ{¿xÅ}º>=Nºf¼N¾mÃ�¼h¿
ÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{ÍÒÅ{Ä]ÎÝºf»½Ì{¿mÄ]ÃÛ»½¼
¾{¿ÀÌVÉÛÍxÐhºf»½Ì{¿+63Èx¿ÀÎ½ÎÏ¿mÐ3Ã���¿À¾V»½¾.*lÃÁºf×_¿mÐ�¿m¹ïºf×_¿ÀÎ½ÎÝºf¼�ÊÓ¿ÀÌVÉÛ¿À¾�Ð�¿�ÉÛÄvÐ�ÍÀÎ½»ÏÅ{¿ÀÌuÐ�¿xÅ
×NºfÎÝºaß3»Ï¿xÅ(Ð�¿�ÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{Í�Ê�Î½ÃhÅbÖ�ºf»½â�ÎÏ¿Læ>ç>ºýÎÏÄ]»uÐÙÑYºf¾V¾{ÍÀ¼NÃÁºf¾V»ÏÄ]¼ Ð�¿àø�ºfÎ½ó�¿À¾V¾V» ������
���� ���������t¿xÅV¾bÃ�¾V»½Î½»ÏÅ{Íx¿
ÊÓÄ]Ã�Ì�ÎÏ¿xÅ�×NºfÎÝºaßv»Ï¿xÅmÜbáµºfÉbâÓÍx¿¡Ð�¿ÒÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ýÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿Læhø!¿À¾V¾{¿ÆÎÏÄ]»�Ø�ÂNÃ�»Ó¿xÅV¾�Ã�¼h¿ÆÉÛÄ>=_¿À¼�¼h¿¡Ð�¿¡Â
Ãh¿ÀÎÏÂNÃh¿xÅ
ÎÏÄ]»ÏÅ!ÐÙÑYºf¾V¾{ÍÀ¼NÃÁºf¾V»ÏÄ]¼îÐ�¿xÅu×NºfÎÝºaßv»Ï¿xÅ�ÜÆáµºfÉ(âãÍx¿}ÉÛÄ
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È�ºfÎ½»ÏÅJÍx¿xÅÙñjÃhÅV¾{¿mºxÇLºf¼N¾ C ����� / Ðhºf¼hÅ8ÎÏ¿xÅ8ÍÀ¾{Ä]»½ÎÏ¿xÅ!Ð�¿mÐ3Ã�Ì{Íx¿lÐ�¿�Ç
»Ï¿}ÅVÃ�ÊãÍÀÌV»Ï¿ÀÃ�Ì{¿
Ü 8gÉË»½Î½Î½»ÝºfÌ{Ð<ÐÙÑYºf¼�¼hÍx¿xÅ�æ �:Î½ÃhÅV»Ï¿ÀÃ�Ì{ÅtÉÛÍÀ¾VíhÄ
Ð�¿xÅ¡¿�ß3»ÏÅV¾{¿À¼N¾ÆÊÓÄ]Ã�Ì¡ÎÝºÞÉÛ¿xÅVÃ�Ì{¿ÀÌj6ÓÄ]¼�Ã�¾V»½Î½»ÏÅJ¿P×_ÍÀ¼hÍÀÌJºfÎÏ¿ÀÉÛ¿À¼N¾
Ð�¿xÅ�ÌJºfÊ�ÊãÄ]ÌV¾{ÅuÐ�¿�áhÃ3ßËÊ�ÌV»ÏÅ�Ð�¿mÈJíÁº]ÂNÃh¿lÈ �]¾{Í}Ð�¿�ÎÝºtÐ3»ÏÅ{ÈxÄ]¼N¾V»½¼
Ã�»½¾{ÍLævçûºtÐ�Í�úh¼�»½¾V»ÏÄ]¼ÞÐ�¿BV�ºfÎÏÄ]×Lí�¿À¾!ºfÎm8>Q�Q�Q
ÄA\�þ C ����� 1	� fν

� C �����aÔ C 8 ��� / ��
 � � fν
� ��S ? �aÔ ��Q ? � / ��
�¿xÅV¾l¾VÌ{ÕxÅ}Ã�¾V»½Î½»ÏÅ{Íx¿äôÁ¿ÀÎ½ÎÏ¿(¿xÅV¾}ÉÛÄ]»½¼hÅÒÅ{¿À¼hÅV»½â�ÎÏ¿ÜýÎ�ÑYºf¾V¾{ÍÀ¼NÃÁºf¾V»ÏÄ]¼ È�ºfÌbÎÏ¿xÅb»½¼N¾{¿ÀÌVÇLºfÎ½ÎÏ¿xÅgÐ�¿ÛÎÏÄ]¼�×LÃh¿ÀÃ�ÌgÐÙÑiÄ]¼hÐ�¿äÂNÃ�»�Êã¿ÀÌVÉÛ¿À¾V¾{¿À¼
¾PÐ�¿�È�ºfÎÏÈÀÃ�ÎÏ¿ÀÌ(ÎÏ¿xÅbÇ]ºfÎÏ¿ÀÃ�Ì{Å

ÉÛÄG=_¿À¼�¼h¿xÅlÅ{Ä]¼
¾mÊ�Î½ÃhÅmÍÀ¾VÌ{Ä]»½¾{Å�æ

�
	��  �væ,8 �§ì:Ç_Ä]Î½Ã�¾V»ÏÄ]¼~¾{¿ÀÉËÊÓÄ]Ì{¿ÀÎ½ÎÏ¿ðÐ�¿ ��S3Ø ��Q3Ø �
δ
¿À¾Þþ C �����<ÊÓÄ]Ã�Ì�Ã�¼h¿ýáµºfÉbâÓÍx¿üÐ�¿àÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿ä»½¼hÅV¾Jºf¼
¾Jºf¼hÍx¿LØ:ÅM=v¼N¾VíhÍÀ¾V»ÏÅ{Íx¿îºxÇ_¿xÈýêÆòÒçsò �Òì�; �!VuÌVÃ�óxÃÁºfÎ ��øuíÁºfÌVÎÏÄ]¾�Ø ����������æ C ÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{ÍÄ]¼
¾�ÍÀ¾{ÍäÃ�¾V»½Î½»ÏÅ{Íx¿xÅËÊÓÄ]Ã�ÌÛÈ{íÁº]Â
Ãh¿äúh×LÃ�Ì{¿ùô�ÎÏ¿à¾VÌJºf»½¾ÛÈxÄ]¼N¾V»½¼NÃ,Ì{¿ÀÊ�Ì{ÍxÅ{¿À¼N¾{¿ � 1 �3æ ��� 1 Z�

Ø�ÎÏ¿xÅPÊÓÄ]»½¼N¾V»½Î½ÎÏÍxÅ
� 1 �3æ � ? 1 �3æ ? Z�

Ø�ÎÏ¿xÅ�ÊÓÄ]»½¼N¾{ÅjÔ�¾V»½Ì{¿À¾{Å � 1 �3æ ����S 1 Z�

���3æ ? ¿À¾�ÎÏ¿xÅ�ÊãÄ]»½¼
¾V»½Î½ÎÏÍxÅbô � 1 �3æ ��� C 1 Z�

æ ? æ
�8Ì{¿À¼hÄ]¼hÅ¡Î�Ñi¿�ß3¿ÀÉËÊ�ÎÏ¿ËÐ�¿gÎÝº�ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ùÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ¡»½¼hÅV¾Jºf¼N¾Jºf¼hÍx¿Læ>ë}¼<Ð3»Ýºf×LÌJºfÉËÉÛ¿ËÐ�¿gÎÝºÞúh×LÃ�Ì{¿ �væ,8

ÉÛÄ]¼
¾VÌ{¿àÎ�ÑiÍÀÇ_Ä]Î½Ã�¾V»ÏÄ]¼§¾{¿ÀÉËÊÓÄ]Ì{¿ÀÎ½ÎÏ¿àÐ�¿Þþ C ������¿À¼åÖZÄ]¼hÈÀ¾V»ÏÄ]¼ Ð�¿ÞÎÝºýÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{Í �� 1 �3æ ��� 1 Z�

Ô�Î½»½×L¼h¿ä¿À¼
¾VÌJºf»½¾ÒÈxÄ]¼N¾V»½¼NÃ3ÔJØ � 1 �3æ � ? 1 æ ? Z�

Ô�ÊÓÄ]»½¼N¾{Å}ÔlØ � 1 �3æ ����S 1 Z�

���3æ ? Ô�ÊÓÄ]»½¼N¾{ÅVÔ�¾V»½Ì{¿À¾{Å}ÔJØ � 1 �3æ ��� C 1 Z�

� ? Ô¾V»½Ì{¿À¾{Å�Ô ��æ3þ C �����g¼h¿lÖzºf»½¾�Â
Ãh¿ÆÈÀÌ{ÄföÏ¾VÌ{¿tºfÃýÈxÄ]Ã�Ì{Å�Ð3Ãî¾{¿ÀÉËÊhÅ¡ô
»½ÎÓ¼hÄ]ÃhÅ�Ì{¿À¼hÅJ¿À»½×L¼h¿¡Ð�Ä]¼hÈ¡ÅJºf¼hÅ�ÍxÂNÃ�»½Ç_ÄvÂNÃh¿
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]� ���� � � � �

�
	��
 �væ � �Ëì:Ç_Ä]Î½Ã�¾V»ÏÄ]¼à¾{¿ÀÉËÊãÄ]Ì{¿ÀÎ½ÎÏ¿ÆÐ�¿��
δ
¿À¾!þ C �����tÊÓÄ]Ã�ÌuÃ�¼h¿}ÖzÄ]ÌVÉ�ºfÌV¾V»ÏÄ]¼äÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿ÆÐ�¿}¾U=vÊã¿ � �'é ∝¿�ß3Ê � Ô�¾ �

τ
�:ºxÇ_¿xÈ

τ 1 � �@ÊãÄ]»½¼
¾V»½Î½ÎÏÍxÅ �'¿À¾ τ 1 �3æ ? �@¾VÌJºf»½¾8ÈxÄ]¼N¾V»½¼
Ã���æ
çûºÒÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{Í}¿xÅV¾:Å{Ä]ÎÝºf»½Ì{¿Læ
ê¡òlçsò �Æì+;�!V!ÌVÃ�óxÃÁºfÎ �tøuíÁºfÌVÎÏÄ]¾�Ø�����������æ

Å{Ã�ÌlÎ�ÑYÿf×_¿PÐ�¿xÅÆÍÀ¾{Ä]»½ÎÏ¿xÅÆÂNÃ�»'Ð�Ä]ÉË»½¼h¿À¼N¾¡ÎÝº�Ì{ÍÀ×L»ÏÄ]¼<Ð�¿xÅ C ����� / ØµÈx¿ÀÊÓ¿À¼hÐhºf¼N¾¡ÅJº�Ç]ºfÌV»Ýºf¾V»ÏÄ]¼<¿xÅV¾ÆÐÙÑYºfÃ�¾Jºf¼N¾Ê�Î½ÃhÅmÖZÄ]ÌV¾{¿¡Â
Ãh¿ÆÎÏ¿xÅmÍÀ¾{Ä]»½ÎÏ¿xÅlÅ{Ä]¼N¾mÇv»Ï¿À»½Î½ÎÏ¿xÅ�æ�è¦Îs¿xÅV¾mÐ�Ä]¼hÈ¡Ê�Î½ÃhÅlÅ{¿À¼hÅV»½â�ÎÏ¿tºfÃ3ßîÍÀ¾{Ä]»½ÎÏ¿xÅmÇv»Ï¿À»½Î½ÎÏ¿xÅ�æ�ò}ÃýÐ�¿ÀÎÝÜÛÐ�¿
RbÉË»½Î½Î½»ÝºfÌ{ÐàÐÙÑYºf¼�¼hÍx¿xÅ�ØvÈx¿À¾u»½¼hÐ3»ÏÈx¿Æ¿xÅV¾�º]Å{Å{¿ÀólÅJ¿À¼hÅV»½â�ÎÏ¿ÒÜbÎÝº¡ÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{ÍÆÊ�Ã�»ÏÅJÂNÃh¿}ÊãÄ]Ã�Ì!Ã�¼àÿf×_¿ÒÐ�Ä]¼�¼hÍLØ
»½Î
ÊÓ¿ÀÃ�¾�Ç]ºfÌV»Ï¿ÀÌmÐ�¿ 8 ? �¸ÅVÃ�Ì�ÎÏ¿ÆÐ�Ä]É�ºf»½¼h¿¡Ð�¿lÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{Í X �3æ C Z�

Ø �3æ ? Z�

[sÂNÃ�»Ù¿xÅV¾�Èx¿ÀÎ½Ã�»ÙÐ�¿Ò¼hÄLÅ�×NºfÎÝºaßv»Ï¿xÅ
�Zçs»Ýºf¼�× ��� ��
�ÏØ ����� C ��6�ò}Ã(ÈxÄ]¼N¾VÌJºf»½Ì{¿LØf¿À¼bÐ�¿xÅ{Å{Ä]ÃhÅsÐÙÑ Ã�¼bÉË»½Î½ÎÝºfÌ{ÐbÐÙÑYºf¼�¼hÍx¿xÅ�ØkÎ�Ñ »½¼3áhÃh¿À¼hÈx¿�Ð�¿:ÎÝº�ÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{Í¿xÅ{¾8»½¼3ÖZÍÀÌV»Ï¿ÀÃ�Ì{¿ÒÜ ���äæ
þÆºf¼hÅ�ÎÏ¿mÈ�º]Å�Ð�¿m×NºfÎÝºaßv»Ï¿xÅ!ºxÇ_¿xÈmÃ�¼h¿máµºfÉbâÓÍx¿}Ð�¿�ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ÞÅ{¾{¿ÀÎ½ÎÝºf»½Ì{¿LØ_ÎÏ¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅ
ñV¿ÀÃ�¼h¿xÅlÇ_Ä]¼N¾ÒÌJºfÊ�»ÏÐ�¿ÀÉÛ¿À¼N¾¡Ð�Ä]ÉË»½¼h¿ÀÌÒþ C ������¿À¾}»½¼hÐ3Ã�»½Ì{¿(Ã�¼üþ C �����ËÖ�ºf»½â�ÎÏ¿bÈxÄ]ÉËÉÛ¿gÄ]¼ðÎÏ¿bÇ_¿ÀÌVÌJºËÊÁºfÌlÎÝºÅ{Ã�»½¾{¿+6sÎÝºàÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{ÍàºfÃ�ÌJºîÐ�Ä]¼hÈÛÃ�¼h¿Û»½¼3áhÃh¿À¼hÈx¿ÞÐ�¿ËÎ�ÑiÄ]Ì{Ð3Ì{¿ÞÐ�¿ � �äæ �:Ì{¿À¼hÄ]¼hÅbÎÏ¿�È�º]ÅtÊ�Î½ÃhÅtÌ{Í�ºfÎ½»ÏÅ{¾{¿
ÐÙÑ Ã�¼h¿(ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼�ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ¡Ð�¿(¾U=vÊÓ¿ � �'é

∝
¿�ß3Ê � Ô�¾ �

τ
��æµçûºËúh×LÃ�Ì{¿ �væ ��Ì{¿ÀÊ�Ì{ÍxÅ{¿À¼
¾{¿gÐ�¿ÀÃ3ß�¿�ß3¿ÀÉËÊ�ÎÏ¿xÅ

ÊÓÄ]Ã�Ì
τ 1 � �@ÊãÄ]»½¼
¾V»½Î½ÎÏÍxÅ �l¿À¾

τ 1 �3æ ? �@¾VÌJºf»½¾ÒÈxÄ]¼
¾V»½¼NÃ���æj@l¼�Êã¿ÀÃ�¾ÒÈxÄ]¼hÅV»ÏÐ�ÍÀÌ{¿ÀÌÒÂ
Ãh¿tÎÝºÛÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼�ÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿
ÐÙÑ Ã�¼h¿P×NºfÎÝºaß3»Ï¿PÅVÊ�»½ÌJºfÎÏ¿gÊãÄ]Ã�ÌVÌJºf»½¾tÚÀ¾VÌ{¿gÌ{¿ÀÊ�Ì{ÍxÅ{¿À¼
¾{Íx¿�ºxÇ_¿xÈ

τ 1 �ä¿À¾¡Èx¿ÀÎ½ÎÏ¿ËÐÙÑ Ã�¼h¿(×NºfÎÝºaß3»Ï¿P¿ÀÎ½Î½»½Ê�¾V»ÏÂNÃh¿PÊÁºfÌ
τ 1 �3æ ? æÓø!¿t¾U=vÊÓ¿tÐ�¿ÆÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼�ÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿bÇ]ºÛÚÀ¾VÌ{¿¡Ã�¾V»½Î½»ÏÅ{ÍtÊÁºfÌ}ÎÝºÛÅVÃ�»½¾{¿¡ÊÓÄ]Ã�ÌmÉÛÄvÐ�ÍÀÎ½»ÏÅ{¿ÀÌ}ÎÝºËÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ}ÊÁº]Å{Å{Íx¿tÐ�¿xÅ}çsè¦émêÆÅ}Ðhºf¼hÅ�ÎÏ¿xÅmÐ�¿ÀÌV¼�»Ï¿ÀÌ{ÅmÉË»½Î½Î½»ÝºfÌ{Ð�ÅlÐÙÑYºf¼�¼hÍx¿xÅ�æ

ò}Ã-Ð�¿ÀÎÝÜùÐÙÑ Ã�¼&ÉË»½Î½Î½»ÝºfÌ{Ð-ÐÙÑYºf¼�¼hÍx¿xÅ�Ø�ÎÝº<×NºfÎÝºaß3»Ï¿üºxÇ_¿xÈ
τ 1 �õº<Ð�Ä]¼hÈüÃ�¼h¿üº]ÈÀ¾V»½Çv»½¾{ÍðÐ�¿ýÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼Å{¾{¿ÀÎ½ÎÝºf»½Ì{¿ðÊ�Î½ÃhÅ�Özºf»½â�ÎÏ¿üÈ�ºfÌÞ¿ÀÎ½ÎÏ¿ïºïÖzÄ]ÌVÉÛÍýÎÝºùÉ�ºañjÄ]ÌV»½¾{Í�Ð�¿ðÅ{¿xÅÞÍÀ¾{Ä]»½ÎÏ¿xÅä¾VÌ{ÕxÅ�¾��]¾�æuþÆºf¼hÅÞÎÏ¿xÅäÐ�¿ÀÃ3ß&È�º]Å

Ä]¼-ÊÓ¿ÀÃ�¾ÞÈxÄ]¼hÅV¾Jºf¾{¿ÀÌàÂNÃh¿üþ C �����åºfÃ�×LÉÛ¿À¼
¾{¿ïºfÃ-ÈxÄ]Ã�Ì{ÅÞÐ3Ã-¾{¿ÀÉËÊhÅ�æuçs¿xÅàÍÀ¾{Ä]»½ÎÏ¿xÅtñV¿ÀÃ�¼h¿xÅÞ¿À¾äÈ{íÁºfÃhÐ�¿xÅÅJ¿ÛÖzÄ]ÌVÉÛ¿À¼N¾ËÈxÄ]¼N¾V»½¼���ÉÛ¿À¼N¾ä¿À¾gÅ�ÑiÄ]Ê�ÊÓÄLÅ{¿À¼
¾ËÜüÈx¿À¾V¾{¿àÍÀÇ_Ä]Î½Ã�¾V»ÏÄ]¼sæ8ø!¿ÀÊã¿À¼hÐhºf¼
¾�Ø8ºfÃõÖZÃ�Ìg¿À¾ÛÜðÉÛ¿xÅVÃ�Ì{¿LØûÎÏ¿
ÌJºfÊ�ÊÓÄ]ÌV¾�ÍÀ¾{Ä]»½ÎÏ¿xÅ�Ç_¿À»½Î½ÎÏ¿xÅ �JñV¿ÀÃ�¼h¿xÅ�ºfÃ�×LÉÛ¿À¼N¾{¿LØ3Èx¿}Â
Ã�»µ¿�ß3Ê�Î½»ÏÂ
Ãh¿mÎ�ÑYºfÃ�×LÉÛ¿À¼N¾Jºf¾V»ÏÄ]¼îÊ�Ì{Ä]×LÌ{¿xÅJÅV»½Ç_¿lÐ�¿lþ C �����3æþ C �����î¼hÄ]ÃhÅÆ»½¼hÐ3»ÏÂNÃh¿ËÎ�ÑYÿf×_¿ËÐ�¿PÎÝºÞÊÓÄ]Ê�Ã�ÎÝºf¾V»ÏÄ]¼õÂ
Ã�»8Ð�Ä]ÉË»½¼h¿PÎ�ÑiÍÀÉË»ÏÅ{ÅV»ÏÄ]¼õºfÃ�¾{Ä]Ã�ÌbÐ�¿ C ����� / æsø!¿�ÔÊÓ¿À¼hÐhºf¼N¾�Øs»½Î8¿xÅV¾¡Ê�Î½ÃhÅtÅ{¿À¼hÅV»½â�ÎÏ¿Ë¿À¾¡ÇLºfÌV»Ï¿PâÓ¿�ºfÃhÈxÄ]Ã�ÊùÊ�Î½ÃhÅÆÖzÄ]ÌV¾{¿ÀÉÛ¿À¼N¾tÊÓÄ]Ã�Ì¡ÎÏ¿xÅtÍÀ¾{Ä]»½ÎÏ¿xÅ¡Çv»Ï¿À»½Î½ÎÏ¿xÅ�æÙè¦Î8¿xÅV¾
Ð�Ä]¼hÈt¼hÍxÈx¿xÅ{ÅJºf»½Ì{¿tÐ�¿¡ÎÏ¿¡ÈxÄ]É(â�»½¼h¿ÀÌÒÜPÃ�¼ðºfÃ�¾VÌ{¿t»½¼hÐ3»ÏÈ�ºf¾{¿ÀÃ�Ì}Ê�Î½ÃhÅ}ÅJ¿À¼hÅV»½â�ÎÏ¿tºfÃ3ßàÍÀ¾{Ä]»½ÎÏ¿xÅ8ñj¿ÀÃ�¼h¿xÅkæ

���-� � � ���������
����k���:�w� 	���� � �����	`����'��� �

ì:Î½ÎÏ¿xÅ}Å{Ä]¼
¾�É�ºañjÄ]ÌV»½¾Jºf»½Ì{¿ÀÉÛ¿À¼
¾}Ê�Ì{ÄvÐ3Ã�»½¾{¿xÅmÊÁºfÌ�ÎÏ¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅmÐ�¿Æ¾ =
ÊÓ¿¡ògØ3Ê�Ã�»ÏÅ�ÊÁºfÌ�ÎÏ¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅmÃ�¼îÊÓ¿ÀÃ
Ê�Î½ÃhÅbÖZÌ{Ä]»ÏÐ�¿xÅ ����Ø7^ ¿À¾Pê���æ>òlÃåÐ�¿ÀÎÝÜðÎÝºî¾{¿ÀÉËÊÓÍÀÌJºf¾VÃ�Ì{¿äÐ�¿xÅPºf¾VÉÛÄLÅVÊ�íhÕÀÌ{¿xÅPÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿xÅP¿xÅV¾(¾VÌ{Ä]ÊùÖZÌ{Ä]»ÏÐ�¿
ÊÓÄ]Ã�ÌËÄ !ãÌV»½ÌPÐ�¿xÅPÈxÄ]¼hÐ3»½¾V»ÏÄ]¼hÅPÊ�Ì{Ä]Ê�»ÏÈx¿xÅÛÜüÎÏ¿ÀÃ�ÌbÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼sæ:çs¿xÅgÌJºf»Ï¿xÅPÐ�¿ V�ºfÎ½ÉÛ¿ÀÌËÐÙÑiÄ]Ì{Ð3Ì{¿àÅVÃ�ÊÓÍÀÌV»Ï¿ÀÃ�Ì
����Sg¿À¾�� Q��uÅ{Ä]¼
¾�»½¼N¾{ÍÀÌ{¿xÅ{ÅJºf¼
¾{¿xÅlÜgÍÀ¾VÃhÐ3»Ï¿ÀÌmÈ�ºfÌm¿ÀÎ½ÎÏ¿xÅ�Å{Ä]¼
¾�Å{»½¾VÃhÍx¿xÅ}Ü(Ê�Î½ÃhÅ�ÈxÄ]Ã�ÌV¾{¿ÆÎÏÄ]¼�×LÃh¿ÀÃ�ÌmÐÙÑiÄ]¼hÐ�¿¡¿À¾
ÅJÄ]¼N¾}Ð�Ä]¼hÈ¡Ê�Î½ÃhÅ�Özº]ÈÀ»½ÎÏ¿ÀÉÛ¿À¼
¾Òº]ÈxÈx¿xÅ{ÅV»½â�ÎÏ¿xÅlÐhºf¼hÅ�ÎÏ¿xÅmÅVÊÓ¿xÈÀ¾VÌ{¿xÅmÐ�¿xÅlÄ]â3ñj¿À¾{ÅmÐ3»ÏÅ{¾Jºf¼N¾{Å�æ
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�� �2���w��������� ��y�����	����	?�

ç>¿xÅÆ»½¼hÐ3»ÏÈx¿xÅ¡Ð�¿(çÙ»ÏÈ{b�Ä]¼
¾¡ÍÀ¾{Í(Ê�Ì{ÍxÅJ¿À¼N¾{ÍxÅ¡ÈxÄ]ÉËÉÛ¿gÎÏ¿PÈ{íhÄ]»FßüÎÏ¿gÊ�Î½ÃhÅ¡ºfÊ�Ê�Ì{Ä]Ê�ÌV»ÏÍPÊÓÄ]Ã�ÌlÉÛ¿xÅVÃ�Ì{¿ÀÌtÈx¿xÅ
ÌJºf»Ï¿xÅtÐhºf¼hÅtÎÏ¿gÈ�º]Ð3Ì{¿�Ð�¿P¼hÄ]¾VÌ{¿ËÍÀ¾VÃhÐ�¿LØÙÉ�ºf»ÏÅÆ»½Î8¿�ßv»ÏÅ{¾{¿PÊ�Î½ÃhÅV»Ï¿ÀÃ�Ì{ÅtÐ�Í�úh¼�»½¾V»ÏÄ]¼ùÊÓÄ]Ã�Ì �

δ
æÙç>ºàÐ�Í�úh¼�»½¾V»ÏÄ]¼

ÎÝºPÊ�Î½ÃhÅmÃ�¾V»½Î½»ÏÅ{Íx¿t¿xÅV¾mÈx¿ÀÎ½ÎÏ¿(Ð�¿ �ùÄ]ÌV¾Víh¿5= � @l¾V¾JºxÇv»Ýºf¼�» �`8>Q�Q�����ØhÈ�ºfÌmÎÝºËÎÝºfÌV×_¿ÀÃ�Ì}ÍxÂNÃ�»½ÇLºfÎÏ¿À¼N¾{¿(Ð�¿
Hδ

¿xÅV¾
ÉÛÄ]»½¼hÅmÅJ¿À¼hÅV»½â�ÎÏ¿tÜgÎ�ÑYºf¾V¾{¿À¼NÃÁºf¾V»ÏÄ]¼sæãèeÎÓ¼sÑi¿�ß3»ÏÅV¾Jºf»½¾�ÊÁº]ÅmÐ�¿¡Ð�Í�úh¼�»½¾V»ÏÄ]¼ýÊÓÄ]Ã�Ì�ÎÏ¿xÅ�ÌJºf»Ï¿xÅmÐ�¿cV�ºfÎ½ÉÛ¿ÀÌmÐÙÑiÄ]Ì{Ð3Ì{¿
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 �væ C � �:Ì{ÍxÅ{¿À¼N¾Jºf¾V»ÏÄ]¼ Ð3Ã§Ð3»Ýºf×LÌJºfÉËÉÛ¿àþ C �����aÔ�� δ æ'çs¿xÅgÐ�¿ÀÃ3ßõ×NºfÎÝºaß3»Ï¿xÅbÊ�Ì{ÍxÅJ¿À¼N¾{Íx¿xÅg»ÏÈÀ»!Ä]¼
¾(Ã�¼h¿ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼îÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿ÒÐ�¿}¾ =
ÊÓ¿	� �'é �@¾ �
∝
¿�ß3Ê � Ô�¾ �

τ
��æ
×LÌV»ÏÅÒô

τ 1 �3æ ? æ
¼hÄ]»½ÌÆô τ 1 �3æ�êÆòÒçsò��Æì+; �!V!ÌVÃ�óxÃÁºfÎ
�tøuíÁºfÌVÎÏÄ]¾�Ø ����������æ
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	��  �væ ? � �:Ì{ÍxÅ{¿À¼N¾Jºf¾V»ÏÄ]¼ïÐ3ÃðÐ3»Ýºf×LÌJºfÉËÉÛ¿gþ C �����aÔ�� δ ÊÓÄ]Ã�ÌmÃ�¼h¿¡áµºfÉ(âãÍx¿(Ð�¿ÆÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼�ÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿tÐ�¿Ð3Ã�Ì{Íx¿ �3æ �ïÉË»½Î½Î½»ÝºfÌ{Ð&ÐÙÑYºf¼�¼hÍx¿xÅä¿À¾ËÖzÄ]ÌVÉ�ºf¼N¾ 8 � �³Ð�¿îÎÝºïÉ�º]ÅJÅ{¿ýÐ�¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅkØ�ºañjÄ]Ã�¾{Íx¿�ÜïÎ�ÑYÿf×_¿ýÐ�¿ �
ÉË»½Î½Î½»ÝºfÌ{ÐäÐÙÑYºf¼�¼hÍx¿xÅ�Ü¡Ã�¼h¿}ÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼àÈxÄ]¼N¾V»½¼
Ã �

τ 1 8�������ævçs¿xÅ�ÿf×_¿xÅu¿À¼Þ¼hÄ]»½Ì!Å{Ä]¼
¾!º]Å{ÅJÄ
ÈÀ»ÏÍxÅ�Ü¡ÎÝºt×NºfÎÝºaßv»Ï¿º�Ç_¿xÈlÃ�¼h¿lÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼äÈxÄ]¼
¾V»½¼NÃh¿Læhç>¿xÅ�ºf×_¿xÅ�¿À¼ä×LÌV»ÏÅ�Å{Ä]¼N¾�º]Å{Å{ÄvÈÀ»ÏÍxÅ�ºfÃÞ¾{¿ÀÉËÊhÅ�ÍxÈxÄ]Ã�ÎÏÍÆÐ�¿ÀÊ�Ã�»ÏÅ!ÎÝº¡áµºfÉ(âãÍx¿
Ð�¿tÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ïÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿Læiç>º�âãÄ]ÃhÈÀÎÏ¿gº]Å{Å{ÄvÈÀ»ÏÍx¿bÜËÎÝºPáµºfÉbâÓÍx¿(Ð�¿tÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼�ÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿(Ð3Ã�Ì{¿(¿À¼NÇv»½Ì{Ä]¼ �

×

109 ºf¼hÅkæÁêÆòlç>ò��Æì+; �!VuÌVÃ�óxÃÁºfÎ �tøuíÁºfÌVÎÏÄ]¾�Ø�����������æ

ÎÝºf»½Ì{¿Læ_þ¡ºf¼hÅuÈx¿�Ð�¿ÀÌV¼�»Ï¿ÀÌuÈ�º]Å�ØLÄ]¼ÛÊÓ¿ÀÃ�¾8ÈxÄ]¼hÅV¾Jºf¾{¿ÀÌ8Ã�¼h¿}ÍÀÇ_Ä]Î½Ã�¾V»ÏÄ]¼�¾VÌ{ÕxÅ:ÌJºfÊ�»ÏÐ�¿lÐhºf¼hÅ:ÎÏ¿�Ê�Ì{¿ÀÉË»Ï¿ÀÌ8ÉË»½Î½Î½»ÝºfÌ{Ð
ÐÙÑYºf¼�¼hÍx¿xÅ�ØãºfÎÏÄ]Ì{ÅlÂ
ÃsÑi¿ÀÎ½ÎÏ¿b¿xÅ{¾mÊ�Î½ÃhÅ}ÎÏ¿À¼
¾{¿tÊÁºfÌlÎÝºËÅVÃ�»½¾{¿Læãø!¿xÈÀ»ûÉÛÄ]¼N¾VÌ{¿gÂNÃh¿bÈx¿bÐ3»Ýºf×LÌJºfÉËÉÛ¿g¿xÅV¾}Å{¿À¼hÅV»½â�ÎÏ¿
ÜgÎ�Ñ í�»ÏÅV¾{Ä]»½Ì{¿b¾VÌ{ÕxÅ�Ì{ÍxÈx¿À¼N¾{¿(Ð�¿xÅ�×NºfÎÝºaß3»Ï¿xÅ�æ

çûºPúh×LÃ�Ì{¿ �væ ? Ê�Ì{ÍxÅ{¿À¼N¾{¿bÃ�¼h¿ÆÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼�ÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿¡¾ =
Ê�»ÏÂ
Ãh¿tÂ
Ã�»>¿xÅV¾lºf¾V¾{¿À¼hÐ3Ãh¿bÊãÄ]Ã�Ìm¼hÄLÅm×NºfÎÝºaßv»Ï¿xÅÍÀ¾VÃhÐ3»ÏÍx¿xÅäôÓÃ�¼h¿PáµºfÉbâÓÍx¿�Ð�¿ËÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼§ÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿�ºañVÄ]Ã�¾{Íx¿ÞÜäÃ�¼h¿ËÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼õÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅgÈxÄ]¼N¾V»½¼
Ãh¿Læûçs¿
¾VÌJºf»½¾ËÊ�ÎÏ¿À»½¼ Ð�¿äÎÝºðúh×LÃ�Ì{¿ �væ ? ÉÛÄ]¼
¾VÌ{¿îÎ�ÑiÍÀÇ_Ä]Î½Ã�¾V»ÏÄ]¼&ÐÙÑ Ã�¼h¿à×NºfÎÝºaß3»Ï¿äÉÛÄ
Ð�ÍÀÎ½»ÏÅ{Íx¿ýº�Ç_¿xÈàÃ�¼h¿ÞÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿Æ¿�ß3ÊãÄ]¼h¿À¼
¾V»Ï¿ÀÎ½ÎÏ¿��

τ 1 8������!ºxÇLºf¼N¾�ÎÝºbáµºfÉbâÓÍx¿ÆÐ�¿}ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ýÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿Læ3ò �(ÉË»½Î½Î½»ÝºfÌ{ÐàÐÙÑYºf¼�¼hÍx¿xÅ�Ø
Ã�¼h¿uáµºfÉbâÓÍx¿�Ð�¿uÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ËÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿�Ð�¿!Ð3Ã�Ì{Íx¿��3æ �mÉË»½Î½Î½»ÝºfÌ{ÐËÐÙÑYºf¼�¼hÍx¿xÅ:¿À¾'ÂNÃ�»
ÖzÄ]ÌVÉÛ¿ 8 � ��Ð�¿�ÎÝºlÉ�º]Å{ÅJ¿
Ð�¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅm¿xÅ{¾uÌJºañVÄ]Ã�¾{Íx¿ �ZÐ�Ä]É�ºf»½¼h¿¡íÁº]È{í
Ã�Ì{ÍtÐ�¿ÒÎÝºgÈxÄ]Ã�ÌVâã¿ ��æ�ç>º(×NºfÎÝºaß3»Ï¿ÆÊÁºfÌ{ÈxÄ]Ã�ÌV¾}ºfÎÏÄ]Ì{Å�Ã�¼h¿ÒâãÄ]ÃhÈÀÎÏ¿
Ðhºf¼hÅäÎÏ¿ðÐ3»Ýºf×LÌJºfÉËÉÛ¿ �

δ
Ôeþ C �����§ÂNÃ�»ÒÐ3Ã�Ì{¿ü¿À¼
Ç
»½Ì{Ä]¼ �ùÉË»½Î½Î½»ÝºfÌ{Ð�ÅäÐÙÑYºf¼�¼hÍx¿xÅýº�Ç]ºf¼
¾äÐ�¿üÌ{¿BñVÄ]»½¼hÐ3Ì{¿ðÎÝº

Å{ÍxÂ
Ãh¿À¼hÈx¿mÐ�¿�ÎÝºÆÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼äÈxÄ]¼N¾V»½¼NÃh¿LævòlÊ�Ì{ÕxÅ:Ã�¼ÞÜ¡Ð�¿ÀÃ3ßPÉË»½Î½Î½»ÝºfÌ{Ð�ÅuÐÙÑYºf¼�¼hÍx¿xÅkØ_Ã�¼h¿�×NºfÎÝºaß3»Ï¿}º�=Nºf¼
¾uÅVÃ�â�»
Ã�¼äÅVÃ�Ì{ÅJºfÃ�¾�Ð�¿�ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ÞÅ{¾{¿ÀÎ½ÎÝºf»½Ì{¿}Ä]Ã�Ã�¼h¿�ÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼äÈxÄ]¼N¾V»½¼NÃh¿ÆÅ{¿m¾VÌ{Ä]Ã�Ç_¿}Ðhºf¼hÅ8ÎÝº¡ÉÛÚÀÉÛ¿mÌ{ÍÀ×L»ÏÄ]¼ÞÐ3Ã
Ð3»Ýºf×LÌJºfÉËÉÛ¿(þ C �����aÔ�� δ ØµÈx¿¡ÂNÃ�»ÙÉÛÄ]¼
¾VÌ{¿tÂ
ÃsÑ »½Îj=äºgÃ�¼h¿tÐ�ÍÀ×_ÍÀ¼hÍÀÌ{¿xÅJÈx¿À¼hÈx¿bÐhºf¼hÅmÈx¿¡Ð3»Ýºf×LÌJºfÉËÉÛ¿(ÂNÃ�»Ù¼h¿ÊÓ¿ÀÌVÉÛ¿À¾}ÐÙÑiÍÀ¾VÃhÐ3»Ï¿ÀÌlÂ
Ãh¿ÆÎÏ¿xÅmÐ�¿ÀÃ3ßýÐ�¿ÀÌV¼�»Ï¿ÀÌ{ÅmÉË»½Î½Î½»ÝºfÌ{ÐüÐÙÑYºf¼�¼hÍx¿xÅlºfÃýÉ�ºaß3»½ÉbÃ�Éýæµë}¼h¿ÆâÓÄ]ÃhÈÀÎÏ¿¡»ÏÐ�¿À¼
¾V»ÏÂNÃh¿
¿xÅV¾lÄ]âhÅ{¿ÀÌVÇ_Íx¿tÐhºf¼hÅmÎÏ¿¡Ð3»Ýºf×LÌJºfÉËÉÛ¿gþ C �����aÔ�� SÛÈx¿tÂNÃ�»ÙÉÛÄ]¼
¾VÌ{¿tÎÝºËÅ{»½ÉË»½ÎÝºfÌV»½¾{ÍbÐ�¿xÅmÐ�¿ÀÃ3ßýÐ3»Ýºf×LÌJºfÉËÉÛ¿xÅj6ñV¿gÇ]ºf»ÏÅÆÐ�Ä]¼hÈPÉÛ¿PÈxÄ]¼hÈx¿À¼N¾VÌ{¿ÀÌtÊÁºfÌ¡ÎÝºäÅVÃ�»½¾{¿PÅVÃ�ÌÆÎÏ¿PÐ3»Ýºf×LÌJºfÉËÉÛ¿Ûþ C �����aÔ�� δ æÙç8ÑYºfÌV¾V»ÏÈÀÎÏ¿ËÊ�Ì{ÍxÅJ¿À¼N¾{ÍËÐhºf¼hÅÎÝºËÅJ¿xÈÀ¾V»ÏÄ]¼ �væ �gÊ�Ì{ÍxÅ{¿À¼N¾{¿bÎÏ¿xÅ�Ì{ÍxÅVÃ�Î½¾Jºf¾{Å�ÊÓÄ]Ã�ÌmÎÏ¿xÅmÐ�¿ÀÃ3ßîÐ3»Ýºf×LÌJºfÉËÉÛ¿xÅ�æ
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≤
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Ð�¿xÅðÈ�ºf¾JºfÎÏÄ]×LÃh¿xÅî»½¼3Ö@ÌJºfÌ{Ä]Ã�×_¿xÅð¹üè � �-¿À¾îè ��@¡ø!òÒ¹ Ä]¼N¾ýÍÀ¾{ÍïÃ�¾V»½Î½»ÏÅ{ÍxÅà»ÏÈÀ»�æ�ël¼h¿ïÐ3»ÏÅV¾Jºf¼hÈx¿<É�ºaß3»½É�ºfÎÏ¿
ÐÙÑ »½¼
¾{¿ÀÌ{ÈxÄ]ÌVÌ{¿ÀÎÝºf¾V»ÏÄ]¼<Ð�¿_8¡ÉË»½¼NÃ�¾{¿tÐÙÑYºfÌ{È(ºËÍÀ¾{Í¡È{íhÄ]»ÏÅV»Ï¿+6µ¿ÀÎ½ÎÏ¿ÆÌ{¿�áÁÕÀ¾{¿¡Ê�ÌV»½¼hÈÀ»½ÊÁºfÎÏ¿ÀÉÛ¿À¼N¾ÒÎ�Ñ »½¼hÈx¿ÀÌV¾V»½¾VÃhÐ�¿gÅVÃ�Ì
ÎÝºmÊãÄLÅ{»½¾V»ÏÄ]¼bÐ�¿xÅ>Å{Ä]Ã�Ì{Èx¿xÅûè¦élò	�ãæxç>Ä]Ì{Å{ÂNÃsÑ Ã�¼h¿uÅ{Ä]Ã�Ì{Èx¿�èBé}ò �ÒÍÀ¾Jºf»½¾>¿À¼
¾{Ä]Ã�Ì{Íx¿uÐ�¿:Ê�Î½ÃhÅ{»Ï¿ÀÃ�Ì{ÅûÅ{Ä]Ã�Ì{Èx¿xÅ �vþ � �
ÜäÉÛÄ]»½¼hÅ¡ÐÙÑ Ã�¼h¿PÉË»½¼
Ã�¾{¿ÛÐÙÑYºfÌ{ÈLØÙ¿ÀÎ½ÎÏ¿ÛºäÍÀ¾{ÍËÍÀÎ½»½ÉË»½¼hÍx¿ËÐ3ÃùÈ�ºf¾JºfÎÏÄ]×LÃh¿Púh¼ÁºfÎ'ÊãÄ]Ã�ÌtÍÀÇv»½¾{¿ÀÌÆÃ�¼h¿PÉ�ºfÃ�Ç]ºf»ÏÅJ¿
»ÏÐ�¿À¼
¾V»FúÁÈ�ºf¾V»ÏÄ]¼õÐ�¿(ÎÝºÞÅJÄ]Ã�Ì{Èx¿(Ä]Ê�¾V»ÏÂ
Ãh¿LæÓçs¿xÅÒ×NºfÎÝºaßv»Ï¿xÅ¡Ä]¼
¾Æ¿À¼hÅ{Ã�»½¾{¿(ÍÀ¾{ÍPÈÀÎÝº]Å{Å{Íx¿xÅÆ¿À¼ïò}ê *�Ä]Ã�×NºfÎÝºaßv»Ï¿xÅ
ÜàáµºfÉbâÓÍx¿ÞÐ�¿PÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼åÅ{¾{¿ÀÎ½ÎÝºf»½Ì{¿�¿À¼õÃ�¾V»½Î½»ÏÅ�ºf¼N¾bÎÏ¿xÅ(Ð3»Ýºf×L¼hÄLÅV¾V»ÏÈxÅgÐ�¿ËÌJºf»Ï¿xÅb¼hÍÀâ�Ã�ÎÝºf»½Ì{¿xÅ X *Òè{è�[�� �

α
¿À¼

ÖzÄ]¼hÈÀ¾V»ÏÄ]¼ýÐ�¿ XZ@Òè{è{èU[�� �
β
æ3ø!¿À¾V¾{¿ÆÈÀÎÝº]Å{ÅV»FúÁÈ�ºf¾V»ÏÄ]¼ðº(Ê�ÃäÚÀ¾VÌ{¿¡ÍÀ¾Jºfâ�Î½»Ï¿ÒÎÏÄ]Ì{Å{Â
Ãh¿ÆÈ{íÁº]Â
Ãh¿ÆÌJºf»Ï¿Æ¿À¼àÍÀÉË»ÏÅJÅV»ÏÄ]¼ýº

ÍÀ¾{ÍÒÐ�ÍÀ¾{¿xÈÀ¾{Íx¿ÆºxÇ_¿xÈÒÃ�¼�ÌJºfÊ�ÊÓÄ]ÌV¾!Å{»½×L¼ÁºfÎãÅVÃ�Ìuâ�ÌVÃ�»½¾uÊ�Î½ÃhÅu×LÌJºf¼hÐäÂNÃh¿��3æ
çs¿ÒÈ�ºf¾JºfÎÏÄ]×LÃh¿}úh¼ÁºfÎã¿xÅV¾!ÈxÄ]ÉËÊãÄLÅJÍ
Ð�¿�8>R�� 8!×NºfÎÝºaß3»Ï¿xÅ:Ð�Ä]¼N¾ Q ? 8!×NºfÎÝºaßv»Ï¿xÅ'Ð�Ä]ÉË»½¼hÍx¿xÅ:ÊÁºfÌ'Ã�¼h¿uáµºfÉbâÓÍx¿�Ð�¿�ÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ÛÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿Læ]çs¿xÅ�úh×LÃ�Ì{¿xÅ�væqRä¿À¾ �væ �ËÌ{¿ÀÊ�Ì{ÍxÅ{¿À¼
¾{¿À¼N¾tÎÝºÞÐ3»ÏÅV¾VÌV»½â�Ã�¾V»ÏÄ]¼ù¿À¼ïÌ{¿xÐ�ÅVí�»FÖZ¾Ò¿À¾Æ¿À¼ïÎ½Ã�ÉË»½¼hÄLÅV»½¾{Íg»½¼3Ö@ÌJºfÌ{Ä]Ã�×_¿ËÐ�¿xÅÒ×NºfÎÝºaß3»Ï¿xÅtÜ
áµºfÉ(âãÍx¿xÅÒÐ�¿ÒÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼üÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿tÐ�¿tÎ�ÑiÍxÈ{íÁºf¼N¾V»½Î½ÎÏÄ]¼sæ�a>Ä]Ã�¾{¿xÅÒÈx¿xÅ�×NºfÎÝºaß3»Ï¿xÅlºfÊ�ÊÁºfÌV¾V»Ï¿À¼�¼h¿À¼
¾ÆÜPÎ�Ñ Ã�¼�»½Ç_¿ÀÌ{Å
ÎÏÄvÈ�ºfÎ:¿À¾¡Å{Ä]¼N¾¡É�ºañVÄ]ÌV»½¾Jºf»½Ì{¿ÀÉÛ¿À¼N¾bÈxÄ]ÉËÊÓÄLÅ{Íx¿xÅ¡Ð�¿PçsèBémêÆÅ¡¿À¾¡Ð�¿(×NºfÎÝºaß3»Ï¿xÅÆÃ�¼ïÊã¿ÀÃïÉÛÄ]»½¼hÅÆÎ½Ã�ÉË»½¼h¿ÀÃhÅ{¿xÅkæ
è¦Îã¼sÑ =�ºbÂ
Ãh¿ 8>Q(ëÒçsè¦émêÆÅkævø!¿ÒÈ�ºf¾JºfÎÏÄ]×LÃh¿ÒÅJ¿ÀÌVÇ
»½ÌJº(ÐÙÑiÄ]â3ñj¿À¾{Å�Ð�¿lÌ{Í�ÖZÍÀÌ{¿À¼hÈx¿ÒÊÓÄ]Ã�Ì!ÈxÄ]ÉËÊÁºfÌJºf»ÏÅJÄ]¼îº�Ç_¿xÈÒÎÏ¿xÅ
×NºfÎÝºaß3»Ï¿xÅ}Ð3»ÏÅ{¾Jºf¼N¾{¿xÅ�æ
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Ãh¿xÅ�æ
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È{íÁºfÉËÊsæ
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α
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Ã�ÌVÇ_¿5= ��ØfÐ�¿B8 �3Ñ

×
8 �3Ñ½ØfÈxÄ]Ébâ�»½¼h¿�Ð�¿xÅ'Ð�Ä]¼�¼hÍx¿xÅ'Ðhºf¼hÅûÎÏ¿xÅ

Ð�Ä]É�ºf»½¼h¿xÅ�»½¼3ÖZÌJºfÌ{Ä]Ã�×_¿LØ�ÌJº]Ð3»ÏÄ�Ø�¿À¾mÄ]Ê�¾V»ÏÂNÃh¿tºf»½¼hÅ{»ÓÂ
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LIR

�äÐ�¿xÅî×NºfÎÝºaß3»Ï¿xÅ �vþ � �,ÊÓÄLÅ{Å{ÍxÐhºf¼N¾îÃ�¼h¿
ÈxÄ]¼
¾VÌ{¿ÀÊÁºfÌV¾V»Ï¿gèBé}ò �ä¿À¾lÈÀÎÝº]ÅJÅ{Íx¿xÅmÈxÄ]ÉËÉÛ¿(×NºfÎÝºaßv»Ï¿xÅÒÜPáµºfÉbâÓÍx¿bÐ�¿¡ÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ïÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿bÅJ¿ÀÎÏÄ]¼ýÎÏ¿xÅmÌJºf»Ï¿xÅ
¼hÍÀâ�Ã�ÎÝºf»½Ì{¿xÅÒÄ]Ê�¾V»ÏÂNÃh¿xÅkæ

¿À¾ÒºfÎ�Ø������ C ��æ � C ÅJÄ]Ã�Ì{Èx¿xÅlÄ]¼
¾ÒÍÀ¾{ÍbÊ�ÎÝº]ÈxÍx¿xÅÒÐhºf¼hÅlÎÏ¿tÉ�º]ÅJÂNÃh¿Þô � ? ÐÙÑi¿À¼
¾VÌ{¿(¿ÀÎ½ÎÏ¿xÅÒÅ{Ä]¼
¾lÐ�ÍÀ¾{¿xÈÀ¾{Íx¿xÅÊÁºfÌ}è ��@¡ø!òÒ¹ ¿À¾<QËÅ{Ä]¼N¾mÐ�¿xÅ}×NºfÎÝºaßv»Ï¿xÅ}Ð�¿tÈ{íÁºfÉËÊsæ
ø!¿xÅ�È{íÁºfÉËÊhÅ�Ä]¼
¾�ÍÀ¾{ÍlÈ{íhÄ]»ÏÅV»ÏÅ!ÊÓÄ]Ã�ÌuÎÏ¿ÀÃ�ÌuÖ�ºf»½â�ÎÏ¿lÈxÄ]¼
¾JºfÉË»½¼Áºf¾V»ÏÄ]¼î×NºfÎÝº]ÈÀ¾V»ÏÂNÃh¿Læ3þÆ¿xÅ�×NºfÎÝºaß3»Ï¿xÅ!¼hÄ]¼äÐ�ÍÀ¾{¿xÈ�Ô
¾{Íx¿xÅ!ÊÁºfÌ�è ��@¡ø!òÒ¹ Ü 8 ? µ É¸Ä]¼
¾�ÍÀ¾{Í}»½¼
¾VÌ{Ä
Ð3Ã�»½¾{¿xÅmºaúh¼àÐ�¿}Ì{¿ÀÉËÊ�Î½»½Ì�ÎÏ¿xÅ!É�º]Å{Â
Ãh¿xÅuÐÙÑiÄ]âhÅJ¿ÀÌVÇ]ºf¾V»ÏÄ]¼îÐhºf¼hÅ
Ð�¿xÅÒÌ{ÍÀ×L»ÏÄ]¼hÅ¡ÄA\ùºfÃhÈÀÃ�¼h¿g×NºfÎÝºaßv»Ï¿Pè ��@¡ø!òl¹�¼sÑiÍÀ¾Jºf»½¾¡Ð�ÍÀ¾{¿xÈÀ¾{Íx¿LæÙòlÃü¾{Ä]¾JºfÎ�8 � ? ×NºfÎÝºaßv»Ï¿xÅ¡Ä]¼
¾¡Ð�Ä]¼hÈgÍÀ¾{ÍÄ]âhÅ{¿ÀÌVÇ_Íx¿xÅkæhçs¿ÀÃ�Ì}Ð3»ÏÅV¾VÌV»½â�Ã�¾V»ÏÄ]¼�¿À¼îÉ�ºf×L¼�»½¾VÃhÐ�¿b¿xÅV¾lÐ�Ä]¼�¼hÍx¿¡ÊÁºfÌmÎÝº(úh×LÃ�Ì{¿ �væqSPÊÓÄ]Ã�ÌmÈ{íÁº]Â
Ãh¿bÈJíÁºfÉËÊsæ
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�7@Òé	� �3æ:çs¿xÅË×LÌV»ÏÅVÉÛ¿xÅËé R����ï¿À¾ËèIR����ïÄ]¼
¾ÛÍÀ¾{ÍàÃ�¾V»½Î½»ÏÅ{ÍxÅÛºaúh¼ ÐÙÑYºxÇ_Ä]»½ÌÛÃ�¼h¿îÈxÄ]Ã�Ç_¿ÀÌV¾VÃ�Ì{¿ðÅVÊã¿xÈÀ¾VÌJºfÎÏ¿îÐ�¿
? ������¿À¾ Q������ / Ðhºf¼hÅlÎÏ¿tÌ{Í�ÖzÍÀÌ{¿À¼N¾V»Ï¿ÀÎ'Ð�¿¡Î�ÑiÄ]âhÅ{¿ÀÌVÇLºf¾{¿ÀÃ�Ì�ØµÈx¿(ÂNÃ�»>Êã¿ÀÌVÉÛ¿À¾ÒÐ�¿bÐ�ÍÀ¾{¿xÈÀ¾{¿ÀÌÒÎÏ¿xÅmÊ�ÌV»½¼hÈÀ»½ÊÁºfÎÏ¿xÅ
ÌJºf»Ï¿xÅÒÄ]Ê�¾V»ÏÂNÃh¿xÅl¿À¾}ÎÝºËÐ3»ÏÅJÈxÄ]¼N¾V»½¼NÃ�»½¾{ÍPÐ�¿ V�ºfÎ½ÉÛ¿ÀÌÒÐ�¿xÅ}×NºfÎÝºaß3»Ï¿xÅ}Ð�Ä]¼
¾}ÎÏ¿tÌ{¿xÐ�Å{í�»FÖ@¾}¿xÅ{¾}ÅV»½¾VÃhÍb¿À¼
¾VÌ{¿

∼
�3æ C¿À¾

∼
8Læ ? æsþ¡ºf¼hÅbÎÝºîÅJ¿xÈÀ¾V»ÏÄ]¼ ;Pæ,8LØsÄ]¼§ºàÇvÃåÂ
Ãh¿ËÎÝºîÅJ¿À¼hÅV»½â�»½Î½»½¾{Í�ÐÙÑiè ��@¡ø!òl¹�¼h¿ÛÊã¿ÀÌVÉÛ¿À¾V¾Jºf»½¾g×LÃhÕÀÌ{¿�Ð�¿

Ð�ÍÀ¾{¿xÈÀ¾{¿ÀÌÒÐ�¿xÅ�×NºfÎÝºaßv»Ï¿xÅlÜPÊ�Î½ÃhÅ�×LÌJºf¼hÐîÌ{¿xÐ�ÅVí�»FÖZ¾�æ
ç>¿xÅPÖZ¿À¼
¾{¿xÅÛÐ�¿xÅËÉ�º]Å{Â
Ãh¿xÅPÃ�¾V»½Î½»ÏÅ{ÍxÅÛÄ]¼
¾ËÃ�¼h¿à¾Jºf»½Î½ÎÏ¿ýÐ�¿/8Læ � �

×
8 � �î¿À¾ËÎÝºüÌ{ÍxÅ{Ä]Î½Ã�¾V»ÏÄ]¼&Ð�¿xÅÛÅ{Êã¿xÈÀ¾VÌ{¿xÅ

Ä]â�¾{¿À¼
ÃhÅ�¿xÅV¾uÐ�¿ ? / Ðhºf¼hÅ!ÎÏ¿mÌ{Í�ÖzÍÀÌ{¿À¼N¾V»Ï¿ÀÎÙÐ�¿lÎ�ÑiÄ]âhÅ{¿ÀÌVÇ]ºf¾{¿ÀÃ�Ì�ævçs¿xÅ�ÅVÊÓ¿xÈÀ¾VÌ{¿xÅuÄ]¼
¾!ÍÀ¾{Í}Ì{ÍxÐ3Ã�»½¾{Å�¿À¾!È�ºfÎ½»½â�Ì{ÍxÅ
ÜäÎ�ÑYºf»ÏÐ�¿ËÐ3Ã<ÎÏÄ]×L»ÏÈÀ»Ï¿ÀÎ�èBé}ò�� �Zçs»Ýºf¼�×ð¿À¾bºfÎ�Ø ����� C ��æÙçs¿xÅtÅVÊÓ¿xÈÀ¾VÌ{¿xÅ¡Ä]¼N¾(¿À¼hÅVÃ�»½¾{¿ËÍÀ¾{ÍPÎ½»ÏÅ{Å{ÍxÅ¡ÅVÃ�»½ÇLºf¼N¾¡Ã�¼h¿¾{¿xÈJí�¼�»ÏÂNÃh¿gÊ�Ì{ÍxÅ{¿À¼
¾{Íx¿(ÊÁºfÌtêÒÌVÃh¿ÀÎ�¿À¾ÆºfÎ�æ�� ����������Ø �ÆºfÉËÉÛ¿ÀÌÆ¿À¾ÒºfÎ�æ � ����� ? �tôã¿ÀÎ½ÎÏ¿(ÈxÄ]¼hÅ{»ÏÅV¾{¿(ÜÞºfÊ�Ê�Î½»ÏÂNÃh¿ÀÌÐ�¿ÀÃ3ßýÎ½»ÏÅ{Å�ºf×_¿xÅlÅVÃhÈxÈx¿xÅJÅV»FÖZÅ}ÊÁºfÌlÃ�¼h¿bÖz¿À¼hÚÀ¾VÌ{¿bÐ�¿ �PÊ�Ã�»ÏÅ 8 ? Ê�»Fß�¿ÀÎÏÅ}ÊÓÄ]Ã�ÌÆºfÃ�×LÉÛ¿À¼
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¾8¼hÄ]ÃhÅ�º�Ç_Ä]¼hÅ�Ð�ÍÀÇ_¿ÀÎÏÄ]Ê�ÊÓÍ�Ã�¼h¿�¾{¿xÈ{í�¼�»ÏÂ
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¿À¼üºfâhÅJÄ]ÌVÊ�¾V»ÏÄ]¼sæ
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Ãh¿�È{íÁºfÉËÊËÊ�Ã�»ÏÅ�Ð�¿uÎ�Ñi¿À¼3Ô
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¾V»½Î½ÎÏÄ]¼sæµç>º(¾Jºfâ�ÎÏ¿ �væ �gÊ�Ì{ÍxÅ{¿À¼
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Ðhºf¼hÅÆÎÏ¿xÅÆÐ3»"!ÙÍÀÌ{¿À¼N¾{Å¡È{íÁºfÉËÊhÅbÄ]âhÅ{¿ÀÌVÇ_ÍxÅÒÊÁºfÌÆè ��@¡ø!òÒ¹ Ü 8 ? µ É.ÊãÄ]Ã�ÌÒÎÏ¿xÅ{Â
Ãh¿ÀÎÏÅ¡Ð�¿bÎÝºäÅVÊÓ¿xÈÀ¾VÌ{ÄLÅ{ÈxÄ]Ê�»Ï¿
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¾l¿�ß3Ê�Î½»ÏÂNÃh¿ÀÌlÈx¿ÆÌ{ÍxÅVÃ�Î½¾Jºf¾�æ

ÈJíÁºfÉËÊhÅ Ì{¿xÐ�ÅVí�»FÖ@¾}ÉÛ¿xÐ3»Ýºf¼
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ÍxÈ{íÁºf¼
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Ãh¿ÀÎÏÂNÃh¿xÅ
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ÅJºf¼hÅ�áµºfÉbâÓÍx¿xÅ}Ð�¿ÆÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ðÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿ ��¿À¾ 8Læ
ø!¿À¾V¾{¿�ºfÊ�Ê�Ì{ÄvÈ{íh¿mºl¼hÍxÈx¿xÅ{ÅV»½¾{Í!ÐÙÑ »½¼N¾VÌ{ÄvÐ3Ã�»½Ì{¿mÐ�¿xÅ�ÊÁº]Å'Ð�¿!¾{¿ÀÉËÊhÅûÊ�Î½ÃhÅ:ÈxÄ]Ã�ÌV¾:Ðhºf¼hÅ�ÎÏ¿�ÈxÄ
Ð�¿uÊÓÄ]Ã�Ì�¾{¿À¼�»½Ì

ÈxÄ]ÉËÊ�¾{¿}Ê�Ì{Ä]Ê�Ì{¿ÀÉÛ¿À¼N¾�Ð�¿mÈx¿À¾V¾{¿�áµºfÉ(âãÍx¿ÒÐ�¿�ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ÞÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿Òºf»½¼hÅV»ÁÂ
Ãh¿mÐ�¿�Ç_ÍÀÌV»FúÁ¿ÀÌ�ÎÝºtÈxÄ]¼NÇ_¿ÀÌV×_¿À¼hÈx¿
¼
Ã�ÉÛÍÀÌV»ÏÂNÃh¿(Ð3ÃýÊ�Ì{Ä]×LÌJºfÉËÉÛ¿tÊÓÄ]Ã�ÌmÈx¿xÅ�ÊÁº]Å}Ð�¿Æ¾{¿ÀÉËÊhÅ}Ê�Î½ÃhÅmÈxÄ]Ã�ÌV¾�æ
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þ¡ºf¼hÅÒÎÝºÛÅJ¿xÈÀ¾V»ÏÄ]¼üÊ�Ì{ÍxÈxÍxÐ�¿À¼
¾{¿LØvñÀÑYºf»ûÉÛ¿À¼N¾V»ÏÄ]¼�¼hÍËÂ
Ãh¿tÎ�Ñ »½¼3áhÃh¿À¼hÈx¿PÐ�¿tÎÝº�ÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{ÍPÅ{¿ÀÌJºf»½¾}Ö�ºf»½â�ÎÏ¿(Ü
ÊÓ¿À¾V»½¾lþ C ������ÎÝÜÛÄA\üÅJ¿tÅV»½¾VÃh¿À¼N¾Ò¼hÄLÅl×NºfÎÝºaßv»Ï¿xÅ�æµç>ºËÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{ÍPÐ3Ãü×NºfógºÛÍÀ¾{Í(Ð�ÍÀ¾{¿ÀÌVÉË»½¼hÍx¿(Ðhºf¼hÅÒçÙ»Ýºf¼�×¿À¾ ��
� � ����� C ��æÓì:Î½ÎÏ¿P¿xÅV¾ÆÅVÃ�ÊãÍÀÌV»Ï¿ÀÃ�Ì{¿ËÜ �3æ ? Z�
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¾VÌ{¿��3æ ? Ô{8Læ ? � � æçûº(Ð =v¼ÁºfÉË»ÏÂ
Ãh¿lÐ�¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅ�Ð�¿lÎÝºt×NºfÎÝºaß3»Ï¿ÆÂNÃ�»µ»½¼N¾VÌ{ÄvÐ3Ã�»½¾�Ã�¼äÍÀÎÝºfÌV×L»ÏÅ{ÅJ¿ÀÉÛ¿À¼N¾mÐ�¿xÅuÌJºf»Ï¿xÅ�¿À¼àºfâhÅ{Ä]ÌVÊ3Ô
¾V»ÏÄ]¼sæÓì:Î½ÎÏ¿Ë¿xÅV¾Ò»½¼N¾VÌ{ÄvÐ3Ã�»½¾{¿ÛÜÞ¾VÌJºxÇ_¿ÀÌ{ÅÆÃ�¼h¿ËÈxÄ]¼
Ç_Ä]Î½Ã�¾V»ÏÄ]¼ù¿À¼N¾VÌ{¿PÎÏ¿PÅVÊÓ¿xÈÀ¾VÌ{¿búh¼ÁºfÎ:¿À¾ÒÃ�¼h¿ËÐ3»ÏÅVÊÓ¿ÀÌ{ÅV»ÏÄ]¼�Ð�¿
Çv»½¾{¿xÅ{Å{¿Æ¾V»½Ì{Íx¿tÐ�¿ÆÉ�ºf¼�»ÏÕÀÌ{¿gºfÎÏÍ�ºf¾{Ä]»½Ì{¿b¿À¼
¾VÌ{¿ 8 ���Ë¿À¾ ����� bvÉ �fÅ�æ
� � � � � ���'�T����� �
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Ð�ÍÀÎ½»ÏÅ{¿ÀÌ
Î�Ñ í�»ÏÅV¾{Ä]»½Ì{¿ËÐ�¿gÎÝº�ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ùÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿P¿À¼3ÖZÄ]Ã�»Ï¿ËÐhºf¼hÅÆÎÏ¿xÅÒ×NºfÎÝºaß3»Ï¿xÅ�æÓþÆºf¼hÅbê¡òlçsò �Æì+;gØÓÈx¿À¾V¾{¿PÍÀ¾JºfÊÓ¿Pº
Î½»Ï¿ÀÃ-¿À¼&ÉÛÚÀÉÛ¿ý¾{¿ÀÉËÊhÅäÂ
Ãh¿ýÎÝº<ÅM=v¼N¾VíhÕxÅJ¿ðÍÀÇ_Ä]Î½Ã�¾V»½Ç_¿LØuÉ�ºf»ÏÅ�ÊÁºfÌäÅ{Ä]ÃhÈÀ»ÏÅ�Ð�¿üÈÀÎÝºfÌV¾{ÍLØsñxÑYºf»}È{íhÄ]»ÏÅ{»lÐ�¿ýÎÝº
Ê�Ì{ÍxÅ{¿À¼
¾{¿ÀÌlÅ{ÍÀÊÁºfÌ{ÍÀÉÛ¿À¼
¾�æ

ç�ÑYºf¾V¾{¿À¼NÃÁºf¾V»ÏÄ]¼Ûº�Å{Ä]Ã�Ç_¿À¼
¾�ÍÀ¾{Í:¼hÍÀ×LÎ½»½×_Íx¿!Ä]ÃtÉÛÄvÐ�ÍÀÎ½»ÏÅ{Íx¿8Ð�¿�É�ºf¼�»ÏÕÀÌ{¿8¾VÌ{ÕxÅsÊ�Ì{ÍxÈ�ºf»½Ì{¿Læfç>º�ÉÛÄvÐ�ÍÀÎ½»ÏÅJºf¾V»ÏÄ]¼
ÎÝºtÊ�Î½ÃhÅuÈxÄ]Ã�ÌJºf¼
¾{¿lÌ{¿ÀÊÓÄLÅ{¿lÅVÃ�Ì�Ã�¼äÍxÈÀÌJºf¼�Ã�¼�»FÖzÄ]ÌVÉÛ¿}ÊÓÄLÅV»½¾V»ÏÄ]¼�¼hÍÒ¿À¼N¾VÌ{¿lÎÝº¡×NºfÎÝºaß3»Ï¿}¿À¾�Î�ÑiÄ]âhÅJ¿ÀÌVÇ]ºf¾{¿ÀÃ�Ìj63ël¼
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Ãh¿mÐ�¿xÅ:ÎÝºfÌV×_¿ÀÃ�Ì{ÅuÍxÂNÃ�»½ÇLºfÎÏ¿À¼N¾{¿xÅ�¼h¿�Å{Ä]»Ï¿À¼N¾uÊÁº]Å�º !Ó¿xÈÀ¾{Íx¿xÅã÷ �
»ÁÄ]¼ËÊ�Ì{¿À¼hÐÛÃ�¼h¿�ÖZÄ]ÌVÉ�ºaÔ
¾V»ÏÄ]¼àÈxÄ]¼N¾V»½¼
Ãh¿ÆÜtÎÝº]ÂNÃh¿ÀÎ½ÎÏ¿ÒÄ]¼�ÌJºañVÄ]Ã�¾{¿lÃ�¼h¿�áµºfÉbâÓÍx¿Ò»½¼hÅV¾Jºf¼N¾Jºf¼hÍx¿ÆÐ�¿ 8 �¡É�º]Å{Å{¿xÅ!Å{Ä]ÎÝºf»½Ì{¿xÅ�Ü¡Ã�¼Þ»½¼hÅV¾Jºf¼N¾
Ð�Ä]¼�¼hÍLæ �:ÎÝº��xÄ]¼hÅÒ¼hÄ]ÃhÅÒºfÃüÉÛÄ]ÉÛ¿À¼N¾ÆÐ3Ãðâ�Ã�Ì{ÅV¾ÒÐ�¿¡ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼�ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅkæµì:¼üÎ�ÑYºfâhÅ{¿À¼hÈx¿gÐÙÑYºf¾V¾{¿À¼NÃÁºf¾V»ÏÄ]¼
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Ä]Ãå¿À¼<Ê�Ì{ÍxÅ{¿À¼hÈx¿�ÐÙÑ Ã�¼h¿�ºf¾V¾{¿À¼
ÃÁºf¾V»ÏÄ]¼åÐ�¿Ë¾ =
ÊÓ¿ËÍxÈÀÌJºf¼N¾Jºf×_¿LØûÎÏ¿xÅtÍÀ¾{Ä]»½ÎÏ¿xÅ @�¿À¾�V Ð�Ä]ÉË»½¼h¿À¼N¾bÎÏ¿ËÈxÄ]¼
¾V»½¼NÃ
¿À¾PÎÏ¿xÅgÎÝºfÌV×_¿ÀÃ�Ì{ÅËÍxÂ
Ã�»½Ç]ºfÎÏ¿À¼
¾{¿xÅËÐ�¿xÅPÌJºf»Ï¿xÅg¿À¼ ºfâhÅ{Ä]ÌVÊ�¾V»ÏÄ]¼ Å{Ä]¼
¾P¾VÌ{ÕxÅPÊã¿À¾V»½¾{¿xÅ�æ:ø!¿ÀÊÓ¿À¼hÐhºf¼N¾Ë»½Î =åºðÃ�¼h¿
ÈxÄ]¼
¾VÌJº]Ð3»ÏÈÀ¾V»ÏÄ]¼ðÐhºf¼hÅ�ÎÝº(ÉÛ¿xÅVÃ�Ì{¿ÒÄA\àÈx¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅ�Å{Ä]¼
¾mºfÃhÅ{ÅV»ã¾VÌ{ÕxÅ�¿À¼3ÖZÄ]Ã�»Ï¿xÅ�¿À¾!ÊÁº]Å{Å{¿À¼
¾!ÎÝº(É�ºañV¿ÀÃ�Ì{¿ÒÊÁºfÌjÔ
¾V»Ï¿ÞÐ�¿ÛÎÏ¿ÀÃ�Ì(¾{¿ÀÉËÊhÅ(¿À¼
¾{Ä]Ã�Ì{Íx¿xÅgÐ�¿�ÊãÄ]ÃhÅJÅV»ÏÕÀÌ{¿�¿À¾gÐ�¿ÛÌ{¿xÅV¾{¿xÅ(Ð�¿Û¼NÃÁºf×_¿ÞÉÛÄ]ÎÏÍxÈÀÃ�ÎÝºf»½Ì{¿Læ'ì:Î½ÎÏ¿xÅgÅ{Ä]¼N¾gÐ�Ä]¼hÈ
Ê�Î½ÃhÅÆÍÀ¾{¿À»½¼
¾{¿xÅÒÂ
Ãh¿(ÎÏ¿xÅlÍÀ¾{Ä]»½ÎÏ¿xÅÒÊ�Î½ÃhÅlÇ
»Ï¿À»½Î½ÎÏ¿xÅ�Øµ¼hÄ]¾JºfÉËÉÛ¿À¼N¾ÆÎÏ¿xÅÆÍÀ¾{Ä]»½ÎÏ¿xÅÆòmÔ��&¿À¾lÐ�¿ÀÇvÌJºf»Ï¿À¼N¾¡Ð�Ä]¼hÈbÉÛÄ]»½¼hÅ
ÈxÄ]¼
¾VÌV»½â�Ãh¿ÀÌäºfÃ ÈxÄ]¼N¾V»½¼
Ãsæ�ì:¼%¾{¿À¼Áºf¼
¾�ÈxÄ]ÉËÊ�¾{¿îÐ�¿îÈx¿äÊ�íhÍÀ¼hÄ]ÉÛÕÀ¼h¿LØ:ÎÏ¿xÅËÍÀ¾{Ä]»½ÎÏ¿xÅ @0¿À¾ V¸ÈxÄ]¼
¾VÌV»½â�Ãh¿À¼N¾
ÉÛÄ]»½¼hÅËÖZÄ]ÌV¾{¿ÀÉÛ¿À¼
¾�¿À¾ÛÐ3»½Î½Ãh¿À¼N¾ÛÊ�Î½ÃhÅËÖzºf»½â�ÎÏ¿ÀÉÛ¿À¼
¾ÛÎÏ¿xÅËÌJºf»Ï¿xÅË¿À¼&ºfâhÅ{Ä]ÌVÊ�¾V»ÏÄ]¼&Ð�¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅËÊ�Î½ÃhÅPÇ
»Ï¿À»½Î½ÎÏ¿xÅkæ
ç>¿ÀÃ�Ì{Å}ÎÝºfÌV×_¿ÀÃ�Ì{ÅÒÍxÂNÃ�»½ÇLºfÎÏ¿À¼N¾{¿xÅÒÅ{Ä]¼
¾}Ð�Ä]¼hÈtÊ�Î½ÃhÅmÖZÄ]ÌV¾{¿xÅ�æ½æ½æÁçs¿xÅmÎÝºfÌV×_¿ÀÃ�Ì{ÅÒÍxÂNÃ�»½ÇLºfÎÏ¿À¼N¾{¿xÅÒÐ�ÍÀÊÓ¿À¼hÐ�¿À¼N¾ÆÐ�Ä]¼hÈ
Ð�¿tÎ�ÑYºf¾V¾{¿À¼NÃÁºf¾V»ÏÄ]¼sæ

ø!¿à¾U=vÊã¿îÐ�¿àÉÛÄvÐ�ÍÀÎ½»ÏÅJºf¾V»ÏÄ]¼ ¼h¿àÊÓ¿ÀÌVÉÛ¿À¾ËÊÁº]ÅË¼hÄ]¼ Ê�Î½ÃhÅËÐ�¿àÌ{¿À¼hÐ3Ì{¿ýÈxÄ]ÉËÊ�¾{¿îÅV»½É(Ã�Î½¾Jºf¼hÍÀÉÛ¿À¼N¾àÐ�¿xÅ
Ð3»"!ÙÍÀÌ{¿À¼N¾{¿xÅÒÄ]âhÅ{¿ÀÌVÇLºf¾V»ÏÄ]¼hÅ}ÅVÃ�»½ÇLºf¼N¾{¿xÅkæ

8Læ�ÎÏ¿gÌJºfÊ�ÊãÄ]ÌV¾ Hα

Hβ

ôãç>¿xÅÆÌJºf»Ï¿xÅ¡Å{Ä]¼N¾¡Ê�Ì{ÄvÐ3Ã�»½¾{¿xÅÆÊÁºfÌtÐ�¿xÅ¡ÍÀ¾{Ä]»½ÎÏ¿xÅ�@¸¿À¾ V�Â
Ã�»:Å{Ä]¼N¾Æ¾VÌ{ÕxÅ!ñV¿ÀÃ�¼h¿xÅ¡¿À¾
Â
Ã�»Ù¼h¿¡Å{Ä]¼N¾mÊÁº]Å}¿À¼hÈxÄ]Ì{¿bÅ{Ä]ÌV¾V»Ï¿xÅmÐ�¿ÆÎÏ¿ÀÃ�Ì}¼NÃÁºf×_¿tÉÛÄ]ÎÏÍxÈÀÃ�ÎÝºf»½Ì{¿Læ

�3æ�ÎÏ¿:ÌJºfÊ�ÊÓÄ]ÌV¾û¿À¼
¾VÌ{¿�ÎÏ¿8ÈxÄ]¼
¾V»½¼NÃËëB;%¿À¾>ÎÏ¿�ÈxÄ]¼N¾V»½¼
Ã(»½¼3ÖZÌJºfÌ{Ä]Ã�×_¿uÎÏÄ]»½¼N¾Jºf»½¼àô�Ðhºf¼hÅ>ÎÝº�Ì{Í�ºfÎ½»½¾{ÍLØkÎ�ÑiÍÀÉË»ÏÅ{Å{»ÏÄ]¼
èBé ¿xÅV¾mÎÏ¿tÌ{ÍxÅVÃ�Î½¾Jºf¾}Ð�¿tÎ�ÑYºfâhÅJÄ]ÌVÊ�¾V»ÏÄ]¼üÐ�¿bÈx¿ÀÌV¾Jºf»½¼hÅ}Ê�íhÄ]¾{Ä]¼hÅlëB; ¿À¾}Ä]Ê�¾V»ÏÂ
Ãh¿¡ÊÁºfÌ}ÎÏ¿xÅ}ÊãÄ]ÃhÅ{Å{»ÏÕÀÌ{¿xÅ�Ø
Èx¿xÅ�Ð�¿ÀÌV¼�»ÏÕÀÌ{¿xÅ�Ì{ÍxÍÀÉÛ¿À¾V¾Jºf¼N¾mÈx¿À¾V¾{¿ÆÍÀ¼h¿ÀÌV×L»Ï¿Æ¿À¼äèBébæ
çs¿ÒÌJºfÊ�ÊãÄ]ÌV¾�ëB; �fèBé-Êã¿ÀÃ�¾�Ð�Ä]¼hÈÆÅ�Ñ »½¼N¾{¿ÀÌVÊ�Ì{ÍÀ¾{¿ÀÌ
ÈxÄ]ÉËÉÛ¿àÎÏ¿àÌJºfÊ�ÊÓÄ]ÌV¾�¿À¼N¾VÌ{¿àÎÏ¿xÅËÊ�íhÄ]¾{Ä]¼hÅÛ¼hÄ]¼,ºfÌVÌ{ÚÀ¾{Íx¿xÅËÊÁºfÌËÎÝº�ÊÓÄ]ÃhÅ{ÅV»ÏÕÀÌ{¿àÇ_¿ÀÌ{ÅVÃhÅPÎÏ¿xÅËÊ�íhÄ]¾{Ä]¼hÅ
ºfÌVÌ{ÚÀ¾{ÍxÅ�æ

�3æ�ÎÝºgÊÓ¿À¼N¾{¿tëB;gæ
C æ�ÎÝºgÎÝºfÌV×_¿ÀÃ�Ì}ÍxÂ
Ã�»½Ç]ºfÎÏ¿À¼
¾{¿bÐ�¿xÅ�ÌJºf»Ï¿xÅ � α æþÒ¿xÅ8ÉÛÄ
Ð�ÕÀÎÏ¿xÅ'Ê�Î½ÃhÅ:ÌJºo9Û¼hÍxÅ8Êã¿ÀÃ�Ç_¿À¼
¾�ÚÀ¾VÌ{¿�Ã�¾V»½Î½»ÏÅ{ÍxÅ�ôL¿À¼Ë¿ !Ó¿À¾:ÎÝºÒÊÓÄ]ÃhÅ{ÅV»ÏÕÀÌ{¿!¼sÑi¿xÅV¾:ÊÁº]Å�ÖzÄ]Ì{ÈxÍÀÉÛ¿À¼N¾�Ã�¼

ÍxÈÀÌJºf¼îÉ�ºf»ÏÅ�¿ÀÎ½ÎÏ¿lÖ�ºf»½¾!ÊÁºfÌV¾V»Ï¿Ò»½¼
¾{ÍÀ×LÌJºf¼N¾{¿tÐ�¿ÒÎÝº(×NºfÎÝºaßv»Ï¿¡ºfÃäÉÛÚÀÉÛ¿Æ¾V»½¾VÌ{¿ÆÂNÃh¿lÎÏ¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅ�æ3ç>º(ÎÏÄ]»ÙÐ�Í�úh¼�»Ï¿
ÊÁºfÌuøuíÁºfÌVÎÏÄ]¾ � �ÁºfÎ½Î � ���������:ºÒÍÀ¾{Í�Ã�¾V»½Î½»ÏÅ{Íx¿�Ðhºf¼hÅ!êÆòlç>ò��Æì+;Pæfè¦Î�=gºÆÐ�Ä]¼hÈ�Ð�¿ÀÃ3ßP¾U=vÊÓ¿xÅ8ÐÙÑYºf¾V¾{¿À¼NÃÁºf¾V»ÏÄ]¼
ÊÓÄ]Ã�ÌmÎÏ¿xÅmÍÀ¾{Ä]»½ÎÏ¿xÅkæhç>ºPÎÏÄ]»sÐ�¿(øuíÁºfÌVÎÏÄ]¾ � �ÁºfÎ½Î � ����������¿xÅ{¾�â�»½ÉÛÄ
ÐhºfÎÏ¿Ûô

�,ÎÏ¿xÅ�ÍÀ¾{Ä]»½ÎÏ¿xÅ�¾VÌ{ÕxÅ�ñV¿ÀÃ�¼h¿xÅ �@Ê�Î½ÃhÅ�ñj¿ÀÃ�¼h¿¡Â
Ãh¿
τ
Ñ3Å{Ä]¼
¾�Å{Ä]Ã�ÉË»ÏÅ{¿xÅmÜgÃ�¼h¿¡ºf¾V¾{¿À¼NÃÁºf¾V»ÏÄ]¼�Ð�¿l¾ =
ÊÓ¿

τ 1 τ1
(λ/0.55µm)(−n) æT@l¼ðÈxÄ]¼hÅ{»ÏÐ�ÕÀÌ{¿tÂNÃsÑi¿ÀÎ½ÎÏ¿xÅlÅ{Ä]¼N¾l¿À¼hÈxÄ]Ì{¿t¿À¼3ÖZÄ]Ã�»Ï¿xÅ}Ðhºf¼hÅmÎÏ¿Æ¼NÃÁºf×_¿bÉÛÄ]ÎÏÍxÈÀÃ�ÎÝºf»½Ì{¿Læ

�-çs¿xÅgÍÀ¾{Ä]»½ÎÏ¿xÅbÃ�¼åÊã¿ÀÃùÊ�Î½ÃhÅ(Çv»Ï¿À»½Î½ÎÏ¿xÅbÐ�Ä]¼N¾gÎÏ¿Û¼
ÃÁºf×_¿ÛÉÛÄ]ÎÏÍxÈÀÃ�ÎÝºf»½Ì{¿îºîÍÀ¾{ÍÞ¿À¼õÊÁºfÌV¾V»Ï¿�Ð�ÍÀ¾VÌVÃ�»½¾PÅ{Ä]¼
¾
Ð3»½Ì{¿xÈÀ¾{¿ÀÉÛ¿À¼N¾:Ðhºf¼hÅsÎÏ¿8ÉË»½Î½»Ï¿ÀÃb»½¼N¾{¿ÀÌ{Å{¾{¿ÀÎ½ÎÝºf»½Ì{¿uÅJºf¼hÅ>¼NÃÁºf×_¿u¿À¾sÊãÄ]ÃhÅJÅV»ÏÕÀÌ{¿Læ�ì:Î½ÎÏ¿xÅ�Å{Ä]¼N¾�ºfÎÏÄ]Ì{ÅûÅ{Ä]Ã�ÉË»ÏÅJ¿xÅ
ÜgÃ�¼h¿bºf¾V¾{¿À¼NÃÁºf¾V»ÏÄ]¼ïÐ�¿Æ¾U=vÊÓ¿

τ 1 τ2 (λ/0.55µm)(−n) æç>¿xÅ¡Ç]ºfÎÏ¿ÀÃ�Ì{ÅbÐ�¿
τ
ÑÙ¿À¾¡¼<Ä]¼
¾bÍÀ¾{ÍËÈ{íhÄ]»ÏÅV»Ï¿xÅbÊãÄ]Ã�ÌtÂ
Ãh¿gÎÏ¿xÅtÐ3»"!ÙÍÀÌ{¿À¼N¾{¿xÅbÄ]âhÅJ¿ÀÌVÇ]ºfâ�ÎÏ¿xÅ¡Ê�Ì{ÍxÅJ¿À¼N¾{Íx¿xÅtÊ�Ì{ÍxÈxÍ�Ô

Ð�¿ÀÉËÉÛ¿À¼
¾ËÅ{Ä]»Ï¿À¼N¾gÅJºf¾V»ÏÅV¾V»ÏÂ
Ãh¿ÀÉÛ¿À¼N¾gÌ{¿ÀÊ�Ì{Ä
Ð3Ã�»½¾{¿xÅ�æ
τ
ÑsÅV»½¼N¾{¿ÀÌVÊ�Ì{ÕÀ¾{¿àÈxÄ]ÉËÉÛ¿�ÎÝºîÐ3Ã�Ì{Íx¿ÞÐ�¿ÛÇ
»Ï¿ÞÐ3Ãù¼NÃÁºf×_¿

ÉÛÄ]ÎÏÍxÈÀÃ�ÎÝºf»½Ì{¿Læ
þÆºf¼hÅmÎÝºtúh×LÃ�Ì{¿ C Ä]¼îÈxÄ]¼hÅV¾Jºf¾{¿¡Â
Ãh¿ÆÎÏ¿xÅ�×NºfÎÝºaß3»Ï¿xÅ�è¦élò	��¿À¾mè ��@�Å{Ä]¼
¾mÅVÃ�Ê�ÊÓ¿ÀÌVÊãÄLÅ{Íx¿xÅmºfÃ3ßä×NºfÎÝºaßv»Ï¿xÅÐ3Ã �vþ � �ðÜPâÁº]Å}þ C �����3ØhÈx¿bÂNÃ�»sÊÓÄLÅ{¿¡Ã�¼ðÊ�Ì{Ä]â�ÎÏÕÀÉÛ¿bÈÀÌVÃhÈÀ»ÝºfÎûÈ�ºfÌlÎÏ¿xÅ�×NºfÎÝºaß3»Ï¿xÅ}Ð3Ã �vþ � �ä¼h¿bÅ{Ä]¼N¾lÊÁº]Å

Ð�Ä]ÉË»½¼hÍx¿xÅtÊÁºfÌÆÐ�¿gÎÝº�ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ïÅ{¾{¿ÀÎ½ÎÝºf»½Ì{¿LæÙò}Ê�Ì{ÕxÅÆÐ�¿g¼hÄ]Ébâ�Ì{¿ÀÃhÅ{¿xÅbÅV»½ÉbÃ�ÎÝºf¾V»ÏÄ]¼hÅ¡¼hÄ]ÃhÅÆ¼hÄ]ÃhÅÆÅ{Ä]ÉËÉÛ¿xÅ
Ì{¿À¼hÐ3ÃhÅPÈxÄ]ÉËÊ�¾{¿àÂ
Ãh¿ÛÎ�ÑYºf¾V¾{¿À¼NÃÁºf¾V»ÏÄ]¼,ÍÀ¾Jºf»½¾(Ì{¿xÅVÊÓÄ]¼hÅJºfâ�ÎÏ¿äÐ�¿�Èx¿ÞÊãÄ]»½¼
¾�æ'þÒ¿xÅ(×NºfÎÝºaß3»Ï¿xÅPº�Ç_¿xÈ�Ã�¼h¿�ÖzÄ]ÌV¾{¿
ºf¾V¾{¿À¼
ÃÁºf¾V»ÏÄ]¼ü¿À¾�Ã�¼h¿lÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ýÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ�ÖZÄ]ÌV¾{¿ÒÊÓ¿ÀÃ�Ç_¿À¼N¾}ºxÇ_Ä]»½Ì�ÎÏ¿xÅ�ÉÛÚÀÉÛ¿xÅ�ÇLºfÎÏ¿ÀÃ�Ì{Å�Ð�¿Æþ C �����P¿À¾�� δ Ø��St¿À¾ � QtÂNÃh¿lÐ�¿xÅ8×NºfÎÝºaß3»Ï¿xÅ�¼hÄ]¼äÍÀ¾{¿À»½¼N¾{¿xÅ�ºxÇ_¿xÈlÃ�¼h¿�ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ÞÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿lÉÛÄvÐ�ÍÀÌ{Íx¿LæNì:¼äÈxÄ]¼hÅ{ÍxÂNÃh¿À¼hÈx¿LØ
ÎÏ¿xÅ�ÅV»½ÉbÃ�ÎÝºf¾V»ÏÄ]¼hÅuÐ3Ã��vþ � �PÊ�Ì{ÍxÅ{¿À¼N¾{Íx¿xÅuÐhºf¼hÅ+^tºfÃ !ãÉ�ºf¼�¼ ��� ��
� � ����������ÊÓÄ]Ã�Ì:ÎÏ¿xÅ{Â
Ãh¿ÀÎ½ÎÏ¿xÅ:Î�ÑYºf¾V¾{¿À¼NÃÁºf¾V»ÏÄ]¼
¼sÑiÍÀ¾Jºf»½¾gÊÁº]ÅgÈxÄ]¼hÅV»ÏÐ�ÍÀÌ{Íx¿LØ�Êã¿ÀÃ�Ç_¿À¼
¾gÚÀ¾VÌ{¿�Ã�¾V»½Î½»ÏÅ{Íx¿xÅPÅ{¿ÀÃ�ÎÏ¿ÀÉÛ¿À¼N¾gÊãÄ]Ã�Ì(ÎÏ¿xÅb×NºfÎÝºaß3»Ï¿xÅg¼hÄ]¼åÍÀ¾{¿À»½¼
¾{¿xÅ�ØûÈLÑi¿xÅ{¾
ÜïÐ3»½Ì{¿ýÊãÄ]Ã�ÌËÎÝº�É�ºañVÄ]ÌV»½¾{ÍýÐ�¿xÅË×NºfÎÝºaß3»Ï¿xÅÛèBé}ò �õ¿À¾Ë¼hÄ]¼ ÊÓÄ]Ã�ÌËÎÏ¿xÅË×NºfÎÝºaß3»Ï¿xÅÛÐ�¿à¾U=vÊÓ¿îè¦élò	�å¿À¾Ûè ��@gæ
ç>¿tÐ3»Ýºf×LÌJºfÉËÉÛ¿bþ C �����aÔ�� δ ¿xÅ{¾mÐ�Ä]¼hÈtÅ{¿À¼hÅV»½â�ÎÏ¿tÜPÎ�ÑYºf¾V¾{¿À¼
ÃÁºf¾V»ÏÄ]¼üÈxÄ]¼
¾VÌJºf»½Ì{¿ÀÉÛ¿À¼N¾tÜPÈx¿tÂ
Ã�»s¿xÅV¾�»½¼hÐ3»ÏÂNÃhÍÐhºf¼hÅB^tºfÃ !ãÉ�ºf¼�¼�������
� � ����������æ

� ��� �mA.$ � � � ; � $
ø!¿À¾V¾{¿<Å{¿xÈÀ¾V»ÏÄ]¼ Ê�Ì{ÍxÅ{¿À¼N¾{¿ïÎÏ¿xÅàÌ{ÍxÅ{Ã�Î½¾Jºf¾{ÅýÐ�¿�ÎÝºõÉÛÄvÐ�ÍÀÎ½»ÏÅJºf¾V»ÏÄ]¼sæ�è¦ÎÏÅîÅ{Ä]¼N¾îÐ�ÍÀ¾Jºf»½Î½ÎÏÍxÅýÐhºf¼hÅàÎ�ÑYºfÌV¾V»ÏÈÀÎÏ¿

Ê�Ì{ÍxÅJ¿À¼N¾{ÍbÐhºf¼hÅmÎÝºËÅ{¿xÈÀ¾V»ÏÄ]¼ðÅVÃ�»½ÇLºf¼N¾{¿Læ

te
l-0

04
08

68
9,

 v
er

si
on

 1
 - 

31
 J

ul
 2

00
9



� ��� � ����������� ����� �T� ��� � ��� ����� � �
����$� � ���#� � ��	��

�îÊÁºfÌJºfÉÛÕÀ¾VÌ{¿xÅËÅ{Ä]¼N¾(¼hÍxÈx¿xÅ{ÅJºf»½Ì{¿xÅ(ÊãÄ]Ã�Ì(×_ÍÀ¼hÍÀÌ{¿ÀÌPÃ�¼åÅVÊÓ¿xÈÀ¾VÌ{¿�Ðhºf¼hÅ(ÎÝºîÉÛÄvÐ�ÍÀÎ½»ÏÅJºf¾V»ÏÄ]¼§Ê�Ì{ÍxÈxÍxÐ�¿À¼N¾{¿Læ*ÒÄ]ÃhÅÆ¼sÑ Ã�¾V»½Î½»ÏÅ{Ä]¼hÅtÂ
Ãh¿PÎÝºÞÉÛ¿xÅVÃ�Ì{¿ËÐ�¿ËÐ�¿ÀÃ3ß�»½¼hÐ3»ÏÈx¿xÅkæÙì:¼<Ì{Í�ºfÎ½»½¾{ÍP¾jÖZÄ]ÌVÉ�¿À¾
γ
¼h¿ËÅJÄ]¼N¾¡ÊÁº]Å¡Ð�¿xÅ¡ÊÁºfÌJºaÔ

ÉÛÕÀ¾VÌ{¿xÅ:Â
Ãh¿�Î�ÑiÄ]¼PÇLºmÈJíh¿ÀÌ{È{íh¿ÀÌuÜlÈxÄ]¼N¾VÌJºf»½¼hÐ3Ì{¿LØLÉ�ºf»ÏÅ�Ê�Î½Ã�¾��]¾:Â
Ã�»
Ç_Ä]¼
¾:Êã¿ÀÌVÉÛ¿À¾V¾VÌ{¿�Ð�¿!Å{Ä]¼hÐ�¿ÀÌ'Î�Ñi¿À¼hÅ{¿ÀÉbâ�ÎÏ¿
Ð3Ã<Î½»Ï¿ÀÃï×_ÍxÄ]ÉÛÍÀ¾VÌV»ÏÂ
Ãh¿ÛÄA\<Å{¿PÅV»½¾VÃh¿À¼N¾¡ÎÏ¿xÅÆ×NºfÎÝºaß3»Ï¿xÅ¡ÂNÃ�»:Ä]¼
¾¡Ã�¼h¿gÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ùÈxÄ]¼
¾V»½¼NÃh¿�º�Ç]ºf¼
¾bÐÙÑ »½¼N¾VÌ{ÄfÔ
Ð3Ã�»½Ì{¿äÎÝºýáµºfÉbâÓÍx¿äÐ�¿�ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼%Å{¾{¿ÀÎ½ÎÝºf»½Ì{¿Læ�ì8Î½ÎÏ¿ÞÊÓ¿ÀÌVÉÛ¿À¾PÐ�¿�¾{¿À¼�»½ÌËÈxÄ]ÉËÊ�¾{¿àÐ�¿�¾{Ä]Ã�¾{¿xÅgÎÏ¿xÅgí�»ÏÅV¾{Ä]»½Ì{¿xÅ
ÊÓÄLÅ{ÅV»½â�ÎÏ¿xÅ�æNç>º¡úh×LÃ�Ì{¿ 8 �tÐ3ÃÞÊÁºfÊ�»Ï¿ÀÌuÊ�Ì{ÍxÅ{¿À¼
¾{¿}Î�Ñ »½¼3áhÃh¿À¼hÈx¿ÒÐ�¿mÎÝºtÇ
»½¾{¿xÅJÅ{¿mÐ�¿}Ð3»ÏÅ{Êã¿ÀÌ{ÅV»ÏÄ]¼sØNÎÝº¡ÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{ÍLØ
Ð�¿�Î�ÑYºf¾V¾{ÍÀ¼
ÃÁºf¾V»ÏÄ]¼sæNç8Ñ »½¼3áhÃh¿À¼hÈx¿mÐ�¿�ÎÝºlÇv»½¾{¿xÅ{Å{¿�Ð�¿�Ð3»ÏÅVÊÓ¿ÀÌ{ÅV»ÏÄ]¼Û¿xÅV¾'¼hÍÀ×LÎ½»½×_¿�ºfâ�ÎÏ¿Læ_ç>ºÒÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{Ím¿À¾'Î�ÑYºf¾V¾{¿�Ô
¼
ÃÁºf¾V»ÏÄ]¼ÞÄ]¼N¾uÃ�¼h¿�»½¼3áhÃh¿À¼hÈx¿�»½ÉËÊÓÄ]ÌV¾Jºf¼N¾{¿LØ
É�ºf»ÏÅ:»½¼3ÖzÍÀÌV»Ï¿ÀÃ�Ì{¿lºfÃ3ßPâÁºfÌVÌ{¿xÅ�ÐÙÑi¿ÀÌVÌ{¿ÀÃ�Ì�Î½»ÏÍx¿xÅuÜÆÎÝºÆÉÛ¿xÅVÃ�Ì{¿mÐ�¿xÅ
»½¼hÐ3»ÏÈx¿xÅ�æÁçs¿xÅ�ÊÁºfÌJºfÉÛÕÀ¾VÌ{¿xÅ}Â
Ã�»ÙÄ]¼N¾mÎÏ¿xÅm»½¼3áhÃh¿À¼hÈx¿xÅmÎÏ¿xÅ�Ê�Î½ÃhÅ�»½ÉËÊÓÄ]ÌV¾Jºf¼N¾{¿xÅlÅ{Ä]¼N¾}Èx¿ÀÃ3ßîÈxÄ]ÌVÌ{¿xÅVÊÓÄ]¼hÐhºf¼N¾lÜ
Î�Ñ í�»ÏÅV¾{Ä]»½Ì{¿lÐ�¿mÎÝºÒÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼ÞÅ{¾{¿ÀÎ½ÎÝºf»½Ì{¿}ÅV»½¾VÃhÍx¿lÐhºf¼hÅ8ÎÏ¿}Ð�¿ÀÌV¼�»Ï¿ÀÌuÉË»½Î½Î½»ÝºfÌ{ÐÞÐÙÑYºf¼�¼hÍx¿xÅkØNÈLÑi¿xÅV¾uÜtÐ3»½Ì{¿mÎÝºtÐ3Ã�Ì{Íx¿
Ð�¿lÎÝº¡áµºfÉ(âãÍx¿ÒÐ�¿}ÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼îÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿Ò¿À¾�ÎÝºtÖ@ÌJº]ÈÀ¾V»ÏÄ]¼àÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅ!ÖzÄ]ÌVÉÛÍx¿xÅj6NÈx¿ÒÅ{Ä]¼N¾�¿ÀÃ3ßÞÂ
Ã�»ÁÇ_Ä]¼
¾�ÈÀÌ{Íx¿ÀÌ
ÎÝºgâÓÄ]ÃhÈÀÎÏ¿¡Î½»ÏÍx¿bÜgÎÝº(ÖzÄ]ÌVÉ�ºf¾V»ÏÄ]¼üÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿ÆÉÛÄ]¼
¾VÌ{Íx¿bÐhºf¼hÅ}ÎÝºPÅ{¿xÈÀ¾V»ÏÄ]¼ �3æ �3æ�òlÃîÊ�Ì{¿ÀÉË»Ï¿ÀÌlÄ]Ì{Ð3Ì{¿tÐ�Ä]¼hÈLØ�ÎÏ¿xÅ
ÊÁºfÌJºfÉÛÕÀ¾VÌ{¿xÅÆÎÏ¿xÅlÊ�Î½ÃhÅÒ»½¼3áhÃh¿À¼N¾{ÅÆÅ{Ä]¼N¾ÒÎÝºÞÐ3Ã�Ì{Íx¿(Ð�¿(ÎÝºËáµºfÉ(âãÍx¿gÐ�¿bÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ïÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿g¿À¾lÎÝºÛÖ@ÌJº]ÈÀ¾V»ÏÄ]¼
ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅmÖZÄ]ÌVÉÛÍx¿+63ÎÏ¿xÅ}ºfÃ�¾VÌ{¿xÅmÊÁºfÌJºfÉÛÕÀ¾VÌ{¿xÅ}ÈxÄ]ÉËÉÛ¿¡ÎÝºgÉÛÍÀ¾JºfÎ½Î½»ÏÈÀ»½¾{Í(¿À¾�Î�ÑYºf¾V¾{ÍÀ¼NÃÁºf¾V»ÏÄ]¼üÄ]ÃîÎÝºPÐ3»ÏÅ{Êã¿ÀÌ{ÅV»ÏÄ]¼
Ð�¿¡Çv»½¾{¿xÅ{Å{¿¡Ä]¼
¾}Ã�¼h¿¡»½¼3áhÃh¿À¼hÈx¿bÊ�Î½ÃhÅ�Ö�ºf»½â�ÎÏ¿tÂ
Ãh¿¡ÎÏ¿xÅ�âÁºfÌVÌ{¿xÅ}ÐÙÑi¿ÀÌVÌ{¿ÀÃ�ÌÒ¿À¾mÇ_Ä]¼N¾ÒÚÀ¾VÌ{¿¡»½¼N¾{ÍÀ×LÌ{ÍxÅÆºfÃýâÁºfÌVÌ{¿xÅ
ÐÙÑi¿ÀÌVÌ{¿ÀÃ�ÌÒÐ�¿xÅ�Ì{ÍxÅVÃ�Î½¾Jºf¾{Å�æ*ÒÄ]ÃhÅËºxÇ_Ä]¼hÅË×_ÍÀ¼hÍÀÌ{ÍäÃ�¼h¿àÅV»½É(Ã�ÎÝºf¾V»ÏÄ]¼ Ð�¿ ����� �����üí�»ÏÅV¾{Ä]»½Ì{¿xÅgÊÓÄLÅ{ÅV»½â�ÎÏ¿xÅPÐ�¿ÞÖZÄ]ÌVÉ�ºf¾V»ÏÄ]¼ ÅV¾{¿ÀÎ½ÎÝºf»½Ì{¿Læ
��Ä]Ã�ÌuÈJíÁº]ÂNÃh¿}×NºfÎÝºaßv»Ï¿�¼hÄ]ÃhÅ!ºxÇ_Ä]¼hÅu¿xÅV¾V»½ÉÛÍmÎÏ¿xÅ:ÊÁºfÌJºfÉÛÕÀ¾VÌ{¿xÅ!Ð3ÃÛâ�Ã�Ì{ÅV¾u¿À¼ÛÃ�¾V»½Î½»ÏÅJºf¼N¾uÎÝºÆÉÛÚÀÉÛ¿}ºfÊ�Ê�Ì{ÄvÈ{íh¿
âÁº>=_¿xÅV»Ï¿À¼�¼h¿�Â
Ãh¿ ^tºfÃ !ÓÉ�ºf¼�¼ � � ��
� � ���������PôÙÊÓÄ]Ã�ÌtÈ{íÁº]Â
Ãh¿ÛÉÛÄvÐ�ÕÀÎÏ¿LØÙÃ�¼

χ2 ºýÍÀ¾{ÍÛÈ�ºfÎÏÈÀÃ�ÎÏÍÛÅ{¿ÀÎÏÄ]¼ùÎÝºÖzÄ]ÌVÉbÃ�ÎÏ¿ �væqS3æ

χ2 =

(

Hδobs −Hδsim

σ(Hδobs)

)2

+

(

D4000obs −D4000sim

σ(D4000obs)

)2 � �væqS��
��Ä]Ã�ÌËÃ�¼§ÊÁºfÌJºfÉÛÕÀ¾VÌ{¿äÐ�Ä]¼�¼hÍLØ�ÎÝºðÊ�Ì{Ä]âÁºfâ�»½Î½»½¾{ÍàÂNÃh¿äÈx¿�ÉÛÄvÐ�ÕÀÎÏ¿àÅ{Ä]»½¾bÎÏ¿ÞâÓÄ]¼§¿xÅV¾gÊ�Ì{Ä]ÊÓÄ]ÌV¾V»ÏÄ]¼�¼h¿ÀÎ�Ü

¿�ß3Ê � Ô
χ2 ������æãë}¼h¿(Ð3»ÏÅV¾VÌV»½â�Ã�¾V»ÏÄ]¼<Ð�¿bÊ�Ì{Ä]âÁºfâ�»½Î½»½¾{ÍgÊÓ¿ÀÃ�¾ÒºfÎÏÄ]Ì{ÅÆÚÀ¾VÌ{¿gÈxÄ]¼hÅV¾VÌVÃ�»½¾{¿bÊÓÄ]Ã�ÌÆ¿xÅV¾V»½ÉÛ¿ÀÌ}ÎÝº�Ç]ºfÎÏ¿ÀÃ�ÌÐ�¿xÅÆÐ3Ã�Ì{Íx¿xÅ¡Ð�¿(â�Ã�Ì{ÅV¾¡¿À¾lÎÏ¿xÅlÖZÌJº]ÈÀ¾V»ÏÄ]¼hÅ¡ÐÙÑiÍÀ¾{Ä]»½ÎÏ¿xÅÒÖZÄ]ÌVÉÛÍx¿xÅ�æ ��Ä]Ã�ÌtÈ{íÁº]Â
Ãh¿(×NºfÎÝºaß3»Ï¿LØãÎÏ¿xÅÒÌ{ÍxÅVÃ�Î½¾Jºf¾{Å¡Å{Ä]¼N¾

Ð�Ä]¼�¼hÍxÅlÐhºf¼hÅ�Î�ÑYºfÌV¾V»ÏÈÀÎÏ¿LæÁç>ºËÉÛÚÀÉÛ¿¡Ê�Ì{Ä
ÈxÍxÐ3Ã�Ì{¿(ºËÍÀ¾{Í¡ÍÀ¾Jºfâ�Î½»Ï¿tÊÓÄ]Ã�Ì�� SËºfÃhÅJÅV»�æ
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� � � � ���>��� � � � � � � �

;8Ä]»ÏÅV»sÃ�¼îÌ{ÍxÅVÃ�ÉÛÍtÐ�¿xÅ}Ì{ÍxÅVÃ�Î½¾Jºf¾{Åtô

� ��� ��� �MH �!L �
�������7F � � � �C< � �J<�< ����
����AN �
� �3L	�
� �}P����}P ��� PEL � � � J�L � �}N ��P���
 � � L
�}L�� N�� ����� � �AP � � J � L � �}L������ �!L � � P � � ��� � L � HKJAL}L �KH ��� � �
�_N#P �ANOH �
� HKJAL}L �
� � JAP.F
���AP���� ���1L �AN �
� � � � ��
 ���}L �}P �	�
��JAL � �!N!J�P � 2 ��� �KH�� �AP �!N 
 
:JAP ��� � L � �3L	�
� �}P�� ���!N -
� � 
N( �MH�� �AP �!N 
 
,JAP N-P.N��!N ��
 � �AP��	
"� ���
� � L � J���N 
jHKJ ���>L � � P � J � �AN#P � � �cL � � � �yN -��
HKJ � �3L}N � �5P �!L �5��� > ���7���	� �AN-P���N � � ����J � � 
�� � J � �AN#P � � � 
 � � N#P3J �}N � �WN#P�-�L �ALMJ � � �
� �
�3�4� �'& � ��
 J ��� � �oJ�P�� L � �	�
��NE, HKJAP��!L �AN#P �AL � 
�
� � �AL � ��:��!L �
� H{JAP3H �}L}P��AP�� 
��
� � � �	� � � ��-�JAL�� ���!N!JAP ����� 
 
"�AN#L ��� � H �
� J	�G* ��� � #WH � � � N L � �3L	�
� �}P ��� � P � � � N�� F
� JAL�� �AP � ���AP�� 
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ABSTRACT

Aims. We constrain the past star formation histories of a sample of 25 distant (z̄ ∼ 0.7) luminous infrared galaxies (LIRGs) detected with the
mid infrared cameras ISOCAM and MIPS onboard the ISO and Spitzer satellites.
Methods. We use high resolution VLT-FORS2 spectroscopy in addition to a comprehensive library of 200,000 model optical spectra to de-
rive Bayesian likelihood estimates of the star formation histories of these galaxies based on the analysis of Balmer absorption lines and the
4000 Å break.
Results. The locus of distant LIRGs in the diagram defined by HδA and D4000 is roughly comparable to that of local LIRGs observed with
IRAS, suggesting that no trend for an evolution is detected between the local and distant LIRGs. We obtain similar results when using either
the H8 or the HδA Balmer absorption-line indices in combination with D4000.
We compute a birthrate parameter (b=SFR/<SFR>) of 4±1, confirming that the distant LIRGs are currently experiencing a major phase of star
formation. The most likely duration of the bursts is 0.10+0.16

−0.06 Gyr, during which the LIRGs produce ∼5-10 % of their current stellar mass. No
evidence is found for successive starbursts on the scale of a few times 107 yr, such as those predicted by some numerical simulations of major
mergers. However, the large number density of those galaxies suggest that they could experience between two and four LIRG phases until the
present epoch. This scenario is not consistent with the formation of the z∼0.7 LIRGs through the continuous star formation characterizing
isolated spiral galaxies as has been argued independently based on their morphology. Instead, minor mergers, tidal interactions or gas accretion
remain plausible triggering mechanisms for more than half of the distant LIRGs which do not harbor the morphology of major mergers.

Key words. Galaxies: evolution – Infrared: galaxies – Galaxies: starburst

1. Introduction

Luminous infrared (IR) galaxies, i.e. galaxies radiating more
than ∼ 90 % of their light above 5 µm, have been suggested to
provide important constraints on galaxy formation and evolu-
tion. They are considered to be the main cause of the cosmic
infrared background (CIRB) and major contributors to the evo-

Send offprint requests to: D. Marcillac, email: mar-
cilla@as.arizona.edu

lution with redshift of the cosmic star formation rate (CSFR) of
galaxies (Elbaz et al. 2002, Chary & Elbaz 2001, see also the
review by Lagache et al. 2005). The role of luminous IR galax-
ies (LIRGs for 1011L� ≤ LIR = L[8−1000 µm] < 1012L�) and
ultra-luminous IR galaxies (ULIRGs for LIR ≥ 1012 L�) in the
local universe could be neglected since they only produce about
6 % of the integrated IR emission of local galaxies, hence 2% of
their bolometric luminosity (Soifer & Neugebauer 1991). But
they rapidly evolve with redshift and dominate the CSFR above

te
l-0

04
08

68
9,

 v
er

si
on

 1
 - 

31
 J

ul
 2

00
9



� � � � ����������� ����� �T� ��� � ��� ����� � �
����$� � ���#� � ��	��

2 Marcillac et al.: Star formation history of distant LIRGs

z ∼ 0.6 (Le Floc’h et al. 2005). IRAS extragalactic surveys al-
ready suggested that their number density evolved rapidly with
redshift (∼ (1 + z)7.6±3.2 up to z ∼ 0.2; Kim & Sanders, 1998).
This rapid evolution was later on confirmed up to z ∼ 1 with
ISOCAM and ISOPHOT onboard ISO at 15 and 170µm (see
Elbaz et al. 2005 and references therein), above z ∼ 2 using
SCUBA at 850µm (Smail et al. 2001, Blain et al. 1999) and in
the intermediate redshift range with MIPS onboard Spitzer at
24µm (Chary et al. 2004, Papovitch et al. 2004, Le Floc’h et
al. 2005). However, little is known about the characteristics of
the starbursts themselves, e.g. the amount of stars born during
the burst, the burst duration, and even less about the physical
processes responsible for the intense activity of these galaxies.
One of the major reasons for this lack of information comes
from their nature itself, i.e. the strong dust obscuration of their
optical light.

In a previous paper (Liang et al. 2004, hereafter Paper I),
we presented an analysis of the emission line properties of
the galaxies. The star formation rates (SFR) derived from the
Balmer emission lines (Hα and/or Hβ, plus Hγ to derive dust
attenuations) were corrected for dust attenuation and found to
be consistent with the ones derived from the mid IR (MIR)
using the technique described in Chary & Elbaz (2001). This
study showed that LIRGs in general are not completely ob-
scured by dust and that the use of high-resolution optical spec-
troscopy (∆λ/λ = 2000, in the rest-frame of the objects) could
be used to derive intrinsic luminosities, hence SFR, in rough
agreement with the IR-derived SFR, by minimizing the con-
tamination by sky emission lines and allowing to better cor-
rect for underlying photospheric absorption lines. However, the
consistent derivation of the signal-to-noise ratio on the intrin-
sic luminosities lead to large uncertainties on the measured vi-
sual attenuation. Moreover, there is evidence for some com-
pletely obscured star formation as found in the most luminous
objects studied in Flores et al. (2004) or in Cardiel et al. (2003).
The limited statistics of those studies clearly calls for an ex-
tention of the sample of distant LIRGs, with good S/N on the
optical continuum and high spectral resolution, to robustly de-
termine which fraction of the star formation taking place in
LIRGs and ULIRGs is completely obscured by dust. However
Hopkins et al. (2003) showed that SFR([OII]), SFR(1.4 GHz),
and SFR(FIR) are in very good agreement for a larger sample
of local infrared galaxies detected with IRAS and spectroscop-
ically observed with the Sloan Digital Sky Survey (SDSS).

In the present paper, we wish to address the problem from
another angle: stars less massive, hence with longer lifetimes,
than those responsible for the emission lines standardly used to
derive the optical SFR of galaxies can escape their parent giant
molecular cloud (GMC) and their spectral signature might be
used to derive key parameters concerning the starburst. The Hα
light used to derive a SFR is dominantly produced by the ioniz-
ing photons arising from stars more massive than ∼10 M�, with
lifetimes shorter than 3 Myr. Those stars never escape their par-
ent GMC (average lifetime of 10 Myr) and the dense regions of
very strong extinction, contrary to the A and F stars which are
the main contributors to the Balmer absorption lines and the
4000 Åbreak.

We use these signatures of the optical continuum to com-
pare distant LIRGs to nearby IRAS galaxies or synthetic spec-
tra generated with the Bruzual & Charlot (2003) model. We
find a signature of the starbursts in the D4000-Hδ diagram and
use it to derive the burst properties.

Paper I indirectly confirmed the strong role played by
LIRGs in the CSFR history with the derivation of gas metal-
licities in distant LIRGs twice smaller than the one measured
in present-day galaxies of equal absolute B band magnitude.
This result suggested that these galaxies produced about half
of their metals between z ∼ 1 and today. It was also suggested
that such a large metal production, as well as the large contri-
bution of LIRGs to the CSFR and CIRB, could not result from
a single burst phase in the galaxies harboring LIRG phases and
hence that those galaxies must have experienced a series of
LIRG phases in their lifetime. This possibility is tested in the
present paper.

Finally we note that, based on optical spectra, no evidence
was found in Paper I for a dominant contribution from ac-
tive galactic nuclei (AGNs) in the sample of 76 distant LIRGs
for which a spectroscopic redshift was determined. This con-
firmed the previous result from Fadda et al. (2001) that AGNs
were contributing to less than 20 % of the MIR light of distant
LIRGs, as shown by their soft to hard X-ray radiation measured
with the Newton and Chandra X-ray observatories.

In this paper, we study the stellar spectra of a sample of 25
LIRGs with a median redshift of z̄ = 0.7 using high-resolution
spectroscopy with the FORS2 instrument at the VLT (∆λ/λ =
1200, equivalent to 2000 in the rest-frame of the galaxies). This
sample is smaller than in Paper I because higher signal-to-noise
ratios are required to study the continuum emission in compar-
ison to the emission lines. All galaxies are detected at 15µm
with ISOCAM and the 11 galaxies located in one of the three
fields are also detected at 24µm with the MIPS camera onboard
Spitzer (Papovich et al. 2004, Elbaz et al. 2005). We show that
both indicators provide consistent estimates of the total IR lu-
minosity of the galaxies, hence also the SFR (see also Elbaz et
al. 2005, Marcillac et al. 2005 for a more detailed study).

Sect.2 presents the sample selection and the wavelet de-
composition technique that we used to analyze the spectra.
Sect.3 describes the method used in this paper to study the SFR
history of the galaxies, namely the Balmer absorption line HδA

(4101 Å) versus 4000 Å break position of the galaxies, as previ-
ously done by Kauffmann et al. (2003) for the Sloan Digital Sky
Survey (SDSS). We extended the method used in Kauffmann et
al. (2003) to the high order Balmer line H8 (3889 Å) and H9
(3835 Å)which are easier to detect in distant galaxies due to the
k-correction. The comparison of local and distant LIRGs in this
parameter space is discussed in Sect.4 while the model used to
generate Monte Carlo realizations of 200,000 spectra with dif-
ferent star formation histories is presented in Sect.5. The results
are presented in Sect.6 and discussed in the last Section.

Throughout this paper, we will assume Ho= 75 km s−1

Mpc−1, Ωmatter= 0.3 and ΩΛ = 0.7.
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Object RA DEC z H8 HδA D4000 F15µm
ν F24µm

ν log( LIR
L�

) SFRIR

Slit (J2000) (J2000) µJy µJy M� yr−1

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
UDSR08 3 14 55.20 −55 20 31.0 0.7291 3.8±0.5 4.2 ± 0.9 1.11±0.02 236±75 – 11.44±0.24 46.7
UDSR09 3 14 56.10 −55 20 08.0 0.3884 1.4±0.4 – 1.74±0.03 609±87 – 11.20±0.08 27.2
UDSR10 3 14 43.90 −55 21 35.0 0.6798 4.3±0.6 8.4 ± 0.7 1.25±0.03 495±91 – 11.78±0.13 102.9
UDSR14 3 14 43.30 −55 20 11.0 0.8150 4.7±0.4 3.9 ± 0.4 1.15±0.02 200±69 – 11.48±0.27 52.0
UDSR20 3 14 41.10 −55 18 40.0 0.7660 6.9±0.5 6.5 ± 0.8 1.19±0.02 214±72 – 11.44±0.25 47.0
UDSR23 3 14 32.10 −55 19 02.0 0.7094 4.9±0.4 4.7 ± 0.3 1.15±0.02 271±80 – 11.48±0.22 51.8
UDSF06 3 13 30.20 −55 04 04.0 0.6928 4.3±1.3 – 1.27±0.06 150±75 180±22 11.09±0.49 21.0
UDSF07 3 13 17.30 −55 05 16.0 0.7014 3.6±0.9 4.2 ± 0.7 1.17±0.04 154±32 198±27 11.12±0.15 22.6
UDSF12 3 13 07.70 −55 05 26.0 0.7388 7.6±0.9 – 1.29±0.06 331±58 420±30 11.64±0.11 74.7
UDSF16 3 13 08.0 −55 04 18.0 0.4548 – 3.7±0.6 1.25±0.01 138±29 205±26 10.55±0.11 6.0
UDSF17 3 13 08.60 −55 03 57.0 0.8100 6.2±0.3 6.7 ± 0.4 1.22±0.02 257±47 343±23 11.62±0.12 72.0
UDSF18 3 13 16.5 −55 02 27.0 0.4620 – 4.7 ± 0.8 1.17 ±0.01 170±44 – 10.68±0.10 8.2
UDSF19 3 13 09.80 −55 03 08.0 0.5476 4.8±1.0 3.9 ± 1.2 1.32±0.05 611±90 778±40 11.62±0.09 71.4
UDSF28 3 12 51.80 −55 02 57.0 0.6612 2.9±0.6 — 1.47±0.04 321±35 861±37 11.49±0.06 53.1
UDSF29 3 12 50.20 −55 02 59.0 0.6619 4.1±1.3 — 1.37±0.06 354±66 568±28 11.54±0.11 59.6
UDSF20 3 13 19.00 −55 01 42.0 0.8424 2.8±0.7 – 1.33±0.04 117±25 248±21 11.19±0.16 26.7
UDSF31 3 12 44.00 −55 03 21.0 0.6868 4.5±1.1 5.6± 1.1 1.44±0.06 193±38 174±28 11.24±0.14 29.9
CFRS02 3 02 52.01 +00 10 33.0 0.6172 6.9±1.0 5.9± 1.2 1.30±0.10 582±114 – 11.75±0.12 95.8
CFRS06 3 02 49.08 +00 10 1.8 0.6169 3.8±0.4 5.0± 0.3 1.21±0.02 370±95 – 11.50±0.17 53.5
CFRS08 3 02 46.29 +00 13 53.6 0.7154 4.0±0.3 5.9± 0.9 1.24±0.03 360±95 – 11.65±0.17 75.7
CFRS10 3 02 44.57 +00 12 20.1 0.5276 5.6±0.6 5.9± 1.2 1.03±0.04 220±95 – 11.01±0.40 17.7
CFRS11 3 02 42.31 +00 12 9.5 0.6895 – 2.5± 0.7 1.15±0.04 425±110 – 11.70±0.16 85.4
CFRS14 3 02 40.44 +00 14 3.8 0.4652 4.6±0.5 6.5± 0.5 1.10±0.02 172±117 – 10.69±0.58 8.4
CFRS16 3 02 38.80 +00 14 17.5 0.8274 3.3±1.0 – 1.30±0.05 444±100 – 11.99±0.15 166.7
CFRS29 3 02 29.41 +00 12 59.8 0.8804 7.3±1.4 – 1.13±0.05 370±103 – 11.98±0.20 163.6

Table 1. Description of the distant LIRGs sample. The technique used to compute the equivalent widths of Hδ, H8, H9, H10 and the
4000 Å break (D4000) is described in Sect. 2.3. LIR and SFRIR were derived using the Chary & Elbaz (2001) technique.

2. Sample selection and data reduction

2.1. Sample selection

The sample of distant LIRGs was selected from three deep
ISOCAM 15µm surveys and is described in Paper I. 105 galax-
ies were selected on the basis of their 15µm flux density in
three different regions of the southern hemisphere, hence avoid-
ing strong contamination by cosmic variance: the ISOCAM
Ultra-Deep Surveys in the FIRBACK (UDSF) and ROSAT
(UDSR) fields and the CFRS 3h field. All three fields were se-
lected for their low cirrus contamination and high galactic lati-
tude. The UDSF (9′×9′) is located at the center of the “far in-
frared background” survey at 175µm with ISOPHOT onboard
ISO (’FIRBACK’; Puget et al. 1999, Lagache & Dole 2001).
The UDSR is centered at the position of a deep ROSAT survey
(Zamorani et al. 1999). The UDSR and UDSF are both close to
the position of the so-called ’Marano Field’ originally selected
for an optical survey of quasars (Marano et al. 1988), but are
separated by 21′with respect to each other. The third field is one
of the Canada France Redshift Survey fields (CFRS 3h) com-
bining deep infrared, optical and radio data as well as spectra
from the MOS multiobject spectrograph on the 3.6m CFHT.

ISOCAM sources were selected to span the whole flux den-
sity range of the three surveys whose 80 % completeness lim-
its are 150µJy for the UDSF and UDSR and 250µJy for the
CFRS 3h, while the detection limits are 50µJy (UDSF, UDSR)
and 170µJy (faintest sources in the regime below complete-

ness). No optical selection was applied so that the magnitudes
of the sources range from RAB= 19.4 to 23.7. At about the
same epoch (November 2003) than the VLT-FORS2 observa-
tions, a 24µm survey was being performed with the MIPS
camera onboard Spitzer during the MIPS commissioning phase
(IOC/SV). This survey covers the whole UDSF field and all
eleven ISOCAM-15µm sources were detected at 24µm, i.e.
45 % of the sample. The scan map AOT was used, with an
half-array overlap to cover about 1300 Sq. Arcmin with high
redundancy (20) and to get an integration time per sky pixel of
about 230s (Papovich et al. 2004). The data were reduced us-
ing the Spitzer Science Center Pipeline and the BCD products
(Basic Calibrated Data, Pipeline version S10.0.3) were down-
loaded from the Spitzer archive1. PSF-fitting photometry was
performed using DAOPHOT (Stetson 1987) with IRAF2.

From a total of 105 galaxies observed with FORS2 at the
VLT (Paper I), we detected 3 stars, 13 galaxies were too faint
for a redshift determination and within the remaining list, 13
other galaxies were not detected with ISOCAM. The result-
ing list of 76 galaxies with a MIR detection is divided into 34
”normal” galaxies, 36 LIRGs and 6 ULIRGs, where ”normal”

1 http://archive.spitzer.caltech.edu, PID: 718
2 IRAF is distributed by the National Optical Astronomy

Observatories, which are operated by the Association of Universities
for Research in Astronomy, Inc., under the cooperative agreement
with the National Science Foundation
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4 Marcillac et al.: Star formation history of distant LIRGs

Fig. 2. Comparison of the VLT-FORS2 raw spectrum (grey line) of the
distant LIRG UDSR23 (z=0.7094, 51.8 M� yr−1) to its wavelet de-
composition resulting from the combination of the four wavelet scales
4-7, i.e. from 11.2 to 89.6 Å(black line). While the absorption lines are
clearly distinguishable, the emission lines such as [OIII],[OII],Hβ,Hγ
are partly diluted by this technique.

galaxies consist in all galaxies except IR luminous galaxies (i.e
LIRGs and ULIRGs). The median SFRs associated to each to-
tal IR luminosity bin are 4, 54 and 196 M� yr−1 respectively.
Because good quality spectra are required to study the stel-
lar absorption lines (S/N> 3 on the continuum per resolution
element), the final sample that we study in the present paper
consists of 25 LIRGs with IR luminosities ranging between
1011 and 1012 L�. The median redshift of the final sample is
z̄=0.7. The measured properties of the galaxies are summarized
in Table 1.

The total (8-1000µm) IR luminosities, LIR, were derived
using the library of template SEDs built by Chary & Elbaz
(2001), as in Elbaz et al. (2005). We also computed LIR from
the Dale & Helou (2001) library following the technique de-
scribed in Marcillac et al. (2005) and found a median value for
LIR 10 % lower than with the previous library and with an rms
of 17 %, hence both techniques provide consistent luminosities.
We then compared the LIR derived with 15µm and/or 24µm
flux densities for the 11 galaxies detected with both ISOCAM
and MIPS. Both libraries of template SEDs provide consistent
determinations of LIR using both measurements (with an rms
of 30 %, see also Elbaz et al. 2005). The median LIR derived
from MIPS is 10 % lower than the one derived from ISOCAM
using both libraries which suggests a possible variation of the
MIR spectra of LIRGs as a function of redshift (see Marcillac
et al. 2005).

2.2. Observations and data reduction

The observations were performed during three nights with
FORS2 on the ESO-VLT with the combination of the grisms
R600 and I600 (3 hours per grism) to cover the wavelength
range 5000 to 9200 Å at a resolution of 5 Å (R=1200). At the
median redshift of the objects of z̄ ∼0.7, the resolution is equiv-
alent to 3 Å (R=2000).

wavelet scale resolution (Å)
0 0.7
1 1.4
2 2.8
3 5.6
4 11.2
5 22.4
6 44.8
7 89.6

Table 2. Definition of the wavelet scales used in the wavelet decom-
position of the VLT-FORS2 spectra. The spectral resolution is equal to
the highest resolution of 0.7×2waveletscale Å. See description in the text
for the construction of the different wavelet transforms at each scale.

Because absorption lines are wider than emission lines, it
is possible to increase the signal-to-noise ratio on the absorp-
tion lines by working at a lower frequency than the raw spec-
trum. The physical origin of the width of the absorption lines
results from the complex combination of the internal dynamics
of the stars and the global dynamics of the galaxy. In order to
optimize the line extraction, we therefore decomposed the raw
spectra into eight different wavelet scales (Table 2) using the
undecimated (keeping an identical sampling in each wavelet
scale) wavelet transform (à trous algorithm; Starck & Murtagh
1994, Starck, Pantin & Murtagh 2002). We optimized the S/N
ratio on the absorption line features by selecting the best com-
bination of wavelet scales. In the wavelet space, the first scale
(highest frequency), that we index as scale 0, corresponds to
features of size 0.7 Å, while features at scale j have a size of
0.7×2j Å. Note that the lowest frequency scale is equivalent to
the raw spectrum smoothed by a B-spline (equivalent to a gaus-
sian) of width 89.5 Å, i.e. the baseline, while at higher frequen-
cies, each wavelet scale ’i’ is equal to the difference between
the raw spectrum smoothed at the scales ’i’ and ’i-1’. Hence
the sum of all wavelet scales plus the baseline (here at scale 7)
is exactly equal to the initial raw spectrum.

In order to determine the number of scales to take into ac-
count in the decomposition, we started from the lowest resolu-
tion in the wavelet space, equivalent to a spectral resolution of
89.5 Å. We then kept doubling the frequency level as long as
the S/N ratio was increased. This happened at the wavelet scale
’4’ (equivalent to 11.2 Å), hence we used the co-addition of the
4,5,6 and 7 wavelet scales (from 11.2 to 89.6 Å, increasing the
frequency by a factor 2 for each scale) in order to reconstruct
spectra devoid of high resolution noise. The steps of the de-
composition are shown in the Fig 1 for a LIRG, UDSR23 (z=
0.7094), located at the median redshift of the sample. The spec-
tra resulting from the combination of these four scales present
the advantage of seeing the same spectral resolution as the one
used by Bica & Alloin (1986). The final result is compared to
the raw spectrum in the Fig. 2.

Note that the wavelet decomposition can dilute emission
lines and that we have checked that absorption lines were not
affected by a similar effect. Being wider, they are naturally less
affected by this technique. However, we quantified this effect
using some stellar spectra extracted from STELIB (Le Borgne
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Marcillac et al.: Star formation history of distant LIRGs 5

Fig. 1. Wavelet decomposition of the VLT-FORS2 spectrum of a distant LIRG (UDSR23) located at a redshift of z=0.7094) and forming stars
at a rate of SFRIR= 51.8 M� yr−1. The raw spectrum (thick grey line) is compared to its wavelet decomposition (thin dark line), starting from
scale 7, corresponding to the spectrum smoothed with a B-spline (equivalent to a gaussian) at the lowest resolution of 89.6 Å, then adding up
the wavelet scales by increasing the spectral resolution from 44.8 Å(scale 6) to 0.7 Å(scale 1), by dividing it by a factor 2 for each scale. The
narrow vertical grey zones were masked in the analysis because of the presence of sky emission lines. The vertical dotted lines indicate the
minimum and maximum wavelength for each absorption line. In this zoom, the absorption lines clearly appear as much shallower than the
emission line in OII.

et al 2003) which resolution is about the same as the rest-frame
one for the distant LIRGs. We added a white noise to the stellar
spectra to reach a signal to noise ratio of S/N ∼ 3 on the con-
tinuum, interpolated the spectra to reach a resolution of 0.7 Å
and applied to them the same wavelet decomposition as for the
distant LIRGs. The equivalent widths of the Balmer absorption
lines determined before and after the wavelet analysis differ by
less than 4%. We included this weak difference in the equiva-
lent width uncertainties.

2.3. Measurement of the Balmer absorption line
indices and 4000 Åbreak

In the following, we will compare the equivalent widths mea-
sured for Hδ (4101 Å) and for the high-order Balmer absorp-
tion line H8 (3889 Å). We also considered using the H9 (3835
Å) line that we therefore also define in this section, but it ap-
peared to be a less reliable tracer of the past star formation
activity of galaxies, as we discuss in in the next section.

We used the definition of the Hδ pseudo–equivalent width
indice as defined in the Lick system (Worthey & Ottaviani
1997)(see table 3). Since no Lick indices have yet been de-
fined for the high order Balmer absorption lines, we adapted
the windows defined by Bica & Alloin (1986) to the Lick index
method for H8 and H9 : for each line, the index continuum, the
blue and red bandpasses for each pseudo–continuum are sum-
marized in table 3. The two latter lines present the advantage of
being located at a lower wavelength, to be accessible to higher
redshifts in the observed optical range and to be less affected by
the overlying nebular emission lines at the same wavelengths.

The Hδ absorption line is surrounded by iron absorption
lines which affect both its red and blue pseudo continua and
are responsible for the negative EW measured for this line after
a few Gyears, as discussed in the next section. In order to avoid
such pollution from neighbouring lines, the red continuum of
H8 was choosen to minimize the sensitivity to the CaII H (3933
Å)and K (3966 Å) lines while the 3855-3865 Å region is not
known to be affected by metallic lines. As a result this index
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6 Marcillac et al.: Star formation history of distant LIRGs

Name Blue and red bandpasses (Å) Index continua(Å)
HδA 4041.60-4079.75 4128.50-4161.00 4083.50-4122.25
H9 3810-3820 3855-3865 3825-3845
H8 3855-3865 3905-3915 3870-3900

Table 3. Definition of the pseudo–equivalent width indices for the
Hδ (HδA in Worthey & Ottavianni 1997) and for the two high or-
der Balmer absorption lines. For the two last lines, we followed the
same principle as for Lick indices while using windows defined Bica
& Alloin (1986).

is weakly affected by metallicity. H9 is the least polluted line
because no metallic line is located near it, but it is somewhat
fainter than H8 and it is surrounded by the strong absorption
of H8 and H10 which makes the two pseudo continua more
difficult to define. We have primarily used HδA and H8, which
are better determined for most of our spectra but also checked
that we obtained consistent results based on the H9 and Hδ
lines when they were available. Note that we will discuss sep-
arately the results obtained with the Balmer absorption lines
HδA (4102 Å) and H8 (3889 Å). The advantage of this choice
is that it provides two independent estimates of the parameters
that we are deriving and can be used as a test of the robustness
of the Bruzual & Charlot (2003) code that we are using.

Note also that there is an ongoing debate about the possi-
ble misinterpretation of the equivalent width of the HδA line
because of metallicity ratios which could affect its neighboring
regions, hence its associated pseudo-continua (see Thomas et
al., 2004, Korn et al., 2005). On the one hand, HδA presents the
advantage to allow the comparison with studies of local galax-
ies such as SDSS galaxies (Kauffmann et al. 2003) while H8 is
usually not available for local galaxies because it lies in a bluer
region of the spectrum. On the other hand, the H8 line is not
known to be affected by neighboring metallic lines and as it is
located in a bluer region of the spectrum, it is easier to measure
for distant galaxies (less polluted by sky emission lines).

Before measuring these absorption features, we have cor-
rected them from the overlying nebular emission line whenever
possible as indicated in the paper. The nebular emission lines
are not detected directly from the spectra, because they are too
faint, but we computed their emission based on the observed
Hβ and Hγ emission lines (and Hα for the low-z galaxies) as-
suming a line ratio corresponding to a case B recombination
for electron densities ≤ 104 cm−3 and temperatures Te ∼ 104

(Osterbrock, 1989). The Balmer emission line ratio was also
used to compute the attenuation of these lines before subtract-
ing them from the absorption lines measurements. The compu-
tation and values for these attenuations can be found in Paper
I.

Following the same strategy as Kauffmann et al. (2003), we
used the method explained in Bruzual (1983) and the blue and
red bandpass definitions introduced by Balogh et al. (1999).
The latter are narrower than the ones originally defined by
Bruzual (1983) and present the advantage of being less sen-
sitive to reddening effects.

Fig. 3. Time evolution of the H8, H9 and HδA indices and
4000 Åbreak (D4000) for a single stellar population synthesized with
the GALAXEV code (Bruzual & Charlot 2003). Four different metal-
licities were used in each plot demonstrating the marginal effect of
metallicity on the three indices and on D4000 before 1 Gyr: Z= 0.004
(20 % solar, dashed line), Z= 0.008 (40 % solar, dash-dotted line), Z=
0.02 (solar, solid line), Z= 0.05 (2.5 times solar, dotted line). From top
to bottom and left to right: a) H8 evolution, b) H9 evolution, c) HδA

evolution, d) D4000 evolution.

H8 and D4000 values for each distant LIRG are summa-
rized in Table 1. The scientific interpretation is discussed in the
following section.

3. 4000 Å break and Balmer absorption lines as
tracers of the recent star formation history

In this section, we describe how Balmer absorption lines and
the 4000 Å break trace the recent star formation history of
galaxies. For this purpose, we have synthesized a single stellar
population (SSP) using the latest version of the ’GALAXEV’
code from Bruzual & Charlot (2003). For the moment, we
do not include dust attenuation to simplify the discussion.
Note however that the wavelength range over which the equiv-
alent widths and the 4000 Å break are measured is small
which implies a marginal correction due to dust attenuation.
Nonetheless, we will include dust attenuation in the Monte
Carlo realizations that we will compare to the LIRGs and dis-
cuss its effects on our findings.

This version of the GALAXEV code includes the spectral
library STELIB (Le Borgne et al. 2003) whose spectral reso-
lution is 3Å from 3200 to 9500 Å, which is comparable to the
present spectra in the rest-frame of the galaxies. Fig. 3 presents
the evolution with time of the high order Balmer absorption
lines H8 and H9 as well as the HδA absorption line and the
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Marcillac et al.: Star formation history of distant LIRGs 7

indice distant LIRGs local LIRGs
D4000 1.2+0.07

−0.07 1.25+0.12
−0.08

HδA 5.0+1.5
−1.1 4.9+1.07

−1.5

Table 4. Median and 68 % dispersion (around the median) of the
D4000 and HδA indices for local and distant galaxies.

4000 Å break. The four lines in each plot correspond to four
different metallicities with the following metal mass fractions
(total mass in elements heavier than hydrogen and helium over
the mass in hydrogen): Z= 0.004 (20 % solar, dashed line), Z=
0.008 (40 % solar, dash-dotted line), Z= 0.02 (solar, solid line),
Z= 0.05 (2.5 times solar, dotted line).

The D4000 is the sudden onset of stellar photospheric opac-
ity shortward of 4000Å. It reflects the mean temperature of the
stars responsible for the continuum: the metals located in the
atmosphere of O and B stars are more ionized and produce a
weaker opacity, hence a smaller 4000 Å break, than those in
cooler stars (Bruzual 1983, Poggianti & Barbaro 1997, Gorgas
et al 1999, Kauffmann et al 2003). Hence D4000 keeps in-
creasing as a function of the aging of the stellar population
(see Fig. 3d). D4000 is sensitive to metallicity as it is shown
in tab. 3d where it varies by more than 20 % after a few billion
years, or when it is larger than 1.6. As we will see in the next
section, the distant LIRGs have D4000=1.2±0.07, and there-
fore for them metallicity effects are negligible. Even if the slope
of D4000 versus age is less flat than for young population, i.e.
7 Gyears, it is flat enough to provide uncertain stellar ages if
used alone.

In order to trace back the recent star formation history of
galaxies, it is therefore necessary to use another tracer of stellar
age such as the Balmer absorption lines, which exhibit a steep
slope as a function of stellar ages in this range of ages (see
Figs. 3a,b,c). Balmer absorption lines are dominantly produced
by the atmosphere of A to F stars. However O and B stars,
which do not exhibit strong absorption lines, indirectly affect
them by increasing the continuum level and therefore diluting
them, which explains the flat values for the equivalent widths
of H8, H9 and HδA in the first few millions years (lifetime of
O and B stars). The rapid increase that follows is produced by
the dominant role of A and F stars, which then disappears after
∼ 0.5 Gyr producing the rapid decline of the equivalent widths
in Fig. 3a, b and c. Here again, it is worthwhile noticing the
marginal role played by the metallicity on the evolution of the
Balmer lines EW with time. The EW varies by less than 20 %
a few billion years after the burst as a function of metallicity.

4. Comparison of local and distant LIRGs

A sample of 401 local (z ≤0.25) LIRGs detected with IRAS,
with optical spectra from the SDSS and emission lines typical
of star forming galaxies, as opposed to AGNs, was identifed by
Pasquali et al. (2005). The locus of the D4000 and EW (HδA)
measured for the distant LIRGs (green filled circles) is com-
pared to that of local LIRGs (blue triangles) and of the field
SDSS galaxies (black dots) in Fig. 4. First, note the concen-

tration of both LIRG populations at low D4000 and high HδA,
which suggests that local and distant LIRGs share a similar
recent star formation history. We could not produce similar fig-
ures for high order Balmer absorption lines for this compari-
son since they are too blue to be accessible in the SDSS spec-
tra. Their position in the D4000-HδA diagram indicates that the
young stellar population that is producing the large IR luminos-
ity is not completely obscured by dust in the optical because
the median D4000 value of 1.2 for these galaxies correspond to
stellar ages lower than 1 Gyr, which is much below the ages of
these galaxies (see Table 4). This already suggests that even in
these dusty galaxies the optical spectral signatures can be used
as a tracer of the recent star formation history. The quasi ab-
sence of distant LIRGs above D4000= 1.25, where half of the
local LIRGs lie, suggests that the distant LIRGs are younger
than the local ones.

The relative proportion of young and old stellar popula-
tions can be studied in these galaxies by comparing the stellar
masses, derived mostly from the old stellar population dom-
inating in the near infrared range, with their D4000 values.
Massive galaxies are generally older as shown by Fig. 5, where
the stellar mass of SDSS galaxies (black dots) increases with
D4000. The position of the local LIRGs (orange filled dots) in
Fig. 5 suggests that they are massive galaxies which were lo-
cated on the right side of the plot before the burst and which
were shifted to the left during the burst, which decreased their
D4000 value. This figure reinforces our interpretation that the
low value of D4000 for the LIRGs is due to the addition of
a young population on top of an older population. The com-
parison of field SDSS galaxies with IRAS LIRGs in four bins
of D4000 from 1 to 1.4 (bin size 0.1, 68 % error bars) shows
that local LIRGs exhibit systematically lower D4000 values for
their stellar masses.

The incompleteness of the photometric data for our sample
of galaxies prevented the determination of their stellar masses.
However, another sample of mid IR selected LIRGs at z̄ =
0.7 located in the Hubble Deep Field South was studied by
Franceschini et al. (2003) who computed their stellar masses
using a Salpeter IMF and a combination of single stellar popu-
lations with ten different ages, to fit their UV-optical-NIR spec-
tra of IR luminous galaxies. From their Table 6, a total of 14
LIRGs possess a spectroscopic redshift between z=0.4 and 1.2,
and 7 more have a photometric redshift in this range. After con-
verting Franceschini’s values to Ho= 75 km s−1 Mpc−1, we find
a median stellar mass of 7×1010 M� for the 14 galaxies with
a spectroscopic redshift. Including the less robust photomet-
ric redhistfs only changes this value to 6×1010 M�. Combined
with a median D4000∼ 1.2, this places the distant LIRGs in a
very similar locus as the local LIRGs (see Fig. 5). Their low
D4000 values are therefore also representative of the young
stellar population of the burst superimposed on top of an older
stellar population dominating the stellar mass of the galaxies.

5. Description of the model

We used the Bruzual & Charlot (2003) model to synthesize a
series of 200,000 Monte Carlo realizations including various
star formation histories. Although the technique is similar to
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8 Marcillac et al.: Star formation history of distant LIRGs

Fig. 4. HδA versus D4000 diagram for the SDSS galaxies (black points) and distant LIRGs of the present sample (green filled circles with error
bars). The sub-population of SDSS galaxies detected with IRAS are marked with triangles and separated into galaxies with optical spectra with
(empty red triangles) and without (filled blue triangles) an AGN signature.

Continuous star formation
tform (Gyr) 1–7
γ (Gyr−1) 0–3

Metallicity & velocity dispersion
Z/Z� 0.5–1.5

Vdisp (km.s−1) 100–300
Attenuation

τV 1–4
µ 0.1–1.0

Burst fraction and duration
fB 0-1

τB (108 yr) 0.1–10

Table 5. Description of the range of values used as priors for the sim-
ulations.

the one used in Kauffmann et al. (2003), it presents two differ-
ences related to the populations of galaxies that we are studying
here, i.e. dusty starbursts. The priors of the model were set to
include a range of dust attenuations and to include a larger frac-
tion of starbursting galaxies. We will discuss the effects of both
modifications in the following.

Each star formation history was modeled with eight param-
eters:

- the age of the galaxy since its formation, tform. We im-
posed a maximum age of 7 Gyr, which is the age of the universe
at the median redshift of the galaxies, z̄ ∼ 0.7.

- the parameter γ for the underlying ”continuous” SFR (as
opposed to the starburst itself): SFRcont(t) ∝ e−γt

- the SFR of the burst itself, SFRburst, is not a parameter
but results from the combination of two parameters: the burst
duration, τB, and the stellar mass fraction produced during the
burst, fB. Note that fB computed in the model is the ratio of
the stellar mass formed during the burst, Mburst

? , over the total
stellar mass formed through continuous star formation during
tform, Mcont

? . Here Mcont
? is not corrected for the mass returned to

the interstellar medium by evolved stars and is therefore larger
than the actual stellar mass of the galaxy, M?. In the follow-
ing, we will call, feff

B , the ”effective burst stellar mass fraction”,
computed with M? instead of Mcont

? .
- the dust attenuation parameters, µ and τV, defined as in

Charlot & Fall (2000), i.e. a differential attenuation function
of the age of the stars (see Eq. 1 and Fig. 6a). Stars younger
than 107 years, the typical lifetime of a giant molecular cloud
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Marcillac et al.: Star formation history of distant LIRGs 9

Fig. 5. Stellar mass as a function of D4000 for the SDSS galaxies (black points) and distant LIRGs of the present sample (large filled blue
circle). The median stellar mass for the distant LIRGs was derived from Franceschini et al. (2003) as discussed in the text. The sub-population
of SDSS galaxies detected with IRAS and without an AGN signature in their optical spectra (star forming galaxies) are marked with orange
filled circles. The median and 1-σ error bars for the field SDSS galaxies are represented with thick light-blue crosses, while the thin dark-blue
crosses are for the sub-sample of star forming SDSS-IRAS galaxies.

(GMC), are assumed to be embedded in their dusty parent
GMC with an optical depth τV. Older stars are supposed to
have escaped their parent GMC and their ambient medium’s
optical depth is assumed to be µ times smaller. This attenua-
tion law was chosen because it reproduces well the correlation
observed for UV selected starbursts of the FIR over UV ratio
with the UV slope, β, as well as the LHα over LHβ ratio. The
optical depth for stars younger than 0.1 Gyears, τV, was set be-
tween 1 and 4 based on the observed values for LIRGs (Liang
et al. 2004, Flores et al., 2004), while µ was allowed to vary
from 0.1 to 1.

Fobserved
λ

= F intrinsic
λ

× e−τλ

τλ = τV × (5500/λ)0.7 t? < 107 yr
τλ = µ × τV × (5500/λ)0.7 t? ≥ 107yr

(1)

- the velocity dispersion, Vdisp. We allowed a large range of
velocity dispersions to test the effect of a broadening of the HδA

absorption lines that would mimick intrinsically large width of
the absorption lines due to the combination of the internal dy-
namics of the stars with the mass of the galaxy. The influence

of the velocity dispersion on the position of a galaxy in the
HδA-D4000 diagram was found to be negligible (see Fig. 6b).

- the metallicity, Z. The influence of the stellar metallic-
ity is stronger than that of the velocity dispersion but remains
smaller than the error bars on the measured Hδ and D4000 (see
Fig. 6c).

Table 5 summarizes the range over which those eight pa-
rameters were chosen, the so-called priors, which represent the
key adjustment when using a Bayesian statistics. The goal of
these simulations is not to constrain all eight parameters and
indeed some of them produce competitive effects or cannot be
disentangled:

- a galaxy with a given age and γ parameter for its SFR will
be located at the same position in the H8-D4000 diagram than
a younger galaxy with a larger value for γ.

- the two parameters used in the attenuation law, µ and τV.
Fig. 6 shows that galaxies are shifted towards the upper-right
of the HδA-D4000 (or equivalently H8-D4000) diagram with
increasing dust attenuation. This is an important point to note
when comparing dusty galaxies to field galaxies: even though
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10 Marcillac et al.: Star formation history of distant LIRGs

Fig. 6. Influence of the attenuation, velocity dispersion and metallicity for a typical star formation history synthesized with the GALAXEV
code (Bruzual & Charlot, 2003). In all three plots, the loops correspond to a burst of star formation which started 3 Gyr (big black circles)
after the galaxy’s birth. a) Influence of the attenuation τv : for a continuous star formation ( γ=1.0, Vdisp=200km.s−1, µ=0.3, Z=Z� ) and a
single burst ( τB=0.1 Gyear and fb=10 % ); the solid line : τv=1.0. The dotted line : τv=2.0. The dashed line : τv=3.0. The long dashed line
: τv=4.0. b) Influence of the velocity dispersion Vdisp : for a continuous star formation ( γ=1.0, τv=3.0, µ=0.3, Z=Z�) and a single burst
(τB=0.1 Gyear and fb=10%). The solid line : Vdisp=100 km.s−1. The dotted line : Vdisp=200km.s−1. The dashed line : Vdisp=300 Km.s−1.
c)Influence of the metallicity Z : for a continuous star formation ( γ=1.0, Vdisp=200km.s−1, τv=3.0 and µ=0.3 ) and a single burst (τB=0.1
Gyear and fb=10 %). The solid line : Z=0.5Z�. The dotted line : Z=Z�. The dashed line : Z=2.5Z�.

LIRGs overlap with a fraction of SDSS field galaxies in the
Fig. 4, their recent star formation history is interpreted differ-
ently if their dust attenuation is taken into account.

Instead, we will use a bayesian approach such as the one de-
tailed in Kauffmann et al. (2003) to derive the following char-
acteristics of the starbursts:

1. the Scalo parameter, i.e. the ratio of present to past-
averaged star formation rate. This parameter defines the rel-
ative intensity of the present starburst.

2. the burst duration, τB.
3. the last burst stellar mass fraction, fB (and f eff

B ).

The bayesian statistics approach consists in determining a
probability distribution function (PDF) for any one of these
parameters, which consists in an histogram of the number of
Monte Carlo realizations weighted by the probability function
exp(−χ2/2), where χ2 is defined in Eq. 2. The convergence of
the technique is reached if the PDF is peaked and its shape pro-
vides the precision of the determination.

χ2 =
(

Hδobs − Hδsim

σ(Hδobs)

)2

+

(

D4000obs − D4000sim

σ(D4000obs)

)2

(2)

6. Results

6.1. Signature of the presence of a starburst in the
distant LIRGs in the H8-D4000 diagram

We generated three series of simulations with the same pri-
ors but varying the percentage of galaxies experiencing a star-
burst at the age of the simulated spectrum. In a first simulation,
SIM1, only 20 % of the Monte Carlo realizations include on-
going starburst. The positions in the H8-D4000 diagram of the
200,000 Monte Carlo realizations of SIM1 are illustrated with

small dots in Fig. 7. The light blue points on the lower-left part
of the figure illustrate the position of galaxies with an ongoing
burst of star formation. The upper dark blue points correspond
to post-starbursts, i.e. galaxies having experienced a recent star-
burst which ended less than 2 Gyr ago, and dark points to galax-
ies with continuous star formation or at least no burst during
the past 2 Gyears. The lines illustrate the tracks followed by an
individual galaxy during its lifetime: a galaxy with purely con-
tinuous star formation will follow the bold red line, where the
numbers mark its age in Gyr (γ=2, µ=0.3, τV=3.0,Vdisp=200
km.s−1). If this galaxy was to experiment a burst of star for-
mation when it is 3 Gyrs old, then it would follow one of the
loops in light orange towards the left of the diagram for a total
duration of 2 Gyrs and then go back to the track of a galaxy
with pure continuous star formation, having lost the memory
of its past starburst. During the loop, D4000 is at first the most
affected by the presence of young stars, moving towards the
left of the diagram, then it is H8 which increases moving up-
wards in the diagram, before the galaxy slowly goes back to
the continuous regime. The first part of the loop is marked
with small lines indicating that the galaxy is still bursting,
while the remaining part of the loop corresponds to the post-
starburst regime. We have plotted a loop starting at an age of 2
Gyears (light orange) and another starting at 3 Gyears (dark or-
ange). In each case we computed the track of τB=5×107 years
(dashed lines) and 108years (plain line) starburst with a fraction
of fB=15 %.

75 % of the distant LIRGs are located within the solid rect-
angle in Fig. 7, hence at the location of galaxies experiencing
a starburst in the simulation. The remaining 25 % of the distant
LIRGs lie in the dashed rectangle which includes the region of
post-starbursts but also galaxies with successive or longer star-
bursts. Hence, the results of the simulation from SIM1 simula-
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Marcillac et al.: Star formation history of distant LIRGs 11

Fig. 7. Location of the 200,000 Monte Carlo realizations using the parameters of SIM1 (see table 5) in the H8 versus 4000 Å(D4000) break
diagram. Light blue points (lower-left): starbursting galaxies. Dark blue points (upper part): post-starburst galaxies (galaxies having ex-
perienced a recent starburst which ended less than 2 Gyr ago). Black points: galaxies whith a continuous star formation in the two past
Gyears. Bold red line: track followed by an individual galaxy with continuous star formation (numbers in squares= age in Gyr) generated
with GALAXEV (γ=2., µ=0.3, τV=3.0,Vdisp=200 km.s−1). Orange loops: effect of starbursts of 5×107 (dashed line) and 108 (plain line) years
starting after 2 Gyr (light orange) and 3 Gyr (dark orange) of continuous star formation. The line is hatched during the starburst phase. The
size of the orange dots is proportional to the time counted in 108 years units after the beginning of the burst. The dark rectangle with dashed
contours: area where the distant LIRGS are located. The dark rectangle with a solid line: area where are lying 75 % of the sample (see
Fig. 8 for the position of the individual galaxies with error bars). Triangles: galaxies corrected for the underlying nebular emission line in H8
as derived from the observed lower order Balmer lines corrected for attenuation from the Balmer lines ratio. Stars: galaxies with negligible
emission Balmer line in emission, hence uncorrected for H8 emission. Squares: corrected for the underlying H8 emission line using only one
Balmer emission line available with dust attenuation computed from the IR (from the ratio of SFR(IR) over SFR(Hβ)). Circles: no correction
for the underlying potential emission line because no information is available on the Balmer emission lines.

tion show that the observed galaxies are mainly coherent with
being starbursting galaxies.

As a second step, we designed a new simulation, with 80 %
of the galaxies experiencing an ongoing starburst (SIM2), to
better sample the locus of the distant LIRGs and therefore bet-
ter study the properties of the starbursts themselves. A third
and last simulation (SIM3) was generated to quantify the prob-
ability that the distant LIRGs experienced a previous starburst
during the last 2 Gyr. Half of the galaxies in SIM3, i.e. 100,000
galaxies, have experienced a previous starburst during the last
2 Gyr, which ended before the onset of the ongoing starburst.

The individual positions of the distant LIRGs are compared
to the SIM2 realizations in Fig. 8 and Fig 9 in the H8-D4000

and HδA-D4000 diagrams respectively. UDSR09, which is ly-
ing at the bottom of the simulation is a clear outlyer. Liang et
al (2005) studied carrefully this object and its optical spectrum
shows strong metal absorption lines such as Ca H K, G-band,
Mg H, Na D lines but weak Balmer absorption lines. The X-ray
emission of this object, in addition is mainly associated to an
AGN. As a consequence, an AGN can partially contribute to the
MIR luminosity. Note that the observed galaxies are not iden-
tical in both figures neither in numbers nor in identity because
both H8 and HδA cannot be both measured for all individual
galaxies. The dots correspond to the same simulated galaxies
in both figures and in both cases. Note that the observed LIRGs
do lie below the continuous star formation regime in both fig-
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12 Marcillac et al.: Star formation history of distant LIRGs

Fig. 8. Same as in Fig. 7 for the SIM2 Monte Carlo simulation of 200 000 model galaxies. The distant LIRGs are represented with green points
with error bars.

ures, although in slightly different locations. These differences
will be discussed in the subsection 6.5 when we will present
the resulting PDFs. Note also that the distant LIRGs are dis-
tributed in two populations in Fig. 8, one located at the bottom
of the diagram and a second at the upper-left. The second pop-
ulation corresponds to simulated galaxies which experienced a
succession of two starbursts during the last 2 Gyrs. Such histo-
ries are expected in the framework of major mergers of spiral
galaxies with several encounters between two galaxies.

6.2. Determination of the Scalo parameter,
SFR/<SFR>

The PDF obtained for the Scalo parameter of a typical galaxy
with SFR/<SFR>∼ 2.7+7.3

−1.0 (1-σ) is represented in Fig. 10a.
In about 60 % of the distant LIRGs, the PDF converge to-
wards a determination of the Scalo parameter. For 10 out of
17 galaxies for HδA (see Table 6), we compute a median value
of SFR/<SFR>= 3.0+3.5

−0.6 (1-σ). For 12 out of 22 for H8 (see
Table 7) we find SFR/<SFR>= 4+1

−1 (1-σ). These two results
are consistent with each other, as illustrated by the Figs. 11a
and c. The fact that the H8-D4000 diagram provides the tight-
est constraint on the Scalo parameter is due to the fact that the

Fig. 10. Example of PDF obtained for 1 galaxy : a) The Scalo pa-
rameter (subsection 6.2). b Burst duration (subsection 6.2). c) Burst
fraction (subsection 6.2). d) Effective burst fraction (subsection 6.2).

sky background is lower in the bluer wavelength range of H8
than in HδA. We will therefore use that range of values for the
Scalo parameter in the next set of computations. The fact that
the LIRGs are found to produce stars at a rate about four times
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Fig. 9. Location of the 200,000 Monte Carlo realizations using the parameters of SIM2 (see table 5) in the HδA versus 4000 Å(D4000) break
diagram. Light blue points (lower-left): starbursting galaxies. Dark blue points (upper part): post-starburst galaxies (galaxies having ex-
perienced a recent starburst which ended less than 2 Gyr ago). Black points: galaxies whith a continuous star formation in the two past
Gyears. Bold red line: track followed by an individual galaxy with continuous star formation (numbers in squares= age in Gyr) generated
with GALAXEV (γ=4., µ=0.3, τV=3.0,Vdisp=200 km.s−1). Orange loops: effect of starbursts of 5×107 (dashed line) and 108 (plain line) years
starting after 2 Gyr (light orange) and 3 Gyr (dark orange) of continuous star formation. The line is hatched during the starburst phase. The
size of the orange dots is proportional to the time counted in 108 years units after the beginning of the burst. Triangles: galaxies corrected for
the underlying nebular emission line in HδA as derived from the observed lower order Balmer lines corrected for attenuation from the Balmer
lines ratio. Stars: galaxies with negligible emission Balmer line in emission, hence uncorrected for HδA emission. Squares: corrected for the
underlying HδA emission line using only one Balmer emission line available with dust attenuation computed from the IR (from the ratio of
SFR(IR) over SFR(Hβ)). Circles: no correction for the underlying potential emission line because no information is available on the Balmer
emission lines.

larger than their averaged past SFR confirms that they are expe-
riencing a major phase of star formation in their lifetime. This
result is consistent with the large LIR and SFR(IR).

As noted above, the H8-D4000 diagram provides the tight-
est constraint on the Scalo parameter with SFR/<SFR>= 4+1.0

−0.9.
Combined with the ongoing SFR measured from the MIR
emission for the distant LIRGs (quoted in Table 1) for indi-
vidual galaxies and with a median value of: SFR = 52 +34

−33 M�
yr−1 , the Scalo parameter allow us to compute the averaged
past SFR of the distant LIRGs : <SFR>∼ 13±3 M� yr−1.

If we assume that the progenitors of the distant LIRGs
formed stars at a constant rate equal to the averaged past SFR, a
median stellar mass of 7×1010 M� (see Sect. 4) is assembled in

about 5.5±1.5 Gyr (light-weighted age), implying that the first
dominant stellar populations formed at a redshift z ∼ 4.5±1.5.

6.3. Determination of the burst duration

In the HδA-D4000 diagram, the burst duration, τB, can be con-
strained for 11 galaxies (Table 6) for which we obtain a median
of τB = 1.3+1.9

−0.5 × 108 years, e.g. Fig. 10b. Using H8, the tech-
nique converges for 14 galaxies to τB = 1.0+1.6

−0.6 × 108 years.
Here again, as for the Scalo parameter in the previous section,
we find a consistent result using both H8 and HδA. Both indi-
cate that the bursts are short-lived over about 0.1 Gyr. The large
dispersion between the various galaxies may result from differ-
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14 Marcillac et al.: Star formation history of distant LIRGs

id SFR/<SFR> (τB) [(τ−B),(τ+B)] fB [ f −B , f +B ] f eff
B [ f eff −

B , f eff +
B ]

[68 %] ×0.1 Gyr [68 %] (%) [68 %] (%) [68 %]
UDSF07 6 [ 3, 24 ] – 4 [ 3,17] 5 [3,25 ]
UDSF16 – 0.8 [ 0.3 , 3.0 ] 3[2,5 ] 4 [3,7 ]
UDSF17 2 [ 1, 5 ] 4 [ 1.5 , 6 ] – –
UDSF18 2 [ 1, 5 ] 1 [ 0.5 , 3 ] 4 [ 3,13] 5 [3,17 ]
UDSF19 – 1.6 [ 0.4 , 4.0 ] 2 [1,23 ] 3 [2,10 ]
UDSF31 – – – –
UDSR08 6 [ 3, 27 ] 0.4 [ 0.2 , 1.3 ] 3 [ 2,16] 5 [3,26 ]
UDSR10 – – – –
UDSR14 4 [ 2, 13 ] 0.3 [ 0.1 , 0.8 ] 4 [2,9 ] 5 [3,14 ]
UDSR20 – 5 [ 1 , 8 ] – –
UDSR23 3 [ 1, 10 ] 0.8 [ 0.3 , 1.6 ] 6 [4,9 ] 7 [5,19 ]
CFRS02 – – – –
CFRS06 2 [ 1, 4 ] 2. [ 1 , 4 ] 2 [1,9 ] 7 [5,19 ]
CFRS08 – – – –
CFRS10 10 [ 5, 36 ] 1 [ 0.2 , 2.0 ] 13 [7,30] 14 [7,47 ]
CFRS11 3 [ 2, 15 ] – 3 [2,5 ] 4 [3,9 ]
CFRS14 3 [ 2, 6 ] 3 [ 1 , 6 ] – –

Table 6. Results concerning the burst duration, the Scalo ratio SFR/<SFR>, and the burst fraction ( fB) when using the HδA data.

id SFR/<SFR> τB [τ−B,τ+B] fB [ f −B , f +B ] f eff
B [ f eff −

B , f eff +
B ]

(%) [68 %] ×0.1 Gyr [68 %] (%) [68 %] (%) [68 %]
UDSF06 – 2 [1,6] 3 [2 ,19 ] 3 [2,22]
UDSF07 4 [2,13] 0.2 [0.1,0.9] – –
UDSF12 – ≥8.9 – –
UDSF17 – 5 [1,8] – –
UDSF19 – – 2 [1 ,15 ] 3 [2 19 ]
UDSF28 4 [2,8] – – –
UDSF29b – – – –
UDSF20 2 [1,5] – – –
UDSF31 – – – –
UDSR08 7 [3,30] 0.4 [0.2,0.7] – –
UDSR09 – 0.4 [0.2,0.9] – –
UDSR10 – 1 [0.3,2.2] 3 [2 ,13 ] 3 [3,15]
UDSR14 5 [2,12] 0.8 [0.3,1.7] – –
UDSR20 – 7 [3,8] – –
UDSR23 3 [2,7] 1 [1,3] – –
CFRS02 – ≥3.1 – –
CFRS06 3 [1,7] 0.2 [0.1,0.7] 4 [3 ,13 ] 4 [3,16]
CFRS08 4 [2,10] 0.4 [0.1,1.0] 3 [2 ,11] 4 [3,14]
CFRS10 8 [5,14] 1.0 [0.6,2.0] – –
CFRS14 4 [2,11] 0.6 [0.3,1.6] – –
CFRS16 7 [3,23] ≤7.85 4 [2 ,18 ] 5 [3,21]
CFRS29 3 [2, 9] 2.5 [1,5] – –

Table 7. Results concerning the burst duration, the Scalo ratio SFR/<SFR>, and the burst fraction ( fB) when using the H8 data.

ent initial gas mass fractions or triggering mechanisms for the
burst.

6.4. Determination of the burst stellar mass fraction

The simulations converge to a value of fB for only 6/22 galax-
ies in the H8-D4000 diagram and 10/17 in the HδA-D4000 (see
the example of UDSR 23 in Fig. 10c). The difficulty to deter-
mine the burst stellar mass fraction is not surprising. It results

from the fact that as soon as the young stellar population starts
dominating the spectrum of a galaxy, it becomes nearly impos-
sible to measure with good precision the fraction of the light
due to the underlying older population. Indeed, the PDFs con-
verge only for galaxies for which the fraction of young stars
remains low (see Tables 6,7).

However, we can still derive the effective burst stellar mass
fraction, f eff

B , which is equal to the mass of stars produced dur-
ing the burst, i.e. τB× SFR, divided by the total stellar mass
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Fig. 11. Distribution of the Scalo parameter and the burst duration. a)
The Scalo parameter in the H8-D4000 diagram. b) The burst duration
in the H8-D4000 diagram. c) The Scalo parameter in the HδA-D4000
diagram. d) The burst duration in the HδA-D4000 diagram.

Fig. 12. The lines are the same as in Fig. 7 and in Fig. 8. The black
circle are proportional to t20 defined before, while the grey one to t50.

of the galaxy, i.e. tform× <SFR>. Since τB = 1.0+1.6
−0.6 × 108

years and SFR=52 +34
−33 M� yr−1, we obtain an effective burst

stellar mass fraction of f eff
B = 10±9 %. Note that a burst pro-

ducing 10 % of a 7×1010 M� galaxy, will convert 7×109 M� of
molecular gas into stars, which is consistent with the mass of
molecular gas observed in local LIRGs and ULIRGs (Sanders
& Mirabel 1996).

6.5. Testing the ”multiple burst” scenario

A sub-sample of the distant LIRGs lie on the upper-left part of
the H8 and HδA versus D4000 diagrams (Figs. 8, 9). This re-
gion is populated by Monte Carlo realizations of galaxies for
which the ongoing burst of star formation was superimposed
on a previous burst which ended less than 2 Gyr ago. In or-
der to quantify the probability of such an occurence, we gener-
ated a third simulation, SIM3, in which half of the realizations
experienced two successive bursts during the last 2 Gyr. We

Fig. 13. The lines are the same as in Fig. 7 and in Fig. 8. The black
circle are proportional to t20 defined before, while the grey one to t50.

id t20 t50
108years 108years

(1) (2) (3)
6.udsf 7.0 13.0
7.udsf 8.0 13.0
12.udsf 5.0 9.0
17.udsf 6.0 12.0
19.udsf 7.0 13.0
28.udsf 14.0 18.0
29.udsf 8.0 13.0
20.udsf 11.0 16.0
31.udsf 7.0 13.0
8.udsr 7.0 12.0
10.udsr 9.0 14.0
14.udsr 7.0 12.0
20.udsr 4.0 10.0
23.udsr 6.0 12.0
9.udsr 12.0 13.0
2.cfrs 5.0 11.0
6.cfrs 9.0 14.0
8.cfrs 9.0 14.0
10.cfrs 4.0 9.0
14.cfrs 6.0 12.0
16.cfrs 8.0 13.0
29.cfrs 5.0 11.0

Table 8. Values of t20 (black circle) and t50 (grey circle) obtained for
the 22 galaxies in the H8-D4000 diagram, to quantify the probability
of two successive starbursts (see text).

then computed for each galaxy, using the same bayesian statis-
tics, a probability for various possible durations between the
two bursts. Two representative numbers are assigned for each
galaxy in Tables 8 and 9: t20 and t50. These values correspond to
lookback times associated with a 20 and 50 % chance of finding
a previous burst which ended t20 and t50 Gyr before the onset
of the ongoing one. For example, in the case of UDSR20, we
obtain from the H8-D4000 diagram (see Table 8) t20 = 0.4 Gyr
and t50 = 1 Gyr, which implies that there is a 50 % chance that a
previous starburst occured 1 Gyr before the onset of the present
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16 Marcillac et al.: Star formation history of distant LIRGs

id t20 t50
108years 108years

(1) (2) (3)
7.udsf 6.0 11.0
16.udsf 10.0 14.0
17.udsf 3.0 5.0
18.udsf 7.0 12.0
19.udsf 8.0 13.0
31.udsf 6.0 11.0
8.udsr 6.0 12.0
10.udsr 3.0 7.0
14.udsr 7.0 12.0
20.udsr 5.0 11.0
23.udsr 7.0 12.0
2.cfrs 6.0 12.0
6.cfrs 8.0 13.0
8.cfrs 6.0 12.0
10.cfrs 5.0 10.0
11.cfrs 8.0 14.0
14.cfrs 3.0 9.0

Table 9. Values of t20 (black circle) and t50 (grey circle) obtained for
the 17 galaxies in the HδA-D4000 diagram, to quantify the probability
of two successive starbursts (see text).

one and a 20 % chance that the delay was only a 0.4 Gyr. Hence
UDSR20 is a good candidate for two successive bursts. We did
not consider higher probabilities or longer timescales because
of the limited constraints that we can set on those parameters
and because after about 1.5 Gyr, the memory of the previous
burst is lost with this technique.

Local LIRGs and ULIRGs are known to be predominantly
triggered by major mergers (Borne et al. 1999, Sanders &
Mirabel 1996) and numerical simulations of such mergers pre-
dict that the two galaxies cross each other several times, po-
tentially inducing a series of bursts separated by a few tens of
million years (Mihos & Hernquist 1996). However, in distant
LIRGs, the probability that a previous starburst occured less
than 0.5 Gyr ago is nearly always lower than 20 %. This re-
sult must be considered together with recent evaluations of the
morphological properties of distants LIRGs which also suggest
that most of them are not produced in major mergers (Bell et
al. 2005, Zheng et al. 2004, Elbaz & Cesarsky 2004). Bell et
al. (2005) suggested that distant LIRGs could either be non-
triggered phases in isolated spirals with larger gas masses, pos-
sibly experiencing some infall, or minor mergers, where the
dwarf galaxy responsible is not detected. Our determination of
a burst duration of 0.1 Gyr and a Scalo parameter of 4, seems
to rule out the possibility that distant LIRGs are isolated spi-
rals forming stars at a constant rate over a long duration. The
starbursts may instead be triggered by tidal effects and minor
mergers in regions of the universe where the local density of
galaxies is enhanced as suggested by Elbaz & Cesarsky (2003)
or by the infall of intergalactic gas (Combes, 2005). Further
kinematical studies of distant galaxies (see Flores et al, 2006;
Puech et al, 2006) will help to distinguish between the various
scenarios (mergers, gas infall) discussed here.”

7. Discussion and conclusions

We have analyzed the star formation history of a sample of 25
distant LIRGs (z̄ = 0.7) that we derived from their stellar spec-
tra (Balmer absorption lines and 4000 Å break). The high order
Balmer absorption line H8 and the HδA line provide consistent
results although H8 is more adapted to distant galaxies being
located in a bluer region of the spectrum, less affected by sky
emission lines and which is measured for more distant objects
than HδA. Variations at the 30 % level between the burst pa-
rameters obtained using one or the other indicator suggest that
some effects, such as abundance ratios which might affect the
pseudo-continua surrounding the HδA line, should be taken into
account to improve the models (see Thomas, Maraston & Korn
2004, Korn, Maraston & Thomas 2005).

The comparison of distant LIRGs, selected from ISOCAM
and MIPS, onboard ISO and Spitzer, to local LIRGs, selected
from IRAS and the SDSS, shows that both populations present
similar spectral features and therefore suggests that they are
experiencing comparable starburst phases. The fact that half of
the local LIRGs present D4000 values larger than the maxi-
mum D4000 of distant LIRGs indicates that the dominant non
bursting stellar population is younger for distant LIRGs, as ex-
pected.

The first important result of this study is the identification
of an optical signature for the presence of a starburst in these
galaxies, in spite of their large dust attenuation. While con-
tinuous star formation follows a line along decreasing Balmer
EW and increasing D4000, a burst superimposed on this pop-
ulation produces a loop that first decrease D4000 and then in-
crease the Balmer line EW. However, after about 1.5 Gyr, the
memory of the burst is lost and the galaxy behaves like others
which did not experience a starburst. As result, we are limited
to study only the averaged past star formation history for look-
back times shorter than 1.5 Gyr. The bursts characteristics were
derived from probability distribution functions (PDF) using a
bayesian statistics as in Kauffmann et al. (2003).

The median ratio of present over averaged SFR, the so-
called Scalo parameter, for the distant LIRGs is SFR/<SFR>=
4±1 (we used the H8 line for which a larger sample of galax-
ies is available and the PDFs present a sharper peak), which
indicates that these galaxies are experiencing an atypically in-
tense phase of star formation in their lifetime. A median SFR
of 52+34

−33 M� yr−1 for the ongoing starbursts was derived from
their MIR luminosities. Hence, their mean SFR averaged over
their lifetime is <SFR>= 13±3 M� yr−1. Knowing the median
stellar mass for LIRGs of equivalent luminosity and redshift
range (from Franceschini et al. 2003), we derived an age for
those distant LIRGs of tform = 5.5±1.5 Gyr, suggesting that
they formed at zform = 4.5±1.5.

As for the bursts themselves, we computed a median du-
ration of τB = 1.0+1.6

−0.6 × 108 years, during which the galaxies
produced 10±9 % (the error bar includes 68 % of the galaxy
sample) of their stellar mass. This corresponds to a mass of
molecular gas of about 7×109 M� which is consistent that ob-
served in local LIRGs and ULIRGs (see Sanders & Mirabel
1996).
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We note that all simulations produced in this paper assume
the same fixed IMF for both the underlying star formation
and the burst of star formation. Some evidence that the for-
mation of low-mass may be less efficient in the environment
of active star formation in the solar neighborhood were sug-
gested in the past (Larson 1986, Scalo 1986, Maeder 1993).
A top-heavy IMF could also account for the enhanced ratio of
light elements to iron in massive early-type galaxies (Worthey,
Faber & Gonzalez 1992) and for the relative enrichment of oxy-
gen to iron in the intra-cluster medium (Arnaud et al, 1992).
In our study, the occurrence of a top-heavy IMF in the burst
episode would only weakly influence the derived burst duration
timescales, which are set by the spectral signature of massive
A to F stars. However, a top-heavy IMF during the burst phase
would imply a much lower contribution to the total galaxy mass
by longer-lived, low-mass stars.

Finally, we discussed the possibility that the distant LIRGs
experienced a previous starburst prior to the ongoing one dur-
ing the last 1.5 Gyr. While most galaxies are not consistent with
a merger scenario where two galaxies merge in several phases
producing a series of bursts separated by a few ten millions
years (Mihos & Hernquist 1996), the majority present more
than 50 % chance to have experienced a previous burst in the
last 1.5 Gyr, i.e. since z ∼ 1. If these properties are typical of
LIRGs between z = 1 and z = 0, then this suggests that the
population of galaxies experiencing LIRG phases experienced
on average 2 to 3 LIRG phases since z = 1 and up to 4 since
their birth around z = 4–5, as also suggested by Hammer et al.
(2005). This scenario is not consistent with the formation of
distant LIRGs through the continuous star formation character-
izing isolated spiral galaxies as has been argued independently
based on their morphology. Instead, minor mergers, tidal inter-
actions and gas accretion all remain equally plausible trigger-
ing mechanisms for more than half of the distant LIRGs which
do not harbor the morphology of major mergers.
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