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Ä»ÅKÆ�Ç�È�É<Ê1Ç1ËÍÌÏÎ ~ Î�Ð �2u&²0ÑyÒ\��~�²yÓ�Ô�~�²�ÑyÒ\�EÔ�~�²CÕÖu&Ñyz�~1�»~�ÔK´1u���u�x?Ñyz�xEw Î Ò\��²C~1z��<wrz�� ×
Ø ~1� Ø �*w�ÑyÒ<�ªz�� ×�Ô¸u����B~�ÔL´1u�w.×�²�z�xCÒÖwCu&Ñ/�*����z�Ñ/�*w%~1��Ñ/~ Î ²C�?×��?Ù z�wyÑyz��\´¡�<u&²yÚ°ÕÖu&Ñ/Ñ/��²jÒ<u���~1w�q
ÛO�°Ò�u Ø �a�?Ù Î ��~�²y�*� Î ²y�*�<z�x?Ñyz�~1��w#~1�vx?~ Ð �IÑyw�{Ux?~1��~�²Cw�u��<�vw/Ñyu&²EÔ�~�²CÕ¹u&Ñyz�~1��²Cu&Ñ/�*w
z��,ÑyÒ\�»Õ¹z�� ×�Ñ/~&×�Ô¸u&²az2�\Ô�²�u&²y�*�ÀÔ�²y~1ÕÜÑyÒ<z�wJwyx?�*�<u&²Cz�~\qOÝªÒ<� Ð\Î x?~1ÕÖz2�\´ßÞ Î u�x?�»à.� ×
Ô�²�u&²y�*��ÝK�*���*wyx?~ Î �Ep<u�x�z���z�Ñ'Óvá�ÞBà.±hÝªp�âjÕÖz�wywyz�~1��ãäz���� Î ²y~ Ø z��<�åw/Ñ/²y~1�<´°x?~1�<wyÑ/²Cu�z���Ñyw
~1�Zw Î Ò\��²y~1z��O� Ø ~1� Ð Ñyz�~1�Àu��<�,z�Ñyw¼x?~1��Ñ/²Cz�³ Ð Ñyz�~1�OÑ/~vÑyÒ\�¹x?~1wyÕÖz2x¹z��\Ô�²Cu&²y�*�æ³Lu�xyÚ�×
´�²y~ Ð �<�§u�����w/Ñyu&²äÔ�~�²CÕÖu&Ñyz�~1��Ò<z�w/Ñ/~�²CÓ�q

ç Ë è*é:Ç>È5ê7ë�ìKÊ�Ç�í�ê:é

Ì � Ð ÕJ³U��²%~�ÔLÑyÒ\��~�²�z��*w%�?Ù\z�w/Ñ%Ô�~�²�ÑyÒ\�#Ô�~�²CÕÖu&Ñyz�~1��~�Ô:´1u���u�x?Ñyz�xäw Î Ò\��²y~1z2�<whu��<���*����z Î Ñyz�x�u���w�î
Î ²Cz�ÕÖ~�²C�<z�u��jï(Õ�~1�\~1�2z�ÑyÒ<z�x&ðkx?~1�2��u Î w/�Ö~�Ôªz2�<�<z Ø z�� Ð u��K´1u�w°x�� Ð Õ Î w�á¸ñ�´�´��*�f��ÑJu���qÀò*ó�ô�õ1â�{
Ò<z���²Cu&²�xCÒ<z�x�u��UÕ���²C´1z��\´�~�Ô Î ²y�?×�Ô�~�²CÕ��*�ö´1u���u5Ù\z��*w¼á¸ÝK~�~1ÕÖ²y�J÷øÝK~�~1Õ�²C�¹ò*ó1ù&õ1â�{Lz��\×�Ô�u����:~�Ô
´1u�w.×�²Cz�x�Ò¦wyu&Ñ/�*���2z�Ñ/�*wa~1�IÑ/~ Î ²y�?×��?Ù z2w/Ñyz��\´æ�<u&²yÚfÕÖu&Ñ/Ñ/��²��<z2w/ÚZÒ<u���~1w�á�|�~1���ö��ÑÖu���qoò*ó�ó5ú\û
|�u&²C��³U��²y´üò*ó�ó�ó1â�{¼u��<�mï(w/�*x Ð ��u&²*ð#� Ø ~1� Ð Ñyz�~1�üãäÒ\��²C�O³ Ð ��´��*wöÔ�~�²CÕ^²y�*��u&Ñyz Ø �*��Óo�2u&Ñ/�O³�Ó
´1u�w.×'z��\ý�~>ãmÔ�²y~1ÕþÑyÒ\�*z�² Î ²y�?×��?Ù\z�w/Ñyz2�\´�´1u�w/×�²Cz�xCÒÀ~ Ð Ñ/��²��<z�w/Úfá¸ÿä~�²CÕ¹u��æ��Ñ�u���q�ò*ó�ó�ô1â�q Ì
x?~1�<x�� Ð wCz�~1�Oz�w¡Ó���ÑJÑ/~�³U�Ö²y�*u�xCÒ<�*�7{�u���ÑyÒ\~ Ð ´1ÒOÑyÒ\�¹~�³�w/��² Ø �*� Î ²y~ Î ��²yÑyz��*wE~�Ô��*����z Î Ñyz�x�u���w
u��<�J³ Ð ��´��*wk~�Ô�w Î z�²�u���w_w/Ñ/²y~1�<´1��Ó¡w Ð\Î<Î ~�²yÑku�Õ���²y´���²#á�~�²%wyu&Ñ/�*����z�Ñ/�ju�x�x?²y��Ñyz�~1�:â_Ò�Ó Î ~�ÑyÒ\�*wCz�w
u�w Î ²C�*�<z�x?Ñ/�*�ö³BÓ»w/Ñyu����<u&²C��Ò<z���²Cu&²CxCÒ�z�x�u��7Õ�~ �\�*��w�Ô�~�²ª´1u���u5Ù Ó»Ô�~�²CÕÖu&Ñyz�~1�7q

ÛO� Î ²y�*w/�*��ÑkÒ\��²y� Î ²C�*�<z�x?Ñyz�~1�<w:~�Ô � Ð Õ¼³U��²_x?~ Ð ��Ñyw_�?Ù Î �*x?Ñ/�*�¼z��EÑyÒ\�jÞ àF±hÝªpOá�t à���Þ<â
³�u��<� Î u�wyw/�*w Ð wyz��<´»u§wyx?�*��u&²Cz�~§ãäÒ\��²C�aw Î Ò\��²y~1z���wäÔ�~�²CÕþ³BÓ ÑyÒ\�Öx?~1��Ñyz�� Ð ~ Ð w¡u�x�x?²y��Ñyz�~1�
~�ÔU´1u�w.×�²Cz�x�Ò¹wyu&Ñ/�*���2z�Ñ/�*w�q�Ûoz�ÑyÒ�z���uJ|��¡t Ô�²�u�Õ���ãj~�²CÚL{Bu�wyz�Õ Î ���rÕÖ~B�\�*��z�� Ø ~1� Ø z��<´�ãåz��<� ×
²y��´ Ð ��u&Ñ/�*�vu�x�x?²y��Ñyz�~1�v~�Ôh´1u�w.×�²Cz�x�Ò wyu&Ñ/�*���2z�Ñ/�*w#ã�u�w Î ²C~ Î ~1wy�*�ö³�Ó |�u&²C��³:��²C´§á.ò*ó�ó�ó1â�qªÝäÒ\�
Õ�~ �\�*�UÒ<u�w#u&Ñ/Ñyu�z��\�*��x?~1��wyz��\��²Cu&³L����w Ð x�x?�*wyw#u&Ñ#�?Ù Î ��u�z��<z2�\´Jw/~1ÕÖ�¡´��*�\��²Cu��U³ Ð ��´�� Î ²y~ Î ×
��²yÑyz��*w�îhÑyÒ\�Jï��¡~�²CÕÖ�*�<�\Ó�á¸�\�*�<wyz�Ñ'Ó�×'wyz�����â�²y�*��u&Ñyz�~1�<w*ð�{�²y�*wCz�� Ð u��<u��<´ Ð ��u&²�Õ�~1Õ��*��Ñ Ð Õ ��z�w.×
Ñ/²Cz�³ Ð Ñyz�~1�<w�{\u��<��Õ¹u�wyw.×'Õ���Ñyu����2z�x�z�Ñ'Ó§x?~�²y²C�*��u&Ñyz�~1�<w�q#|r~1Õ Î ����Ñ/�¼�\��Ñyu�z���wªãäz����Uu Î<Î �*u&²åz2��u
Ô�~�²CÑyÒ<x?~1ÕÖz��\´ Î u Î ��²¼á�tvu�wyx�zk��Ñäu���qjõ
	�	\ò>â�q

� Ë Äöé������í�È&í�Ê1É���� ê7ë������
ê�È���� �!��È5êLí�ë#"kêLÈ$�,É\Ç�í�êLé

ÝªÒ\�ÖÕ�~ �\�*�ªá�|�u&²���³U��²y´Oò*ó�ó�ó1â Ð w/�*w¼u t�~1��Ñ/�»|�u&²���~�wyz�Õ Ð ��u&Ñyz�~1�æu��<�ÀÑyu&Ú��*w¼u�w¼z2� Î�Ð Ñ
ÑyÒ\��Ô�~1�2��~>ãäz2�\´\îkuEÕ���²y´���²%²Cu&Ñ/��á&%\Ù �*�°�*Õ Î z�²�z�x�u�����ÓEÔ�²y~1Õøw/Ñ Ð �<z��*w�~�ÔL´1u���u5ÙBÓ°x�� Ð w/Ñ/��²�z��\´�â�{
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u¹ÕÖu�wCwäw Î �*x?Ñ/² Ð Õ Ô�~�²åÑyÒ\� Î ²y�?×'u�x�x?²y��Ñ/�*�æwyu&Ñ/�*����z�Ñ/�*w Î ²y~ Ø z2�\�*�§³BÓ»ÑyÒ<�Jw/Ñyu��<��u&²C�ß|��¡t
Î u&²Cu��<z�´1Õ§{Bu�����w/Ñ/�*�2��u&²jÔ����*�\³�u�xCÚßá�ãäz2�<�Lâ Î u&²Cu�Õ���Ñ/��²CwrÔ�~�²��<��Ñ/��²CÕÖz��<z2�\´�´1u�w#w/Ñ/²Cz Î<Î z��\´
Ô�²�u�x?Ñyz�~1�<w�q

Ì wyw Ð Õ Î Ñyz�~1�<wåÔ�~�²J�\��²Cz Ø z��\´�Ô�u&²/×�à.± wy~ Ð ²Cx?�Öx?~ Ð ��ÑywE×ª�*wyw/�*��Ñyz�u�����Ó�ÑyÒ\�ÖÕ���²y´���²Jz�� ×
� Ð x?�*��w/Ñyu&²y³ Ð ²�w/Ñ%� Ø �*�IÑywrz���Ñ/��´�²Cu&Ñ/�*��~ Ø ��²�Ñyz�Õ��ªÔ�~�²ju��2�\Ô�~�²�ÕÖz��\´¡³ Ð ��´��*w�u&²y��u�w0Ô�~1����~�ãäw�î

ò&qäÝªÒ<�G%��<u���{IÔ Ð ����Óau�wyw/�*ÕJ³����*��³ Ð ��´��*wju&²y�E�\~�²CÕÖu���zH���*�ÖÑ/~°ÑyÒ\�åÑ/~�Ñyu��Uw Î u�x?���\�*��wyz�Ñ'Ó
~�Ôr��~Bx�u��K³ Ð ��´��*w°á¸z��æw Î z�²Cu���w�{UÞ�	 {_ñ%×�Ñ
Ó Î �°��Ñyx&q�q¨âæz��vÑyÒ\�J~ Î Ñyz�x�u���q¡ÝªÒ<z�wI%\Ù �*w�ÑyÒ\�
x?~1Õ�~ Ø z2�\´ Ø ~1� Ð ÕÖ�¡~�Ô�ÑyÒ<�¼wyz�Õ Ð ��u&Ñyz�~1�_q

õBqäÝªÒ<�EwyÑyu&²#Ô�~�²CÕ¹u&Ñyz�~1�ö²Cu&Ñ/�¡z�wr´1z Ø �*�ö³BÓKJ LNMPORQTS:UVUCW
XZY0ãåz�ÑyÒ»³ Ð ²Cw/ÑrÑyz�Õ��*wCx�u����
XZY\[øò]	_^a`cb qdQTS:UVUªz�w�ÑyÒ\�¼Ñ/~�Ñyu��ku�x�x?²y��Ñ/�*�v´1u�wäÕÖu�wCw�q

e qäÝªÒ<��u&³:~ Ø �aÞ ph± z�w#Õ�~ �<z�%<�*�»³BÓöua²C�*�<wyÒ<z�Ô�Ñ#�\� Î �*�<�\�*��Ñ��]f¹x�z��*�<x?Ó Î u&²Cu�ÕÖ��Ñ/��²

g á>h�â\Omò)i�j"òki g á>	Iâml��?Ù Î áni)oph�â:q á.ò>â

ãäÒ<��²y� g á>	Iâjá�ÑyÒ<�r��~ x�u��BÞ\p��]f¹x�z��*��x?Ó\â_u��<�ro§u&²y��Õ�~ �\�*�I�<� Î �*���\�*�IÑ Î u&²Cu�Õ���Ñ/��²Cw*q
ú\qäÝªÒ<�»Ô¸u&²/×�à.± � Ð Õ¹z��\~1wyz�Ñ
ÓÀz�wa��z��\Ú��*�,Ñ/~OÑyÒ\�§u&³U~ Ø �ßÞ\p�± ÑyÒ\²y~ Ð ´1Ò u�� �*Õ Î z�²Cz�x�u��

²y�*�2u&Ñyz�~1�æ�\��²Cz Ø �*�æ��~ x�u�����Ó�³BÓßÞ Õ¹z�ÑyÒ ��Ñ�u���q�á.ò*ó�ó�s1â�q Ì t z2������²¡÷ Þ x�u���~öà.tvpoz�w
u�wyw Ð Õ��*�§ãäz�ÑyÒ§ÕÖu�wyw#²Cu��<´���îäòtQ�uwvxQ v ò]	�	_Q�urq

y q Ì �ßàF±ª×FÞ ñd� ��z�³<²Cu&²CÓ�Ô�~�²¡w/Ñyu&²y³ Ð ²�w/ÑywäÔ�²y~1Õ ÑyÒ\�aw Î �*x?Ñ/²y~ Î Ò\~�Ñ/~1Õ���Ñ/²�z�xJÕÖ~B�\�*�2wä~�Ô
��� Ø ²Cz��*�<�\Ñ�á.ò*ó�ó�ó1âäz�w�u�wyw Ð ÕÖ�*�öÔ�~�²ªÑyÒ<�N�E×'x?~�²y²y�*x?Ñyz�~1��w�q Ì �\� Î �*�<�\�*�<x?��~�Ô%Þ\ñd�
wyÒ�u Î �¡~1��àF±ª×'� Ð ÕÖz��<~1wyz�Ñ'Ó¹ÑyÒ<u&Ñª²y��ý<�*x?Ñywä~�³�w/��² Ø �*��àF± Ì Þöx?~1��~�²Cwªz�wªz2�<x�� Ð �\�*�_q
ÛüÒ<z����¡u�wyw Ð Õ Î Ñyz�~1��w#x?~1�<x?��²C�<z��<´�³ Ð ²Cw/Ñ#Ñyz2Õ��*wyx�u����*wªu�����ÑyÒ\�¡à/t p á�õ�u��<�§ú�âªu&²y�

ãj����Ú ��Ó x?~1��w/Ñ/²Cu�z��\�*�v³BÓ§~�³�w/��² Ø u&Ñyz�~1�<w�{U~ Ð ²EÕ�~ �\�*�kz2wä²y�*�2u&Ñyz Ø �*��Ó�z��<wy�*�<wyz�Ñyz Ø �¼Ñ/~�ÑyÒ\�*wy�
Î u&²Cu�Õ���Ñ/��²�w�q Ì wCw Ð Õ Î Ñyz�~1� e Ò\~�ãj� Ø ��²*{rx?~1�<x?��²C�<z2�\´ ÑyÒ\�ö�]f¹x�z��*�<x?ÓZu&Ñ�ãäÒ<z2xCÒ,´1u�w�z�w
x?~1� Ø ��²CÑ/�*�¦z���Ñ/~æwyÑyu&²CwÖu�w�ußÔ Ð �<x?Ñyz�~1�f~�ÔIhOÒ<u�w�uæwyz�´1�<z�%�x�u���Ñ°u$zU�*x?ÑÖ~1� ÑyÒ\�ö²y�*�2u&Ñyz Ø �
� Ð Õ¼³U��²#~�ÔhÔ�u�z2�IÑªw/~ Ð ²Cx?�*w Î ²y�*��z�x?Ñ/�*�7q

{ Ë |}��Æ>ì���Ç>Æ
ÝªÒ\�ª�\��� Î à/Þ�~má.ò y$� Õ�âhw Ð ² Ø ��ÓBwjx?~1�<w/Ñyz�Ñ Ð Ñ/�ªÑyÒ\�ª³U�*w/Ñ�u Ø u�z��2u&³����ªw/Ñyu&Ñyz�wyÑyz�x�w�Ô�~�² Î ²C~�³�z��\´
� Ø ~1� Ð Ñyz�~1� ãäz�ÑyÒ<z2� ÑyÒ\� ²�u��\´���	�v�hx�v ò
� e á¸ñ0��³�u
�,ò*ó�ó�ó1â�q àF�ophz�´ Ð ²y�Zò ãj�æÒ<u Ø �
u�wyw Ð ÕÖ�*� u ï(ÕÖz��<z2ÕÖu���ðhu��<�oï(ÕÖu5Ù\z�ÕÖu���ð�Õ�~ �\�*�#�\�]%L�\�*� ³�ÓfÑ'ãr~Z�<z�z:��²y�*��Ñ�Ô�~�²CÕÖwaÔ�~�²
� Ø ~1� Ð Ñyz�~1��~�ÔKÑyÒ\�JÞ\p,�]f�x�z��*�<x?ÓÀá¸ñd�B�7q�ò>â�q0ÝªÒ<�*w/��x?~�²y²y�*w Î ~1�<�öÑ/~¹²y�*w Î �*x?Ñyz Ø �*��Ó�Ô�u�x?Ñ/~�²Cw
~�Ô�� ôc�¨ùæu��<�x�Íò>ùæz��<x?²C�*u�w/��z�� Þ p �]f¹x�z��*�<x?ÓfÔ�²y~1Õ�h�O�	æÑ/~Th�O ò&q Ì � ~ Î �*�
x?~1wyÕ�~1��~�´�Óöãäz�ÑyÒ���O#	�� e {8��O#	Öu������@�kO ô y Ú Õ¦w<�6��t Î x$�6�ªz�wäu�wyw Ð Õ��*�_q

� Ë �Jê:ékÊ��¸ìKÆ>í�êLé
ÝªÒ\�»ÕÖu�z��Zx?~1��x�� Ð wyz�~1�Zz�w�ÑyÒ<u&Ñ°� Ø ~1� Ð Ñyz�~1�,z����y����� Õ���²C´���²J²Cu&Ñ/�öu��<�,w/Ñyu&²JÔ�~�²CÕÖu&Ñyz�~1�
�]f¹x�z��*�<x?Ó�z2wk²y�t� Ð z�²C�*�7{�x?~1�<wCz�w/Ñ/�*��ÑKãäz�ÑyÒN%��<��z��\´1w7³BÓ�±ª~ xCÒ\�#÷ ñ0u����*w#á.ò*ó�ó�s1âKu��<���r�2u�z��
��Ñåu���q�á.ò*ó�ó�ó1â�q#ÛO�Ju���w/~ Î ²y�*�<z�x?Ñªu¹x?~1�IÑ/²Cz�³ Ð Ñyz�~1�ö~�Ôd��ù$	�� Ñ/~¹ÑyÒ\��à.± ³�u�xyÚB´�²y~ Ð �<� u&Ñ
ô
	 � Õ u��<�T�aò]	�� u��<�T� y 	�� ~�ÔjÑyÒ\�a´1��~�³Lu���wyÑyu&²/×�Ô�~�²�ÕÖu&Ñyz�~1�O²Cu&Ñ/���\�*��wyz�Ñ'Óßu&ÑNh}O�	
u��<��h�Omò
� y ²y�*w Î �*x?Ñyz Ø �*��Ó¹Ô�²y~1Õ ³ Ð ��´��?×�³ Ð z�����z��\´¼u���~1�<��q
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ε(0)=0.1, β=1
ε(0)=0.05, β=2

ISO(15
�

µm)

IRAS(12
�

µm)

phz�´ Ð ²C��ò&q ñ Ð x���z��\�*u��æ�\~�²CÕ¹u���z�w/�*� ò y$� Õ �<z�zU��²y�*�IÑyz2u���x?~ Ð �IÑyw¼ãäz�ÑyÒO�<u&Ñyu
Ô�²y~1Õ ñj��³�u
�¹á.ò*ó�ó�ó1â�á.ò y$� Õ»â#u��<�vÞ Î z��\~�´1��z�~¼��Ñåu���qäá.ò*ó�ó y â¼á.ò*õ � Õ�â�q
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Integral counts

160µm, ε(0)=0.1, β=1
24
�

µm, ε(0)=0.1, β=1
70µm, ε(0)=0.1, β=1
24
�

µm, ε(0)=0.05, β=2

24
 

70
¡

160

(5
¢

σ)

phz�´ Ð ²C��õBq àF��Ñ/��´�²Cu��jx?~ Ð �IÑyw¼z��ZÞBà.±�Ýäpjð w�t àn�rÞß³�u����<w�q�£%��²yÑyz�x�u���u&²y²C~>ãäw
z����<z�x�u&Ñ/� y
¤ w/�*�<wCz�Ñyz Ø z�Ñyz��*w�q

|¥�c�m�BÈ$�BéKÊ_�BÆ

����u�z��7{ Ì q<Û q�{���Ñäu���q�{kò*ó�ó�óB{Ut ÿ�± Ì Þ:{ e 	1óB{7ùBò y
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