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ùI� ü �/µ ³4��c0h8n8�¨s�aO��c¥yzx8hAg�c0aO{�rlnW�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� µ(�
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µl� Q ©�n�³£³£¬ ÁlhAg�t&g�h�s�x8tDaOd�sjaO{�rln8dAu0�#��c0h�s�aO��c0cln8y�nAc2s
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ÿ �¿ö `br¨s�tDn8d
g�yzx8�OaO��t&g�sjaO��cldbg��l����tvs�x8nAd �w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ö Q
ÿ �¿öI� Q ©Íg|�0x�s�n8h�sjaO��c¥�0n��ltD�2~l�Ok8yzn8d��0g�c0d���f}x�sjg��O��c0c0g���nwn��!n8h�s�r0x�n8c�g�y���c�sø�w�w���w�w���w� Q ö Q

m
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ÿ �¿öI�¿ù ©Íg|�0x�s�n8h�sjaO��c¥n�sb��g|t&x8d&���OrIs�aO�2c¥�0n��ltD�2~l�Ok8yzn8d��0g�c0d£��g��OaO~0t&g�aOtDaOn�Ìer0tD�2µ�¬ ���w�w���w� Q ö ü

ÿ �/· ³4��c0h8�Orld&aO��c¯���w�w���w�w���w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ö�ö
ð���P �N�,å)Ù���ãlÛ�Ù ò-ó ~�å�bc��ÛAã-å ò�ó¶ó ã0ß�Ü�ÝÍÜG	������8	 ð ô �

Q�ú � Q ],s�rl�0n��ln���f}n	°�s�aOclh	s�aO��c�g�s�yz��d&�li0x8tDaO{�r0n �w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ö �
Q�ú �¿ù2],s�rl�0n��ln���g+s�t&g�cld&y�aOd&d&aO��c¥a�cld�s�tDr0y�n8c2s�g��On����w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ö ÿ
Q�ú �/µ
],sjg�sbg�h�s�rlnA���ln���f/x�sjg��O��c0c0g���nwn8c¥û0r¨°¯�ln1Ä$#
­vªeÄ �w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q · ú

QAú �/µ¨� Q `£�0�ln8c0�lrly �w���w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ·2ù

� ��ê¶ç±í�t¡ì5D�î�ê¶ç�@lè�sX@�é(DBs/@-íIè2î���@�D ï���{

�Åæ �Åç�ç�@+p'@�D ïTz�M
P � Ü�Û ò àÍá�ÚAàÍá¯åÀã�� �Íò Û ò h���Û�á�ÙÀÜ�Ü ó ã0Ú	Û�á ò-óÍò h�Ù#Ü ð$� ô

`+� Q ©�n8d�yzg��2cla*s�r0�ln8d ���w�w���w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ��ö
`+�¿ù ©Íg|h8��t&tDn8h�s�aO�2c¥�0n�yzg�d&d&n���f/g�aOt�o���r7��f}n�°Is�aOclh�sjaO��c7g�sjy���d&�li0x8tDaO{�r0n�q>���w�w���w�w�w���w�w���w� Q ��·

� �\ã ó àÍÜ¨å�Ý>bMà�Û�Ù)å�Ù)Ú8ã¨Û�Ù ò�ó Ý¶à2�¶á ò ß!Ù���ÙÀÜ¨å/	 ó Ù�g:Ú(��ã ó ã-å��ÍÚ�Ù)Ú ð$��S
��� Q ­®c2s�t&���lr0h�s�aO��c��w�w���w�w���w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q � ÿ

��� Q � Q Û ò!ò å#Ú O Ý �0g�hjÈ�g���n �w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q � ÿ
��� Q �¿ù �5Úd�ËÛ �0g�hjÈ�g���n+���w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q k ú

���¿ù õ d&n8t£d&r0�l�l�OaOnA�¥n�°¨nAh8rIsjg�~l�On8d ���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q k ú
���¿ùI� Q ¦ g�aOc¥n�°ln8h8rIs�g�~l�OnzÁld&�-n8h(�£n�°Is�t&g�h�s����w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q k ú
���¿ùI�¿ù ÷ aOd&r�g��OaO�Ag�s�aO�2c¯s������Od ���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q k�µ
���¿ùI�/µ `bc�g��*§¨d&aOd�s��I���Od¯���w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q k�·
���¿ùI� ü `Ud&aOy+rl��g�s�aO�2c¯s������eÁ0d&aOy1rl��g�s�n8h8r0~-n �w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q k(�

�Åæ�æ ��E�x<E�é @�çGí$@"D ï���{
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Q � Q ³4��r0tD~-n8d��0n�tD��sjg�s�aO��c7�lnw�2g���g�°¨aOnAd�n�s
yÊg�s�aOk8t&n�cl�2aOtDn+�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ÿ
Q �¿ù ³4��c2sjt&g�aOc2sjn8d���g�cld��On��0��g�c

ΩM − ΩΛ
�w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q�Q

Q �/µ ¬�a�g���t&g�yzy�nw�lnU¥brl~0~l�On QAÿ�ÿ k �w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q8ü
Q � ü ¬�a�g���t&g�yzy�nw�lnU¥brl~0~l�On�ù ú�ú · �w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ö
Q �¿ö ª5aO�*s�tDn8d
dvs�g�cl�0g�tD�ld�n�s
�0x8hAg���g���n�m�n8tDd��OnwtD��rl��n �w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ö
Q �/· Ì,°¨n8y��0�On8d��lnwdD��n8h�sjtDn8d��-��r0t£�On8d��la¦��x8tDn8c�s�d�s®§¨��n8d��ln�d&r0�-n8tDc0�Am�g �w���w�w���w�w�w���w�w���w� Q k
Q ��� `b�O�Or0tDn8d��0n8d�h8��rltD~�n8d��lnw�Orly�aOkAtDn�����rlt£�OnAd��lac��x8t&n8c2s�d�sv§¨�-n8d��0n�d&rl��n8tDcl�Am2g �w�w�w���w�w���w� QAÿ
Q �§k ³4��r0tD~-n8d��0n��OrlyzaOk8tDnwn�s
��g�h�s�n8r0t£�ln�d�s�t&n�s�hji7�-��r0t£�On8dbÄ+#
n�­vg ���w�w���w�w���w�w�w���w�w���w� ù�ö
ù¨� Q ÄI��r0d�s�t&g�h�sjaO��c¥�lnAd��l��c0clx8n8d%#bÌG`'&U�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ù ÿ
ù¨�¿ù ÄIhji0x8yzg��ln��0tDaOclh8a��-n��0n���f}­vªeÄ¯�+s�t&g�yzn��0n�y�aOh8t&�� :�On8c�s�aO�O�On8d�¢��ln�s®§l�-n�&�­�²�Ì Î ¤ �w���w�w���w� µ Q
ù¨�/µ Æ¶�2dDnw��f/x�sjg��O��c0c0g���nwd&rlt£r0c¥�lnAd
³�³�¬\�0n�d&�-n8h�sjtD��d&h8���0aOn����w�w���w�w���w�w���w�w�w���w�w���w� µ ü
ù¨� ü Æ¶nAtD�#��tDyÊg�clh8nAd��lnw��g|��g�yzn��0aOhjiltD�B¨:{�rln7�w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� µ2ö
ù¨�¿ö ­®clh8��aOc0g�aOd&��c7�lnw��g1s�t�g�y�n��0n�yzaOh8tD�� :��n8c2s�aO�O�OnAdY�w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� µ�·
ù¨�/· ©Íg1s�t&g�y�n��0n�y�a�h8tD�� :�OnAc2s�aO�O�On8d����w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� µ�·
ù¨��� ÄIhji0x8yzg��ln8d��lnArI°¯d&��n8h�s�tD�2��t&g��li0n8dø���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� µ(�
ù¨�§k ª0�A§�n8tb³�g�d&d&n8��t&g�a�c¥��f}rlc�sjx8�On8d&h8����nÂ�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� µ k
ù¨� ÿ ÄIhji0x8yzg�y�x8hAg�claO{�r0n����O��~�g����0n���f}aOcld�s�t&rlyzn8c2s�Ä+#
­vªeÄ �w���w�w���w�w���w�w���w�w�w���w�w���w� µ k
ù¨� QAú ÄIhji0x8yzg�y�x8hAg�claO{�r0n�Ál�8�I��yÓdDr0t£��g|��g�tvs�aOnwh8n8c�s�t&g��Onw�ln���f}aOc0d�s�tDrlyzn8c2s �w�w���w�w�w���w�w���w� µ ÿ
ù¨� Q�Q Æ¶�2dDnw�li0��s���yzx�s�tDa�{�rln��w���w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ü2ú
ù¨� Q ù Ì,°¨n8y��0�On���f}x8h8t&g�c7�-nAcl�0g�c�s
rlc0n�c�rla*sb��f}��~0d&n8tvm�g�sjaO��c �w���w�w���w�w���w�w���w�w�w���w�w���w� ü ù
ù¨� Q µ ©Gf}��~ld&n8tvm2g�s�aO��c7�ln8dbÄ+#
n�­vg��0g�tbÄ$#
­�ª,Ä �w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ü ·
ù¨� Q8ü ©�n�s�t�g�a*s�n8yzn8c2s
�0n8d��l��c0clx8nAd
Ä+#
­vªeÄU���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ü �
µl� Q ¬�x8�)g�rIsb��f}r0claO�#�2tDy�a*s�xw�lr�³�³�¬ �w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ö Q
µl�¿ù ©�aOclxAg�t&a*s�x��0r¥h8��r0t&g�c2sb��f}��~0d&h8rltDaMs�x1�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ö�ù
µl�/µ ³4��r0t&g�c2sb��f}��~0dDhArltDa*sjx��-��r0t£�lac�!x8tDn8c�s�d�s�n8y��0d��ln�����d&n��w���w�w���w�w���w�w���w�w�w���w�w���w� ö�µ
µl� ü Æ¶�2dDnAd_W�Y(Z([�Álh8��yz�-��tvsjn8y�nAc2s
aOcl�0a*m¨aO�0rln8� ���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ö ü
µl�¿ö ]Gh8��g�aOtDn8yzn8c2sby��A§�n8c¥�0n8d��-��d&n8d_W$Y Z\[ �w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ö�ö
µl�/· ]Gh8��g�aOtDn8yzn8c2sby��A§�n8c¥�0n8d��-��d&n8d%^$`(Y a �w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ö�ö
µl��� ]Gh8��g�aOtDn8yzn8c2sby��A§�n8c¥�0n8d��-��d&n8d%^$`(Y a-ulhji0aO�ld�d&x8�0g�t&x8d �w���w�w���w�w���w�w���w�w�w���w�w���w� ö�·
µl�§k ]Gh8��g�aOtDn8yzn8c2sby��A§�n8c¥�0n�����dDnAd_^$`(Y a-uIsjn8y��0d£�0n�����dDnw�lac��x8t&n8c2s�d �w���w�w���w�w�w���w�w���w� ö �
µl� ÿ Î g��l����tvs�d�n8c2sjtDn��0a*°¨n8�Od�m��2aOdDaOc0d �w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ö �
µl� QAú ÆGtD��p0��il��tDaO�A��c2sjg����lnw��f}�Am�n8tDd&hAg�c �w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� öBk
µl� Q�Q � m�nAtDd&hAg�c7dDxAtDaOn�����rlt£�0�Orld&aOn8r0tDd��-��d&n8d%^�`\YBa �w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ö ÿ
µl� Q ù ³�g��Oh8r0���0n�³©&�Ì d&x8tDaOn�����rlt£�0n8d%^�`\YBa��0n��0rltDx8nAd£�0ac��x8tDn8c�s�n8d ���w�w���w�w���w�w�w���w�w���w� · ú
µl� Q µ ³4i0g�tD��n��0ac��x8tDxAn�n�s�s�n8yz�ld��ln�����d&n�ultDnA��aOd�s�tDn�d&x8t&aOn �w�w���w�w���w�w���w�w���w�w�w���w�w���w� · ú
µl� Q8ü ³�g��Oh8r0���0n�³©&�Ì �0g�t&g��O�Ok8�On�����rlt��ln8d%^�`\YBa��lnw�lrlt&x8n8d£�0ac��x8tDnAc2s�n8d �w���w�w���w�w�w���w�w���w� · Q
µl� Q ö ¦ g�t&hjilnw�ln���g�~0g�c0�ln��Am�n8t&d&hAg�c �w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� · Q

m¨aOa
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µl� Q · ÆGtD��p0�Od�i0��tDaO�8�2c2sjg�r¨°¯����rlt£r0cln�����dDn��|�0ac��x8tDnAc2s�d�d�sjg��lnAd^�w�w���w�w���w�w���w�w�w���w�w���w� ·2ù
µl� Q � ª0t&g�h�s�aO�2c¥�0n�hji0g�t&��n��0ac��x8tDxAn�ult&n8��aOd�s�tDnw�0g�t&g��O�Ok8�OnY���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ·�µ
µl� Q k ÆGtD��p0�Od�m�n8tvs�aOhAg�rI°¥�-��r0t£�lac��xAtDn8c2sjn8d�h8���O��c0cln8d^�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ·�µ
µl� QAÿ ³4i0g�tD��n��0ac��x8tDxAn�n�s�s�n8yz�ld��ln�����d&n�ultDnA��aOd�s�tDn���g�t&g��O�OkA�Onø���w�w���w�w���w�w���w�w�w���w�w���w� · ü
µl�¿ù ú Ìe´zhAg�h8aMs�x�{Ir0g�c�s�aO{�rlnw�lr¥h�g��Is�nArlt �w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ·2ö
ü � Q ÆGtD��p0����x8��y�x	s�tDaO{�r0n���f}rlclnwy�aOh8t&�� :�lr0�laO�O�On�n	s
yz���lx8�Oa�d&g�sjaO��cÖ�w���w�w���w�w���w�w�w���w�w���w� · k
ü �¿ù `±�vr0d�s�n8y�nAc2s
�lr7�ltD��p����lnwh8tD��d&d� :�laOd&��n8tDd&aO��c �w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� · ÿ
ü �/µ `±�vr0d�s�n8y�nAc2s
�lr7yzg�d&{�r0n��w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w�l� ú
ö¨� Q ],sjg��O��clc�g���nwn8c¯û�rI°¯d&n8�O�2c¥�On�s®§¨��n��ln�cIrla*s �w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w�l��·
·l� Q ©Íg|tDx8�)t&g�h�s�aO�2c7g�sjy���d&�li0x8tDaO{�r0nÂ�w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w�}k ü
·l�¿ù ¬�n8rI°�s�x8�On8d&h8����n8d�m���aOd&aOc0dwÁ õ ¥%& n�s�²�n8yzaOclaÍ�w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w�}k2ö
·l�/µ ©Gf}n�°�s�aOc0h�s�aO��c�g�s�yz��d&�lilxAtDaO{�r0n�Álh8��r0tD~�n��ln�t&x8�#x8tDnAclh8n �w���w�w���w�w���w�w���w�w�w���w�w���w�}k(�
kl� Q ÆGtD��p0�Od��0n8d��#��clh	s�aO��cld
�ln�²�g�r0dDd
n�s
�0n ¦ �B��g�s��w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ÿ ·kl�¿ù Ì,°¨n8y��0�Onb��f/g�y�xA�OaO��t&g�s�a���c��ln���g�yz���lx8�OaOd�g�sjaO��c��ln8d�g�aO�OnAd�g��l����tvsjx8nb�0g�t���g1�#��clh	s�aO��c��0n ¦ �B�!g�s ÿ kkl�/µ Ì,°¨n8y��0�On��0n��-��d&nwgAm�n8hw��~¨�vn�s�g��O�O��c0��xË�w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ÿ�ÿkl� ü ³4��yz�0g�t&g�aOdD�2c¥�0n8d�y�x�sjil���0n8d£��f}aOc2s�xA��t&g�s�aO��cU�w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� QAú ùkl�¿ö ³4��yz�0g�t&g�aOdD�2c¥�0r¯û0r¨°�s���s�g���tDn8hA��cld�s�tDr0a*s
�0g�t£�On8d�yzx�s�i0���lnAd£��f}aOc�s�x8��t�g�s�aO��c �w�w�w���w�w���w� QAú µkl�/· Ì,°¨n8y��0�On���f/g��vrld�s�nAy�n8c2sb�ln

β
�w�w�w���w�w���w�w���w�w�w���w�w���w���w�w�w���w�w���w�w���w�w� QAú�ükl��� Ì,°¨n8y��0�On���f/g��vrld�s�nAy�n8c2sb�ln

αx
n�s
αy

�w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� QAú ökl�§k Ì,°¨n8y��0�On���f/g��vrld�s�nAy�n8c2sjd£����r0t£��g|����d&a*s�aO��c �w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� QAú �kl� ÿ Î n��vn�sb�ln�����aOc2sjd£yÊg�tD��aOc�g�rI°¾���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� QAú kkl� QAú ÄI��n8h�s�t&n��0n
χ2 ® cl�0���w�w���w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� QAú�ÿkl� Q�QË÷ g��On8r0tDd��0r¯û0r¨°¯�-��r0t£�ln8d�sjt&g�clhji0n8d��lnq¥
aO�*s�c0n8t&· ú�ú �w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q�QAúkl� Q ù ¦ aOd&nwn8c¥x�mlaO�ln8c0h8n���f}r0c¥h8�2dDyzx�s�aO{�r0n¯���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q�Q�Qkl� Q µ Ì,°¨n8y��0�On��0n�d&�-n8h	s�tDn���~¨s�n8c�r7�0g�t���f/g��vrld�s�n8yzn8c2sbd&aOy��0�On��ln�Æ±Älª dDr0t£hji0g�{�rln�s�t&g�c0hjiln ���w� Q�Q�Qkl� Q8ü Î g��l����tvs
�lnwd&�-n8h	s�tDn8d���~Isjn8c�rld
g8m�nAh�n�sbd�g�cld�tDx	 :x8hji0g�c2s�aO�O�O��c0c0g���n �w���w�w���w�w�w���w�w���w� Q�Q ùkl� Q ö ÄI��n8h�s�t&n�n	°�s�t&g�a*s ���w�w���w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q�Q µkl� Q · ÄI��n8h�s�t&n��0n��#�2cl�¥�0n�h8aOn8�7�w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q�Q µkl� Q � ÄI��n8h�s�t&n��0n8d�n8t&tDn8rlt&d£d&r0t£�On�d&��n8h�s�tDn�n	°�s�t&g�a*s �w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q�Q8ü

ÿ � Q ³4��i0x8tDn8c0h8n�Á0tDn8h8��c0dvsjtDrlh	s�aO��c¥�0n8d��l��c0clx8n8d�����rlt_¥
a��*s�cln8t�· ú�ú ���w�w���w�w���w�w�w���w�w���w� Q ù�ù
ÿ �¿ù ³4��i0x8tDn8c0h8n�Á¨s�t&g�c0hjilnw�f� ú�ú�ú�¯ ����rlt_¥baO�*s�clnAt&· ú�ú �w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ù�ù
ÿ �/µ Ì,°¨n8y��0�On���f/g��vrld�s�nAy�n8c2sb�-��r0t£rlc0n�s�t&g�c0hjilnw��f}rlc7h8rl~�n�dDa�y1rl�Ox �w�w���w�w���w�w�w���w�w���w� Q ù�µ
ÿ � ü ÄIaOy+rl��g�s�aO�2cÅÁ�g��vrld�s�n8yzn8c2sb�ln

β
�-��r0t£rlc0n�n�°�sjt&g�h�s�aO�2c¥h8a�tDh8rl��g�aOtDn��0n��#��c0h�s�aO��c7n8�O�OaO�¨s�aO{�rln �w� Q ù�µ

ÿ �¿ö Ì,°¨n8y��0�On��0n�s�t&g�c0hjiln�d&aOy+rl�Ox8n�g��vr0dvsjx8n��0g�t£rlc0nwg�r¨s�tDnwÆ�Ä¨ª �w���w�w���w�w���w�w�w���w�w���w� Q ù ü
ÿ �/· &¶t&g�c0hjilnwdDa�y1rl�Ox8n�g��vr0dvsjx8n���g�t£��g�y��8yznwÆ�Ä¨ª �w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ù ü
ÿ ��� ³4��i0x8tDn8c0h8n�Á¨s�t&g�c0hjilnw� ü2ú�ú�ú�¯ ����rlt£��g�d&aOy1rl��g�s�aO��c �w���w�w���w�w���w�w���w�w�w���w�w���w� Q ù�ö
ÿ �§k

αx
n�s
αy

�-��r0t£rlc0n�n�°�s�t�g�h�s�aO��c7n8�O�OaO�¨s�aO{�r0n��0n��#��clh	s�aO��c7h8aOtDh8r0��g�aOtDnw�w���w�w���w�w�w���w�w���w� Q ù�ö
ÿ � ÿ Î g��l����tvs�d�n8c2sjtDn�d&��n8h�s�tDnAd£n�°Is�t&g�a*sbn�s
d&aOy+rl�Oxw�-��r0t£�lac��xAtDn8c2sjn8d
Æ±Älª ���w�w���w�w�w���w�w���w� Q ù�·
ÿ � QAú Î g��l����tvs
n8c�s�tDn�����a�n�°�sjt&g�a*s�nwn�sbdDaOy+rl�Ox8nw�-��r0t

αx
�w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ù �

ÿ � Q�Q ³�g�d���f}rlcln�Æ±Älª �Ox8��k8tDnAy�n8c2s�g��O�O��c0��x8nwn8c7�la�g����2c0g��On �w���w�w���w�w���w�w���w�w�w���w�w���w� Q ùBk
ÿ � Q ù Î g��l����tvs
n8c�s�tDn��0n8rI°¥dD��n8h�sjtDn8d��lnU¥baO�*s�clnAt&· ú�ú �ltDaOd���g�c�rla*s ú · ú¨QAü ���w�w���w�w�w���w�w���w� Q ù ÿ
ÿ � Q µ `±�vr0d�s�n8y�nAc2s
�ln

β
����rlt
² QAÿlQ �£ù�� ���w�w���w�w���w�w�w���w�w���w���w�w�w���w�w���w�w���w�w� Q µ ú

ÿ � Q8ü `±�vr0d�s�n8y�nAc2s
�ln
αy

����rlt
² QAÿ¨Q �£ù�� ���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q µ ú
ÿ � Q ö ³4��i0x8tDn8c0h8n�Á0tDn8h8��c0dvsjtDrlh	s�aO��c¥�0n8d��l��c0clx8n8d�����rlt
² QAÿ¨Q ��ù��^�w���w�w���w�w���w�w�w���w�w���w� Q µ Q
ÿ � Q · Î g��l����tvs�d�n8c2sjtDn�d&��n8h�s�tDnAd£�0n��lac�!x8tDn8c�s�d�s�n8y��0d��ln�����d&n7���w�w���w�w���w�w���w�w�w���w�w���w� Q µ2ù

mlaOaOa
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ÿ � Q �n&¶t&g�c0hjiln�� ü2ú�ú2ú°¯ �-��r0t�ª0n8aO��n�ö�·¨u�µ ú�ú d ���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q µ�µ
ÿ � Q k `±�vr0d�s�n8y�nAc2s
�ln

β
����rlt£r0cln�����d&nw�|��t�g�cl�7�#��cl�7�ln�hAaOn8� �w�w���w���w�w�w���w�w�w���w���w�w� Q µ�µ

ÿ � QAÿ Î n8h8��c0dvsjtDrlh�sjaO��c¥�0n8d��l��c0clx8n8d�����rlt�©�&X& ÿ�ü�ÿ¨Q �w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q µ ü
ÿ �¿ù ú²± ���2y d&rlt���f}aOc2s�n8t�m�g��O�Onqk2ù ú�ú   ÿ ù ú�ú�¯ ���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q µ ü
ÿ �¿ù Q &¶t&g�c0hjiln8d
�f� ú�ú�ú n�s8k(k�µ ú�¯ ����rlt�©�&X& ÿ�ü�ÿ¨Q �w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q µ2ö
ÿ �¿ù�ùn&¶t&g�c0hjiln8d
���la*m�nAtDd&n8d��O��c0��rln8r0tDd���f}��c0�ln�����rlt£r0cln�����d&n�n�°¨hAn8c2s�t&x8n��lnq¥ Î k�·�µ ü ���w�w���w� Q µ�·
ÿ �¿ù�µ `±�vr0d�s�n8y�nAc2s
�ln

β
����rlt_¥ Î k�·�µ ü �w���w�w���w�w���w�w�w���w�w���w���w�w�w���w�w���w�w���w�w� Q µ�·

ÿ �¿ù ü ÄI��n8h�s�t&n�~0�On8r7��~Is�nAc�r¥����rlt_¥ Î k�·�µ ü ���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q µ(�
ÿ �¿ù�ön&¶t&g�c0hjiln�� ü ��ö ú°¯ �-��r0t_¥ Î k�·�µ ü uln�°lh8n8c2sjtDx8n�n�sbh8n8c�s�tDx8n �w�w���w�w���w�w���w�w�w���w�w���w� Q µ(�
ÿ �¿ù�· ÄI��n8h�s�t&n��0n�h8a�n8������rlt_¥ Î � Q k �w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q µ ÿ
ÿ �¿ù � `±�vr0d�s�n8y�nAc2s�d�aOc2s�nAtDy�x8�0a�g�aOtDn8d
�-��r0t_¥ Î � Q k7o�d�g�cld�tDx	 :x8hji�g�c2s�aO�O�O��c0c0g���n�q��w���w�w�w���w�w���w� Q8ü2ú
ÿ �¿ùBk2&¶t&g�c0hjiln8d
� ülQAú�ú n�s ü ù ú�ú�¯ �0nU¥ Î � Q k �w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q8ülQ
ÿ �¿ù ÿ ÆGtD��p0��dDnA�O��c

x
����rlt£�lnArI°�s�t�g�clhji0n8d
g�rIs��2rlt£�0n���g|t�g�aOnw�zµ ÿ � ú�¯ �lnU¥ Î � Q k¾�w���w�w���w�w� Q8ülQ

ÿ �/µ ú Î n8h8��c0dvsjtDrlh�sjaO��c¥����rlt£�On8d£s�t&g�c0hjiln8d
� ülQAú�ú n�s ü ù ú�ú°¯ �lnq¥ Î � Q k ���w�w���w�w�w���w�w���w� Q8ü ù
ÿ �/µ Q ³4��yz�0g�t&g�aOdD�2c¥�0n8d��ln8r¨°¯n�°�sjt&g�h�sjaO��cld��-�2rlt
² QAÿ¨Q ��ù�� �w���w�w���w�w���w�w���w�w�w���w�w���w� Q8ü �
ÿ �/µ2ù ³4��yz�0g�t&g�aOdD�2c¥�0n8d��ln8r¨°¯n�°�sjt&g�h�sjaO��cld��-�2rlt_¥ Î µ ü ö ü �w���w�w���w�w���w�w���w�w�w���w�w���w� Q8ü k
ÿ �/µ�µ2&¶t&g�c0hjiln8d
�zµ2ö ú�ú�¯ ����rltb² QAÿ¨Q �£ù�� n	s8¥ Î µ ü ö ü �w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q8ü k
ÿ �/µ ü ÄI��n8h�s�t&n8d£~0�On8rld���~¨s�n8cIrld��-��r0t_¥ Î k�·�µ ü n�°¨h8nAc2s�tDxAn �w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q8ü k
ÿ �/µ2ö Î g��l����tvs
n8c�s�tDn��0n8rI°¥dD��n8h�sjtDn8d�¢v{�rla�hjÈ2¤��0nU¥
aO�*sjcln8t�· ú�ú �0tDaOd���g|cIrla*s ú · ú¨Q8ü �w�w�w���w�w���w� Q8ü2ÿ
ÿ �/µ�· Î g��l����tvs�d�n8c2sjtDn�d&��n8h�s�tDnAd±¢v{IrlaOhjÈ2¤��lnw�lac��x8t&n8c2s�d�s�nAy��ld��0n�����d&n �w���w�w���w�w�w���w�w���w� Q ö ú
ÿ �/µ(� ÄI��n8h�s�t&n8d£�0n�h8aOnA����~Isjn8c�rld���g�t£�On8d��0n8rI°¥n�°�s�t&g�h�s�aO��c0d��-��r0t_¥ Î � Q k ���w�w���w�w�w���w�w���w� Q ö Q
ÿ �/µ k ÄI��n8h�s�t&n8d£�0n��#��c0�¥�0n�h8aOn8������rltb² QAÿ¨Q �£ù��¾n�s8¥ Î µ ü ö ü ���w�w���w�w���w�w���w�w�w���w�w���w� Q ö�ù
ÿ �/µ ÿ ¦ aOd&nwn8c¥x�mlaO�ln8c0h8n���f}r0c¥�0x8�)g�rIsb�0g�c0d£��f}x	sjg��O��c0c0g���nwn8c7�O��cl�2rln8r0t£��f}��c0�ln ���w�w�w���w�w���w� Q ö�ù
ÿ � ü2ú ¦ aOd&nwn8c¥x�mlaO�ln8c0h8n��lnw��g|hA��tDtDn8h	s�aO��c7�lr¥�0x8�)g�r¨s ���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q ö�µ
ÿ � ülQ ¦ aOd&nwn8c¥x�mlaO�ln8c0h8n��lnAd£û0rlh	s�r0g�sjaO��cld��lnw��g|��g�yzn��la�hjiltD�B¨:{�rln��w���w�w���w�w���w�w�w���w�w���w� Q ö ü
Q�ú � Q Ì,°�s�aOclh	s�aO��c�g�s�yz��dD�0ilx8t&aO{�rlnw�-��r0t��Àg|c�r0a*s ú · ú¨Q8ü �w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q öBk
Q�ú �¿ù Ì,°�s�aOclh	s�aO��c�g�s�yz��dD�0ilx8t&aO{�rlnw�-��r0t��0�Orld&aOn8r0tDd�h8��rl�0�On8d��0n��-��d&n8d �w�w���w�w���w�w�w���w�w���w� Q ö ÿ
Q�ú �/µ2&¶t&g�c0d&y�aOd&d&aO��c¥a�cld�s�tDr0y�n8c2s�g��On�����rlt£��g�c�rla*s ú · ú¨Q8ü �w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q · ú
Q�ú � ü ÄI��n8h�s�t&n8d£�0n�h8��t&tDn8h�sjaO��c¥nAc¯û0r¨°¯�-�2rlt£��g�c�rla*s ú · ú¨Q8ü �w���w�w���w�w���w�w���w�w�w���w�w���w� Q · Q
Q�ú �¿ö `br¨s��� :x�s�g��O��clc�g���n�����rlt£��g�����d&n ú · úlQ8üzú � ú �lnq¥ Î µ ü ö ü �w�w���w�w���w�w���w�w�w���w�w���w� Q · Q
Q�ú �/·
],sjg��O��clc�g���nw�ln8d�d&��n8h�s�tDnAd£�0nU¥ Î µ ü ö ü �lnw��g|cIrla*s ú · ú¨Q8ü �w�w���w�w���w�w���w�w�w���w�w���w� Q ·�µ
Q�ú ���2],sjg��O��clc�g���nw�ln8d�d&��n8h�s�tDnAd£�0nU¥
aO�*sjcln8t&· ú�ú �0n���g|cIrla*s ú · ú¨QAü ���w�w���w�w���w�w�w���w�w���w� Q · ü
Q�ú �§k ÄI��n8h�s�t&n8d£�0n�h8��t&tDn8h�sjaO��c¥nAc¯û0r¨°¯�-�2rlt£��g�c�rla*s ú · ú¨Q8ü ult&g�aOn8d�s�n8�O�Or0tDaO{�r0n8d�n�°¨hA�Orln8d ���w�w���w� Q ·2ö
Q�ú � ÿ `br¨s��� :x�s�g��O��clc�g���n�����rlt£��g�����d&n ú · úlQ8üzú � ú �lnq¥ Î µ ü ö ü ult&g�aOn8d�s�n8�O�Or0tDaO{�r0n8d�n�°¨hA�Orln8d �w���w� Q ·2ö
Q�ú � QAú ],sjg��O��clc�g���nw�ln8d�d&��n8h�s�tDnAd£�0nU¥ Î µ ü ö ü �lnw��g|cIrla*s ú · ú¨Q8ü u0t&g�aOnAd�s�n8�O�Or0tDaO{�r0n8d�h8��tDt&aO��x8n8d ���w� Q ·�·
Q�ú � Q�Q ],sjg��O��clc�g���nw�ln8d�d&��n8h�s�tDnAd£�0nU¥
aO�*sjcln8t&· ú�ú �0n���g|cIrla*s ú · ú¨QAü ult�g�aOn8d�s�n8�O�Or0tDaO{�r0n8d�h8��tDt&aO��x8n8d��w� Q ·(�
`+� Q ©Íg|d&�li0k8tDn�h8xA�On8d�s�n �w�w���w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q � �
`+�¿ù ©�n�d�§¨d�s�k8yzn��lnwh8����tD�0��clc0x8n8d�il��t&aO�8��c2sjg�� ���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q � �
`+�/µ ©�n�d�§¨d�s�k8yzn��lnwh8����tD�0��clc0x8n8d�x8{�r�g�s���tDa�g�� ���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q �Bk

a*°





³ ZG_�]�S Õ S\_ ] ÑÓÒ Ô S Ñ £µ´
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ÿ � ü ¶"óøæ>ìûð ö ñdá�á ¼¿Ç5ð-ù á�á�á8ú Å�ÉJ» ·'Ï�¼ºÀ é à ¶7É�â Ç<¼º½B» ¼ºÀçÏÒÉ�·<ÀçÁ ¼/Ï�ÂÄÃ�ê�»(ÀuÇ<¼ºÙ3¼º½�ÇçÅ�ÉJ»(·NÅ�ÏÒ»(À<Æ�¼Ê» ·<ÀNÅ$É�À�¼ºÀÁ+Â ¸¿Ç<ÉJÆÒÏÒ¼ºÀ�ÀuÇäÃ�½(Á�Ã�·ÈÁ(ÀçÅ(·<ÆÐÀ�¼ºÀ5Ã�»K¾¿ÉJ»(·<À'Á ¼_½i»\Æ§ÇÈÀ'Å\å É�Ç<ÉJÙ-¸×Ç�·ÈÆÒ¹i»(¼ºÀ/Ü(Å�ÉJÀ�¼ÊÀ'Ï�ÉJ½ ÎJ»(¼ºÀ Ú �w�w�w���w�w���w� Q8ü öÿ �¿ö ¶"óøæ>ìûð ö ñdá�á ¼¿Ç5ð-ù á�á�á8ú Å�ÉJ» ·'Ï�¼ºÀ é à ¶7É�â Ç<¼º½B» ¼ºÀçÏÒÉ�·<ÀçÁ ¼/Ï�ÂÄÃ�ê�»(ÀuÇ<¼ºÙ3¼º½�ÇçÅ�ÉJ»(·NÅ�ÏÒ»(À<Æ�¼Ê» ·<ÀNÅ$É�À�¼ºÀÁ ¼_¶(¼ÊÆ�Î�¼ ñ ò3ð-Á(ÆÒõ�¸×·�¼º½JÇÈÀçÇ�¼ÊÙ-Å\À'Á(¼/Å�ÉJÀ�¼/Å(·<ÆÐÀ�¼ºÀ5Ã�»K¾¿ÉJ» ·ÈÀ'Á ¼ºÀ�½i»\Æ§ÇÈÀ'Å\å É�Ç<ÉJÙ-¸×Ç�·ÈÆÒ¹i»(¼ºÀ á ò á ï×ö ¼×Ç á òáJü ò Ú ���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� Q8ü ·
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cl��sjg�y�y�nAc2s£����g�s�i0x8��tDaOnb�0nb��g�tDn8��g�sja*m¨a*s�x���x8clxAt&g��On�u�r0c�y����0k8�On�¢vd�sjg�cl�0g�t&�I¤
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cl��aOtDn2��ÌG�O�On8d
�l��a*m�nAc2sb�On8r0t�cl��y ���¡f}aOy�����dDd&aO~0aO�Oa*s�xw�0nw�On8d
��~ld&n8tvm�n8t��lnw�)g�«8��c7�0aOtDn8h�s�n����¡f}iln8r0tDn�g�h�s�r0n8�O�On�u0n	s
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�ltD�Am��I{�rlnAt&g�a*s�uenAdvs���f}��~ld&n8t�m�n8t��0n8d��2~¨�vn�sjd��O��aOc�sjg�aOc0dz�l��c2sÊ�2cÏh8��clc�g�½OsÊ��g��Or0y�aOc0��d&a*s�x¥aOc�s�tDaOcld&k8{Irln¥n�sÊ�0n
y�n8d&rlt&n8te��g��#t�g�h�s�aO��cz�ln��On8r0te�Or0y�aOk8t&n£{Irlal��g�tvm¨aOnAc2s���rld&{�r�f/��c0��rldA�2©�n8dG��~l�vn�s�d±�l��c�s±��czh8��c0c0g�½Os��On�y�aOn8r¨°|��g
�OrlyzaOcl��d&a*s�x�aOc�s�tDaOcld&k8{Irln�ulg�rIs�tDnAy�n8c2s��0a*s��On8d£y�nAaO�O�On8rlt&n8d£hji0g�c0�ln8�O�OnAd�d�sjg�c0�0g�t&�ld£h8��clcIrln8d��+��f}iln8r0tDn�g�h�sjrln8�O�On
dD�2c2s+�On8d�d&r0�-n8t&cl�Am�þ �ln�s®§¨��nÊ­vg¨�¶³�f}n8d�s+n8c�n���n�s+��t���h8n��7��f}��~0dDnAtvm�g�s�a���c��lnÊd&rl��n8tDcl�Am2þ �0n|s®§l�-nÊ­vg7�O��aOc¨ 
sjg�aOclnAd8u�cl��sjg�yzy�nAc2sw�0g�t���f/n�°¨�-xAtDaOn8c0h8nzÄIr0�-n8t&cl�Am�g¥³4��d&yz���O����§ÅÆet&���vn8h�s�u!{�r0n|��g�h8��c0dvs�g�c2s�n|hA��dDyz���O����aO{Irln
aOc2s�tD�I�lrla*sjn��0g�teÌGaOcld�s�nAaOc|�0g�c0d,d&��c|yz���lk8�On£��f õ c0a*m�n8tDdGg�x�sjx4t&n8y�aOd&n£g�r������IsG�0r��v��rlt,n	sG{�rln���f}x8c0n8tD��aOn£cl��aOt&n
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dDnAtvm�g�sjaO��cldAuen�sÊ�On¥d&r��vn�sÊ�ltDaOc0h8aO�0g��£�ln¥h8n�s�t�g8m�g�aO�£�0n�s�ilk8d&n7g�����tvsjx¯d&r0t|r0cln¥�0g�t�s�aOn¥�ln¥d&��cÏx	sjg��O��c0c0g���n��
©�n��0tD���lt&n|�0n|hAn+s®§¨��n|��f}aOcld�s�tDr0y�n8c�swx�s�g�c2s��ln�tDxAh8���*s�n8t�r0cln�aOcl�)��tDyzg�sjaO��cÅd&n8�O��c�s�t&��aOdw�laOy�nAcld&aO��cldAu��ln8r¨°
dD��g�s�a�g��OnAd£n�s�r0cln�d&��n8h�s�t&g��On�u¨aO��n8d�s�aOyz�-��t�sjg�c2s�u0�+�0g�t�s�aOt��0n8d£h8rl~�n8d£�ltDx	 :x�sjg��O�2clclxAd��0n��l��c0clx8nAd8ul��f}n���nAh�s�rlnAt
rlcln�n�°�s�t&g�h�s�aO��cYn	´zh�g�h8n��ln�sj��rIs+�OnÊû0r¨°Ë{�r0ae§Ën8d�s|h8��c2s�nAc�rYg�p0c���f}��~Is�nAclaOt1�OnÊd&�-n8h	s�tDnÊ�0tDx8h8aOd1{IrlnÊc0��rld
dD�2rli0g�aMs���cldA�

¬�g�cld�h8n�s&s�n+�0g�tvsjaOn+aOc2s�t&���lr0h�s�a*m�n�u�c0��rld�tDn�m�n8c0��cld�d&rlt��On8d�g�d&�-n8h	s�d
sjilx8��t&aO{�rln8d�n�s���~0dDnAtvm�g�s�a���clclnA�Od�{�r0a
��c2s�g�y�n8c0x�Ä$#b�)g�h�s���t�§��wm���aOt4�On��v�2rlt�o�hji0g��0a*s�tDn Q q�u¨g�aOc0dDa�{�r0n��On8d4��~l�vn8h�sjaO�#d4�ln���f}n�°l�-x8tDa�n8clh8n�n�s£�On8d�y��A§�nAcld
y�aOdbn8c���r¨m¨tDn�o�hji�g��la*s�t&n+ù�q���©�gÊ�ln8r¨°¨aOk8yzn��0g�t�s�aOn�s�t&g�a*s�n��0n���gzt&x8�lr0h�s�aO��c��0n8db�l��c0clx8nAd�Ä$#b­vªeÄ�u�aOc0h8�Or0g�c�s

µ



{�rln8��{�rln8dwx�s�rl�0n8d�n���n8h	s�rlx8nAd�d&rlt��On8d�hAg��¨s�n8r0tDd�³£³�¬ o�hji�g��la*s�t&n�µ2q�g�aOcld&ae{�r0n|�On8dw�ltDaOc0h8aO�-nAd��ln8d��0ac��x8tDnAc2s�d
x�sjg��O��c0c0g���nAd�o�hji0g��la*s�t&n8d ü n�s�ö�q�� õ cln|sjtD��aOd&aOk8yznz�0g�tvs�aOnzaOc�s�tD���0rla*s+�On8d��lac��xAtDn8c2s�d1�ltD��~0�Ok8y�nAdw{�r0aGd&nzd&��c�s
�-��d&x8d�g�r�h8��r0tDd��ln|h8n�sDs�n1s�i0k8d&n�u�n�sw�ltDxAdDnAc2s�n+�On8d�d&���OrIs�aO�2cld��lt&���-��d&x8nAd�n�sw�On8r0t�tDx�g��OaOd�g�s�aO��cÏo�hji�g��la*sjtDn8d�·¯�k2q��0ÌGc¨p�c�ul�On8d
�la*m�n8t&d�s�n8d�s�d�n�sb�On8d�tDx8d&r0�*sjg�s�d���~¨s�n8c�r0d£d&��c�s
�lt&x8d&n8c2s�xAdwo�hji0g��0a*s�tDn8d ÿ n�s QAú q��

ü



� � ���	��
�þ�� �

� � [^]�S
´ ]�S

� �!� "$#&%('*),+-'/.103254603780 93:8'
ï<;:ï<;®ï �f@�é(D�t>=�@�p's5AÍç5D�î�ê¶ç ë5@wt>=@?Yç�î���@�é(D

©Íg�h8�2dDyz���O����aOn2u��l��c2s4�On
cl��y g�x	s�x�aOc�m�n8c2s�xbg�rBA ÷ e d&aOk8h8�Onb�w�0g�tvsjaOtG�0rz�2tDn8hDCFE�¸HGIE�¸�¢vyz��cl�0n�¤£n�sKJLE8MNE�¸¢v�laOd&h8��r0tDd�¤�u�n8d�s4��gwd&h8a�n8clh8n
�0n8d��O��aOd���x8c0x8t&g��On8d4�0g�t±�On8d&{�r0n8�O�On8d���f õ cla*m�nAtDd�n8d�s4����r¨m�n8tDclx2�IÄI��c�~lrIs4n8d�s4�0��clh
�0n
h8��cld�s�t&rlaOtDn
rlcÊhAg��ltDn£s�i0x8��tDaO{Irln
�-��r0t±��gwh8��y��0tDx8ilnAcld&aO��cÊ�ln
��f õ cla*m�n8t&d��w��t�g�cl�0n
x8hjiln8�O�On2u��ln
d&��cÊx�m����Or¨s�aO��c
dD��g�s�a�g��On�n�s�s�n8yz�-��tDnA�O�On��0`br��v��rlt&��f}i�r0a�n8�O�On�tDn8����d&n�d&r0t£��g+sjilx8��t&aOnw�lnw��g�tDnA��g�s�a*m¨a*sjxw��x8c0x8t&g��Onw��f/ÌeaOc0d�s�n8aOc�u0n	s
dD�2c�yz���lk8��n�d�sjg�cl��g�tD��u-h8��y�y+rlc0x8y�n8c�s�g��l��n8�Ox�¢D��aO����g�cl��¤ju-gzx�sjx�x8��g�~-��tDx1�0g�t�ª0tDaOn8�0yzg�clc�n�s�©�n8yÊg�½Os�tDn��
� c7dDn��0tD������d&n�aOh8a��ln�t&n�m�n8claOt�d&rlt£hAn�y����0k8�Onwn�s
d&rlt£d&n8d��)��cl�0n8y�n8c�s�d�s�ilx8�2tDaO{�r0n8dA�
ØGÜIÚ���O�àÍãlÛ�Ù ò-ó Ú g ò-ó ÝÍã�hËÜ ó ÛAã-å#ÜIÚzÝ¶à
h ò ÝQP¨å#Ü�Ý>bLR ó Ù 
 Ü�á�Ú

©�nz�0tDaOc0h8aO�-nÊ��f}x8{�r0a*m�g��OnAclh8nÊ�-��d�s�r0�Onz{Ir�f}n8c��lt&x8d&n8clh8nÊ��f}rlc�hji0g�yz���lnÊ��t&g8m¨a*sjg�s�aO��c���c���n8rIs�s���r�����rltDd
�lx	p�claOt�rlc�tDx8�#x8t&n8c2s�aOn8�,nAc�hji�r¨s�n|�OaO~lt&n+��g�cld���n8{�rlnA�5��g���t�g8m¨a*sjg�s�a���c�n8d�swx8t&g��0aO{�rlx8n2��`�rIs�t&n8y�n8c�s��la*s�u���c�c0n
�-n8r¨s���g�aOtDn��0n��lac��xAtDn8clhAn�n8c2s�t&n�rlc¥hji0g�y��¥�2t&g8m¨a*sjg�s�aO��clc0n8��d�sjg�sjaO{�rlnwn�s
rlclnwg�hAh8x8�Ox8t&g�s�aO��c7rlcla��#��tDy�n2��³4n�sDsjn
x8{�rlaMm�g��On8c0h8n�cl��r0d£�-n8tDyzn�s��0nbsjt&g�a*s�nAt��Àg+�2t&g8m¨a*sjg�sjaO��c¥�0n���g|yz�8y�n��)g�«8��cËo¡g8m�n8h��On�y��8yzn��)��tDyzg��OaOdDyzn�q4{�r0n
��gw��x8�2y�x�s�t&aOnbcl��cÊnArlh8�OaO�0aOn8clc0n�u�n8c��lx	p�claOd&d�g�c2s4r0cÊd�§¨d�s�kAy�n
�0n
h8����t&�l��c0clx8n8d�{�r0a�n8d�s4�O�IhAg��On8yzn8c2s�n8r0h8�OaO�laOn8c
g�rIs��2rlt¯�0r dv§ldvsjk8y�nÅh8��cld&aO�0x8tDx���ÌGaOcld�s�n8aOc gÏg�aOcld&a��lr �)g�aOtDnÅ�OnÅ�OaOn8c n8c2s�t&n��Àg ��xA��y�x�sjtDaOnÅn�s7�OnÅh8��c�s�n8c�r
yzg�s�xAtDaOn8�Í�0n���f}nAdD��g�h8n1n8c�x8h8t&a*m�g�c2s�n8c Q�ÿ¨Q8ü �On8dbx8{�r�g�s�aO��c0db{�rla¶�-��t�s�n8c2s�g�r��v��rlt&��f}i�r0aÍd&��c�c0��yTS Q�U o#mla*s�n8d&d&n
�ln£��g��Orly�aOkAtDn

c = 1
u
µ
n�s
ν
aOcl�0aOh8n8dG�lnAdeh8�I��tD�l��c0clx8nAded&n8�O�2c��lnAde{�r�g�s�tDn��laOy�nAcld&aO��cldGd&�0g�sjaO�� �s�n8yz�-��t&n8�O�On8djq4Á

−8πGTµν = Rµν −
1

2
gµν(R− 2Λ)

o Q � Q q
�WV

G
nAdvs
��g|h8�2cld�sjg�c2sjn�rlcla*m�n8tDd&n8�O�On��0n���t&g8m¨a*sjg�s�aO��c�u

gµν
�On�s�nAcld&n8rlt£y�x	s�tDaO{�r0n�u

Rµν
n�s
R
dD�2c2s
tDn8d&�-nAh�s�a*m�n� 

y�n8c�s��On�s�n8c0dDnArltb�0n Î aOh8hAa¶n�s���g�h8��rltD~0rltDn+d&hAg���g�aOtDn2u�h8��cld�s�a*sjrlx8d��ln+�lxAtDa*m�x8n8d�dD��g�s�a�g��OnAd�n�s�s�n8yz�-��t&n8�O�On8d��0r
s�n8cld&n8r0tÍy�x�s�t&aO{�rln2u

Tµν
n8d�s5�Ones�n8c0d&n8rltÍx8c0n8tD��aOn� ®aOy��0rl�Od&aO��c�o�hA��c2s�n8cIr�yzg�s�xAtDaOn8��n�s5xAcln8tD�2x�s�aO{�r0n±�ln±��f õ c0a*m�n8tDdjq�u

n�sGn8clp0c
Λ
n8d�sGr0cln�h8�2cld�sjg�c2sjn�~0g��Is�aOd&x8n£�0g�tGÌeaOc0d�s�n8aOc|��g�¢vh8�2cld�sjg�c2sjn�h8��d&y����O�2��aO{�rln	¤���³4n�sDsjn�h8��c0d�sjg�c2s�n�g�x�sjx

aOc2s�tD�I�lrla*sjn
����f/x8�-��{Irln
g�p�cz�0n�tDn8c0�ltDn
�-��d&d&aO~l�On
rlcln�d&���Or¨s�aO��cÊd�sjg�s�a�{�rlnb��h8n�sDsjn�x8{Ir0g�s�aO��cÊ�O��tDd&{Irln���f õ cla*m�n8t&d
n8d�s�d&rl�0�-��d&x+il��yz����k8cln+n�s�aOd&��s�t&���-n��!©Gf}n�°¨��g�cld&aO��c��ln+��f õ c0a*m�n8tDdAu��0x8h8��r¨m�n8tvs�n+�0g�t3¥
r0~l~0�On1n8c QAÿ ù ÿ S}ù U u!g
h8��cl�0rla*s�ÌGaOcld�s�n8aOc��Êh8��cld&aO�lxAtDn8tbh8n�sDsjn1h8��cld�s�g�c2s�n1h8��yzy�n1rlc0n1��t&g�cl�0n1n8tDtDn8r0tb�ln1d�gÊ�0g�t�s�u�yÊg�aOd�n8�O�On+gÊx�sjx
tDn8yzaOdDn¯g�r �����Is��lr��v��r0t+g�r �lx8~0rIs|�lnAd|g�clc0x8n8d QAÿ�ÿ�ú S µ U n�s�cl��r0d�m�n8tDt&��cld+{�r�f/g�r��v�2rltD��f}i�rla4�On8d+�la*m�n8tDd&n8d
y�n8d&rlt&n8d���~Is�aOnAclclnAc2s
rlc0n�m�g��On8rlt£c0��c¥cIrl�O�On�����rlt

Λ
�

©�n¥y��I�lk8�On7�ln7ª0tDaOn8�0yzg�c0cÏn�s�©�nAyzg�½Os�t&n¥n8d�sÊ~�g�dDx7d&rlt��On�¢v�lt&aOclh8aO��n¥h8��d&y���������aO{�rln	¤�ue{Irla£d�s�aO�0rl�On¥r0c
õ cla*m�n8tDdbil��yz����k8c0n�n�s�aOd&��sjtD����n1�z��t�g�cl�ln1x8hjiln8�O��n�o QAú�ú ¦ ��h�s®§¨�0aO{�rlnAy�n8c�s�q���³4n�s&s�n�d�§¨yzx�s�tDaOn2u�aOc2s�t&���lr0a*s�n
�-��r0tw�0n8d�t�g�aOd&��cld1n8d&d&n8c2s�aOnA�O�On8y�n8c�s+�li0aO�O��d&���li0aO{�rlnAd�o���g�&5n8tDtDnÊc�f}��h8h8r0�-nÊ�0g�d1rlc0nÊ�l��g�h8nÊ�0tDa*m¨aO�OxA��aOx8nÊ��g�cld

ö



XZY\[^]\_a`abHc�dWeQX*fhg5`ic!jk`ic
��f õ claMm�n8tDdjq�uI��n8tDyzn�s£�0n�d&aOy��0�OaMp0n8t4��g+y�x	s�tDaO{�r0n�n8c�hA��c2s�t�g�aO��c0g�c�s£d�g1�)��tDy�n2uIn�s
g�aOcld&a��0n�tDx8d&��r0�ltDn��On8d�x8{�r0g� 
s�aO��cld���f/ÌGaOcld�s�nAaOc�u!aOcld&���Or0~l�On8d��-�2rlt�r0cln|y�x�sjtDaO{�r0n+{Irln8�Oh8�2cl{�r0n��!©�n8d���~ld&n8t�m�g�s�aO�2cld�g�h	s�rln8�O�OnAd�d&n8y+~l�On8c2swn8c
g�h8h8��t&��gAm�n8h1h8n1�lt&aOclh8aO��nÊÁ-��f}��~0dDnAtvm�g�s�aO�2c��lr��#��c0���0ac��rld�h8��d&y��2�O����aO{�r0n1�0g�t�³ � �4Ì n�sml ¦ `�Æ �0x8h8k8�On8c�s
�ln8d1û�rlh�sjr0g�s�aO�2cld+�lnÊs�n8yz�-x8t&g�s�rltDn��ln���f}�2tD�ltDn��0n

10−5 n d&n8r0�On8y�nAc2soS ü u,ö¨u5· U u¶n�s��On8d+�2t&g�cl�0d+d&��cl��g���n8d
�ln��2g���g�°laOn8d+h8��yzy�n¯Äl© � `-# ¬�aO��a*s�g���ÄIÈ�§YÄ¨rltvm�n�§�n�szù���ª yz��c2s�t&n8c2s|rlc0nÊ�0aOd�s�tDaO~0rIs�aO��c rlclaO�#�2tDy�n��ln���g
yzg�s�a�k8tDn�����t�g�cl�ln£x8hji0n8�O�On�u�yÊg��O��tDx£��g��0tDx8d&n8c0h8n��0n�d�s�tDr0h�s�r0tDn8d�o��2g���g�°¨aOn8dAu2g�yzg�d8u�d&rl��n8tv ®g�yÊg�djq5���l�OrldG�-n�sja*s�n
x8hjiln8���On�SÄ�Iu�k U � � cÊh8��cld&aO�0k8tDn
�l��c0h
g�r��v��r0tD��f}iIrla�h8��yzy�n
rlc0n�~���clc0n
g��l�ltD��°¨aOyzg�sjaO��cÊ�ln
��gwt&xAg��Oa*s�x
��g�m�x8tDaMpl 
hAg�s�aO��cÊ�0rz�0tDaOc0h8aO�-n
h8��d&y����O�2��aO{�rln2��©�gwy�x	s�tDaO{�r0n���~¨s�n8c�r0n
�w�0g�t�s�aOt±�ln
h8n
�ltDaOc0h8aO�-n
n8d�s�hAn8�O�On
�ln Î �2~-n8t�s�d&��c
n�s l g��OÈ�n8t8u0{�r0a�dAf}x8h8tDa*s�u0n8c7h8����t&�l��clc0x8n8d��-�2��g�aOtDn8dwÁ

dτ2 = dt2 − a2(t)

(
dr2

1− kr2
+ r2(dθ2 + sin2 θ dϕ2)

) o Q �¿ù�q
�WV
τ
n8d�sG�On�sjn8y��0de�ltD���0tDn�u

(t, r, θ, ϕ)
�On8deh8���2tD�l��c0clx8n8ded&��g�s�aO�� �sjn8y�����tDn8�O�OnAd8u

a(t)
rlc|�)g�h�s�n8r0t,��f}xAhjiln8�O�On£d�g�cld

�laOyzn8cld&aO��c¥n	s
k
r0c¥�0g�t&g�y�k�s�t&n��-��r¨m�g�c�s��0tDn8c0�ltDn��On8d£m�g��On8r0tDd�  Q u ú ��r Q �

k
�lx�s�nAtDy�aOc0n��On�s®§¨��n���f õ cla*m�nAtDd

il��yz����k8cln4n�s,aOd&��s�tD�2�-n�h8��c0dDaO�0x8tDxbÁ���r¨m�n8tvs�u��l��g�s,��r+�#n8tDyzx���­®��aOc¨û�rln�x8�2g��On8y�n8c�s,d&rlt¶�On�h�g�t&g�h�s�kAtDn±p0c0a���r1c0��c
�ln���f}n	°¨�0g�c0d&aO��c¥�ln���f õ cla*m�nAtDd�Á¨��g�cld£�On�hAg�d£�WV

Λ = 0
ul��f}n�°l�0g�cld&aO��c¥d&n8t&g|aOc¨p�claOn�dDa

k = −1
u0g�d�§¨y��¨s���s�aO{Irln

dDa
k = 0

u���r7p0claOn�d&a
k = 1

�-©�nw�)g�h�s�n8r0t���f}x8hjiln8�O��nw�0x�s�n8t&y�aOcln���gz�laOd�sjg�c0h8n
l
nAc2s�tDn��ln8r¨°¥��~l�vn�s�dbh8��y���~0aO�On8d

o�h�f}n8d�s£���laOtDnb�l��c�s4��n
yz��rIm�nAy�n8c2s�n8d�s�n8c�y��A§�n8c0clnbh8n8�Or0a��0���w��f}n	°¨�0g�c0d&aO��c��lnb��f õ c0a*m�n8tDdAu�h8nb{�rla-n8d�s��OnbhAg�d
�ln8de�2g���g�°¨aOnAd�q,����f}aOc0d�sjg�c2s

t
���0g�tvsjaOt,�ln��On8r0t,�laOd�sjg�c0h8n£g�h�s�r0n8�O�On

l0
o��
t0
q¶�ln���g�«8��c|d&aOyz�l�On�Á

l(t) = a(t)l0
�2³�n

�)g�h�s�nArltG��f}x8hji0n8�O�On�h8��c2s�a�n8c2s��l��clh���g��¨§¨c�g�y�aO{�r0n£�ln���f õ c0a*m�n8tDdGn	s±�0x�s�n8tDyzaOcln���f}n�°¨��g�cld&aO��cz��rz��g�hA��c2s�t&g�h�s�aO��c
�ln���f õ claMm�n8tDdA�¨©�n�hA��clh8n8�¨s£��f õ c0a*m�n8tDd��I§¨c�g�y�aO{�r0nbnAdvs£�l�2clh�g�y�n8c0x�sj��rIs£c0g�sjrltDn8�O��n8y�n8c�s���g�t���n8d4x8{Ir0g�s�aO�2cld
��f/ÌGaOcld�s�n8aOc7n�sb�On��lt&aOclh8aO��n�h8��d&yz���O����aO{�r0n�u0n�s
�On�sjg�r¨°¯��f}n�°l�0g�c0dDaO�2c¥dAf}x8h8t&a*s�Á

H(t) =
ȧ
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1− kr2

o Q � Q ö�q
ÄI��a*s�u0�-��r0t£rlc7�lil��sj��c¥x8yzaOd
�

t1
�ln
r1
n�s
tDn8«Ar7�

t0
Á

∫ t0

t1

dt

a(t)
=

∫ r1

0

dr√
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
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Pe
∝M2−γR3γ−4 o Q �/µ k2q
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γ = 5/3
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q	� ¦ g�aOd±����rltG{�r0n���f}i2§l�-��s�i0k8d&n�cl��c¨ :tDn8��g�s�a*m¨aOd�s�n
dD�2a*sGm�xAtDaMp0xAn�u2aO�0��g�rIs
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��g�yzg�s�aOk8tDn�xD�vn8h�s�xAn�u5{�r0a4d8f}nd��n8h�sjrln�n8cÂrlc0n��0aO�Ag�aOc0n��ln1�v��r0tDdA�,©�n�y�aO�Oa�n8r x�s�g�c2s�n8c0d&rla*s�nÊsjt&g�cld&��g�tDn8c2s�u¶��g

ù�ù



dWeHGJI�KFx�cHb'Lhc�b z{cHx�xht�]ZcHb g5f,LNM u¾c�`PO�]�c 9 [
�OrlyzaOcl��d&a*s�x��lxAh8tD��½Os
n�°¨����clnAc2s�aOn8�O�OnAy�n8c2s1o�n�s
�0g�t£h8��cld&x8{Irln8c2s
��g|yzg���cla*s�r0�ln��lx8hAtD��½Os
�OaOclxAg�aOt&n8y�nAc2s�q�ulhAn�{�r0a
n8d�s
hAg�t&g�h�s�x8tDaOd�sjaO{�rlnw��f}r0c¥�ltD�Ih8n8d&d&rld�t&g��0aO�2g�h�s�aO�v�

­®�,tDn8d�s�n+hAn8�-nAcl�0g�c�s��ln8d�aOclh8n8t�s�a*s�rl�0n8d�d&rlt���n+yz���ln|�ln|h8��y1~0rld�s�aO��c�u��On8d�yz���0k8�On8d�g�h�sjrln8�Od�cln+��n8tDyzn�sD 
sjg�c2s��0g�d��ln�s�t&g�c0hjiln8t�n8c2s�t&n1�0x	û�g���t�g�s�aO��cÂo���g��ltD����g��2g�s�aO�2c��0r��#tD�2c2s��0n1h8��y+~lrld�sjaO��c�n8d�s�dDr0~ld&��claO{Irln�q�n	s
�lx�s��2c0g�s�aO�2c o�n8�O�OnÊn8d�s1d&rl��n8tDd&��claO{Irlnzn�s1�ltD�I�lr0a*s1rlclnz��c0�lnz�0nzhjil��h�q	�Í¬�nzcl��y1~0tDn8r0dDnAdwd&aOy1r0��g�s�aO��c0d���f}n�°I 
�l�O��d&aO��c0d4��c2s£x�sjxb�)g�a*s�n8d4n�s£�On8r0tDd4t&x8d&rl�*sjg�sjd4h8��yz�0g�tDx8d£g�rI°��l��c0clx8nAd8uIn�s£��f}��c��-nAclhjiln�g�r��v�2rltD��f}i�rla��-��r0t�r0cln
¢v�lx	s���c0g�sjaO��c tDn�sjg�t&�lx8n�¤ju¶h�f}n8d�sz���0aOtDn�rlcYyzx8hAg�c0aOd&y�n�{�rla4h8��yzy�n8c0h8n���g�t1r0cln��0x	û�g���t&g�s�aO��c {�r0a��0n�m¨aOn8c�s
n8cld&rla*sjn�rlcln��lx	s���c0g�sjaO��c S ü ù¨u ü µ U �0©�n8d£d&aOy+rl��g�s�aO�2cld���f}n�°l�l�O��d&aO��c0d£d&��c�s
�lx8�OaOhAg�s�n8d�hAg�t£��g1sjg�aO�O�On��0n���f}��~¨�vn�s��
dDa�y1rl�On8t�n8d�s��ln���f}�2tD�ltDn��0r�y�aO���OaOn8t��ln�ÈIaO�O��y�k	s�tDn8d�g��O��tDd£{�rln���g1d�sjtDrlh�sjrltDn��0nbû-g�y�yzn�n8d�s£�0��y�aOc0x8n���g�t4�0n8d
n���n�s�d
s�rlt&~lrl�OnAc2s�db�l��c2s���g�sjg�aO�O�On1hAg�t&g�h�s�xAtDaOd�s�aO{�r0n�n8d�s��ln1��f}��tD�lt&n��0r�h8nAc2s�aOyzk�s�tDn��!ÄIa¶g�r��v��r0tD��f}iIrlaÍ�Onws�t&g�cld� 
�#n8tvs+t&g��la�g�s�aO�4n8d�s1yzaOn8rI°Ëh8��clcIr�u�n�s+d&aG�On8d�d&aOy1r0��g�s�aO��c0d��0g�t�m¨aOn8clc0n8c2s+�7h8��cld&aO�lxAtDn8tw�0n8d�hAg�d��WV���f}x8{�r0aO�OaO~ltDn
s�iln8t&y�aO{�r0n��O��hAg���c�f}nAdvsb�l�Or0d�m�x8tDaMp0x2ul��f}aO��c0a*s�aO��c7tDnAdvsjn�n8c0h8��tDn�yzx8h8��c0c�rln��

¬+f/g�rIs�t&n8dGd&h8x8c�g�tDaO��d±n�°¨aOd�s�nAc2s±����rltG��f}n�°¨�0�O��d&aO��cz�ln�d&rl��n8tDcl�Am2þÂ�ln�s®§¨��n£­vg(S ü�üWU u2h8��y�yzn£��g�ten	°¨n8y��0�On£��g
h8�2g��On8d&h8nAclh8n��ln��lnArI°7c0g�aOc0n8d
~l��g�clhjilnAd
�ln��)g�aO~l��n8d
yÊg�d&dDnAd8u�aOcla*sja�g��On8y�nAc2s�n8c�d�§¨d�s�k8yznw~0aOc0g�aOt&n�u0{Irla�d&n�t&g��¨ 
�ltD�Ihjiln8c2s��0tD����tDnAdDd&a*m�nAy�n8c�s�n8c�x8yzn�sDsjg�c�s��ln8d���cl�0n8d��2t&g8m¨a*sjg�s�aO��clc0n8�O�On8dA� ¦ g�aOd�h8n+d&h8xAc0g�tDaO�¯d&n8y1~l��n1�0�OrIs!��s
h8��cl�0rlaOtDn���r0c|n����2cl�lt&n8y�n8c�sG{�r�f/��r0cln�n�°l�l�O��d&aO��c�n8c�dDr0�-n8t&cl�Am�glu���g�yÊg�d&d&n��ln
³4i0g�cl�lt�g�dDnAÈ�i0g�tex�sjg�c�s±g��O��t&d
�lx8��g�d&dDxAnb�0n��)g�«8��c¯�l�Or0de¢v~0tDrIs�g��On�¤b{�rln��O�2tDd��ln���f/g�h8hAtDx�s�aO��c¯�ln���g+yzg�s�aOkAtDn���f}r0c�h8��y���g���cl�2c��¨©�n8d�y����0k8�On8d
�#��c2s,xA�2g��On8yzn8c2seaOc2s�n8t�m�n8claOt5�lac��x8t&n8c2s�dÍs®§l�-n8d5�ln�hA��y��0g���cl��c0d8u�cl��sjg�y�y�nAc2s,rlc0n���xAg�c�s�n�t&��rl��n���r+rlc0n�x�s���aO�On
�lnb��g�d&x8{Irln8c0h8nb�ltDaOc0h8aO�0g��OnIS ü�üFU �I¬�g�c0d��On�hAg�d4�WV��On�h8��y���g���cl�2c�n8d�s�rlc0n
x	s���aO�Onb�0nb��g�d&x8{Irln8clhAn
�0tDaOclhAaO�0g��On�u
��g�c0g�aOclnb~l��g�clhjiln�g�h8h8t&k�s�nb�0n8d4x8�Ox8y�nAc2s�d4�Ox8��n8t&d8uI�ltDa�clh8aO��g��On8y�nAc2s��lnb��f}i0x8�OaOrly7u�n�s£h�f}n8d�s���g1h8��rlhji0nb��f}i0x8�OaOrly
g�h8h8tDx	s�x8n|{�rla,dDr0~la*swrlc0n+�lx	s���c0g�sjaO��c��0��c2sw��f}��cl�0n+�0n+hji0��h�g�y���t&h8n+��g��#r0d&aO��c��0r�hAg�tD~-��c0n|g�r�h��wrlt��ln+��g
c0g�aOc0n�~0��g�clhji0n��G³4n¯y�x8h�g�claOd&y�n¯n8d�sÊg�r�����rltD��f}i�rla�x8hAg�t�s�x¯hAg�t|aO��d&n8y1~l�On¯a�clh8��yz�0g�s�aO~0�On¥g8m�n8h¯�On8d�d&�-n8h	s�tDn8d
��~ld&n8tvm�x8d�S ü ù U �

©�n8d£d&rl�-nAtDcl�Am2þ �0nbs®§¨��n�­vg¨u¨��g�tDh8n�{�r�f}n8�O�On8d£d&��c�s���f}n�°¨�0�O��d&aO��c¯��f}x�s���aO�OnAd£�ln�h8��yz�-��d&a*s�aO�2cld£n�s��0n�yzg�d&d&n8d
g�c0g��O�2��rln8dAuI�#��tDy�nAc2s�rlc0nbh8��g�d&d&nbn�°¨hAn8�Is�aO�2clclnA�O�On8y�n8c�s�il�2y�����k8c0n��I©�n8rlt&d�d&��n8h�s�tDnAd8u��0tDaOd�g�r�y��Ay�nbyz��y�n8c�s
�0g�t
t&g��0�-��tvs�g�r7yÊg�°¨aOy+rly �ln��OrlyzaOcl��d&a*s�x2u0d&��c�s�s�t&k8d
d&aOy�aO��g�aOt&n8dbn�sb��f}�2c7��n8rIs�h8��c0c0g�½Os�t&n�g8m�nAhwr0cln�~-��c0cln
�ltDx8hAaOdDa���c���f ¢D����n�¤+o#s�nAy��ld4xAh8��rl�Ox��0g�t4t&g��l����tvs�g�r�yÊg�°¨aOy1r0y �0nb�Or0y�aOcl�2dDa*sjx�qG��f}rlcln�d&rl�-nAtDcl�Am2g��ln�s®§l�-n�­vg
n8c�h8�2y��0g�t�g�c2s�d&��c�d&�-n8h	s�tDn1�z�0n8d
d&��n8h�s�t&n8db��f/g�r¨s�tDn8dbd&rl��n8tDcl�Am2þ ­vgÊ�z�0ac��x8tDnAc2s�d�����nAd8��©�n8rltDdbh8��r0tD~�n8d
�0n
�OrlyzaOk8tDnwd&��c2sbx8�2g���n8y�n8c�s�s�tDk8d
�ltD�Ihjiln8d�S ü ö U u0h8nw{Irla�n8c7�)g�a*sb�On8d
y�n8aO���On8rltDnAd�hji�g�cl�0n8�O�On8d
dvs�g�cl��g�tD�ld�hA��clc�r0n8d
�z��f}i0n8rltDn+g�h�s�rlnA�O�On��-ÌG�O�On8d�dD�2c2s��l�2clh��la���cln8db��f}��s�tDn1x�s�rl�0aOx8n8db�l�Or0d
n8c��lx	sjg�aO�¶g8m�g�c2s��0n��On8dbr¨s�aO�OaOd&n8t
hA��y�yzn
s�n8�O�On8dA�

� �DQ RTS�2¥'�ö#U3'¿ö 78'*2ú2¥)�%('�ök#�0�UWV +-' ûCXD%('ZY�õ
ÄIa��On8d¥d&rl�-nAtDcl�Am2þ �ln�s®§¨��n�­vgY�)��tDy�nAc2s7rlc0n�h8��g�d&d&n�s�t&k8d¯il�2y�����k8c0n�u�aO��c�f}n8c¾tDn8d�sjn���g�d¯yz��aOcld¯�0n8d

�lac��x8t&n8clh8nAd£��f}r0cln�d&r0�-n8t&cl�Am�g��+��f/g�rIs�tDn2u¨nAc¯�0il��sj��y�x�sjtDaOn�h8��yzy�n�n8c¥d&�-n8h	s�tD��d&h8���0aOn�� � c¥d&n��0tD���-�2dDn��l��c0h
aOh8a±�0n|m���aOt���g�cld1{�rln8�O�On�y�n8d&r0tDnÊh8n8d1�lac��xAtDn8clhAn8d1dD�2c2s+d&rld&h8n8�¨s�aO~l�OnAd��ln����8cln8t��On�hAg�t&g�h�s�k8tDnÊ�0nÊhji0g�cl�lnA�O�On
dvs�g�cl��g�tD�¥�0n�h8n8d��2~¨�vn�s�dA�
ï<;�M�;®ï F5èBAÍç±ë5A�é2ë4îyDiA�è�î�ê¶ç\ë5@wtyA í¨ê¶ì±é3�/@Âë5@wt¡ì>C î)[�é @

©Gf}x�s�rl�0n��0n8deh8��r0tD~-n8de�0n��OrlyzaOk8tDn£�ln��0�Orld&aOn8r0tDdedDr0�-n8t&cl�Am�þÂ�ln�s®§l�-n�­vg�o¡Ä+#
n�­vg2q,g���n8tDyzaOd,�0n�h8�2cld�sjg�s�nAt
rlcln±tDn8��g�sjaO��c�n8c2s�t&nG��g��OrlyzaOcl��d&a*s�x�g�r�yzg�°laOy1rlyWn�s5��g��-n8c�s�nG�0rw�lx8hA�OaOc�n8cw�Or0y�aOc0��d&a*s�x±dDr0a*m�g�c�s¶�On±yzg�°laOy1rly7�
Ìeczn���n	s�u2�O��tDd&{�rln���f}n�°¨�0�O��d&aO��cznAdvs��l�Or0dGx8clnAtD��x�s�aO{Irln�u2��g��Or0y�aOc0��d&a*s�x�yzg�°laOyzg��On�n8d�s��l�Orld±aOy��-�2tvsjg�c2sjn�u�n�s�n8�O�On
�lx8h8t&��½OsGn8c0dDr0a*s�n��ln��)g�«8��c��l�Orlde�On8c2s�n2�2²�t&��hAn£g�rI°zÄ$#
n�­vg���~ld&n8tvm�x8n8de�0g�t,�On�d&��c0�0g���n
³�g��]\�c ® &¶���O���O�lu(¥�g�y1r¨§n�s�d&��cÅx8{�r0aO�-n���c�s��lrÅyz��c2s�t&n8t�{�r�f}rlcÅd&n8rl�e��g�t&g�y�k	s�tDn�d&r¨´Êd�g�a*s��-��r0t��lx8h8t&aOtDn���g¯h8�2rltD~�n��ln��OrlyzaOk8tDn��0n
h8n8dwdDr0�-n8t&cl�Am�þ S ü ·¨u ü ö U � � cÅrIs�aO�OaOd&n�d&��rIm�nAc2s��0g�cldw��g��OaMsDs�x8t&g�s�rltDn��0n8d���t&g�cl�lnArltDd��0n1s®§l�-n

∆mT (k)
u�{�r0a

tDn8��x8d&n8c2s�n8c�s�u��0g�cld,��g�~0g�c0�ln4d&��n8h�s�t�g��On
k
u��On��lx8h8�OaOc|n8c|yÊg���cla*s�r0�ln�n8c2s�t&n4�On�yzg�°laOy1rly n�sG�On±sjn8y��0d

T
g��lt&k8d

ù�µ



XZY\[^]\_a`abHc�dWeQX*fhg5`ic!jk`ic
�OnGyÊg�°¨aOy1r0y o�n8c£�v��r0tDdjq,Á
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MB,corr = (0.86± 0.21)(∆m15(B)− 1.1)
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∆m15(B) = 1.96(s−1 − 1) + 1.07
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"Integral Field Unit" Spectrograph

-20 0 20 40 60
-15

-16

-17

-18

-19

-20

days

M
B 

–
 
5 

lo
g(

h/
65

)

days 

Wavelength in SN Rest Frame

–5

–1

+3

+6

+7

+11
+16
+17
+24
+28

Spectral Time Series

Light Curves (in any "filter")

×�Ø~Ù©Ú ùI� Q µ q à ¾Èå ¸ÊÙ�Ã8·�¸º¾ÊÃdÅ\Æ§ÇÈ»(ÏcÃ�ÇÈÆÒÔTÁ ¼_Ï�Â É�â\À�¼×·�Ë�Ã�ÇÈÆ�ÉJ½KÁ(¼ºÀ àWÜ ¼ ã Ã8Å�Ãd· àWÜ5ã ¶ à Ú

ü ·



SNIFS reduction flow (photometric night)
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Rapport des Øclairements moyens des deux chips: chip01/chip00
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Meanlight
Entries  0
Mean    17.55
RMS     10.11

0 5 10 15 20 25 30 352350

2355

2360

2365

2370

2375

2380

2385

2390

Meanlight
Entries  0
Mean    17.55
RMS     10.11

Valeurs de l’Øclairement moyen, chip 00
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Valeurs de l’Øclairement moyen, chip 01
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Rapport des Øclairements moyens des deux chips: chip01/chip00
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Rapport aux voisins
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Rapport aux voisins
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0.9 < x < 1.1 Ú Ú ½°Ãdêu»\ÀuÇ<¼ºÙ-¼Ê½�Ç�ÎiÃd»\À�À<Æ�¼º½K¼ºÀ�Ç�¼×õ�¼º¾äÇÈ» ¸_À<» ·�¾×¼/Å�ÆÒ¾�Õ\Å�Ãd·ÈÃ�Ù-¸¿Ç<·<ÆÐÀ�¸XÁ ¼_ÏcÃ-À�É�·�Ç<¼3Ü
f(x) = Constant× e−0.5×( x−MeanSigma )
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Overscan en profil horizontal zoomov
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Overscan en profil horizontal
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Mean     1030
RMS     3.874

 / ndf 2χ   2.81 / 25
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horizontal profile of the overscan, chip 01 hvars
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


Constant x0 y0 αx αy β Ground
1.000 0.000 −0.001 −0.238 −0.242 −0.286 −0.327
0.000 1.000 −0.028 0.148 0.086 0.142 0.091
−0.001 −0.028 1.000 −0.027 −0.010 0.006 0.004
−0.238 0.148 −0.027 1.000 0.909 0.914 0.496
−0.242 0.086 −0.010 0.909 1.000 0.938 0.501
−0.286 0.142 0.006 0.914 0.938 1.000 0.598
−0.327 0.091 0.004 0.496 0.501 0.598 1.000
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 / ndf 2χ  56.32 / 45
p0        0.667± 2.587 
p1        0.0003116± 0.0003514 
p2        3.625e-08± -6.665e-08 

Values of beta for Hiltner600, 06 014 067

 / ndf 2χ  43.92 / 112
p0        0.168± 3.858 
p1        0.0000457± -0.0003658 
p2        3.085e-09± 2.464e-08 
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 / ndf 2χ  43.92 / 112
p0        0.168± 3.858 
p1        0.0000457± -0.0003658 
p2        3.085e-09± 2.464e-08 

Ï��ZÐMÑ ã % ¿ Ò » ï ¬�¡_¤�©ª¬B«�Ú�¢Eð<¨*­º§¸¬�¡_¬
¯H§R«�¨�¤¦¢2£[¢C¡���§�£¸¬ β ¤�®:¨*£R©b¢!¤6®H­<¬B«&¬�1h¥d©�§[¯&¬
£ ­ :�: «&¬B©b¢�¯�¨*¥�§ : ­ :*6 ¬ 
 � ¨�Ø6¬:Ø�©�¬�¨��Õ�¢2¨ � ù&¬h¬\§ � ¨�Ø6¬h£�®H¨)ÕC¬^��«&£�®H¥�§¸¬:³&��¢-¤6¢2£[¢C¡_ \§¸£¸¥d­¸¢K§[¥�®H¯�«*¨O¤6®H©�²&¯*?H¡_¬h¬
­º§u©d¢�­�¨*¥�Û:¢2¯H§¸¬4ø
p0 + p1λ+ p2λ2

³&�0¬
­>Ø¦¢2£�£�¬�­£�¬�¤*£� �­<¬
¯H§¸ �¬
­u¤6®H¨&£ � ù�¢C¼�¨&¬-¤6®H¥d¯:§ � ®:£�£�¬�­<¤6®H¯*«&¬�¯:§h¢C¨ ï ¬�£�£�¬�¨&£¸­ � ®:£�£¸¬
­<¤6®H¯*«¦¢C¯:§¸¬
­ � ¢C© � ¨�©� �¬
­u¤6¢K£5UM¥d¯�¨*¥�§�³

ÅBÆ Å]ÂKÉCÇ6Í�Ç6ÆgÉ�Ã�Ç
α_v �ÿ�
��6�6���L���{�����9D�
1'�&;�x�uÎ$���$����&;��
8�;���x���7çÜ�6���@ ��L����72�"�6-	th-��
)B��
)��
� � ���
�-�0r�)
{��-�������'��6�������������; ����

���� ��������3��79����
����,�1�������1 ��,�3��������&�'	���6���
αx

�	�
αy

~n�����6
�&;�� ���&;�,
)�
α
�B��
��3 ��4�,���3���` ��?áJ��JF�.�M��
������� ���
����:�

����
��?���,�O)�
��+���)(��6��&'&;���< ����<��������-��6��
)�	��
)�H��
�+���
��	��
���
y���� ��z ��)
�(����,���?�8ÿ���
����&%]þ=!%�����6��
n0= ��,�����6��
��
)����
�2�����: ����6w����� � ��,�Cá%
�
���
��C
8ÿ_�@�����c����
)������(�-G�6��
8�C-��,���+��-����C%��A�����c�
)���w����,)�
��+���)(��6��&;&'�G
�
���-�����
��B��&;&'��
)�/0
��
"�uÎ$���$���4��
"�2�� d��
7/�&'�4�����6���,��
�������(���-4�B��
��: ��4&ML�&;�I����&���
�
��4���4 ���
�(��������3�8ÿ���
����4w����4�2�����3 �ÿ_�uÎ$���+t
����&'��
)�?���

β
%8þ=!x�������6
n0b ����a�����6�������a�6��
)�?���6
����,����
Ê�,��&;�9���;�	�/0b ������6w����; ��

χ2 �����G����(���-;���@ �
�72���$��-;���+������2-,��
������r!Çb`��
H���6���2'����:!4��
<�6�+Î$�	�q���3����
�
)���r&'���6(�
�
�����Da%�þK���r�2�� d��
7/�&;�,�A��79����
����A�����A�����q�uÎ$���$����&;�,
)���
���)
)���9��
� �
��6-��G�2�)���4��D��,�I ����4���� ��������G�����G�����6��&M'	���6���

αx,y
 ����6�I���H �ÿ_�uÎ$���$����&;�,
)�����@�h��ç �6���I ��H�,��72�H���

����
�
�-����;
���
{��-Eth-��
)���
)��
� � ���
�-&%Y``
{�ED���&;�� ��L��ÿ_�uÎ$���+����&;��
8�'���
αx

�	�
αy

���+�'�6������-,���,
)��-"�B(������ ã % û %Rþ=�
�����6��&;-	���6
��6�u��
���
z�9��
� �
��6-��a�2�)���c �ÿ_�uÎ+���+����&'��
)�4���+�c������Î$�������

p0 + p1λ+ p2λ2 %
Í � �



¨�µ�´@¶A³�½I®[�.Áu½,±i³	Ã�³�»�±n½C°�»2±i³	²�Ã�¸,À�°5®.°�²�³�½

 / ndf 2χ   48.7 / 52
p0        0.098± 3.866 
p1        0.0000464± -0.0009082 
p2        5.463e-09± 8.178e-08 

Wavelength (Angstroms)
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3  / ndf 2χ   48.7 / 52
p0        0.098± 3.866 
p1        0.0000464± -0.0009082 
p2        5.463e-09± 8.178e-08 

Values of alphax for Hiltner600, 06 014 067

 / ndf 2χ   45.4 / 98
p0        0.028± 2.258 
p1        0.0000079± -0.0002737 
p2        5.455e-10± 1.586e-08 
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 / ndf 2χ   45.4 / 98
p0        0.028± 2.258 
p1        0.0000079± -0.0002737 
p2        5.455e-10± 1.586e-08 
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 / ndf 2χ  34.77 / 52
p0        0.096± 1.751 
p1        4.550e-05± 4.545e-05 
p2        5.375e-09± -2.541e-08 
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 / ndf 2χ  34.77 / 52
p0        0.096± 1.751 
p1        4.550e-05± 4.545e-05 
p2        5.375e-09± -2.541e-08 

Values of alphay for Hiltner600, 06 014 067

 / ndf 2χ   61.2 / 98
p0        0.03±  2.27 
p1        0.0000079± -0.0002689 
p2        5.401e-10± 1.539e-08 
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 / ndf 2χ   61.2 / 98
p0        0.03±  2.27 
p1        0.0000079± -0.0002689 
p2        5.401e-10± 1.539e-08 
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 / ndf 2χ  60.49 / 53
Position at Lref  0.0006± -0.3518 
f(P)      0.0004± -0.1152 
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 / ndf 2χ  60.49 / 53
Position at Lref  0.0006± -0.3518 
f(P)      0.0004± -0.1152 

Values of position along x axis for Hiltner600, 06 014 067

 / ndf 2χ  133.7 / 99
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Values of position along y axis for Hiltner600, 06 014 067

 / ndf 2χ  104.3 / 99
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f(P)      0.0011± -0.1378 

Wavelength (Angstroms)
5500 6000 6500 7000 7500 8000 8500 9000 9500

-0.08

-0.06

-0.04

-0.02

0

0.02

0.04

0.06

0.08

0.1

0.12
 / ndf 2χ  104.3 / 99

Position at Lref  0.000284± 0.005993 
f(P)      0.0011± -0.1378 

� �P�LÈ������	�:¤$���n�
y

Ï��ZÐMÑ ã % ã Ò » ï ¬�¡_¤�©ª¬·«�Ú�¢�ðº¨*­<§�¬�¡_¬
¯H§.«*¬ y ¬
¯D	1®H¯ � §[¥ª®:¯_«&¬ x 
K¤¦¨*¥ª­.«&¬�­g¤¦¢2£[¢C¡Ç�\§¸£�¬
­ x ¬\§ y ¬
¯D	1®H¯ � §[¥�®H¯_«&¬ λ 
K§¸®H¨�ð�®H¨&£¸­¤6®H¨&£Y©b¢D¤6®H­<¬!«&¬�1h¥d©�§[¯&¬�£ ­ :=: «*¬-©d¢,¯�¨�¥�§ : ­ :*6 ¬ ³ ¾ ¨)Ø6¬MØ�©ª¬
¨��4Õ�¢C¨ � ù*¬:
 � ¨�Ø6¬-£�®H¨�Õ:¬!�_«*£�®H¥�§¸¬:³

��
�&;�� ������, =w��8ÿ�
� =�,�$�I��-�����
��G
���
=�6��Ô;�4��
%()-�
�-����� >!'���	�������9�8�,�`��
J�uÎ$���$����&;��
8�I�� ����4�2�,�$��
�
���
)�I ������6w����a�����
Í ��û



¬A­2®E¯F°n±n²�³E¨�µ�¶I· ®[�.Á�½�±$³�Ã�³	»2±:À�³��2���
���� ��������3&�����(�
�
B�� ����:�6��
)�M����-��6��
)�����C%:þ=�a��()����� ã % ü �������6-��6��
)���4��
��	D���&;�� ��4����
��3 ���w����� 2 ��4���+Î+�	�M���4�2��
�
)���
&'����()
�
�����Dx�;-	��-�����
� ����������C �ÿ_�uÎ$���+���,&;��
)�4���x�B���6��&M'	�����

β
%

 / ndf 2χ   2257 / 84
p0        6.75± 33.08 
p1        0.00203± -0.01164 
p2        1.514e-07± 1.105e-06 
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Values of beta for a 1s exposure of Feige56 (06 014 078)

 / ndf 2χ  100.9 / 73
p0        9.05± -22.61 
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dC[AL^rCLOT�PRmWLyhCLMXzLONYX�hji|e�°YdCNYX>LOTVLO[\X�hRL�«�¬
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 / ndf 2χ  8.957 / 49
p0        0.238± 2.578 
p1        0.0001120± 0.0001962 
p2        1.303e-08± -2.489e-08 
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Values of beta for an elliptic Moffat simulation, circular extraction

 / ndf 2χ  2.629 / 95
p0        0.145± 1.968 
p1        0.0000399± 0.0002788 
p2        2.712e-09± -1.944e-08 
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Slice at 4000 A, elliptic simulated cube, elliptic extracted

é�ê£ë�ì � {1� ín�~õYö�ù\üQ��ðªÿ�b �
�	�oc ò4÷�ý�õ�ó ðVü>ý
�4ðVû�þ ñ�ý\óÒúp,�ðzù�ö��xû�ü>þwû�û�ð " ó ðVùgý\ñ�ú>õ�÷Aô\ðVû�ò4öaïgðzó " ü��xö	+gý�ðªó þ-��ù�ðVðzû¨øù�ý\ñ�ú>õ�÷�ø�ú>ð�ó � ýxù�ð�öOò\õ/.zû�ó � ö�ýgø�õ�ðq2�ðzù_÷±õ�ô�÷�ù\ù�úzð " ówö�ô\þ104úzõ�ðzù\ü>ðyðzù�ø�õ�ð�ô\÷�ù\ù�ú>ð^û»õ�ú>ðzówóÒðzû(ðqø�õ�ðzüq÷�ù\û�ø�õYý\þ|ø�ðzû�ù�÷±õ�ñyö�ówþ û�ú>ðò öOõ�ó ð»û�þ1��ùxö�ó � î�ù!õ�÷�ý��±ð " ó � ö�ó ówý�õ�ð(ô\ý�û�þ-��ùxö�ó �

cOZ�[Cc�LOQS[Reg[xX(m�e!PJZ�NqUwX>UWZ�[j{RÄ�iÒegd4X>QSL�N»]^X>dChRLON�NqZ�[xX(hCZ�[Rc�[C]Oc�LONqNqe�UWQSLON»P~Z�dRQ�T�UWL�d4r�cOZ�TVPCQSL�[ChCQqLMmWLycOZ�TVP~Z�Q�XzL^È
T�LO[xX�hCL�m¯i|e�°�dCNYX>L�T�LO[\X�NqdCQ»hRLON(cOdC}JLON(NSUWT!dCmW]ON�s�eg}~Z�QqhC]MX^egQShCUwlxL�T�LO[xX�hReg[RN»[RZ�X>QSL�eg[Re�m\R
NqL�{

¿®Z�TVT�L�Z�[ÔPJLOd4X�N�ikLO[�hCZ�d
X>LOQOsbm¯i|eg°�dCNYX>LOTVLO[\X�hjikdC[RL�³ºZ�[CcaX>UWZ�[�cOUWQScOdRm�egUWQSL�PRegQ�dR[CL�³ºZ�[Rc^X>UWZ�[�LOmWmWUWP4XzUW� dCL
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 / ndf 2χ  0.08058 / 54
p0        0.0380± 0.8841 
p1        0.000018± -0.000121 
p2        2.141e-09± 8.341e-09 
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Values of alphax and alphay for a circular Moffat simulation, elliptic extraction

 / ndf 2χ  0.09436 / 54
p0        0.038± 0.884 
p1        0.000018± -0.000121 
p2        2.126e-09± 8.348e-09 
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p0        0.038± 0.884 
p1        0.000018± -0.000121 
p2        2.126e-09± 8.348e-09 
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m¯ikUW[ReghR]O� d�e�X>UWZ�[!hCL®m�e�³´Z�QST�L®hCL�«�¬C­§czpCZ�UWNqUWL®P~Z\dCQKm¯i|eg°�dCNYX>LOTVLO[\X±{g©tLONu]Oc�egQYX>NuLO[!La`JLaX:PJZ�dCQKcOLaXSX>L®L^r X>Q>egc^X>UWZ�[

� Ñ 5



ÕuÖJ×aØJÙ¯Ú¨ÛzÜ�ÝxÞa`IÜ^ÛSß¯à�ÛSá�×�âJãaÜ^ä�åJæ�ãaà4å
Ü�å:ç ÜqèbÚ¨Ûz×\ã±Ú¯Ùºà�â

Wavelength (Angstroms)
3500 4000 4500 5000 5500

0.992

0.994

0.996

0.998

1

1.002

1.004

1.006

1.008

1.01
Ratio circular extracted / circular simulated

Wavelength (Angstroms)
5500 6000 6500 7000 7500 8000 8500 9000 9500

0.996

0.998

1

1.002

1.004

Wavelength (Angstroms)
3500 4000 4500 5000 5500

0.992

0.994

0.996

0.998

1

1.002

1.004

1.006

1.008

1.01
Ratio elliptic extracted / circular simulated

Wavelength (Angstroms)
5500 6000 6500 7000 7500 8000 8500 9000 9500

0.992

0.994

0.996

0.998

1

1.002

1.004

Wavelength (Angstroms)
3500 4000 4500 5000 5500

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1

1.01

1.02 Ratio circular extracted / elliptic simulated

Wavelength (Angstroms)
5500 6000 6500 7000 7500 8000 8500 9000 9500

0.94

0.96

0.98

1

1.02

1.04

1.06

Wavelength (Angstroms)
3500 4000 4500 5000 5500

0.992
0.994

0.996

0.998

1

1.002

1.004
1.006

1.008

1.01

1.012

Ratio elliptic extracted / elliptic simulated

Wavelength (Angstroms)
5500 6000 6500 7000 7500 8000 8500 9000 9500

0.996

0.998

1

1.002

1.004

1.006

é�ê£ë�ì � { ��íYt�öOò\ò4÷±õ�øYûIðzù�ø�õ�ð(û�ò4ðzüSø�õ�ðzûIð>ï�ø�õYö�þ|ø�ð>ø�û�þwñ�ýxóÒú(ò4÷�ý�õ�ô\þ-04ú>õ�ðzù�øYû�ü^öOû�,\ð^ùi�xö�ý�ø " ðqïgø�õSöOüqø�þ ÷�ù!ðqø�û�þ ñ�ý\ówöaøYþ ÷�ùöJ)±ð^ü�ý\ù�ðh3�÷�ùxüSøYþÒ÷�ù§ô\ðjLV÷
0CöaøMü>þ õ�ü>ý\ó�ö�þÒõ�ðq2Jðzù§ô�ðzû�û�÷�ý\û " ðqï�ø�õYö�üqø�þ ÷�ù�öJ)±ð^ü�ýxù�ðh3�÷�ùxüSøYþÒ÷�ùAðzówó þ ò�øYþ-+gý�ð!ô � ý\ù�ðh3W÷�ù\üSøYþÒ÷�ùü>þÒõ�üzý\ówö�þ õ�ðq2Rðzù�ô\ðzû�û�÷�ý\û " ðqï�ø�õYö�üSøYþ ÷�ù_öJ)±ð^ü�ý\ù\ðd3�÷�ùxüSøYþÒ÷�ù�üzþÒõ�ü>ýxówö�þ õ�ðyô � ýxù�ðd3W÷�ù\üSøYþÒ÷�ù�ðzó ówþÒò\ø�þ\+�ý\ðq2Rðzù�� ö�û " ðqï�ø�õYö�üSøYþ ÷�ùðqø®û�þ ñ�ý\ówöaøYþ ÷±ùªöJ)�ðzü�ý\ù�ð�3�÷�ùxüSøYþÒ÷�ùVô�ð�L�÷
0Cöaø�ðzówó þ ò�øYþ-+gý�ð �vu ö�ùxû�üQ�xö	+�ý�ðMüzö�û " ó ð�ü>ý
�4ðw�xó ðzý�ðzû¨ø�ÿd��öOýxü���ð�ðqø�óÒð�ü>ý��4ðõ�÷�ý��±ð(ÿMô�õ�÷�þÒø�ð �

NSZ\[\XªhCLAm¯ikZ�QqhCQSLAhRL 5 k�s�egmWZ�QqN��4dCLAhRe�[CN�mWL�NVegd
X>QSL�N�c�egNVmWLONV]Oc�egQYX>N�L�[\X>QSLANqPJLOc^X>QqLON�L^r XzQqegUwX>NVL^XªNqUWT�dRmW]ON
[jikL^rCcOÁOhCLO[xXyP�egN�mWL�PJZ�dCQSc�LO[\X±{t²M[ÔQSL^X>QqZ�d4lxL�]Oµ\egmWL�T�LO[xXyh�eg[CNycOL!c±egN�hji|d4X>UWmWUWN>e�X>U�Z�[ÔhCL�«�¬C­ UW[�eghRegP
X>]OL�mWLON
Z�NqcOUWmWm�e�X>UWZ�[RN�hR]Y°Yv§Z�}CNqLOQ�lx]�LON�mWZ�QSN�hCLVm¯i|e�°YdCNYX>LOTVLO[\X!hCd+PRegQqegTVÁ^X>QqL

β
·£fRµ�dCQqL � {WVx¼a{�Ä�eg[RNyX>Z�dCN�mWL�N�c�egN�stm�e

� ÑgÐ



ÝxÞ98;:~Üzä�Ú¯ä�å
Ü�ãaà�Ö=<^ÛzÜzâJãOÜ
cOZ�[\X>U�[ dCUwX>]�hRLON�cOZ�dRQS}JLON�hCL�QqegPRP~Z�QYXML�[\X>QSL�mWLONMNSPJLOc^XzQSLON�NqUWT�dRmW]�L^X�L^r X>Q>egUwX�X>LO[RhovªPCQqZ�d4lxLOQ�� dRL�mWL�hC]O³´egd
X
QSLONYXzeg[xXªLONYXªmWUW]§v�dC[CLAhR]OP~LO[RhReg[RcOL§eOlxLOcAm�e�mWZ�[Cµ\dCLOdCQVhjikZ�[RhCL�{�Ä�eg[CNVcOLONVNqUWT!dCm�e�X>UWZ\[CN�sIm�eoXzQqeg[CNqTVUWNSNqUWZ�[
hCL§m¯ikUW[CNYX>QSdRT�LO[xXª[ti|eÔP�egNV]^X>]§PCQqUWNqLALO[ cOZ\T�P4XzL�¹�m�e�hC]OPJLO[Ch�eg[CcOL§LO[ mWZ�[Cµ�dRLOdCQVhjikZ�[RhCL§[jikLONYX�hCZ�[RcAmWUW]OL
� dji|egd
r7l�egQSU�e�X>UWZ�[CN�hRLONªP�egQqegTVÁ^X>QSL�NªUW[\X>QqZ hCdRUwX>LON�P~Z�dRQVhR]^X>LOQSTVUW[CLOQªm�e+«�¬
­ NqUWT�dCm�]OL�Z�d8v6m�e6³ºZ\QST�L�hRd
NSPJLOc^XzQSL�mWdRUwÈ�TV�OT�L�{�²�[�P~Z�dRQSQqegUwX�LO[\lCUWNqe�µ�LOQyhCL�c�Z�[CNqUWhC]OQqLOQymWL�cOdR}~L�LO[�PCmWdRNSU�LOdCQSN�hCZ�TVe�UW[CLON�hCL�mWZ�[Cµ\dCLOdRQ
hjikZ�[RhCL�P~Z\dCQ�³´egUWQqL�[CZ�N�e�°YdCNYX>LOTVLO[\X>N�sbTªegUWNyUWm:³´e�dChCQ>egUwX�egmWZ�QSN�PCQS]^l Z�UWQ�mWLONyhRU�ÃVcOdRmwX>]ONyhCL�T�LONqdCQqL�P~Z�dRQ�mWLON
hCZ�TªegUW[CLON!L^r4X>QS�OTVLON!hCL�mWZ�[Rµ�dCLOdRQ�htikZ�[ChCL�Z
I�mWLª¶�d4r+LONYX�³£egUW}CmWL�L^X�Z�I�m¯ikZ�[�P~LOd
X!NqZ�dC`JQSUWQ!hCL�PJZ�mWmWd4X>UWZ\[CN
hCdCL�N�PRegQ�L^r
LOTVPCmWL!egd�NqLOc�Z�[ChoZ�QShRQSL�hRL�QS]O³´Qqegc^X>UWZ\[ohCd�Qq]ONqL�egdj{J©tLON�Z�NqcOUWmWm�e�X>UWZ�[CNMP~L�d4lxLO[xXM�^X>QqL�e�XSXzQSUW}CdR]OLON
egd4rohC]ON>egcOcOZ\QShCNMLO[xX>QSL�m�e�QS]�egmWUwXz]�L^XymWLONMmWZ�UWNMczpRZ�UWNqUWLONMPJZ�dCQ�m�eVl�egQSU�e�XzUWZ�[�hCLONMPRegQ>egT�Á^XzQSLONMhCL!m�e�«�¬
­ eOlxLOc
m�eAm�Z�[Cµ�dRLOdCQ�htikZ�[ChRL�{K²�[6QqLOPCQS]�NSL�[\X>L�f�µ�dCQSL � { � �§mWLªQqegPRP~Z�Q�X!LO[\X>QqLVmWZ�U�Z�}
X>LO[ dRLVPRegQ�m¯i|e�°�dRNYX>LOT�L�[\X�LaX�mWZ�U
NSU�T�dCmW]OL�PJZ�dCQ�mWL�P�egQqegTVÁ^X>QSL

αx
h�eg[CN!mWL�c�egN!hjikdR[CL�³ºZ�QSTVL�LOmWmWUWP4XzUW� dCL�NqUWT�dRmW]OL�L^r4X>QqegUwXzL�eOlxLOc�dR[CL�³ºZ�QSTVL

LOmWmWUWP4XzUW� dCL�]Oµ\e�mWLOT�LO[xX±{®²M[ QqLOTVegQq� dCL�m¯i|egPCP�egQSUwX>U�Z�[ htikZ�NqcOUWmWm�e�X>UWZ\[CN�mW]Oµ�ÁOQSL�N�¹�m�LONªZ�NqcOUWmWm�e�X>UWZ�[CN�UW[\XzQSZ hCdRUwX>LON

Wavelength (Angstroms)
3500 4000 4500 5000 5500 6000ra

tio
 fi

tte
d/

si
m

ul
at

ed
 la

w
 fo

r a
lp

ha
_x

 v
s.

 la
m

bd
a

1

1.002

1.004

1.006

1.008

1.01

1.012

(0.89111+-0.000124232*x+(8.71502e-09)*x^2)/(15*pow(x,-0.4)/1.01965)

é�ê´ë�ì � { � � í;t�öOò\ò4÷±õ�ø�ðzù±ø�õ�ð(óÒðzû�ó ÷�þ û�öN��ý\û¨ø�úzð�ðqø�û�þwñ�ýxóÒú>ð(ô�ðg)�öOõ�þ�öaøYþÒ÷�ù�öJ)±ð^ü�ó�öMóÒ÷�ù���ý\ðzý�õ�ô � ÷�ù\ô�ð»ò4÷�ý�õ
αx
�

PRegQ�cOLON�P~LaX>UwX>LON»l�egQqU�e�X>UWZ�[RN�P~Z�dRQ(czpRegcOdR[§hRLON�PRegQqegTVÁ^X>QSL�N»lxZ�[\X�l
QqegUWNqLOT!}Cm�eg}Cm�LOT�LO[xX�N�i|e�°�Z�d
X>LOQ�P~Z\dCQ(³´egUWQSL
egPCP�egQqe_^WX>QqL�mWLON�Z�NqcOUWmWm�e�XzUWZ�[CN�� dCL�m¯ikZ�[�Z�}RNqLOQ�lxL�P~Z�dRQ�mWLON�QqegPRP~Z�Q�XzNyhCL�NSPJLOc^XzQSLONyhCL�m�e�fRµ�dRQSL � { � {t©tL�mW]Oµ�LOQ
hC]Oc�e�m�egµ�L�Z�}RNqLOQ�lx]�LO[ TVZ	RxLO[R[CL�·£Qqe�PCP~Z\Q�X�L�[ T�Z	RxL�[C[CL�mW]Oµ\ÁOQSLOTVLO[\X�hRU�`J]OQSLO[xX�hCL � ¼�QqLONYX>L�UW[C³º]�QSUWLOdCQ�egd
P~Z�dRQST�UWmWmWL�L^X�PJLOd4X�hRZ�[Cc��^X>QSL�cOZ�[CNqUWhR]OQS]ycOZ�TVT�L�[C]Oµ\mWUWµ�L�eg}Cm�Lyh�eg[CN(dC[§PCQSL�T�UWLOQ®XzLOT�PRNO{

��[
fR[ts�Z�[�P~LOd
X!cOZ�[RcOmWdCQqLªhCL�cOLON�cOZ�dRQS}JLON��4dCL�m¯ikL^r X>Q>egc^X>UWZ�[�LONYX!f�eg}RmWL�v§�4dCLOmW� dRLON�PJZ�dCQSc�LO[\X>N�PCQqÁON�¹
mWZ�QSNq� dRL�m�eA«�¬
­�LONYX�e�hRegP
X>]OL�sjmWLON�]Oc�egQYX>Ny[CL�hR]OPRegNqNqLO[\X�PRe�N � k_{j©tZ�QSNq� dRL�m�eA«�¬C­8[jikL�N�X�P�egN�egh�egP4X>]�L�LO[
QSL^l�e�[CczpCL\sgmWLONI]Oc�e�Q�X>NIPJLOd4lxLO[xX�e�XSX>L�UW[ChCQqLu°�dCNq� dti|v 5 k�¹gcOL�cOU
NqZ�dCmWÁalxL�mWL»PCQSZ\}CmWÁOTVL�hCd�czpRZ�Uwr�hCL�m�ey«�¬
­®sg� djikUWm
³´egd4X®czpRZ�UWNqUWQ�m�e�T�UWL�d4rªegh�egP4X>]�L(PJZ�NqNqUW}CmWL�{ ½�[CL�PCQSLOTVUWÁOQSL�egTV]OmWUWZ�Qqe�X>UWZ�[�v�cOL�NSd�°�L^X®cOZ�[RNSUWNYXzL(L�[ªm¯i|e�°�Z�d
X®hjikdR[
PRegQqe�T�Á^X>QqL�P~LOQqT�L^XSX^eg[\X�hCL�[RL�P�egN�QqLONYX>QSLOUW[RhCQSL�m¯ikL�mWmWUWP4X>UWc�UwX>]Vegd4rÔe�rCLON

x
L^X
y
{bÓ�m�egQSQSUwlxL�LO[ÔLa`bL^X±sbc�Z�T�TVL

Z�[�PJLOd4X�mWL�lxZ�UWQ�NqdCQym�e_fRµ\dCQSL � { �\� sj�4dCL�c�LOQ�XzegUW[RLON�PJZ�NSL�NyPRQS]ONqLO[\XzLO[\X�dR[CL�LOmWm�UWP4X>UWcOUwXz]�NqLOmWZ\[�m�eAhCU�egµ\Z�[RegmWL
hCd§c�e�QSQS]�hR]afR[RUtPRegQ(mWL�czpRegTVPj{~²�[§P~L�d4XMe�XSX>QqUW}CdCL�Q(cOL�³´egU�X�PRegQ�L^r
LOTVPCmWL�egd
r�l\egQSU�e�X>UWZ\[CN�hCL�m�eVQS]O³ºQ>egc^X>UWZ�[
e�X>T�Z\NSPRpC]OQqUW� dCL�hRU�`J]OQSL�[\X>UWLOmWmWL(eOlxLOc»mWL�XzLOT�PRNOsgPCdRUWNq� djikUWmCNOi|e�µ�UwX�UWcOUChjikdC[RL�P~Z\NSL�m�Z�[Cµ�dRL»vMµ�Qqe�[ChCL�TªegNqNqL�hji|e�UWQ
·£P~Z\NSL�hCLjx ���
�
y Ñ y PCQqUWNSL�m�e�[4dCUwX���Ð%� � V ¼^{
�:���j�{z |��}A�~DEJ�\¢F�®¢BC¨¢£�g¦7�~���� ��nC¯�����vEt�ME�¡K�  ��K¡M�t���C���rC£�J¡

Ó�m�LONYX®]�µ\egmWLOT�L�[\X®UWTVP~Z�QYXzeg[\X®hRL�l ]OQSU�fRL�Q�m�e�cOZ�pR]OQSLO[RcOL�LO[xX>QSL�mWLON�QS]�NSdRmwXze�X>N�Z�}
X>LO[ dRN�eOlxLOc�m�e�TV�OT�L�PJZ�NqL
P~Z�dRQ�mWL�NMhRLOd4r§lxZ�UWLON�{j½�[�hCLON�PCQSL�T�UWLOQSN�cOQSUwXzÁOQSLON�LONYXyhCL�lx]OQSUWfRLOQMm¯i|eg[Rµ�mWL!hRL�m�e�Qq]O³ºQqegcaX>UWZ�[Ôe�XzT�Z�NqPCpR]OQSUW�4dCL
hCU�`J]OQqLO[\X>UWL�mWmWL�¹xZ�[�N>egUwX®�4djikUWmUR�e�L�[\X>QSL�m�e�XzQqegT�L�hCL�mne�lxZ\UWL�}RmWLOdCL�L^X®cOL�mWmWL�hRL�m�eylxZ�UWL�QSZ�dRµ�L�dR[�eg[Cµ\mWL�hRL�G��

� Ñ��



ÕuÖJ×aØJÙ¯Ú¨ÛzÜ�ÝxÞa`IÜ^ÛSß¯à�ÛSá�×�âJãaÜ^ä�åJæ�ãaà4å
Ü�å:ç ÜqèbÚ¨Ûz×\ã±Ú¯Ùºà�â

é�ê£ë�ì � { ����íi�~õYö�ù\üQ��ð�ÿ�� �
�
��c ô�ð�ówö�ò4÷�û�ð�ô�ðg� �����[�M�N� ò\õ�þwû�ð�ó�ö»ùgý\þ|ø � � �
� b � e ��ö�ý\ü��\ð " ówö�ø�õSöOùxü���ð�ô�ð�ô\÷�ù\ù�ú>ð^û "ö�ý!üqð^ù±ø�õ�ð " ówö�ø�õYö�ù\ü��\ð�õ�ðzüq÷�ù\û�ø�õ�ýxþ|ø�ð�öJ)±ð^ü»ý\ù�ð�LV÷
0Cöaø�ðzówó þ ò�øYþ-+gý�ð(û�ðzóÒ÷�ù
x
÷�ý

y
" ÿ�ô�õ�÷�þ|ø�ð(ó�ö�ø�õYö�ù\üQ��ð»õ�úzû�þwô\ý\ðzó ó ð �v' ùô\þ û�øYþ ù���ý\ð�ô�ðzý�ïAóÒ÷
�4ð^û�ôxö�ù\û�ó�ö!ø�õYö�ù\üQ��ð�õ�úzû�þ ô\ý\ðzó ó ð�ô\úzù�÷�øSö�ù±ø�ó � þwùxö�ô�ú[+gýxöaøYþÒ÷�ù§ô\ð�ówö%�}���7ü���÷�þwû�þ ð�ò4÷�ý�õMñM÷�ô�úzówþ û�ð>õüqðqø�ø�ð�3�÷±õ�ñ�ð " ô\÷�ù±ø�ó�öMóÒú[�	.zõ�ð�ðzówó þ ò�øYþwü>þ|ø�ú»ð^û¨ø�û�ð^óÒ÷�ù!ó�öMô\þ�ö��±÷�ùxö�óÒð(ô\ý�üzöOõ�õ�ú»ô�ú^ó þwñ�þ|ø�ú»ò öOõ�ó ð(ü��xö�ñMò �

LO[\l
UWQqZ�[Ô·¯NqZ�UwX��
{H� 5 Q>egh�¼^s
m¯i|eg[Cµ�mWL�Z�}
X>LO[ d_P~Z�dRQ®m�e!QS]O³ºQ>egc^X>UWZ�[Ae�X>TVZ�NqPCpR]OQSUW� dRLMhCU�`b]OQSLO[\XzUWLOmWmWL�hCZ�UwX(hCZ�[RcM�^X>QqL
hCU�`J]OQqLO[\X�hCLT�
{H� 5 L�[\X>QSL�mWLON�hRLOd4r�lxZ�UWLON�{t¿®L�cOUuL�N�X�egNqNqLOÂ�}CUWLO[olx]�QSU�fR]\sbegd
roUWTVPCQq]OcOUWNqUWZ�[CNyhCL�m¯i|e�°�dCNYXzLOT�LO[xX
PCQSÁON�{

��[+µ�]O[R]OQqegm¯s�mWLON�P�egQqegTVÁ^X>QSLON�hCLª³ºZ\QST�L
α

LaX
β
Z\}4X>LO[4dCN�NSZ�[xX!mW]Oµ�ÁOQqLOT�L�[\X!PCmWdRN�³´e�UW}CmWLON�P~Z\dCQ�m�e_lxZ�UWL

QSZ�dCµ\L�� dCL�PJZ�dCQym�e�lxZ\UWL�}CmWL�dCL�{�²�[ÔPJLOd4X�e�XSX>QSUW}RdCLOQycOLaX�LO`JL^X�v_m�eAhCU�`JdRNqUWZ�[6Ç�e�R
mWL�UWµ�p�hCL�m¯i|e�X>T�Z�NqPCpRÁOQSL�s
� dCU�X>L�[Ch7v�QSLO[RhCQSL�m�e�NSZ\dCQScOL_PCmWdRN!hRU�`JdCNqL_egd
r�³´e�UW}CmWLON�mWZ�[Rµ�dCLOdRQSN�hjikZ�[RhCL�LO[
egdRµ�T�LO[xXzeg[\X�m¯ikLar X>UW[Rc^X>UWZ�[
e�X>T�Z\NSPRpC]OQqUW� dCL��H���m�¨{�©jZ\QSNq� dCL�m¯ikZ�[§cOZ�TVPRegQSL�hCL�d4r_PJZ�NqLON(LO[§QSL^l�e�[CczpCL\sCm�e�P~Z�NqL�hCZ�[\X�mWL

β
L�N�X�PCmWdRN(³´egUW}CmWL

hReg[RN�mneªlxZ�UWL�}CmWL�dCL�egdCQ>e�]OµxegmWLOT�L�[\X�dR[
β
PCmWdCNy³´egUW}RmWL��4dCL�m¯i|egd
X>QSL�hReg[CNym�e�lxZ�UWL�QSZ�dRµ�L�{jÄML�TV�OTVL�P~Z�dRQ

m¯i|egN�R
T�]aX>QSUWLª¹�NqU�P~Z�dRQ�m�e�lxZ�UWL�}RmWLOdCL
αx

LONYXMPRmWdCN�µ�Q>eg[Ch�� dRL
αy

s�UWm�LO[�NqLOQqeVhRL�TV�OT�L�PJZ�dCQ�m�e�lxZ\UWL�QSZ�dCµ\L
hCLym�e�T��OTVLyP~Z\NSL\{�¿®LOcOUthC]O[CZgX>LydC[RLycOLOQ�X^egUW[CL�cOZ�pC]�QSLO[CcOL�hCLym¯ikLar X>QqegcaX>UWZ�[§LO[\X>QqLymWLON(hCL�d4r�lxZ�UWL�NOsRP~Z\dCQ�Xze�[\X
X>QqegUwXz]OLON(UW[ChR]OPJLO[ChRe�T�T�L�[\X±{

©tZ�QSN�hCL�m¯i|e�°�dRNYX>LOT�L�[\XMhCL�m�eªP~Z�NqUwX>UWZ�[oLO[�³ºZ�[Rc^X>UWZ�[ohCL�m�eVmWZ�[Rµ�dCLOdRQ�hjikZ�[RhCL�s�mWL�P�egQqegTVÁ^X>QSL
P ′

·£hR]OPJLO[4È
hReg[\XVTªe�°�Z�QSUwX^egUWQSLOTVLO[\XVhRL�m�e�PRQSLONqNqUWZ�[jsKlxZ�UWQ�c^pRegPCUwXzQSLA¸\¼�l�egQSUWL_L�[�µ\]O[C]OQ>egm�LO[\X>QqLY�
{ �\� L^X��
{ � VÔTªegUWN�m�e
cOZ�T�P�egQqegUWNqZ�[�hCLON�l�egmWL�dCQSN�Z�}4X>L�[ dCLON�hRe�[CN�mWL�N�hCLOd4rVc�e�[Regd4rª[CL�[CZ\dCN�e�PCPCQqLO[ChªQSUWLO[o¹xLO[ªLa`JLaX®m�e�lxZ�UWL�}CmWLOdRL
d4X>UWmWUWNqL�m�eªTVegNqNqL�hji|egU�Q�LO[§fR[�hRL�PJZ�NSL�egm�Z�QSN�� dCL�m�e�lxZ�UWL�QSZ\dCµ�L�d
X>UWmWUWNqL�m�eVTªegNqNqL�hji|egUWQ�L�[�hC]O}Rd4XMhCL�PJZ�NqL�s
L^XMm¯i|e�°�dRN�XzLOT�LO[xXMhCL

P ′
PJLOQSTVL^XMhCL�cOZ�TVP~LO[RNqLOQ�hjikdC[RL�P�egQ�XMm�eªhCU�`J]OQqLO[CcOL�L�[\X>QSL�mWL�N�hRLOd4rjsRLaXMhji|egd4XzQSL�PRegQYX

mWLON�]^lxL�[\X>dRLOmWmWLON�UWTVPCQS]Oc�UWNqUWZ�[CN�hCL�m¯i|e�°�dCNYX>L�T�LO[xX�hRL�m¯i|eg[Rµ�mWL�hCL�m�eVQS]O³ºQ>egc^X>UWZ�[oe�XzT�Z�NqPCpR]OQSUW�4dCL�hCU�`b]OQSLO[\XzUWLOmWmWL�{
²M[§[CLyPJLOd4X�hCZ\[CcyQSUWL�[AcOZ\[CcOmWdRQSLyhCL�m¯ik]^X>dRhCLyhRLycOL�PRegQqegTVÁ^X>QqL�{

²M[�P~L�d4X�]^lxL�[\X>dCL�mWmWLOT�L�[\X�NqZ�[Rµ�LOQ®v�La`JLOcaX>dCLOQ®dC[�QqLOcOZ�dRP~LOTVLO[\X�N�R
NYX>]�TVe�X>UW�4dCL�L�[\X>QSLMmWLON®hCLOd
rªc�e�[Regd
rbs
TVegUWN�[RZ�dCN�eOlxZ\[CN�PRQS]O³º]OQq]�h�eg[CN�dC[7PRQSLOT�UWL�Q�XzLOT�PRN�[RL_PRegN�QSLO� dR]OQSUWQ�m¯ikL^rCUWNYX>LO[Cc�L_hCLON�hCL�d4r�P~Z�NqLON�P~Z�dRQ
La`JLOc^XzdCLOQ!m¯ikLar X>Qqe�c^X>UWZ�[tsuT��OTVL�NOi|UWm�egQSQSUwl L�QqegQSL�T�LO[\XV� dCL�NqLOdCmWL_m¯ikdC[CL�hRLON�lxZ�UWLON�NqZ�UwX�hRUWNSPJZ�[CUW}RmWL�P~Z�dRQ�m�e
PCQSUWNqLyhRLyhRZ�[C[C]�LON�{

�:���j��� ���\¡�¤��
¤��7��~����4�� ����o¤��´¡��I��¦C���K¢BC£�7�~� �:¡�¢´��~r�I�t�g�}A ¦C�� x¢F�I¡��
©tZ�QSNq� dCL�m�e7[ dCUwX�LONYX§PRpCZ�X>Z�TV]^X>QqUW� dCL�s�dR[CLÔ]aX>dChRLÔhCLÔPRmWdCNqUWLOdRQSNAP~Z\NSL�N_hRLÔm�e7T��OTVLÔ]^X>Z�U�mWLÔPJLOQSTVL^X

hCLVX>LONYX>L�Q�m�e�cOZ\pC]OQSL�[CcOL�hRL�m¯ikL^r XzQqegc^X>UWZ\[j{:�I[�LO`JL^X±suZ�[�PJLOd4X�cOZ�[RNqUWhC]OQSL�Q�� dti|egd�cOZ�dRQSN!hjikdR[CL�T��OTVL�[ dRUwX
m�eAX>Qqeg[RNSTVUWNqNqUWZ�[�UW[CNYX>QqdCT�L�[\XzegmWL�[jik]alxZ�mWdCL�PRegN�s�LaX±sKPRegQ�hR]afR[RUwX>UWZ�[jsKmWLON!cOZ�[ChRUwX>UWZ�[RN!e�XzT�Z�NqPCpR]OQSUW� dRLON�NqZ�[xX
N�X^eg}CmWLONMegd�c�Z�dCQSN�hjikdR[CL�[ dRUwXMPCpCZ�XzZ�T�]^XzQSUW� dRL�{~©jL�NqUWµ�[�egm�QSL���d�hCZ�UwXMhRZ�[Cc��^X>QqL�UWhCLO[\XzUW� dCL�egd
r§cOZ�QqQSLOc^X>UWZ\[CN
hCL�TªegNqNqL�hji|e�UWQ:PRQSÁON�{�©�ik]^X>dRhCL»cOZ�[CNqUWNYX>L»hCZ�[Cc»LO[�dC[CL»cOZ�T�P�egQqegUWNqZ�[�hCL»NSPJLOc^XzQSLONIUWNqNqdCNIhCL»P~Z�NqLONIhRL�m�e�T��OTVL
]^X>Z�UWmWLMPRQSUWNqLON®m�e�T��OTVL�[ dRUwX»PCpCZ�XzZ�T�]^XzQSUW� dRL�PCQq]�egm�eg}CmWL�T�LO[xX�QqegTVLO[C]�N�v�dR[VXzLOT�PRN�hRL�PJZ�NqL�hjikdR[CLMNSL�cOZ�[ChRL
L^XMv�dR[CL�TVegNqNqL�hji|egUWQ(hRL � {~²�[§d4X>UWmWUWNqL�P~Z�dRQ»c�L�³´egUWQSL�m�e!Xzeg}RmWL�hjikL^r XzUW[Cc^X>U�Z�[�e�X>T�Z\NSPRpC]OQqUW� dCL�hCL�QS]O³º]�QSLO[Cc�L
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P~Z�dRQ�mWLjSoegdR[ReT��L�ep� ¸ � ��·£PCQq]ONqLO[\X>]OL�egdAczp�egPCUwXzQSL�Ð\¼^sCL^X�PRQSZ cOÁ�hCLyLO[AT�dCm�X>UWPCmWU�eg[xX�czpRe�� dCLy}CUW[§hCdANqP~LOc^XzQSL
L^r X>Q>egUwX�P�egQ»dC[§³´egc^XzLOdCQ»hRLycOZ\QSQSLOc^XzUWZ�[

Fcorr
hR]OP~L�[ChReg[xX�hCLym�e�mWZ�[Rµ�dCLOdRQ»hjikZ�[RhCL

λ
N�ik]OcOQqUwl�eg[\X�¹

Fcorr(λ) =
100.4zε(λ)

t

· � { � ¼
Z�I

t
LONYXVmWL�X>LOTVPCN�hCLAP~Z�NqL_LO[
NqLOcOZ�[RhCLON�s

z
m�e�TªegNqNqL_hjiÒegUWQOs:LaX

ε(λ)
m¯ikLar X>UW[CcaX>UWZ�[ e�X>TVZ�NqPCpR]OQSUW� dRLAv�m�e

mWZ�[Cµ�dRLOdCQ�hjikZ�[RhCL
λ

·£LO[ÔTVegµ\[CUwX>dRhCL!P�egQMTªegNqNqL!hti|egUWQ>¼�UWNqNqdCL!hRL�m�eVX^eg}CmWL�hCL�QS]O³º]OQqLO[CcOL\{j¿®LaXSX>L�cOZ�QSQqLOc^X>UWZ�[
[CL!PRQSLO[Ch�P�egN�LO[ÔcOZ�T�P
X>L!mWLON�Q>egUWLON�hti|eg}CNqZ�QSP
X>UWZ�[oX>LOmWmWdCQqUW� dCL\sJhCZ�[xXym�e�hR]OP~L�[ChReg[RcOL!LO[�TªegNqNqL!hji|e�UWQM[tikLONYX
PRegN�mWUW[R]�egUWQSL�{�©jLAQqegPCPJZ�Q�XVL�[\X>QSL_hRLOd4r�NqP~L�c^X>QSL�N�cOZ�QqQSUWµ�]ONVegUW[RNSU»hCL_m�e�TV�OTVL_]^X>Z�UWmWLAPCQqUWNSL_m�eÔT���T�L_[ dRUwX
vAhRLON�TªegNqNSL�N�hji|e�UWQ�hCU�`J]OQqLO[\X>LON�hCL^l
Q>eAhRZ�[Ccª�^X>QSLªhRL � N>egdC³»egd4r6mWZ�[Rµ�dCLOdRQSN�htikZ�[ChRLVcOZ�QqQSLONqP~Z\[ChReg[xX!egd
r
QqegUWLON®hji|eg}RNSZ\QSP4X>UWZ\[�XzLOmWmWdCQSUW�4dCL�{
¿MikLONYX�cOL�� dCL�m¯ikZ�[�Z�}RNSL�Q�lxLMv�hRLOd4rªP~Z�dRQScOLO[xX>N�PCQSÁ�N�LO[\l
UWQqZ�[ªh�eg[CN�m�LON�ÂOZ�[RLON
cOLO[\XzQqegmWLONªhCL�NVcOdR}~LON�s�hReg[RNVm¯ikL^rCLOT�PRmWL§hCL§m�e�fRµ�dCQqL � { � Ñ4{�²�[ QSLOTªegQS�4dCL§NqdCQVcOL^XSXzLAfRµ�dCQqL§dC[ hC]�c�egm�egµ�L
PCmWdCN�UWTVP~Z�QYXzeg[\X�·w°�dCNq� dti|vhV�kV¼�P~Z�dRQ®mWL�cOdC}JLMQSZ�dCµ�L\{v6�Z�dRN�QSL^X>QqZ�d4lxLOQqZ�[CN�cOL�QS]ONqdCmwX^e�X»h�eg[CN�[CZ�XzQSLM]^XzdChCLMhRL
m¯ikL^r X>UW[Rc^X>UWZ�[o·´lxZ�UWQ�NqLOc^XzUWZ�[ � �
{ � ¼^sxZ�Iª[CZ�dRN�Z�}4X>UWL�[ChCQqZ�[CN�dC[V]�c�egQ�X®]O� dCUwl\egmWLO[\X®LO[\X>QqL(m�e�cOZ�dCQq}~L(htikL^r X>UW[Rc^X>UWZ�[
Z�}4X>L�[ dCL!µ�Q��gc�L!e�d4rohCZ�[C[R]OLONy¬U6�Ó�­I¬§LaX�mneªc�Z�dCQS}JL�hji|L^r X>UW[Rc^X>UWZ�[�hCL!QS]O³´]OQSLO[RcOL�{b¿�LOcOU�X>LO[Rh�v�PRQSZ�d4lxL�Q�� dRL
cOL^X�]Oc�e�Q�X�[jikLONYX�PRe�N�mWUW]�v�dR[�PCQSZ�}RmWÁOT�L�htikL^r X>Qqe�c^X>UWZ�[�TªegUWN�v�m�eAlx]^X>dRNYX>]�hCL�m�e�cOZ�dRQS}JLªhtikL^r X>UW[Rc^X>UWZ�[�hRL
QS]O³º]OQqLO[CcOL\stcOZ�TVT�Lª[CZ�dRN�mWL�l LOQSQSZ�[RN�egmWZ�QqNO{K©tLVc±egN�hCL�N�mWZ�[Cµ�dRLOdCQSN�hjikZ�[RhCLVL^r4X>QS�OTVLON�LONYX!PCQSZ�}RmW]OTªe�X>UW� dRL�s
cOLOmWmWLONYÈ�c�UtNqdC}RUWNSN>eg[xX�hCL�[RZ�T�}RQSLOdCNqLON�PJZ�mWmWd4X>U�Z�[CN�·£NqLOcOZ\[Ch§Z�QShRQSL�hRL�QS]�³ºQqegc^XzUWZ�[§hRd§QS]ONqL�egdtsRUW[CNYXze�}CUWmWUwX>]�hCL�m�e
X>Qqeg[RNSTVUWNqNqUWZ�[�hCL�mneMm�egT�L»hCUWczpRQSZgÆ¨�4dCL�sg³´e�UW}CmWLONqNqL�hRd�QqegPRP~Z�Q�X�L�[\X>QSL�NqUWµ�[�egm
L^X�}RQSdCUwX�hReg[RN:cOL�N:hRZ�TVegUW[RLONz¼K� dRL
[CZ�dRN�QqLO[CcOZ�[xX>QSLOQqZ�[CN(X>Z�d4Xyegd�mWZ�[RµªhCL�cOLON�]^XzdChCLON�{~©�ik]^X^e�X�egc^X>dRLOm�hRdAX>QqegUwXzLOT�LO[xXMhRLON�hCZ�[R[C]OLON�[CL�PJLOQSTVL^X
PRegN(hCL�X>QqegUwXzLOQ»cOL�N(hCZ�TªegUW[CLON�eOl LOc�dC[CLyPRQS]OcOUWNqUWZ�[§N>e�X>UWNq³´egUWN>eg[\XzL�{
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ratio of two spectra of Hiltner600, night 06 014
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L^X�c�L�[RZ�XzegTVT�LO[\X�PRegQqcOL��4dCLVmWLON�NqdCPJLOQS[CZ�l
©¥NqZ�[\X�hCL�N�NqZ�dCQScOL�N�v_³£egUW}CmWL�¶Rd
rÔ� dRUI[C]�cOLONqNqUwX>LO[\X�hCLON�PJZ�NqLON
mWZ�[Cµ�dRLON(� dRLym¯ikZ�[§[CL�P~LOd
X�PRegN�X>Z�d�°�Z�dCQqN»PRQSLO[RhCQSLyh�eg[CN(mWLON(TVLOUWmWmWLOdRQSLON(cOZ\[ChCUwXzUWZ�[CN�{
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�AN�PCQSUWNqLªvAdR[CLVTªegNqNSLVhti|egUWQ�hRL�Ñ4{ � {�©�v
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m�e_TVegd
l�egUWNqL�cOZ�[\l LOQSµ�LO[RcOL�hRL�m¯i|eg°�dCNYX>LOTVLO[\X�hRLV«�¬C­�egmWZ\QSN�� dCL!X>Z�dRNymWLON�P�egQqegTVÁ^X>QSLON�NqZ�[\X�m�egUWNqNq]ON�mWUW}CQSL�NOs
cOZ�T�TVL�mWL�T�Z�[xX>QSL�m�eyf�µ�dCQqL � { � Gª¹ hCL�[RZ�T�}RQSLOd4rªP~Z�UW[xX>N�TVe�[C� d�eg[\X>N�PJLOd4lxLO[xX®³´egdRNSNqLOQ�m¯i|e�°�dRNYX>LOT�L�[\X®hRL

β
s

NSdRQ�X>Z�d
X�UWcOUuhReg[RNMmWL!cOdC}JL�}CmWL�dj{¤S�egUWNMcOL!PCQqLOT�UWL�QMe�°�dRN�XzLOT�LO[xX�L^Xym�eªf
rCe�XzUWZ�[�hCL
β
PJLOQSTVL^Xyegd�hCLOd
r
UWÁOTVL

 / ndf 2χ  55.12 / 22
p0        1.094± -5.691 
p1        0.000531± 0.004467 
p2        6.388e-08± -5.684e-07 
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 / ndf 2χ  55.12 / 22
p0        1.094± -5.691 
p1        0.000531± 0.004467 
p2        6.388e-08± -5.684e-07 

Values of beta for G191B2B, night 06 014

 / ndf 2χ  34.82 / 72
p0        0.406± 4.845 
p1        0.0001150± -0.0006224 
p2        8.061e-09± 4.557e-08 
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 / ndf 2χ  34.82 / 72
p0        0.406± 4.845 
p1        0.0001150± -0.0006224 
p2        8.061e-09± 4.557e-08 
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hCL�cOZ�[\l LOQSµ�LOQ�s
cOZ�T�TVL�Z�[_P~LOd
X»mWL�l Z�UWQ�UWcOUjeOlxLOcyP~Z�dRQ®L^rCLOT�PRmWL�m¯i|e�°�dRN�XzLOT�LO[xX»hRL
αy

·´fRµ\dCQSL � { � Vx¼a{v¯KZ�d
X>LON

 / ndf 2χ  20.07 / 58
p0        0.1±  -1.4 
p1        0.00006± 0.00187 
p2        6.926e-09± -2.565e-07 

Wavelength (Angstroms)
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 / ndf 2χ  20.07 / 58
p0        0.1±  -1.4 
p1        0.00006± 0.00187 
p2        6.926e-09± -2.565e-07 

Values of alphay for G191B2B, night 06 014

 / ndf 2χ  36.02 / 117
p0        0.049± 2.845 
p1        0.0000137± -0.0003368 
p2        9.473e-10± 2.067e-08 
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 / ndf 2χ  36.02 / 117
p0        0.049± 2.845 
p1        0.0000137± -0.0003368 
p2        9.473e-10± 2.067e-08 
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mWLON�XzQqeg[CczpRLONAhCd cOdR}~LÔQS]^È�]�czpReg[\XzUWmWmWZ�[C[R]ÔZ�[\X§}CUWL�[ cOZ�[\lxL�QSµ�]ÔL^X§NqZ�[xX§PCQS]ONqLO[xX>LONAP~Z�dRQ�mWL�NAe�°�dRN�XzLOT�L�[\X>N
UW[\X>LOQqT�]OhRU�egUWQSLON�{76�Z�XzZ�[CN�egdÔPRegNqN>egµ�L�m�e_µ�Qqeg[ChRL�cOZ�dCQq}CdCQqL!Z�}4XzLO[ dRL!h�eg[CN�mne�mWZ�U:hCL�l�egQqU�e�X>UWZ�[�hCL

αy
eOlxLOc

m�e�mWZ�[Cµ\dCLOdRQ�hjikZ�[RhCL�sKL^X�NqdCQYX>Z�d4X�mWL�cOZ�TVP~Z�QYX>LOTVLO[\X�P~Z�dRQ�mWLON!mWZ�[Cµ�dRLOdCQqN�hji|Z�[ChCL�NqdCPJ]OQSUWLOdRQSLON�v ��5 �����!{
¿®L�cOZ�TVP~Z�QYX>LOT�L�[\X±s PCQq]ONqLO[\X�P~Z\dCQ�X>Z�dRN�mWLON�e�°�dRNYX>LOT�L�[\X>N®UW[\X>LOQSTV]OhCUnegUWQSLON®hCL�cOLMcOdC}JL�sxNqL�QqL^X>QSZ�d
lxL�hReg[RN�hRL
[CZ�T�}RQSLOdRNSL�N:P~Z�NqLON:L^X�NqZ�dCmWUWµ\[CL�mWL�³´egUwX�� dCL�sgP~Z�dRQuc�LON:mWZ�[Rµ�dCLOdRQSN:hjikZ\[ChCL�L^r X>Qq�OT�LON�sgm�e�fCrCe�X>UWZ\[�czpCZ�UWNqUWL�P~Z�dRQ
mWLON�PRegQ>egT�Á^XzQSLON�hCL�PJZ�NqUwX>UWZ�[�L^XKhRL�³ºZ�QqT�L�PJLOd4XSÈ��^X>QSL�[R]O³´egNYX>L�v(m�e»}JZ�[C[RL�L^r X>Q>egc^X>UWZ�[�hCd�NSPJLOc^X>QqL�{
6�]�e�[CT�Z\UW[CN�s
Z�[AP~LOd
X(hRUWQSLy� dCLym¯ikL^r XzQqegc^X>U�Z�[AhCLyPJZ�NSL�N»mWZ�[Cµ\dCLON�v�µ�Qqeg[ChRL�TªegNqNqLON»hti|egUWQ»LONYX�µ�mWZ�}RegmWL�T�LO[xX�N>e�X>UWNq³´egUWN>eg[\XzL�¹
LO[�La`JL^XVNSU®mWL�PRQSLOT�U�LOQ�e�°�dRN�XzLOT�LO[xX�hRL_«�¬C­EQqLY°�L^XSXzL�dR[�[CZ�T!}CQSL�QSLOm�e�X>UwlxLOTVLO[\X�UWTVP~Z�QYXzeg[\X�hRLVXzQqeg[CczpRLON�s
mWLON�e�°YdCNYX>LOTVLO[\X>N�UW[\X>L�QST�]OhRU�egUWQSLON�hCLON�PRegQqegTVÁ^X>QqLON�hRLV³ºZ�QqT�L�s�[RZ�XzegTVT�LO[\X!hCL

β
s�PJLOQSTVL^XSX>L�[\X!egd+hRLOQS[RUWLOQ

e�°�dCNYX>L�T�LO[\XKhRLIcOZ\[CNqUWhC]OQqLOQbX>Z�d4XzLONtmWLONjX>Qqeg[RczpCLON�N>eg[CN�egdRcOdC[�]OczpRLOc�{�¿MikL�N�XKm�e»Q>egUWNqZ�[�PCQqUW[CcOUWP�egmWL�P~Z�dRQjm�eg�4dCLOmWmWL
[CZ�dRNªeOlxZ�[CNªczpCZ�UWNqU(hCL_X>Q>egUwX>LOQVmWL§cOZ�T�PJZ�Q�X>L�T�LO[xXªhCd P�egQqegT�ÁaX>QSL

β
eOl LOc§m�e�mWZ�[Cµ�dRLOdCQVhjikZ\[ChCL§hCL§³´e��OZ�[

NS]�PRegQS]�L�s�LaXMNqdRQ�X>Z�d
XMhCL�QSLO³´e�UWQSL�dC[�e�°�dCNYX>L�T�LO[\X�hCL!«�¬
­ eOlxL�c
β
f
r
]�{J©teªc�Z�QSQS]Om�e�X>UWZ�[oLO[\XzQSL�mWLON�hRU�`J]OQSLO[xX>N
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Consistency of the extraction for G191B2B, night 06 014
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Ratio of spectra of Feige56, night 06 096 (brought to airmass 1, 1s): 20s / 300s
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Slice at 4000 A, Feige56, 300s, 06 096 049
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 / ndf 2χ  39.35 / 55
p0        1.199± 2.474 
p1        0.00058± 0.00012 
p2        7.020e-08± 2.516e-08 
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Values of beta for LTT9491, night 05 264

 / ndf 2χ  223.9 / 113
p0        0.781± 9.899 
p1        0.000223± -0.001951 
p2        1.581e-08± 1.516e-07 
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Ü�å:ç ÜqèbÚ¨Ûz×\ã±Ú¯Ùºà�â
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P~Z�dRQ»cOLOQYXzegUW[CL�N»mWZ\[Cµ�dCL�dCQSN(htikZ�[ChRL�sCcOZ�TVT�L�mWLyT�Z\[\X>QSL�m�e!f�µ�dCQSL � {ÒÑ�Ñ4{
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 / ndf 2χ  215.1 / 54
p0        0.644± 4.385 
p1        0.0002954± -0.0001098 
p2        3.376e-08± -4.796e-08 
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 / ndf 2χ  215.1 / 54
p0        0.644± 4.385 
p1        0.0002954± -0.0001098 
p2        3.376e-08± -4.796e-08 

Values of beta for HR8634, off-centered exposure 05 244 066

 / ndf 2χ  97.99 / 59
p0        0.271± 6.535 
p1        0.00012± -0.00164 
p2        1.39e-08± 1.83e-07 
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 / ndf 2χ  97.99 / 59
p0        0.271± 6.535 
p1        0.00012± -0.00164 
p2        1.39e-08± 1.83e-07 

Values of beta for HR8634, centered exposure 05 244 052
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ÜMÛzàv�Cægä�Ú�Üzäqä^Ü
QSLOPCQq]ONqLO[\X>L�hCZ�[Rc�sRPJZ�dCQ�m�e�lxZ�UWL�}CmWLOdRL�sRmWL�N�hRLOd4rANqPJLOc^X>QqLON�hCLh��Ç�¸�Ð�G�VªZ�}RNSL�Q�lx]ON�cOL^XSX>L�[ dRUwXSÈ�m�v
s�QqegTVLO[C]ONMv
dC[CL�TVegNqNqL�hji|egUWQ�hCL � L^X�v�dR[ªX>L�T�PCN�hRLMPJZ�NqLMUWhRLO[\X>UW�4dCL�sCegUW[CNqUb� dCL�mWL�QqegPRP~Z�Q�X(LO[\X>QqLMc�LON�hCLOd
r�NqPJLOc^X>QSL�NO{
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ÕuÖJ×aØJÙ¯Ú¨ÛzÜ�ÝxÞa`IÜ^ÛSß¯à�ÛSá�×�âJãaÜ^ä�åJæ�ãaà4å
Ü�å:ç ÜqèbÚ¨Ûz×\ã±Ú¯Ùºà�â
hReg[RN�m¯ikL^r XzQqegc^X>U�Z�[6hCd�¶�d4r�hCZ�Uwl LO[\X��^XzQSLVhCdRLON�egd6Tªegd4l\egUWN�cOLO[xX>Qqegµ\LVhCLVm¯ik]^X>Z\UWmWLVNqdCQ�m�e�X>Q>egT�L�{ZS�egUWN�mWLON
QS]ONqdCmwX^e�X>N®NqZ�[\X»PCmWd
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PCQS]Oc�]OhCLO[xXymWL�T�Z�[xX>QSL�sbcOZ�TVT�L�Z�[ÔP~L�d4X�mWL�lxZ�UWQyNqdCQ�m�e�fRµ\dCQSL � {ÒÑ��
{j©tLONyT��OTVLON�NYXzQSdCc^XzdCQSLONyNSZ\[\X�l
UWNqUW}Cm�LON
NSdRQyhji|e�d4X>QSL�NyPJZ�NqLON�hjik]^XzZ�UWmWLON�hRL!X/R
PJL%��Ç PRQSUWNqLON�hji|egd
X>QSLON�[ dRUwX>N�{t©�ik]^l�e�mWdRe�X>UWZ\[6hCL!X>Z�dRN�mWLON�PRegQ>egT�Á^XzQSLON
hCL�m�e�«�¬
­®saRocOZ�TVPCQSUWNMPJZ�NqUwX>UWZ�[�L^Xy³ºZ�QSTVL�s~NqLOT!}CmWL!hC]OPJLO[ChRQSL�³ºZ�Q�XzLOT�LO[xX�hRd�¶Rd
r�QSL���djs~P�egQ�X>UWc�dCmWUWÁOQqLOT�LO[xX
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{�À�fR[�hCL�T�U�LOd4r§cOZ�TVPCQSL�[ChCQqL�cOL�PRpC]O[RZ�T�ÁO[RL�s�Z�[�NqL�PCQSZ�PJZ�NqL�UWcOU�hjik]aX>dChRUWLOQ

PCmWdCNMLO[ohC]^X^egUWmKhCLOd
rAX>Qqeg[RczpCLONMhCL�cOL�cOdC}JL�¹~m¯ikdC[CL�NqUwX>dR]OL�hReg[RN�dC[RL�Q>egUWL�hCL�m¯ik]^XzZ�UWmWL�·£Q>egUWL]�
δ
v�V � ������¼as

L^X�m¯i|egd
X>QSL�hRe�[CN�dR[CL�ÂOZ�[CL�N>eg[CNyQqegU�L�sjv�VxÑ������!{j©te�f�µ�dCQqL � {ÒÑ�¸�QSLOPRQS]ONqLO[\XzL!PJZ�dCQ�cOLONyhCLOd
r�X>Qqeg[RczpCLONymWLON
c�egQ�X>L�N�eOl LOc!cOZ�[xX>Z�dCQqN�egUW[RNqUu� dCL!m¯ikpRUWNYX>Z�µ�QqegTVT�L�hCLON�l�egmWLOdRQSN�hCdo¶Rd
roP~Z�dRQ�czp�eg� dRL!NqPRe�r
LOm¨{b©te�³´Z�QST�L!hRL
m¯ik]^X>Z�UWmWL�NqdCQ�m�eAXzQqeg[CczpRL�NqUwX>dC]OL�h�eg[CN!m�e�Qqe�UWL�·?V � �
����suv�µ\egdRczpCL�NSdRQ�mne§fRµ�dRQSL±¼�PRe�Qqe_^WX�mW]�µ�ÁOQSLOTVLO[\X�PRmWdCN
LOmWmWUWP4XzUW� dCLA·¯]^XzegmWLOTVLO[\X�NqLOmWZ�[Ôm¯i|e�r
L
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¼�� dRL!cOL�mWmWL�hCL�m�eªX>Qqeg[RczpCL�v�VxÑ������!sJc�L�� dCU:P~Z�dRQSQqegUwX�L^rCPCmWUW� dRLOQ�mWLON

]Oc�egQ�XzNyZ�}RNSL�Q�lx]ONyPJZ�dCQymWLON�PRegQqe�T�Á^X>QqLONyhCL�³ºZ�QqT�L�{jÀ�f�[ÔhRL�c�Z�T�PCQqLO[ChRQSL�m�e�l\egQSU�e�X>U�Z�[�hCL�m¯ikLONYX>UWTVe�X>UWZ�[�hRd
PRegQqe�T�Á^X>QqL

x
sJZ�[�NSL!PCQSZ�PJZ�NqL�]OµxegmWLOT�L�[\XyhCL�c�Z�T�P�egQSLOQOsJP~Z�dRQ�hCLOd
rAX>Q>eg[CczpRLONMNqUwX>dC]OL�NMhCL�P�egQ�XyL^X�hti|egd4X>QqL

hCL�m�e�QqegUWL�vYG � ������sbZ�IÔmWLONyhCU�`J]�QSLO[CcOL�N�Z�}
X>LO[ dRLON�PJZ�dCQ�m¯i|e�°�dCNYX>L�T�LO[\X�hCL
x
NqZ�[\X�UWT�PJZ�Q�Xzeg[xX>LON�sbmWL�PCQSZgf�m

hCLON!hCZ�[C[R]OLON�{u©te§f�µ�dCQSL � {ÒÑ � QqLOPCQS]�NSL�[\X>L�sKP~Z�dRQ�mWLON�X>Q>eg[CczpCL�N!v�G � Ð 5 L^X�v�G � �\Ño�!sKmWLON�l\egmWLOdCQqN�hCd+¶Rd
r
NSL�mWZ�[Ôm¯i|e�rCL

x
PJZ�dCQ�m�e�mWUWµ�[RL�Z�IÔNqL!NqUwX>dRL�mWL�TVe�r
UWT!dCT htikUW[\X>L�[CNqUwX>]�mWdCTVUW[CLOdRNSL\{j²�[ÔhCUWNYX>UW[Cµ\dCL�[CL^XSXzLOT�L�[\X
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ÕuÖJ×aØJÙ¯Ú¨ÛzÜ�ÝxÞa`IÜ^ÛSß¯à�ÛSá�×�âJãaÜ^ä�åJæ�ãaà4å
Ü�å:ç ÜqèbÚ¨Ûz×\ã±Ú¯Ùºà�â

 / ndf 2χ  796.5 / 617
p0        0.169± 8.264 
p1        0.00008± -0.00275 
p2        9.151e-09± 3.217e-07 

Wavelength (Angstroms)
3400 3600 3800 4000 4200 4400 4600 4800 5000 5200
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 / ndf 2χ  796.5 / 617
p0        0.169± 8.264 
p1        0.00008± -0.00275 
p2        9.151e-09± 3.217e-07 

Values of beta for HR718, 05 249 052

 / ndf 2χ   2041 / 557
p0        0.022± 4.587 
p1        0.000010± -0.001812 
p2        1.226e-09± 2.063e-07 

Wavelength (Angstroms)
3400 3600 3800 4000 4200 4400 4600 4800 5000 5200
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1
 / ndf 2χ   2041 / 557

p0        0.022± 4.587 
p1        0.000010± -0.001812 
p2        1.226e-09± 2.063e-07 

Values of alpha for HR718, 05 249 052
 / ndf 2χ  168.6 / 557

p0        0.015± 2.357 
p1        0.0000069± -0.0008546 
p2        8.044e-10± 9.736e-08 

Wavelength (Angstroms)
3400 3600 3800 4000 4200 4400 4600 4800 5000 5200
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0.8  / ndf 2χ  168.6 / 557
p0        0.015± 2.357 
p1        0.0000069± -0.0008546 
p2        8.044e-10± 9.736e-08 

 / ndf 2χ   4163 / 558
Position at Lref  0.000± -1.017 
f(P)      0.00097± -0.08776 

Wavelength (Angstroms)
3400 3600 3800 4000 4200 4400 4600 4800 5000 5200
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-1.1
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-0.9

-0.8

-0.7

 / ndf 2χ   4163 / 558
Position at Lref  0.000± -1.017 
f(P)      0.00097± -0.08776 

Values of position for HR718, 05 249 052

 / ndf 2χ  804.3 / 558
Position at Lref  0.0001± 0.5542 
f(P)      0.0003± -0.1176 

Wavelength (Angstroms)
3400 3600 3800 4000 4200 4400 4600 4800 5000 5200

y

0.35

0.4

0.45

0.5

0.55

0.6

0.65

0.7

0.75

 / ndf 2χ  804.3 / 558
Position at Lref  0.0001± 0.5542 
f(P)      0.0003± -0.1176 
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ðzùj�xö�ýgø " ò4öaõSö�ñ4.qø�õ�ðzû

α
ö�ý!ñyþ ówþÒðzý " ò4÷�û�þÒø�þ ÷�ù�ð^ùh�4öOû �
µ ð»üzö�ûIúzü���úaö�ù±ø " )±ö�óÒðzý\õ�ûIò4÷�ý�õ�ó � öaï�ð

x
ÿ���ö�ý\üQ��ð " ò4÷�ý\õ�ó � öaïgð

y
ÿMô\õ�÷�þ|ø�ð �

dC[CL�hCU�`b]OQSLO[RcOL�hCL�P~Z�NqUwX>UWZ�[�hCdªTVe�rCUWT�dCT§sx� dCU\°�dCNYX>U�f�L(mWL�Qq]ONqdCmwXze�X®Z�}
X>LO[ dªP�egQ�m¯i|eg°�dCNYX>LOTVLO[\X±{4©jL�PJZ�}CmWÁOTVL
l
UWLO[\X�hCZ\[Cc�hRUWQSLOc^X>L�T�LO[\X�hCL�N!cOdC}JLON!hCL�hRZ�[C[R]OLON�X>LOmWN!�4djikUWmWN�NSZ\[\X�vocOL�N�X^eghCL�hCd6XzQqegUwX>LOTVLO[\X�L^X�QSLONYX>L_v
cOZ�T�PRQSLO[RhCQSL�{ ½�[ªmW]Oµ�LOQ�hR]Oc�egm�egµ\L�hReg[RN�m¯ik]^X^egmWZ�[C[�egµ�L�LO[ªmWZ�[Rµ�dCLOdRQ�htikZ�[ChRL(hRLON�hRU�`J]OQSL�[\X>N�NqPJLOc^X>QSL�N�hCdªcOdC}JL
P~Z�dRQSQqegUwX��^X>QSL�v�m¯ikZ�QSUWµ\UW[CL�hCL�cOLyPRQSZ�}CmWÁ�T�L�sCL^X�cOLOcOUtLONYX�v�m¨ik]^X>dChRL�egcaX>dCLOmWmWL�T�LO[xX±{

¬4Ubm¯ikZ�[_N�ikUW[\X>]�QSLONqNqLyegd4rªl�egmWL�dCQSN»hCd�³ºZ\[Chjs
Z�[_cOZ�[RN�X^e�X>L�� dCL�m�e�X>Qqeg[RczpCLyv]V � ���]�%cOZ�[\XzUWLO[\X(hCL�N�l�egmWLOdRQSN
[C]Oµ\e�X>UwlxLON�PJZ�dCQ�cOLOQ�Xze�UW[CN�NqPRe�r
L�mWNOs L^X®�4dCL�mWL�³ºZ�[RhªNqdC}RUwX®hReOl�eg[xXzegµ�L�mWLON�La`JLaX>N�hCd�}CQSdRUwX®P~Z�dRQ�cOL^XqX>L»X>Q>eg[CczpRL
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Microlens number
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Values of flux in the slice

slice at 4200 A

slice at 4100 A
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Values of flux versus x at y fixed

slice at 3965 A

slice at 3972 A
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� dCLªPJZ�dCQ�cOLOmWm�L�vpVxÑ����p��{}S�egUWN�mWLON�l�e�mWLOdCQSN�hRd6¶Rd4r+egd
r6}~Z\QShCN�hCLªm�e_X>Q>egT�L�s�N�RCN�Xz]OTVe�XzUW� dCLOTVLO[\X!PRmWdCN
]OmWL^lx]OL�N�hReg[RN(mWL�c�egN�hRL�m�e!XzQqeg[CczpRL�vTVxÑ����T�!s
X>LO[RhCLO[xX�]Oµ\egmWLOTVLO[\X�v�PCQqZ�d4lxL�Q(� dRL�m¯ik]^X>Z�UWmWL\s
XzQSÁON�}CQqUWmWm�eg[\X>L�s
LONYX»XzQSÁON(]aXzegmW]OL�LaX�[CL�P~LOQqT�L^X�PRegN�hjikZ�}
X>LO[CUWQ(dR[CL�ÂOZ�[CL�hRd§czpRegTVP§[CL�cOZ�[\X>L�[Reg[\X��4dCL�hCd§cOUWLOm¯{RÓ�mtL�N�XMegmWZ�QqN
UW[\X>]OQqLONqNqe�[\XVhRL_cOZ�TVPRegQqLOQ�hCZ\[C[C]OL�N�L^XVQSLOc�Z�[CNYX>QSdRc^X>UWZ�[
P~Z�dRQ�cOLON�hRLOd4r�X>Qqeg[RczpCLON�s:cOLA� dRU�LONYXVQSL�PCQS]ONqLO[xX>]
fRµ�dRQSL � {HG��
sReOlxLOc�hRLON»µ�QqegPRpCLON»hCd_TV�OT�L�X/RCP~L�� dRL�cOLOd
r�hCL�m�e!fRµ�dCQqL � {ÒÑ 5 {RÄ�iÒegPCQSÁON»cOL�N�µ\QqegPCpRLON�s
mWL�³ºZ�[Rh
NSL�T�}CmWL�m�egQSµ�LOTVLO[\X�NqdCQSL�N�XzUWT�]�hRe�[CNymWLONyhCL�d4r�c�egN�sjcOL�� dRU:cOZ�[CfRQSTVL�� dtikdC[CL�P�egQ�X>UWL�hCd�¶�d4r�LONYX�c�Z�T�PRQSUWNqL
hReg[RN»c�Ly³ºZ�[RhAhCL�cOUWLOmtL^r X>Q>egUwX±{

©tLON�P~Z�NqLON�htik]^X>Z�UWmWLONIXzQSÁON�}CQqUWmWm�eg[\X>L�N�NSZ\[\X�UW[\X>]�QSLONqN>eg[\X>L�N�hReg[CN�m�eyTVLONqdCQqL(Z�IVLOmWmWLON�PJLOQSTVL^XSX>L�[\X�hjikZ�}
X>LO[RUWQ
hCLON�cOdR}~LON:l
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e�X>T�Z\NSPRpC]OQqUW� dCL�hCU�`J]OQqLO[\X>UWL�mWmWL_eOlxLOc�m�eoTVegNqNqL�hti|egUWQOsuhCZ�[Rc�eOlxLOc_mWLVX>L�T�PCN�{*SoegUWN!c�L�NqZ�[\X�]Oµ\egm�LOT�LO[xX�hRLON
P~Z�NqLON!hC]OmWU�c�e�X>LON�v§X>QqegUwXzLOQ�]^Xze�[\X�hRZ�[C[C]�L�m�eAXzegUWmWmWL�QS]OhRdCUwX>L�hRd�czpRe�T�P�Z\}CNqLOQ�lx]�PRegQ�¬v6�Ó�­I¬ ¹KmWL�³´Z�[Ch�hRL
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ÕuÖJ×aØJÙ¯Ú¨ÛzÜ�ÝxÞa`IÜ^ÛSß¯à�ÛSá�×�âJãaÜ^ä�åJæ�ãaà4å
Ü�å:ç ÜqèbÚ¨Ûz×\ã±Ú¯Ùºà�â
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Slice at 4100 A, HR718 expo 05 249 052
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Slice at 4200 A, HR718 expo 05 249 052
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cOUWLOm¯sjX>QSÁON�³´egUW}CmWL\stL�N�X�egmWZ�QSN�hCU�ÃªcOUWmWL�v§]^l�egmWdRLOQ�L^X�m¯i|eg°�dCNYX>LOTVLO[\XjR6UW[CcOmWd
X�dC[RLVP�egQ�X>UWLªhCd+NqUWµ�[Regm¯{�ÀMUW[CNqU¯stUWm
egPCP�egQqe_^WX�� dCL(m¯ik]^Xze�mWZ�[C[Re�µ�L(LO[�¶Rd4r�hCZ�UwX�PRQS]O³º]OQqLO[\X>UWL�mWmWLOT�LO[xX��^XzQSL»LO`JLOc^X>dR]�eOlxLOc(hCLON�PJZ�NqLON�mWZ�[Rµ�dCL�N�·£]^X>Z�UWm�LON
N�X^eg[Ch�egQShCN�X>L�Q�X>U�egUWQqLONz¼^sCPCm�dCN(PCQSZ4czpCLON(hCL�N»PJZ�NqLON(hCL�NSdRP~L�QS[CZ�l�eC{
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HR7596, night 05 114 expo 027
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¬%¹�º6»½¼¿¾m¾mÀUÁ�¼'Â}ÃuÄ�Å=Æ½Ç\¼'Á}Ã!Ç&ÂÉÈ}Æ'Á�ÃuÄWÀU»�Ê}ÆgË}¹zÌwÍ<À
Ë�ÍÏÎ½»½Î½È}À½Á¿ÌBº6ÄWÀ
Ë�ÍÏ¼�µ'ÍÏÆg¾S¾mÀ
È!Å#À9Ð ÌwÍÏÆ'»�Ìw¹W¼'ÁÉÎ6ÄÑÆgÒ�¼¿Í<ÎUÆgÂÉ»½¼'Â}Í<ÃÈ�ÀÓ»6À�Ì<ÌwÀ�ÌwÊCÁ6Ã<ÀÔË�À6Â%ÌÕÀ½Á}»½¼'Í<ÀÔÖ�ÌwÍ<À)Æg¾SÎ½ÄW¹W¼'Í<Î¿º ¹WÄ0»½¼'Á}Ã@Ìw¹zÌwÂ}ÀÓÁ�Î6Æ'Á�¾m¼¿¹WÁ�Ã:È}ÆgÁ}Ã:ÃÏ¼'Á�Î�Ì�ÆPÌ�Æg»�ÌwÂ}À½Ä�Â}Á×Ò0¼'Á�È�Î½Ë}Æ'ÍCÌÀ�Ì�Ë0À½Í<¾SÀ�Ì�È!Å#À½Ø0À½»�ÌwÂ}À½Í{Â}Á�Î�Ì�ÆgÄW¼'Á�ÁdÆgµ'À×À½Á6¶dÂ%ÐfÈ}À½Ã�È�¼'Á}Á�Î½À½Ã6Ùu²)Á�ÃÏÀÚË}Í<¼'Ë0¼'ÃÏÀÚÈ}Æ'Á�Ã�»½À×È�À½Í<Á}¹WÀ½Í{»�ÊdÆgË�¹zÌwÍÏÀÈ!Å#Î�Ì�Â�È�¹WÀ½Í:Ã<À6ÃÛË0À½ÍS³i¼¿Í<¾SÆgÁ}»½À½ÃÕÜjÌwÍÏÆ½Ç\À6Í<ÃUÌwÍ<¼'¹WÃUÌ·R&Ë�À6ÃÛÈ}ÀÓÍ<Î½ÃÏÂ�ÄzÌ�ÆPÌwÃM¹ Ä�Å#Î�ÌwÂ}È�ÀÓÈ}ÀÓÄ�Å#À�Ð Ìw¹WÁ}»�Ìw¹W¼'Á�ÆPÌw¾S¼'ÃÏË�Ê�Î6Í<¹W� Â}À'ºÄ�Å#Î�ÌwÂ}È�À�È}À�ÄÑÆ[ÌwÍÏÆ'Á�ÃÏ¾m¹WÃÏÃÏ¹W¼'Á�¹WÁ�Ã@ÌwÍ<Â}¾mÀ½Á\Ì�ÆgÄWÀ'º4À�ÌSÀ6Á&Ý}Á�Ä�Å#Î�Ì�ÆPÌ×Æg»�Ì�Â�À½ÄÞÈ�À�Ä�Å=Î�Ì�ÆgÄW¼'Á}Á}Ægµ'À¸À6Á�¶}Â&Ð°È}À§¬v6�Ó�­I¬
µ'Í��g»½À{Üß»½À9Ì<ÌwÀÉÀ�Ð ÌwÍwÆg»�Ìw¹W¼'ÁuÙ
à4á!¡wà ÷ãâ´§�ä�å�ä�å úB��å��)â¤üJý]øuâ¤ü�¥�ý ûÕâ0� ¥w£}�ßæ{ç4è´üwé#§{å

¿:¼'¾S¾mÀÉÁ}¼'Â�Ã�Ä�Å=Æ½Ç\¼'Á�ÃÞÇ�ÂêÈ}ÆgÁ}Ã�ÄWÀÉ»�ÊdÆgË�¹zÌ�Í<À 5 º}ÄWÀÉÃÏ¹Wµ'ÁdÆgÄuÍ<À��½ÂêÈdÆgÁ�ÃM¬v6�ÓY­:¬�Ë0¼'Â�Í�Â�Á}ÀjÎ9Ìw¼'¹WÄWÀÉÃ@Ì�Æ'Á�È}ÆgÍÏÈÜßÄÑÆmÄW¼'ÁCµ'Â}À½Â�ÍÞÈuÅ#¼'Á�È}À
λ
Ë0À½Â%Ì�Ã6Å#Î½»½Í<¹ÑÍ<À

S(λ) = φ(λ)× T (λ)× t× 10−0.4zε(λ) ·@ë	�&ÙWë±¼
¼�I

φ(λ)
À6ÃCÌÕÄWÀ�¶}Â&ÐSÍÏÎ½À½Ä�È�À�ÄpÅ#Î�Ìw¼'¹WÄWÀ�·-Ä�Å#Â�Á}¹zÌwÎ�»�Ê�¼'¹WÃÏ¹WÀÓË0À½Â%ÌÛÇ'ÆgÍ<¹WÀ6Í½º\ËdÆgÍÛÀ�Ð&À½¾SË�ÄWÀÓÀ½Á×Ë�Ê�¼gÌw¼'Á�Ã6Ù#»½¾ −2 Ù#Ã −1 ÙW� −1¼'Â�À½ÁHÀ½Íqµ'Ã6Ù#»½¾ −2 Ù#Ã −1 ÙW� −1 ¼9º T (λ)

Â�Á�Ì�À½Í<¾mÀ¸È�À×Ì�ÍÏÆgÁ�ÃÏ¾S¹WÃ<ÃÏ¹W¼'Á�¹WÁ}ÃCÌ�Í<Â�¾SÀ½Á¿Ì�ÆgÄWÀ6·�Üã»6À�Ã@Ì�ÆgÈ}À'ºr¹WÄÞ»½¼'Á\Ìw¹WÀ½Á¿ÌÀ½ÃÏÃ<À6Á¿Ìw¹WÀ½ÄWÄWÀ6¾mÀ½Á\ÌrÄWÀÛÃÏË�À6»�ÌwÍ<ÀÛÈ}ÀÛÄÑÆ�ÄÑÆg¾SË�À:Ü�ÃÏË0À½»�ÌwÍ<À:»½¼'Á¿Ìw¹WÁ%Â�Â%Ì�¹WÄW¹WÃÏÎ½ÀÛË�¼¿Â�ÍYÄ�Å#Î�Ì�ÆgÄW¼¿Á�Á}Æ�µ'ÀÛÈ}ÀÛ»�Ê}Æg¾SË�Ë}ÄÑÆPÌBº6Ç\¼'¹WÍÃ<À6»�Ìw¹W¼'Á�V�ÙHG\¼9º
t
ÄWÀ�ÌwÀ½¾SË�Ã:È�ÀÔË�¼'ÃÏÀ!·�À½Á×ÃÏÀ½»6¼'Á�È�À6Ã>¼9º

z
ÄÑÆ{¾ÚÆgÃÏÃ<ÀÔÈ!Å=Æ'¹WÍ
Ì�ÍÏÆ½Ç\À½Í<ÃÏÎ½À�·-ÃÏÎ½»6Æ'Á¿ÌwÀÔÈ�ÀÓÄ�Å�ÆgÁCµ'ÄWÀMÂ½Î6Á�¹zÌwÊdÆgÄÈ�ÀÚÄ�Å#Î�Ìw¼'¹WÄWÀ¿º�ÃÏÆgÁ}Ã{Â�Á�¹�ÌwÎ±¼�º�À�Ì

ε(λ)
Ä�Å#À�Ð Ì�¹WÁ�»�Ìw¹Ñ¼'Á�Æ2Ìw¾m¼'ÃÏË}Ê�Î½Í<¹W�%Â�Ào·-À½Áf¾ÚÆgµ'Á}¹zÌwÂ�È}ÀSË}ÆgÍ{¾SÆ'Ã<ÃÏÀÚÈ!Å=Æg¹WÍz¼�Ùu¿:À�Ì<ÌwÀÀ�Ð&Ë�ÍÏÀ½ÃÏÃÏ¹W¼'ÁìÁ�ÀêË�Í<À½Á}ÈìË}ÆgÃSÀ6Á�»6¼'¾mË&ÌwÀ¸ÄÑÀ½ÃSÍwÆg¹WÀ½ÃSÈuÅ=ÆgÒ�ÃÏ¼'ÍÏË%Ìw¹W¼'ÁGÆPÌ�¾m¼'ÃÏË�Ê}Î½Í<¹W� Â}À'º
¹WÁ¿ÌwÍÏ¼ È�Â}¹WÃÏÆ'Á¿Ì×Â�ÁHÌwÀ½Í<¾SÀÈ!Å#À�Ð%Ìw¹WÁ�»�Ì�¹W¼'ÁHÁ�¼'ÁHÄW¹WÁ}Î6Æg¹WÍ<À�À½Á

z
·iÇ\¼'¹WÍßÎ�� Â}ÆPÌ�¹W¼'Á
Ð&Ù|Ð\¼�¹r»½À½Ã�Â½¼'Á�À½ÃmÈ�ÂHÃÏË�À½»�Ì�Í<À�ÃÏÂ�Ò}¹WÃÏÃ<À6Á¿ÌSÂ�Á�ÌwÍÏÆg¹zÌwÀ6¾mÀ½Á\ÌË}ÆgÍCÌ�¹W»½Â�ÄW¹WÀ6ÍjÀ�Ì�Á}ÀmÃÏ¼'Á¿Ì�Ë}Æ'Ã)ÌwÍÏÆg¹zÌwÎ6À½Ã{Ü¸»½ÀSÃ@Ì�ÆgÈ}À'Ùq6Ó¼'Â�ÃÉÁ}¼'Â�ÃÉ»½¼'Á\ÌwÀ½Á¿Ì�À½Í<¼'Á}ÃÉÈ�¼'Á}»mÈdÆgÁ�ÃÉ»½À9Ì<ÌwÀÚÆgÁ}ÆgÄ\R�ÃÏÀmÈ}ÀÄ�Å#À�Ð&Ë}Í<À½ÃÏÃÏ¹W¼'Á�ë	�&ÙWë'Ùt©u¼'Í<Ãq�%Â�ÀßÄpÅ#¼'Á�Ë}Í<À½Á}È!º!Æ'Â�»6¼'Â�Í<ÃjÈuÅ#Â�Á}ÀßÁ Â}¹zÌÉË}Ê�¼2Ìw¼¿¾mÎ�ÌwÍÏ¹W� Â�À'º!È�À½Â&ÐãË0¼'ÃÏÀ½ÃjÈ�ÀmÄÑÆ�¾mÖ½¾SÀÎ�Ìw¼'¹WÄWÀÞÜÓÈ�À6Ã�¾ÚÆgÃÏÃ<À6Ã�ÈuÅ=Æg¹WÍrÈ�¹�Ø0Î½ÍÏÀ½Á¿ÌwÀ6Ã½º2ÄÑÀ:ÍÏÆgË}Ë�¼'ÍCÌ4È}À½ÃrÈ�À½Â&Ð�Ã<¹Wµ¿Á}ÆgÂ%Ð�¼'Ò%Ì�À½Á Â�Ã

S1(λ)
À�Ì
S2(λ)

Ã½Å#Î6»½Í<¹zÌ4È}¼'Á�»�¹
S1(λ)

S2(λ)
=
φ(λ)× T (λ)× t1 × 10−0.4z1ε(λ)

φ(λ)× T (λ)× t2 × 10−0.4z2ε(λ)

·@ë	�&ÙÒÑ�¼
©!À�¶}Â%ÐêÍ<Î½À½Ä�È�ÀÉÄ�Å#Î9Ìw¼'¹WÄWÀ{À½Ã@ÌÓÀ6ÁêÀ9Ø0À9ÌÓ¹WÁ�»�Ê}ÆgÁCµ¿Î'º}À�ÌÔÄ�Å#¼'ÁaË�À½Â&ÌÓ»½¼'Á}Ã<¹ÑÈ�Î½Í<À6Í(� Â}ÀÉÄÑÆ�Ì�ÍÏÆgÁ�ÃÏ¾S¹WÃÏÃ<¹W¼¿Áê¹WÁ�Ã@ÌwÍÏÂ�¾SÀ½Á4ÈÌ�ÆgÄWÀÚÁ�ÀßÇ¿ÆgÍ<¹WÀSËdÆgÃ�ÆgÂf»6¼'Â�Í<Ã{È}ÀSÄÑÆ¸Á%Â�¹zÌBÙ�©�ÆêÁ Â�¹zÌ�Î�Ì�ÆgÁ\Ì�Ë�Ê}¼2Ìw¼'¾SÎ�ÌwÍ<¹W� Â}À'ºuËdÆgÍÉÈ�Î½Ý}Á�¹zÌ�¹W¼'ÁfÄ�Å#À�Ð%Ìw¹WÁ�»�Ì�¹W¼'Á�À½Ã@Ì
È�¼'Á}»�¹WÈ}À½Á¿Ìw¹W�%Â�À�Ë0¼'Â�ÍÔÄWÀ½ÃÔÈ}À½Â%Ð[Ë�¼'ÃÏÀ½Ã6º0À�Ì)Ä�Å#¼¿ÁãÈ�Î½È}Â�¹zÌ�³-Æg»½¹WÄWÀ½¾SÀ½Á¿ÌjÈ�À�Ä�Å#ÎO� ÂdÆPÌw¹W¼'Á°ë	�&Ù ÑSÂ}Á�À�À�Ð&Ë}Í<À½ÃÏÃÏ¹W¼'Á[È}ÀÄ�Å#À�Ð Ìw¹WÁ}»�Ìw¹W¼'Á6¹

ε(λ) =
2.5

z2 − z1
log

(
t2S1

t1S2

) ·@ë	�&ÙHG\¼
©uÆ×Ë�ÄWÂ�ËdÆgÍCÌ)È�ÂêÌ�À½¾mË}Ã½º�ÄWÀ�¾mÖ½¾SÀÉÌwÀ½¾mË}ÃÓÈ}À�Ë�¼'ÃÏÀ�À½Ã@Ì)Â&Ìw¹WÄW¹WÃÏÎ�Ë0¼'Â�ÍÓÂ�Á}À{¾SÖ½¾mÀ�Î9Ìw¼'¹WÄWÀ'º0¾SÆg¹WÃÔÄWÀÉÌ�À½¾mË}ÃÓÍ<Î6À½ÄË�À½Â&ÌrÌ�¼'Â%ÌUÈ�ÀÞ¾SÖ½¾mÀ:Ç¿ÆgÍ<¹WÀ½Í4ÈuÅ#Â�Á�ÀÞË�¼¿Ã<À�Ü)Ä�Å=Æ'Â%ÌwÍ<À�À½Á�³i¼'Á�»9Ìw¹W¼'ÁmÈ}Â�ÌwÀ½¾mË}Ã4È}ÀÕÍÏÎ½Ë�¼¿Á�ÃÏÀÕÈ}À½Ã
È�¹�Ø0Î½ÍÏÀ½Á¿ÌwÀ½Ã
Ë�¹WÁ6»½À½Ã¾mÎ½»6Æ'Á�¹W� Â}À½Ã(·iÇ\¼'ÄWÀ9ÌwÃ4¼¿Ò�Ã@ÌwÍ<ÂdÆgÁ¿Ì
ÄÑÆ)ÄWÂ}¾m¹WÁ½Í<À�¼YÀ9Ì
¹WÄ�À½Ã@Ì
Ë}ÄWÂ�Ã4Ë�ÍÏÂ�È�À6Á¿Ì
È!Å#Â&Ìw¹WÄW¹WÃÏÀ½Í4Ä�Å#¹WÁC³�¼'Í<¾SÆ2Ìw¹W¼'Ám»½¼'Á\ÌwÀ½Á Â}ÀÕÈdÆgÁ�Ã
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Ü�å
Ü)ð�ñ�òCó4ð
ÄWÀÚÝ}»�Ê}¹WÀ½Í{È}À×ÄÑÆaË�¼'ÃÏÀ×Ë�¼'Â}Í{»½¼'Á}Á}Æ_^WÌ�Í<À×ÄWÀSÌwÀ½¾mË}Ã�È}ÀÚË0¼'ÃÏÀÚÀ9Ð�Æg»�ÌBÙ�6Ó¼'Â�Ã�Á}ÀÚÈ}¹WÃÏË�¼'ÃÏ¼'Á}Ã�Ë}ÆgÃ�È�À×Á�¼'¾�Ò�Í<À½Â&Ð»6ÆgÃ�È�À)Ë0¼'ÃÏÀ½ÃÞÈ�ÀjÄÑÆß¾mÖ6¾mÀjÎ�Ìw¼'¹WÄWÀjË}Í<¹WÃÏÀ)ÄÑÆß¾SÖ½¾mÀjÁ Â}¹zÌ�Ë}Ê�¼2Ìw¼'¾SÎ�ÌwÍÏ¹W� Â�À'º�¾SÆ'¹WÃÞÄÑÆßÁ Â�¹zÌ���ÐT�&ë�VmÁ}¼'Â�ÃÞË0À½Í<¾SÀ�ÌÈ�ÀV³�Æ'¹WÍ<ÀÚÂ�ÁfË}Í<À½¾S¹WÀ½Í)Ì�À½Ã@ÌBÙ�©�Æ¸ÝRµ'Â�ÍÏÀêë	�&ÙWëÚÍ<À½Ë}Í<Î½ÃÏÀ½Á\ÌwÀSÄ�Å#À�Ð%Ìw¹WÁ�»�Ì�¹W¼'Á�»6ÆgÄW»½Â}ÄWÎ½À×Ü¸ËdÆgÍCÌw¹WÍ{È�ÀSÈ}À½Â%ÐfË�¼'ÃÏÀ½Ã{È}À
��ÇwG�V 5 V�Ë�Í<¹WÃÏÀ½ÃUÄ`ÆÉÁ Â�¹zÌg��Ðj��ë�V�º\ÄÑÆÉË�ÍÏÀ½¾m¹WÁ6Í<À�·-Á=�¨�����\¼
ÜÉÂ�Á}À�¾ÚÆgÃÏÃÏÀ�È!Å=Æg¹WÍ

z1
È�À{ë'ÙH� 5�5 º\ÄÑÆÉÃÏÀ½»½¼¿Á�È�À�·-Á=�=�'ô\Ñ�¼ÜÓÂ}Á�À:¾ÚÆgÃÏÃÏÀ:ÈuÅ=Æg¹WÍ

z2
È}ÀÔë'Ù1�'ô&ë'Ù�©�ÆÓ»6¼'Â�Í<Ò0À:È}À:Í<Î�³iÎ½Í<À½Á}»½ÀÕË�¼'Â}Í�ÄWÀ�S[ÆgÂ}Á}Æ#�)À6ÆT� ¸'ôm��À½Ã@Ì
Í<À½Ë�ÍÏÎ½ÃÏÀ½Á¿ÌwÎ6À:À½ÁßÁ�¼'¹ÑÍ½Ù

6�¼2Ìw¼¿Á�Ã�� Â}ÀÉË0¼'Â�Í�»6À�Ì<ÌwÀ{È�¹�Ø�Î½Í<À½Á}»½ÀÉÈ}ÀÉ¾ÚÆgÃÏÃÏÀÉÈ!Å�Æg¹WÍ½ºdÈ�À½Ã�À½ÍÏÍ<À½Â�ÍÏÃ�È�ÀÚë
kõÃ<Â}Í�ÄWÀ½ÃÓÃÏ¹Wµ'Á}ÆgÂ&Ð¸À6ÁCµ'À½Á}È�Í<À6Á¿ÌÓÂ}Á�À
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Atmospheric extinction

Reference spectrum

Blue spectrum from HR3454, night 06 014, exposures 070 and 092

Red spectrum from HR3454, same exposures
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Ã@ÌwÍ<Â�»9ÌwÂ�Í<Î6ÀÞÀ�ÌU¾m¼¿Á¿ÌwÍ<À(� Â�ÀÞÄÑÆj»½¼'Â}Í<Ò�À�È�ÀÞÍ<Î�³iÎ½Í<À½Á}»½ÀÞÃÏÂ�Í<À6ÃCÌ�¹W¾mÀÞÄ�Å#À9Ð Ìw¹WÁ}»�Ìw¹W¼'ÁÆgÂ¸Á}¹zÇ\À6ÆgÂêÈ�ÀÉÄÑÆ�Ý}ÁêÈ�ÀjÃÏ¼'ÁêË}Æ'ÄW¹WÀ½Í½º%Ç\À6Í<Ã�Ð�Ð����T��Ù
à4á!¡/¢ ÷ãâ´§�ä�å�ä�å úQû�â�è¤ûwýh£�� üJ£¨£=üQ¥wý üJý]£&â�è´§���åMý�â¤ûwú<å

Ä�Å=ÆgË�ÍSÁ6Ã�Ä�Å=ÎO� Â}ÆPÌ�¹W¼'Á�V�Ù 5 ºd¼'ÁaË0À½Â%ÌÔÈ}Î�ÌwÀ½Í<¾S¹WÁ�À½Í�ÄÑÆmÌwÍÏÆgÁ}Ã<¾S¹WÃÏÃ<¹W¼¿Áa¹WÁ�Ã@ÌwÍ<Â}¾mÀ½Á\Ì�ÆgÄWÀ
T (λ) = D(λ)×K(λ)·�Æ½Ç\À½»

K
ÄÑÆ�Í<Î6Ã<Â}ÄzÌ�ÆgÁ¿Ì�À)È�À½ÃÛÌ�ÍÏÆgÁ�ÃÏ¾S¹WÃÏÃ<¹W¼¿Á�ÃÕÈ}À½ÃÕ¾S¹W»½Í<¼�ÈEÄWÀ½Á¿Ìw¹WÄWÄWÀ6ÃÞÃ<Â}Í:ÄWÀ)ÃÏË0À½»�ÌwÍÏÀÔÀ�Ð Ì�ÍÏÆg¹zÌ^¼ÛÈ}Ày¬U6�Ó�­I¬�Ü�ËdÆgÍCÌw¹WÍÈ!Å#Â�ÁGÃÏË�À½»9ÌwÍ<ÀêÈuÅ#Î�Ìw¼'¹WÄWÀaÃ@Ì�ÆgÁ}È}ÆgÍ<ÈGÀ½ÁìÂ&Ìw¹WÄW¹WÃwÆgÁ¿Ì�ÄWÀaÃÏË�À½»9ÌwÍ<ÀêÈ}ÀêÍ<ÎO³iÎ6Í<À½Á�»6ÀêË0¼'Â�ÍS»6À�Ì<ÌwÀaÎ�Ìw¼'¹WÄWÀaÀ�Ì�ÄÑÆý»6¼'Â�Í<Ò0ÀÈ!Å#À�Ð%Ìw¹WÁ�»�Ì�¹W¼'ÁêÈ�ÀÉÍ<ÎO³iÎ½ÍÏÀ½Á�»½ÀÉË�¼'Â}ÍÞÄWÀjSãÆgÂ�ÁdÆT�)À6Æ�ÙCÀÓÝ}ÁêÈ!Å#¼'Ò&ÌwÀ½Á}¹WÍÞÄÑÆ�ÌwÍwÆgÁ�ÃÏ¾m¹WÃÏÃÏ¹W¼'ÁêÍ<Î½À½ÄÑÄWÀÉÈ�ÀjÄpÅ#¹WÁ�Ã@ÌwÍ<Â}¾mÀ½Á\ÌBº¼'Á°Â&Ìw¹WÄW¹WÃÏÀ½ÍÏÆã¹W»½¹ÕÈ�À½Ãß»6Â�Ò�À6ÃßÁ�¼'Á°Î9Ì�ÆgÄW¼'Á}Á�Î½ÃßÀ6Á°»�ÊdÆg¾mËHË�ÄÑÆPÌ�·iÇ\¼'¹WÍß»�ÊdÆgË�¹zÌwÍÏÀ�Vx¼9Ù:©uÀ½Ãß»½Â}Ò�À½ÃßÂ&Ìw¹WÄW¹WÃÏÎ½ÃßÈdÆgÁ�Ã

»½À�Ì<Ì�ÀÔÃÏÀ½»�Ì�¹W¼'Á�ÃÏ¼'Á¿Ì�È}¼'Á�»)Ã<¹W¾SË�ÄWÀ½¾SÀ½Á¿Ì�Î�Ì�ÆgÄW¼'Á�Á}Î½ÃÕÀ6Á�ÄW¼'ÁCµ'Â}À½Â�ÍÕÈ!Å#¼'Á}È�À)À�Ì�Á�À�ÌÏÌw¼	R\Î½ÃÞÈ�À6ÃÕÍÏÆ�R\¼'Á}ÃÞ»½¼'ÃÏ¾m¹W� Â}À½Ã6ºË�Â�¹WÃ�ÄWÀÚÃÏË�À6»�ÌwÍ<ÀÚÀ½Ã@Ì�À�Ð%ÌwÍÏÆg¹zÌßÆ½Ç\À6»êþBì}ÿ�� � ÿ����?íQë����-ÙK©�Æ�ÌwÍÏÆgÁ}ÃÏ¾m¹WÃÏÃÏ¹W¼'Á�¹WÁ}ÃCÌ�Í<Â�¾SÀ½Á¿Ì�ÆgÄWÀÚÁuÅ#Î�Ì�ÆgÁ\Ì�Ë}ÆgÃ�ÃÏÂ�Ë�Ë0¼'ÃÏÎ½ÀÎ�Ç\¼'ÄWÂ}À½ÍÞÆgÂ¸»½¼'Â}Í<ÃÕÈuÅ#Â�Á}À)¾mÖ½¾SÀ)Á Â}¹zÌBº&¼'ÁêÆ�¹W»½¹�»6Æ'ÄW»½Â�ÄWÎ
T (λ)

Ë0¼'Â�ÍÕË�ÄWÂ}ÃÏ¹WÀ½Â�Í<ÃÞË0¼'ÃÏÀ½ÃÕÈ}À)ÄÑÆ�Á%Â�¹zÌw�\Ði�&ë�V�ÙR©uÀ½Ã»½¼'Â�ÍÏÒ�À½ÃÔÈ}ÀÉÌwÍwÆgÁ�ÃÏ¾m¹WÃÏÃÏ¹W¼'Áã¼'Ò&ÌwÀ½Á Â}À½ÃÔÃÏ¼'Á¿ÌjÍ<À½Ë�ÍÏÎ½ÃÏÀ½Á¿ÌwÎ½À6ÃÓÝRµ'Â}Í<À×ë	��ÙHG&Ùj²ÔÁãÈ�¹WÃ@Ìw¹WÁRµ'Â�À�È�À½Ã)È�¹�Ø0Î½ÍÏÀ½Á�»½À6ÃÔÈ!Å#Â}Á�À
Ë�¼'ÃÏÀjÜ�Ä�Å=ÆgÂ%ÌwÍÏÀÔË0¼'Â�ÍÕÄÑÆ{ÌwÍwÆgÁ�ÃÏ¾m¹WÃÏÃÏ¹W¼'Á¸Æg¹WÁ}Ã<¹�»BÆgÄW»½Â�ÄWÎ6À�� Â�¹�Á�À)ÃÏ¼'Á¿Ì�Ë}ÆgÃÞ»½¼'¾mË}Í<¹WÃÏÀ½ÃÞÜ�ÄpÅ#Ê�À½Â�ÍÏÀ)Æg»9ÌwÂ�À½ÄWÄWÀ¿Ù
ÓEÄ�À½Ã@ÌÜjÁ}¼2ÌwÀ½Í�� Â}À�ÄÑÆ)Ç'ÆgÄWÀ6Â�ÍUÈ�À�ÄÑÆÉ¾ÚÆgÃÏÃ<À�ÈuÅ=Æg¹WÍ
Î6»½Í<¹zÌwÀ�È}Æ'Á�ÃUÄWÀ�Ý}»�Ê}¹WÀ½ÍUÈ�À�È}¼'Á�Á}Î½À½ÃUÁ�À�»½¼'ÍÏÍ<À½ÃÏË�¼'Á}ÈSË}Æ'ÃÛÜÉÄÑÆj¾ÚÆgÃÏÃÏÀÈ!Å=Æg¹WÍÉ¾m¼	R À½Á�Á}ÀmÁ}¹4È}Àm¾m¹WÄÑ¹WÀ½ÂfÈ�ÀSË�¼'ÃÏÀ'ºu¾SÆ'¹WÃ{Ü¸ÄÑÆ�¾ÚÆgÃÏÃ<ÀSÈuÅ=Æg¹WÍÉÀ½ÁfÈ�Î½Ò}Â%Ì{¼'ÂýÝdÁýÈ}ÀmË0¼'ÃÏÀ'Ùt©�Æ¸»½¼'Í<ÍÏÀ½»�Ìw¹W¼'ÁÈ!Å#À�Ð%Ìw¹WÁ�»�Ì�¹W¼'ÁmÀ½ÁmÀ½Ã@ÌUÈ}¼'Á�»�Æ2Ø0À½»9ÌwÎ½ÀÞÀ�ÌU¹WÁ}È�Â}¹zÌ
È}À½Ã�Ç¿ÆgÍ<¹ÑÆPÌ�¹W¼'Á�Ã6º'Ë�Â}¹WÃq� Â�ÀÞÈ}ÆgÁ}Ã4»½À�»6ÆgÃ4ÄÑÀ½Ã4À½ÍÏÍ<À½Â}Í<Ã4ÃÏÂ�Í4ÄÑÆ)¾ÚÆgÃÏÃÏÀÈ!Å=Æg¹WÍ�Á�ÀjÃÏ¼'Á\Ì�Ë}Æ'ÃÞ»6¼'¾mË0À½Á�ÃÏÎ½À½Ã�ËdÆgÍÞÄ�Å=Æ�°@Â�Ã@ÌwÀ½¾SÀ½Á¿ÌÓÈ!Å#Â�Á}ÀÔÇ'ÆgÄWÀ½Â}Í»�%Â�¹!ÄWÂ�¹uÀ½Ã@Ì�ÄW¹WÎ½À¿Ù

ë 5 ô
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¿:À�ÌÏÌwÀÓ»½¼'¾SË}ÆgÍwÆg¹WÃÏ¼'Á�È�À½Ã:»½¼'Â}Í<Ò�À½Ã:È}À�ÌwÍÏÆgÁ}Ã<¾S¹WÃÏÃ<¹Ñ¼'Á×Ë0¼'Â�ÍÛÄÑÆ�Á Â�¹zÌ���Ðh�&ë	V�Ë0À½Í<¾mÀ9ÌÕÎOµ¿ÆgÄWÀ½¾SÀ½Á¿ÌÞÈ�ÀÓ»6¼'Á&ÝdÍ�È¾mÀ½Í�»½À6ÍCÌ�Æg¹WÁ}ÃrÍ<Î½ÃÏÂ�ÄzÌ�Æ2ÌwÃu�%Â�À:Á�¼¿Â�Ã4Æ½Ç&¹W¼'Á�ÃrÈ}ÎY°@ÜÓË�Â�»6¼'Á�Ã@Ì�ÆPÌ�À½ÍrÆgÂ�»�Ê}Æ'Ë�¹zÌwÍÏÀÕô&º2»½¼'¾S¾mÀ:ËdÆgÍ�À�Ð&À½¾SË�ÄWÀ:Ä�Å�ÆgÒ�ÃÏÀ½Á�»6ÀÈ�Ày¶dÂ�»�Ì�Â}ÆPÌw¹W¼'ÁaÈ�À6Ã�Ë}Í<¼'Ë}Í<¹WÎ�ÌwÎ6Ã�È}ÀÉÄÑÆSÄÑÆg¾mÀ{È�¹W»�Ê}Í<¼gÆ�� Â�ÀÉË0¼'Â}Í�»½À�Ì<ÌwÀ{Á Â�¹zÌPºdÆ½Ç'Æ'Á¿ÌÔÄÑÆ�³iÀ½ÍÏ¾mÀ�Ì�Â�Í<ÀÉÈ}ÂêÈUs¿¾mÀÉÀ9ÌÄÑÆßË�Í<¹WÃÏÀ)È}À½ÃÞË0¼'ÃÏÀ½ÃÞÈ!Å#Î�Ì�ÆgÄW¼'Á�ÁdÆgµ'À'ÙR©uÀ½ÃÞË�¹Ñ»½Ã:Ç\À½ÍÏÃ(Ð�¸����ßÀ�Ì4�gÐ����i� ÃÏ¼'Á¿Ì�È�Â}Ã�ÆgÂ%Ð�ÍÏÆg¹WÀ½ÃÕÌwÀ½ÄWÄWÂ�ÍÏ¹W� Â�À6Ã½º�È}¼'Á¿Ì�ÄÑÆÈ�Î½Ë0À½Á�ÈdÆgÁ�»½À�À6Á[¾ÚÆgÃÏÃÏÀ�ÈuÅ=Æg¹WÍÔÁ!Å#À6ÃCÌjË}Æ'ÃÔÄW¹WÁ�Î6Æ'¹WÍ<À_·iÇ\¼'¹WÍÔÃÏÀ½»�Ì�¹W¼'ÁãË�Í<Î6»½Î½È�À6Á¿ÌwÀ±¼�À�Ì��%Â�¹�Á�À�Ã<¼'Á\ÌjË}ÆgÃÔ»6¼'Í<Í<¹Wµ'Î6À½Ã¹W»½¹�Ù
y ¹WÀ½Á�Ã�¹�Í½º%Ä�Å#Î�ÌwÂ}È�ÀÔÈ}ÀÓÄÑÆÉÌwÍwÆgÁ�ÃÏ¾m¹WÃÏÃÏ¹W¼'Á�¹WÁ}ÃCÌ�Í<Â�¾SÀ½Á¿Ì�Æ'ÄWÀÓËdÆgÍÏÆ_^WÌÞË�ÍÏÎ½¾SÆPÌ�Â�Í<Î½ÀÔ¹W»½¹0»6ÆgÍ:ÄWÀÔ»�ÊdÆgË�¹zÌwÍÏÀ)ô�Á�¼'Â�ÃÞÆ¾m¼'Á¿Ì�Í<Î�� Â}À�»½À½ÍCÌ�Æ'¹WÁ�ÃÔË�Í<¼'Ò}ÄWÁ½¾mÀ6ÃÓÍ<À½Ã@Ì�Æ'¹WÀ½Á¿ÌjÜÚÍÏÎ½ÃÏ¼'Â�È}Í<À�Ã<Â}ÍÓÄ�Å#À�Ð Ì�ÍÏÆg»�Ìw¹W¼¿Á[À½ÄWÄWÀaÈI¾mÖ½¾SÀ'ÙJ�
ÄWÄWÀ�Ë0À½Í<¾mÀ9ÌÔ»6À½Ë�À½Á
ÈÈ}ÆgÁ¿ÌÞÈ!Å�Æ½Ç\¼'¹WÍ:Â}Á�ÀÓË}Í<À½¾m¹�Á½Í<ÀÔ¹WÈ�Î½ÀÔÈ}À½Ã:Í<Î½ÃÏÂ}ÄzÌ�ÆPÌwÃ®�%Â�ÀÔÁ�¼'Â}Ã:Ë�¼'Â&Ç\¼'Á�ÃÕ¼'Ò%ÌwÀ½Á}¹WÍÕÆgÂg°C¼'Â}Í<È!Å#Ê%Â�¹�Æ½Ç\À½»ÔÄWÀ½ÃÕÈ�¼'Á}Á�Î½À½Ã

¬v6�ÓY­:¬�ÙC¿ÔÅ#À½Ã@Ì�ÎOµ¿ÆgÄWÀ6¾mÀ½Á¿Ì�ÈdÆgÁ�ÃÕ»½À9Ì<ÌwÀ)Ë�À½ÍÏÃ<Ë0À½»�Ìw¹�Ç\ÀM� Â}ÀÔÄ�Å#¼'Á�ÃÏÀ)Ë�Í<¼¿Ë�¼'ÃÏÀÔÈdÆgÁ�ÃÕÄÑÆ�ÃÏÀ½»�Ìw¹W¼¿Á�ÃÏÂ�¹zÇ¿ÆgÁ¿ÌwÀ)È�À�³�Æg¹WÍ<ÀÄWÀjÒ}¹WÄÑÆgÁ¸ÃÏÂ}ÍÞÄ�Å#Î�Ì�Æ'ÄW¼'Á�Á}Æ�µ'ÀÉÀ½Á_¶}Â&Ð�Ë0¼'ÃÏÃ<¹WÒ}ÄWÀÉÜßÄ�Å=Ê�À½Â�ÍÏÀÉÆg»�Ì�Â�À½ÄWÄWÀÉË�¼¿Â�Í�¬v6�Ó�­I¬0Ù

à4á!¡ ö ÷ãâ¤û:âÿû�øuâ´§{åMúêä{å úB��ç�â=ûwú�¥�ý]ýhûÞ��åõåKý
	i§É��ä{å���
������
f�Ä�Å#Ê}À½Â�ÍÏÀÚÆg»�ÌwÂ}À½ÄWÄWÀ'ºuÄ�Å=Î�ÌwÂ�È}ÀSÈ�ÀSÄ�Å#À9Ð Ìw¹WÁ}»�Ìw¹W¼'Á�ÆPÌw¾S¼'ÃÏË�Ê�Î6Í<¹�� Â}À��'Í��g»½ÀÚÜêÄÑÆ�Ç\¼¿¹WÀSË}Ê�¼2Ìw¼'¾SÎ�ÌwÍÏ¹�� Â�ÀSÀ½Ã@Ì�À½Á»½¼'Â�ÍÏÃ�À�ÌÔÁ�À{Ë�À6Í<¾mÀ�ÌÔË}Æ'Ã�À½Á�»6¼'Í<À{È�ÀjÌwÍÏÆg¹�ÌwÀ½Í�ÄWÀ½ÃÓÁ Â�¹zÌ�Ã�Á�¼¿ÁêË}Ê�¼2Ìw¼¿¾mÎ�ÌwÍÏ¹�� Â�À6Ã½Ù��uÀ½ÃÞÌ�À½Ã@ÌwÃ�ÃÏÂ�¹zÇ¿ÆgÁ¿ÌwÃÓ¼'Á¿ÌÔÈ�¼'Á}»Î�ÌwÎ���Æg¹zÌ�Ã:Ë�¼'Â}Í:Î�ÌwÂ�È}¹WÀ½Í:ÄÑÆ�� Â}ÆgÄW¹zÌ�ÎÔÈ�ÀÔÄ�Å#Î�Ì�ÆgÄW¼'Á}Á}Æ��'À)À½Á��}Â%Ð×Ë0¼'Â�Í:È�À½ÃÕÁ Â�¹zÌ�Ã:Ë�Ê}¼2Ìw¼'¾SÎ�ÌwÍ<¹��%Â�À½ÃUÌwÀ6Ä��%Â!Å#¹WÄ0Ë�À½Â&ÌÖ�ÌwÍ<ÀÉÀ9Ø0À½»�Ì�Â�ÎÉÆ'Â� C¼'Â}Í<È!Å#Ê Â}¹uÆ½Ç\À½»ÉÄ�Å#À�Ð%ÌwÍÏÆg»�Ì�¹W¼'Á!� Â�À" �Å=Æg¹!Í<ÎBÆgÄW¹WÃÏÎ½À{ÆgÂ¸»6¼'Â�Í<Ã�È}Àj»½À�Ì<Ì�ÀÔÌwÊRÁ½ÃÏÀ'Ù
# ÁìÃ<ÀêË�Í<¼¿Ë�¼'ÃÏÀ¸À½Á}»½¼'Í<À¸Â}Á�À$�i¼'¹ÑÃSÈ�À¸Ë�ÍÏÀ½Á�È}Í<À¸Ë�¼'Â}ÍmÀ�Ð&À½¾SË�ÄWÀ¸ÄÑÆýÁ Â�¹zÌ���Ð¾�&ë	V�Ù&%�¼'Â�ÍSÄWÀ½ÃßÌwÍ<¼¿¹WÃmË0¼'ÃÏÀ½ÃÈ�À;��ÇwG�V 5 VaË�ÍÏ¹WÃÏÀ½Ã{»½À9Ì<ÌwÀÚÁ Â�¹zÌ�ÄÑÜ&º�¼'Á�»6ÆgÄW»6Â�ÄWÀÚÄÑÆê»½¼'Í<ÍÏÀ½»�Ìw¹W¼¿ÁfÀ½Á'�}Â%Ð�ÜêÆ'Ë�Ë�ÄW¹��%Â�À½Í�ÆgÂ%ÐfË0¼'ÃÏÀ½Ã{È�ÀÚÄÑÆêÁ Â�¹�ÌBºÜ�ÃÏÆ½Ç ¼'¹WÍ)ÄWÀ(��Æg»9ÌwÀ½Â�Í

(T (λ))−1 ) Ç\¼'¹WÍ)»�ÊdÆgË�¹zÌ�Í<À 5+* º,� Â}¹rÍÏÆgË�Ë0À½ÄW¼'Á}Ã�ÈEÄWÀ�»½¼¿¾mË�ÍÏÀ½Á�È�ÄÑÆ�»½¼'Á\Ç\À½Í<ÃÏ¹W¼'ÁýÈ�Â-�}Â%ÐãÈ}ÀË�Ê�¼gÌw¼'Á�Ã ) ¼'Â°¹W¾mË�Â}ÄWÃÏ¹W¼'Á�Ã * Í<À��½Â}Ã�À½Á°À½Í.�'Ã6Ù#»½¾ −2 Ù#Ã −1 ÙW� −1 º�¾SÆg¹WÃmÆgÂ�ÃÏÃÏ¹ÛÄWÀÚÌ�À½¾mË�ÃßÈ�À�Ë�¼'ÃÏÀ�À�ÌßÄ�Å#À9Ð Ìw¹WÁ}»�Ìw¹W¼'ÁÆPÌw¾m¼¿Ã<Ë}Ê�Î½ÍÏ¹�� Â�ÀSË�¼¿Â�ÍÉ»½À�Ì<Ì�ÀSË�¼'ÃÏÀSÈ!Å#Î9Ì�ÆgÄW¼'Á}Á}Æ��'À ) Î�� ÂdÆPÌw¹W¼'Á 5 ÙÒÑ * Ù/��Æ�Ý0�'Â}Í<Àêë	�&ÙWVêÍÏÀ½Ë�Í<Î6Ã<À6Á¿ÌwÀSÄWÀ½Ã{ÃÏË�À½»9ÌwÍ<À½ÃÈ�Àj»½¼¿Í<Í<À½»�Ì�¹W¼'Á¸À6Á1�dÂ%Ð�¼'Ò&ÌwÀ½Á Â}Ã�ÜmË}ÆgÍ@Ìw¹WÍÞÈ}Àj»½À½ÃÕÌ�Í<¼'¹WÃ�Ë0¼'ÃÏÀ½Ã6Ù
# ÁaÍ<À½»½¼'Á}Á}Æ_^WÌÓË0¼'Â�Í�Ä`Æ�Ç\¼'¹WÀÉÒ}ÄWÀ½Â�ÀÉÄÑÀ½Ã�»½¼'Í<Í<À6»�Ìw¹W¼'Á}ÃÓÆgÂ4ÈIÈ}À½ÄÑÜmÈ�À 5 ë	���T��È�Â�À6Ã�ÆgÂ%Ðê¹W¾mË�À6Í.�iÀ½»�Ì�¹W¼'Á�Ã�È�ÀÉÄÑÆÄÑÆg¾mÀ×È}¹W»�Ê�Í<¼gÆ2� Â�À¿º�È}¼'Á¿ÌßÄWÀ½Ã�Ë�Í<¼¿Ë�Í<¹WÎ�Ì�Î½Ã�¼'Á\Ì3�}Â�»�Ì�Â�Î�ÜaÄÑÆ4�iÀ½Í<¾SÀ�ÌwÂ}Í<ÀÚÈ}Â�ÈUs'¾SÀ'ºYÈ�¼'Á}»×Æ½Ç¿ÆgÁ¿ÌßÄÑÆaË}Í<¹WÃÏÀÚÈ}À½Ã
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Flux calibration: fluxNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

HR3454 (1s, secz=1.06) *8.0 AA
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Error: 0.05 +/- 1.57%
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Flux calibration: fluxNrebinspece3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

HR3454 (1s, secz=1.05) *8.0 AA
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Error: 0.58 +/- 1.96%
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Flux calibration: fluxNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

HR3454 (1s, secz=1.40) *8.0 AA
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Error: -1.44 +/- 5.22%
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Flux calibration: fluxNrebinspecreme3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

HR3454 (1s, secz=1.39) *8.0 AA
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Error: -2.10 +/- 4.46%
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Flux calibration: fluxNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

HR3454 (1s, secz=1.79) *8.0 AA
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Error: -0.33 +/- 6.11%
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Flux calibration: fluxNrebinspecreme3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

HR3454 (1s, secz=1.79) *8.0 AA
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calibNrebinspecreme3d_TC06_014_092_001_17_R.fits
HR3454.fits

Error: -0.36 +/- 7.19%
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Flux calibration: fluxNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

Hiltner600 (180s, secz=1.26)
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calibNrebinspece3d_TC06_014_067_001_17_B.fits
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Error: 4.27 +/- 6.32%
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Flux calibration: fluxNrebinspecreme3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

Hiltner600 (180s, secz=1.25)
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Error: 4.10 +/- 6.95%

0.5 0.6 0.7 0.8 0.9 1.0
Wavelength [AA] x1e4

-20

-15

-10

-5

0

5

10

15

20

R
e
la

ti
v
e
 e

rr
o
r 

[%
]

Flux calibration: fluxNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

Hiltner600 (180s, secz=1.40)
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calibNrebinspece3d_TC06_014_072_001_17_B.fits
Hiltner600.fits

Error: 3.15 +/- 6.65%
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Flux calibration: fluxNrebinspecreme3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

Hiltner600 (180s, secz=1.38)
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calibNrebinspecreme3d_TC06_014_072_001_17_R.fits
Hiltner600.fits

Error: 3.28 +/- 7.34%
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Flux calibration: fluxNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

Hiltner600 (180s, secz=1.90)
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calibNrebinspece3d_TC06_014_080_001_17_B.fits
Hiltner600.fits

Error: 4.77 +/- 8.24%
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Flux calibration: fluxNrebinspecreme3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

Hiltner600 (180s, secz=1.86)
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calibNrebinspecreme3d_TC06_014_080_001_17_R.fits
Hiltner600.fits

Error: 6.37 +/- 9.44%
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Flux calibration: fluxtellNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

HR3454 (1s, secz=1.06)
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autofcalibtellNrebinspece3d_TC06_014_070_001_17_B.fits
HR3454.fits

Error: -0.05 +/- 3.68%
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Flux calibration: fluxtellNrebinspece3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

HR3454 (1s, secz=1.05)
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Error: -0.01 +/- 0.91%
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Flux calibration: fluxtellNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

HR3454 (1s, secz=1.40)
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calibtellNrebinspece3d_TC06_014_086_001_17_B.fits
HR3454.fits

Error: -1.53 +/- 6.18%
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Flux calibration: fluxtellNrebinspecreme3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

HR3454 (1s, secz=1.39)
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Error: -2.68 +/- 3.94%
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Flux calibration: fluxtellNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

HR3454 (1s, secz=1.79)
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Error: -0.42 +/- 7.02%
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Flux calibration: fluxtellNrebinspecreme3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

HR3454 (1s, secz=1.79)
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Error: -0.97 +/- 6.78%
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Flux calibration: fluxtellNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

Hiltner600 (180s, secz=1.26)
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calibtellNrebinspece3d_TC06_014_067_001_17_B.fits
Hiltner600.fits

Error: 4.22 +/- 6.31%
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Flux calibration: fluxtellNrebinspecreme3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

Hiltner600 (180s, secz=1.25)
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Error: 3.48 +/- 6.48%
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Flux calibration: fluxtellNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

Hiltner600 (180s, secz=1.40)
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Error: 3.09 +/- 6.63%
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Flux calibration: fluxtellNrebinspecreme3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

Hiltner600 (180s, secz=1.38)
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Error: 2.67 +/- 6.89%
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Flux calibration: fluxtellNrebinspece3d_TC06_014_070_001_17_B.fits (1s, secz=1.06)

Hiltner600 (180s, secz=1.90)
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Error: 4.72 +/- 8.25%
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Flux calibration: fluxtellNrebinspecreme3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

Hiltner600 (180s, secz=1.86)
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Hiltner600.fits

Error: 5.71 +/- 8.97%
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mapp = −2.5 log

F

F0

)°¯ ÙWë *
¼+±

F
À½Ã@Ì�ÄWÀ4�dÂ%ÐìÍÏÀ�®½ÂGÈ}ÀaÄ�Å#Î9Ìw¼'¹WÄWÀ[»½¼'Á}Ã<¹WÈ}Î½Í<Î½À¿ºUÀ�Ì

F0
Â�Á²�}Â%ÐGÈ�À[Í<Î��iÎ½ÍÏÀ½Á�»½À'ÙZ�uÆ�Í<Î���Î½Í<À½Á}»½Àa»�Ê}¼'¹WÃÏ¹WÀ[À½Ã@Ì

�'Î½Á�Î6ÍÏÆgÄWÀ½¾SÀ½Á¿Ì6LjÎ��¿Æ ) αLyr * ÙZ�!À4�}Â%ÐGÍ<À�®½ÂbÈ�Î½Ë0À½Á�ÈdÆgÁ¿Ì�È�À[ÄÑÆfÈ}¹WÃ@Ì�ÆgÁ�»6À d ÜfÄÑÆ��%Â�À½ÄWÄWÀ[ÃÏÀaÃÏ¹zÌwÂ}ÀaÄ�Å#Î�Ì�¼'¹WÄWÀ'º) È�Î½Ë0À½Á}È}ÆgÁ�»6ÀÛÀ½Á d−2 * º2ÄÑÆÔ¾SÆ��'Á}¹zÌwÂ�È}ÀÕÆgË�ËdÆgÍ<À½Á¿Ì�À:È�Î½Ë0À½Á}È�À6ÄWÄWÀÕÆgÂ�ÃÏÃÏ¹%È}À d Ù # Á�È}Î9Ý}Á}¹zÌ4È�¼'Á}»:Â�Á�ÀÕ¾SÆ��'Á}¹zÌwÂ�È}ÀÆgÒ�ÃÏ¼'ÄWÂ}À
M

� Â}¹!À½Ã@Ì�ÄÑÆm¾SÆ��'Á}¹zÌwÂ�È}ÀÉÆgË�ËdÆgÍ<À½Á\ÌwÀ�� ÂuÅ=ÆgÂ�ÍÏÆ'¹zÌ�Ä�Å#¼'Ò� CÀ�ÌÓÃ½Å#¹ÑÄ!Î�Ì�Æg¹zÌ�ÃÏ¹zÌwÂ}ÎÉÜ¸ëG�ßË0»[³6º�ÃÏ¼'¹zÌ

M = −2.5 log
F (10

Ë�»
)

F0

)°¯ Ù=� *
74Á1�'Î½Á}Î½ÍÏÆgÄ�º&¼'Á�Â%Ìw¹WÄW¹WÃÏÀ)À½Á�Ë}Ê�¼2Ìw¼'¾SÎ�ÌwÍÏ¹WÀÔÈ�À½Ã:ÝdÄzÌwÍ<À6Ã:Ã@Ì�Æ'Á�È}ÆgÍÏÈ�Ã6º%È�Î9ÝdÁ�¹WÃÕË}Æ'Í:Â�Á}À��i¼'Á�»9Ìw¹W¼'Á�È�À�Ì�ÍÏÆgÁ�ÃÏ¾S¹WÃ<ÃÏ¹W¼'Á
tr(λ)

À�Ì�Ë0¼'Â�Í�ÄWÀ½Ã�� Â�À½ÄWÃ�ÄWÀ@�}Â&Ð�È�À9Ç&¹WÀ½Á¿ÌÓÈ�¼'Á�»�I

FX =

∫ +∞

0
trX(λ)F (λ) dλ )´¯ Ù]� *

¼+±
X
À½Ã@ÌÔÂ�Áê¹WÁ}È�¹W»½À{È�Î½ÃÏ¹��'ÁdÆgÁ¿ÌÓÄWÀjÌ�}&Ë0À )¶µ ÄÑÆS»½¼'Â�ÄWÀ6Â�ÍB· * È�Â¸ÝdÄzÌwÍ<À'Ù���Æm¾SÆ��¿Á�¹zÌwÂ}È�ÀÉÈdÆgÁ�Ã�»½ÀjÝdÄzÌwÍ<À{Ã<À6ÍÏÆSÆgÄW¼'ÍÏÃÄÑÆß¾ÚÆ��'Á�¹zÌwÂ}È�Àj»BÆgÄW»½Â�ÄWÎ6ÀÉÆ½Ç À½»jÄÑÀ½Ã"�}Â&Ð

FX
À�Ì
F0,X

Ù
¸H¹ Í�º¼»_ÐFÏ�½�»�¾Z¿b»GÀ�Ï.¾rÏQÌ¼ÁÂ¿¼Ã´Ä[ÅÆÁHºbÇ,½_Ï�Ç]º�È(Ï�Ã´ÃFÏ¼É0»mÌ
ÏÊ Á´¿�Å]ÇHÏCË�Ã´¿
Í Î
Ï&½ Ê Í�ÃHÅÆÁ}Ð´»�Ã/ÇWÏCÌ�¿�Ì�½�½�»#ÍBÅHÏ.ÇÍ»_Ì_Ï*Ï.Ç=Ç=ÅÆËmÐFÏ½�¿NÌbÁdÇWÏC½
Ï.¾ÂÅÆÎ¶ÏbÃHº�Ì�½9º�Ð
ÏÂÑÒ¿b»JË[Ç]»�Á´Ó¼ÁdÇ�Ô º�Ì�ÏbÇWÏKÐ°¿b»mÐ,ÇHÏBÎ
Õ »_Ï.Ç0¿NÌ3ÇWÏÂÀb¿bÅÆÁ.É(Ì�¿eÁ Ê θ ÐH»�Ã&ÇHÏ�ÐFÍ Î Ê ¾Âº�Ö}ÏQÐ°Á:ºeË[Ë�Ï.Ç ÊË�ºeÃHº¼Ç=Ç]º�Ð
Ï¼×FØÍº�Ë[ºeÃHº¼Ç=Ç]º�Ð
Ï Ê Á2º�ÌbÁDÐ°¿b»�ÀNÏQÌbÁTÁHÃ´ÙQÐCÌÒº¼ÅÆÄ�ÇWÏ¼É¿�ÌJË�Ï.»GÁZÐ?ÏTË[Ç=º�Í·Ï�Ãd½�º�ÌmÐ�ÇÒÔ ºeË�Ë[Ã´¿.Ð�Å=¾ZºeÁHÅ]¿NÌ9½
ÏQÐ�Ë�ÏBÁ2ÅÆÁBÐºNÌ�ÏbÇHÏQÐrÏ�Á Ê ÍBÃHÅÆÃFÏ

θ = R/D
É�¿bÚ

R
ÏQÐÛÁJÇ]º3½�Å1ÐÛÁ2º�ÌmÍ/Ï½_ÏTÇ=ºZÈ(Ï�Ã´ÃFÏTº¼»@Ü�¿bÇHÏ.Å=ÇÒÉ_Ð°¿�Å Á/»_Ì
ÏT»mÌ�ÅÆÁ Ê º�ÐÛÁHÃ´¿NÌ�¿b¾ÂÅ Õ »
ÏÑ�Ý&× Þ&×ÆÖHÉmÏBÁ

D
Ç]ºÂ½�Å1ÐÛÁ2º�Ì_Í·Ï&½
Ï&ÇÒÔ ¿¼Ä�ß{Ï�Á�×à Ì@½ Ê.á Ì�ÅÆÁ8ÇWÏ&Ë�ºeÃBÐ?ÏQÍZÔ Ë
ÍeÔ�ÍB¿b¾Â¾rÏ Ê Á2º�ÌbÁ8Ç=º"½�Å1ÐÛÁ2º�Ì_Í·Ï&½�Ô »mÌ
Ï Ê Á´¿�Å]ÇHÏ&º.â�º�ÌbÁ8»_Ì_ÏCË[º¼ÃHº¼Ç]Ç=º�Ð
Ï&½�Ô »_Ì
ÏDÐ?ÏQÍB¿NÌ�½_Ï&½�Ô º�Ì�ÏbÇWÏ¼×�ØKÔ Ê ÁH¿bÅ=ÇWÏ:Ç=ºË[Ç]»mÐ\Ë[Ã´¿
Í Î
Ï�½[»×ÐÛâ_ÐÛÁHÙ.¾rÏ7Ð´¿bÇ]ºbÅÆÃFÏ¼É¼_KÃ´¿.Ð�Å=¾ÂºCã=Ï�Ì¼Á2º¼»�ÃHÅÒÉ¼º�â�ºNÌ¼ÁK»mÌ
Ï,Ë[ºeÃHºbÇ]Ç=º�Ð	Ï�Å1Ì�Ì Ê ÃHÅHÏ.»�ÃFÏqÑ^»_Ì_Ï7Ð?ÏQÍB¿NÌ[½
Ï�½�Ô ºeÃBÍeÉ¼ÇÒÔ ºeË�Ë[Ã´¿.Ð�Å=¾ZºeÁHÅ]¿NÌ½
ÏQÐ�Ë�ÏBÁ2Å Á Ðdº�Ì�ÏbÇHÏQÐ�ÃFÏQÐÛÁBÏ�ß°»_ÐÛÁ2Å á�Ê Ï¼×[Ý}Ì9Ë[º¼ÃBÐ?ÏQÍ^ÃFÏ.Ë�Ã Ê Ð?ÏQÌbÁBÏKÒ�× aeäÂº�Ì_Ì Ê ÏQÐ�Ç=»�¾ÂÅÆÙ�ÃFÏ¼É�Ð°¿bÅÆÁqÏQÌbÀ�ÅÆÃ´¿NÌ

3× 1012 å ¾9×
ë��+�
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��À½¾SÆ'Í.� Â�¼¿Á�ÃT� Â}ÀÕ¾SÆ��'Á}¹zÌwÂ�È}À½Ã4ÆgË}Ë}ÆgÍ<À6Á¿ÌwÀÕÀ�ÌUÆgÒ�ÃÏ¼'ÄWÂ}ÀÕÃ<¼¿Á¿Ì
Í<À½ÄW¹WÎ½À6ÃrÀ�Ì
ÄWÀ6Â�ÍrÈ�¹�Ø0Î6Í<À½Á�»6À:Á}ÀZ�-Æg¹zÌ
¹WÁ¿ÌwÀ6ÍCÇ\À½Á}¹WÍ

� Â�ÀjÄ`ÆßÈ�¹WÃ@Ì�Æ'Á�»½ÀÉÈ�ÀjÄ�Å#¼'Ò� CÀ�Ì�I
mapp −M = −2.5 log

F (d)

F (10
Ë0»

)
)°¯ ÙÆù *

= −2.5 log
(10

Ë�»
)2

d2
)°¯ Ù=� *

= 5 log

(
d

106
Ë�» × 105

) )°¯ Ù]{ *

= 25 + 5 log
d

1
�[Ë�» )°¯ Ù=� *

¯ ¹WÁ�ÃÏ¹�º�Ë0¼'Â�Í)Â�Á�¼'Ò� CÀ�ÌÉÄW¼'¹WÁ\Ì�Æg¹WÁ!º!¼'Á�Ë0¼'Â�Í<ÍwÆ×À9Ð&Ë�Í<¹W¾SÀ½Í mapp
È�¹WÍ<À6»�ÌwÀ½¾SÀ½Á¿ÌÉÀ½Á �i¼'Á}»�Ìw¹W¼'ÁýÈ�ÀßÄÑÆ�È}¹WÃ@Ì�ÆgÁ�»6À�È}ÀÄWÂ�¾S¹WÁ�¼'ÃÏ¹zÌwÎ ) dL È}À�Ç&¹WÀ6Á¿ÌÚÈ�¹�Ø�Î½Í<À½Á¿Ì�À�È}À

d
À9ÌÚÄWÀ¸Í<À½¾SË�ÄÑÆg»½À¸ÈdÆgÁ�ÃSÄ�Å#À�Ð&Ë}Í<À½ÃÏÃÏ¹W¼'Á�È�À¸ÄÑÆ�¾ÚÆ��'Á�¹�ÌwÂ�È}À * Ù # Í6ºrÄÑÆÈ�¹WÃ@Ì�ÆgÁ}»½ÀmÈ�ÀmÄWÂ�¾m¹ÑÁ�¼'ÃÏ¹zÌwÎmÎ�Ì�Æ'Á¿Ì{À½ÄWÄWÀ¼�I¾SÖ½¾SÀßÍÏÀ½ÄW¹WÎ½ÀSÆgÂýÈ}Î½»6ÆgÄÑÆ+�'À�Ç\À½Í<ÃÉÄWÀmÍ<¼'Â��¿À

z
º!ÄÑÆ�Í<À½ÄÑÆPÌ�¹W¼'ÁýÂ&Ìw¹WÄW¹WÃÏÎ½ÀmË�¼'Â}Í»½¼'Á�Ã@ÌwÍÏÂ�¹WÍ<À×ÄWÀ×È�¹ÑÆ+�'ÍÏÆg¾S¾mÀ×È�À�ú�Â}Ò�Ò�ÄÑÀÚÀ½Ã@ÌßÄÑÆaÍ<À½ÄÑÆ2Ìw¹W¼'Á µ ¾ÚÆ��'Á}¹zÌwÂ�È}À¼�IÍ<À½È}ÃÏÊ�¹��ÑÌ.·�º�È�À×ÄÑÆ4�i¼'ÍÏ¾mÀ ) ¹W»½¹ÛË0¼'Â�Í�ÄWÀ½ÃË�À�Ì�¹zÌwÃ�È�Î½»6Æ'ÄÑÆ��'À½ÃÕÇ À½Í<Ã�ÄWÀÉÍ<¼'Â��¿À * I

mapp(z) 'M + 5 log(cz)− 5 logH0 + 25 )°¯ Ù]E *
# ÁaÆgË�Ë0À½ÄWÄWÀÉÆgÄW¼'ÍÏÃ�¾SÆ��¿Á�¹zÌwÂ}È�ÀjÈ}ÀjË�¼'¹WÁ\ÌJû½Î½ÍÏ¼

M
ÄWÀ)ÌwÀ½ÍÏ¾mÀj»½¼¿Á�Ã@Ì�ÆgÁ¿Ì

M = M − 5 logH0 + 25
º}À�ÌÓ¼'ÁêÆ$I

mapp(z) = M + 5 log(cz) )°¯ Ù=ô *
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Á}¼'Â�Ã�ÆgÍ<ÍÏ¹zÇ\À'ºu¹WÄ:��ÆgÂ%Ì�È�¼'Á}»SË�¼'Â&Ç\¼'¹WÍÉÀ6ÃCÌ�¹W¾mÀ½Í{Ä�Å#Î½Ë}Æg¹WÃÏÃÏÀ½Â}Í)ÌwÍÏÆ½Ç À½Í<ÃÏÎ½À'Ù8%Y¼¿Â�ÍÉ»½À6ÄÑÆ&ºu¹WÄ:��ÆgÂ%Ì�»½¼'Á�ÁdÆ��WÌwÍ<ÀÚÄWÀ½Ã»½¼ ¼'Í<È}¼'Á�Á}Î½À½Ã�È�ÀjÄ�Å#¼'Ò� CÀ�ÌÓÈ}ÆgÁ}ÃÞÄWÀÉ»½¹WÀ½ÄuÆgÂê¾m¼'¾SÀ½Á¿ÌÓÈ�ÀjÄ�Å#¼'Ò}ÃÏÀ½ÍCÇ'ÆPÌ�¹W¼'Á!Ù
�Y¼'Â%ÌÓÀ½Ã@Ì�»½¼'¾SË�ÄW¹�� Â}ÎjË}Æ'ÍÞÄÑÆßÍ<¼gÌ�ÆPÌw¹W¼'ÁÈ�À{ÄÑÆ��YÀ½ÍÏÍ<À{ÃÏÂ�Í�À½ÄWÄWÀ¼�I¾SÖ½¾mÀ¿ºK� Â�¹�Í<À½Á}ÈaÄ�Å#Î½Ë}Æg¹WÃÏÃÏÀ½Â}ÍÞÌwÍÏÆ½Ç À½Í<ÃÏÎ½À{È�Î6Ë�À½Á}È}ÆgÁ\ÌwÀÉÈ�ÂêÌwÀ½¾mË}Ã6ÙK��À�Ç\À½Á}¼'Á�ÃÓÈ�¼'Á}»{Ã<Â}ÍÄWÀ½Ã�Ã�}&Ã@Ì�~½¾SÀ½Ã�È�ÀÉ»½¼ ¼'Í<È}¼'Á�Á}Î½À½Ã�»½Î½ÄWÀ½Ã@ÌwÀ6Ã�»½¼'Â�ÍwÆg¾m¾SÀ½Á¿Ì�Â&Ìw¹WÄW¹WÃÏÎ½Ã6Ù
� ¼'Á}Ã<¹WÈ}Î½Í<¼'Á}Ã�Ë0¼'Â�Í�»½À½ÄÑÆaÂ}Á�¼'Ò}ÃÏÀ½ÍCÇ'ÆPÌ�À½Â�Í # � Â�¹Û¼'Ò�ÃÏÀ½Í@Ç\ÀÚÂ}Á�¼¿Ò\ CÀ�ÌßË}ÄÑÆg»½Î×À½Á�� ) Ý0�¿Â�Í<À ¯ ÙWë * Ù^�
Å=ÆPÐ&À%^�B%ÞÅ�À½Ã@ÌßÄ�Å=Æ2Ð&À×È}À½Ã�Ë��'ÄWÀ½Ã�IYË0¼'Â�Í�Á�¼'Â�Ã6º^% ÍÏÀ½Ë�Í<Î6Ã<À6Á¿ÌwÀ×ÄWÀ�Ë��¿ÄWÀ�|Ó¼'Í<È�È}À×ÄÑÆêÇ\¼��&ÌwÀ×»½Î½ÄWÀ6ÃCÌ�À'º�¼+±�ÃÏÀSÌ�Í<¼'Â%Ç ÀÆgË�Ë}Í<¼6Ð&¹W¾ÚÆPÌw¹zÇ\À½¾SÀ½Á¿Ì�Ä�Å#Î�Ì�¼'¹WÄWÀjË�¼'ÄÑÆ'¹WÍ<À'Ù0�uÀ)Ë0¼'¹WÁ¿Ì��ãÀ½Ã@Ì�ÄWÀ�û½Î½Á}¹zÌwÊ I�Ë0¼'¹WÁ¿Ì�Ã<¹zÌ�Â�ÎÉÜ�ÄÑÆ�Ç\À½Í@Ìw¹W»6ÆgÄWÀjË0¼'Â�ÍÞÄ�Å#¼'Ò�ÃÏÀ½Í��Ç'ÆPÌwÀ6Â�Í ) Ä�Å=ÆPÐ&À # �°ËdÆgÃÏÃÏÀmÎ��\ÆgÄWÀ½¾mÀ6Á¿Ì�ËdÆgÍjÄWÀS»½À6Á¿ÌwÍ<ÀSÈ�ÀSÄÑÆ��YÀ½ÍÏÍ<À'º�Ü¸ÄÑÆ¸Ã<Â}Í.��Æg»6ÀSÈ�ÀmÄÑÆ+� Â�À½ÄWÄWÀ # Ã<ÀßÌwÍÏ¼'Â%Ç\À * Ù

)°¯ * À6ÃCÌÓÄ�Å#Î��%Â}ÆPÌwÀ½Â}ÍÞ»½Î½ÄÑÀ½Ã@ÌwÀ'º}À�Ì ) ¾ * ÄWÀj¾SÎ½Í<¹WÈ}¹WÀ½ÁêÄW¼ »6ÆgÄ�Ù?%À½ÄW¼¿Á ÄWÀýË�¼'¹ÑÁ¿ÌêÈ�ÀãÇ&Â�À�»�Ê�¼'¹WÃÏ¹)Ë0¼'Â�Í�Ä�Å#¼'Ò}ÃÏÀ½ÍCÇ'ÆPÌ�À½Â�Í6ºÕÄWÀ�Ã�}&Ã@Ì�~6¾mÀ�È}À�»½¼ ¼'ÍÏÈ�¼'Á}Á�Î½À½Ã¸»�Ê}¼'¹WÃÏ¹)Ë�À6Â%ÌêÖ�ÌwÍÏÀÈ�¹�Ø0Î½ÍÏÀ½Á¿ÌBÙ���¼'Â%Ì�ÈuÅ=ÆgÒ�¼'ÍÏÈ!ºÛÄWÀ[Ã�}&Ã@Ì�~½¾SÀ[Ê�¼'Í<¹�û6¼'Á¿Ì�ÆgÄ�º:Í<À½ÄÑÆPÌw¹zÇ À½¾mÀ½Á\Ì�ÃÏ¹W¾mË}ÄWÀ'ºÛÂ%Ìw¹ÑÄW¹WÃ<ÀãÄ�Å#Ê�¼'Í<¹¶û½¼'ÁbÀ�Ì�ÄWÀ5û6Î½Á�¹zÌwÊ
»½¼'¾m¾SÀÓÍ<ÎG�iÎ½Í<À½Á}»½À½Ã6ÙF��ÆÉÝ0�'Â}Í<À ¯ Ù �ÉÍ<À½Ë}Í<Î½ÃÏÀ½Á¿Ì�ÀÓ»½ÀÓÃ�}&Ã@Ì�~½¾SÀÓÈ�ÀÓ»6¼ ¼'Í<È}¼'Á�Á}Î½À½Ã6º ¼+±×ÄWÀÓË0¼'¹WÁ¿ÌM� À½Ã@ÌÕÍ<À6Ë�Î½ÍÏÎÓÃ<Â}ÍÄÑÆÚ»½¹WÀ6ÄYË}Æ'ÍÓÃÏ¼'ÁãÆ+û½¹W¾�Â%Ì�Ê

a
À�ÌjÃÏÆ×Ê}Æ'Â%ÌwÀ½Â}Í

h
Ù;�
Å=Æ�û½¹W¾�Â&ÌwÊãÀ½Ã@Ì)Ä�Å=ÆgÁ0�'ÄWÀ���¼'Í<¾mÎ�À½Á¿Ì�Í<À�ÄWÀ�Ë�ÄÑÆgÁã¾mÎ½Í<¹WÈ}¹WÀ½ÁãÀ�Ì)ÄWÀ

Ë�ÄÑÆgÁÚ»½¼'Á¿Ì�À½Á}ÆgÁ\Ì # º���À�ÌÂ��Ù���ÆjÊdÆgÂ%ÌwÀ6Â�Í
À½Ã@Ì:Ä�Å=ÆgÁ��'ÄWÀJ�i¼'ÍÏ¾mÎ�ËdÆgÍ # � ËdÆgÍ
ÍÏÆgË}Ë�¼'Í@Ì:ÜjÄ�Å#Ê}¼'Í<¹�û½¼'ÁuÙ � À�Ã�}&Ã@Ì�~½¾SÀÈ�À�»½¼%¼'Í<È�¼¿Á�Á�Î½À6Ã)À½Ã@ÌÉÆgÃÏÃÏÀ�û�¹WÁ\ÌwÂ�¹zÌ�¹��Eº0¾ÚÆg¹WÃ)Ë�À6ÂãÂ%Ì�¹WÄW¹WÃÏÎ�À½ÁýÆgÃCÌ�Í<¼'Á�¼¿¾m¹WÀßË�¼'Â}ÍÔÈ�À½Â&Ð[ÍÏÆg¹WÃÏ¼'Á}Ã(I0¹WÄrÈ�Î½Ë0À½Á�ÈãÈ}Â
ÄW¹WÀ½ÂêÈuÅ#¼'Ò�ÃÏÀ½ÍCÇ¿ÆPÌw¹W¼'Áuº�À9Ì�ÄpÅ#¼'Ò\ CÀ�ÌÔ¼'Ò�ÃÏÀ½Í@Ç\ÎÉÃÏÀÉÈ�Î½Ë�Ä`Æg»½ÀÉÈ}ÆgÁ}Ã�»½ÀÉÍ<À6Ë�~½Í<À{ÆgÂa»½¼'Â�ÍÏÃ�È�ÀÉÄ�Å#¼'Ò}Ã<À6ÍCÇ'ÆPÌ�¹W¼'Á!Ù0�EÄuË0À½Í<¾SÀ�Ì»½À½Ë0À½Á�È}Æ'Á¿Ì:È}À�È}Î9Ý}Á}¹WÍUÄ�Å=ÆgÁ0�'ÄWÀÔÆ�û½¹W¾�Â%ÌwÊ}Æ'Ä

θz
) Á�¼gÌwÎ9û�ÃÏÂ�ÍÛÄÑÆÉÝ0�'Â}Í<À * � Â�¹�Ë�À½ÍÏ¾mÀ�ÌÕÈ�ÀÓÈ�Î�Ì�À½Í<¾m¹WÁ}À½ÍUÄ�Å#Î6Ë}Æg¹WÃÏÃÏÀ½Â�ÍÈ!Å=ÆPÌw¾S¼'ÃÏË�Ê0~½Í<ÀmÌwÍwÆ½Ç\À½Í<ÃÏÎ½À×Ë}ÆgÍ�ÄÑÆaÄWÂ�¾m¹�~6Í<ÀÚÈ}À��§Æ½Ç'ÆgÁ¿ÌßÈ�À×Ë}ÆgÍ@Ç\À½Á�¹WÍ�À½Á # Ù87
Á�À9Ø�À�ÌBºYÄW¼'Í<Ã�� Â}ÀÚÄ�Å#¼'Ò\ @À�ÌßÀ½Ã@ÌÆgÂ�û½Î½Á�¹zÌ�Ê!º4ÃÏÆ�ÄWÂ�¾S¹�~½Í<À�ÌwÍÏÆ6Ç\À½Í<ÃÏÀ½ÍÏÆ�ÄÑÆ�Ë�ÄWÂ}ÃmË�À9Ìw¹zÌwÀ¸Î½Ë}Æg¹WÃÏÃÏÀ½Â�ÍmÈ!Å=Æ'¹WÍmË�¼'ÃÏÃÏ¹WÒ�ÄWÀ'º
ÆgÄW¼'ÍÏÃO� ÂuÅ=Ü�Ä�Å#Ê�¼'Í<¹�û6¼'Á�»½À�Ì<Ì�ÀÎ½Ë}Æg¹WÃÏÃÏÀ½Â}Í�ÃÏÀ½ÍwÆ¸Ì�Í.~½Ãß¹W¾mË0¼'ÍCÌ�ÆgÁ\ÌwÀ'Ù # Á°È}Î9Ý}Á�¹�ÌßÈ�¼¿Á�»�ÄÑÆ µ ¾ÚÆgÃÏÃ<À�ÈuÅ=Æg¹WÍB· z Ü[ËdÆgÍCÌw¹WÍ�È}À×Ä�Å�ÆgÁ��'ÄWÀ�û6Î½Á�¹zÌwÊdÆgÄ θzÆg¹WÁ�ÃÏ¹CI

z = sec θz =
1

cos θz
)´¯ ÙWëG� *
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# ÁaÆmÆgÄW¼'Í<Ã�Ò�¹WÀ½Á
z m ëjÄW¼'ÍÏÃ�� Â�À

θz m �&º}Ë�Â}¹WÃ z ÆgÂ��¿¾mÀ½Á¿Ì�ÀÉÆ½Ç\À6» θz Ù�[Æ'¹WÃ�»½ÀÉÃ�}&Ã@Ì�~½¾SÀjÈ�ÀÉ»½¼ ¼¿Í<È�¼'Á}Á�Î½À½Ã�À6ÃCÌÓË�À6Â¸Â&Ìw¹WÄW¹WÃÏÎ'ºdÆgÂêË�Í<¼gÝ�Ì�È}Â¸Ã�}&Ã@Ì�~½¾SÀjÎG� Â}ÆPÌ�¼'Í<¹ÑÆgÄ�º}Ë�ÄÑÂ�Ã�»½¼'¾SË�ÄWÀ�Ð�À¾SÆg¹WÃÕË�ÄWÂ�Ã:Â}Á�¹zÇ\À½ÍÏÃ<À6Ä�º Á}ÀÓÈ}Î½Ë�À½Á}È}ÆgÁ\ÌÕË}ÆgÃÕÈ�Â×ÄW¹ÑÀ½Â�Á�¹�È}ÀÓÄÑÆ�È}ÆPÌ�À'ÙF�uÀÔÃB}�ÃCÌe~½¾mÀÔÎ�� ÂdÆPÌw¼'ÍÏ¹ÑÆgÄ0Â%Ìw¹WÄW¹WÃÏÀÔÄ�Å#Î�� ÂdÆPÌwÀ½Â}Í»½Î½ÄWÀ½Ã@ÌwÀ )´¯ * À�Ì
ÄWÀÕË��'ÄWÀ"% ) ÝK�'Â�ÍÏÀ ¯ Ù]� * Ù+�uÀÕË�¼¿¹WÁ¿Ì
È�ÀÕÍ<Î���Î½Í<À½Á}»½À γ ÜÔË}ÆgÍ@Ìw¹WÍrÈ�Â0� Â�À½Ä&¼'ÁßÈ}Î�ÌwÀ½Í<¾S¹WÁ�ÀÕÄÑÆÔË�ÍÏÀ½¾m¹�~½ÍÏÀÈ�Àm»6À½ÃÉ»½¼ ¼'ÍÏÈ�¼'Á}Á�Î½À½Ã6º
α
º�ÆgË}Ë�À½ÄWÎ½ÀÚÆgÃÏ»½À½Á}Ã<¹W¼¿ÁýÈ}Í<¼'¹zÌwÀ'ºuÀ½Ã@Ì{ÄWÀSË�¼¿¹WÁ¿ÌjÇ\À6Í<Á}ÆgÄ�ºu¼'ÂfÁonÉÂ�ÈfÆgÃÏ»½À6Á�È}Æ'Á¿Ì6Iu»'Å#À½Ã@Ì�ÄWÀË�¼'¹WÁ\ÌÉ¼+±ýÃÏÀ�ÌwÍ<¼'Â%Ç ÀßÄWÀ6?%¼'ÄWÀ6¹WÄ
Ü�Ä�Å#Î��%Â�¹WÁ}¼6Ð&ÀmÈ�ÀmË�Í<¹WÁ\ÌwÀ½¾mË}Ã6º�ÄW¼'Í<Ã�� ÂuÅ#¹WÄr»6Í<¼'¹WÃÏÀmÄ�Å#Î�� ÂdÆPÌwÀ½Â}Í)»½Î6ÄWÀ½Ã@ÌwÀ ) Æ½Ç'ÆgÁ\ÌÉÈ}À

µ ¾m¼¿Á¿ÌwÀ½ÍB·¸È}ÀêË�ÄWÂ�ÃÚÀ½ÁìË}ÄWÂ�ÃÚÊ}ÆgÂ&Ì×È}ÆgÁ�ÃÚÄWÀê»½¹WÀ½Ä * Ù:�
Å=ÆgÃÏ»½À½Á}Ã<¹W¼¿ÁìÈ�ÍÏ¼'¹zÌwÀêÀ½Ã@Ì×Ä�Å=ÆgÁ0�'ÄWÀ4�i¼'Í<¾mÎêÀ6Á¿ÌwÍ<À # γ À�Ì×ÄÑÆË�Í<¼� @À½»�Ìw¹W¼'ÁHÈ�À�ÄÑÆ[È�¹ÑÍ<À½»�Ìw¹W¼¿Á°ÈuÅ#¼'Ò�ÃÏÀ½ÍCÇ¿ÆPÌw¹W¼'ÁHÃÏÂ�Í�Ä�Å#Î��%Â}ÆPÌwÀ6Â�Í�»6Î½ÄWÀ½Ã@ÌwÀ'ÙC��Æ[È�Î½»6ÄW¹WÁ}Æg¹WÃÏ¼'Á
δ
À½Ã@ÌmÄ�Å=ÆgÁ0�'ÄWÀ1�i¼'Í<¾SÎ

Ë}ÆgÍ)ÄÑÆ�È�¹WÍ<À6»�Ìw¹W¼'Á�È!Å#¼¿Ò�ÃÏÀ½ÍCÇ¿ÆPÌw¹W¼'ÁýÆ½Ç\À½»ßÃwÆ�Ë�Í<¼� CÀ6»�Ìw¹W¼'Á�ÃÏÂ�Í)ÄWÀßË�ÄÑÆgÁ�Î��%Â}ÆPÌw¼'ÍÏ¹ÑÆgÄ�Ù
α
À�Ì
δ
Á}À�È}Î½Ë�À6Á�È�À½Á\ÌjÈ�¼'Á}»Á�¹YÈ�Â[ÄW¹WÀ6Â[È!Å#¼'Ò}Ã<À6ÍCÇ'ÆPÌ�¹W¼'Á!º�Á�¹YÈ}À{ÄÑÆÚÈdÆPÌwÀ'º�»6Æ'ÍÓ»½À�Í<À½Ë;~½Í<À�ÃÏÂ�¹zÌ)ÄÑÆÚÍÏ¼2Ì�ÆPÌw¹W¼'ÁãÈ�À�ÄÑÆp�YÀ½ÍÏÍ<À'Ù � À�Ã<¼'Á\Ì)È�¼'Á}»{È}À½Ã»½¼ ¼'Í<È}¼'Á�Á}Î½À½ÃUÂ�Á}¹zÇ\À½Í<ÃÏÀ½ÄWÄWÀ½Ã ) Ë�À9Ìw¹zÌÛÒ0Î½¾m¼'ÄdI Æ½Ç\À½»�ÄÑÆjË}Í<Î½»½À½ÃÏÃÏ¹W¼'ÁSÈ}À½ÃUÎ�� Â}¹WÁ�¼6Ð�À½Ã½º γ Ã<À�È�Î½Ë}ÄÑÆg»½ÀÕÌwÍ�~½ÃUÄWÀ½Á¿Ì�À½¾mÀ½Á\ÌÄWÀ×ÄW¼'Á0�aÈ}À×Ä�Å#Î�� ÂdÆPÌwÀ½Â}Í�»½Î½ÄWÀ½Ã@ÌwÀ¿ºY»'Å#À½Ã@ÌßË0¼'Â�Í.�%Â�¼'¹ÛÄ�Å#¼'Á�È}¼'¹zÌßÎ��¿Æ'ÄWÀ½¾mÀ½Á\ÌßË�ÍÏÎ½»½¹WÃÏÀ½Í�Â�Á}À µ Î½Ë�¼F� Â�À¼·Ú»½¼'Á}ÃÏ¹WÈ�Î½Í<Î6ÀË�¼'Â}ÍrÄWÀÕ»6ÆgÄW»½Â}Ä&È�À

α
À�Ì
δ
* Ù # ÁßÂ&Ìw¹WÄW¹WÃÏÀÞÆgÂ}Ã<ÃÏ¹&ËdÆgÍ.�i¼'¹WÃ4Ä�Å=ÆgÁ0�'ÄWÀÕÊ}¼'ÍÏÆg¹WÍ<À"ú�ºgÀ½ÁßÊ�À6Â�Í<À½Ã6ºgË0¼'Â�ÍrÃÏÆ6Ç\¼'¹WÍ4ÍÏÆgË�¹WÈ}À½¾mÀ6Á¿Ì
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¼+±fÃ<ÀSÃÏ¹zÌwÂ}ÀmÂ}Áý¼¿Ò\ CÀ�Ì�È}ÆgÁ}ÃÉÄWÀS»½¹WÀ½ÄMI/ú�Î�Ì�ÆgÁ¿Ì�È}Î9Ý}Á}¹4Ë}ÆgÍÉÍÏÆgË}Ë�¼'Í@Ì�ÆgÂf¾mÎ6Í<¹WÈ�¹WÀ½ÁfÄW¼%»6ÆgÄ�ºu¹WÄ
À½Ã@Ì�Á Â�Ä
ÄW¼'Í<Ã�� Â}ÀÄ�Å#¼'Ò\ CÀ9Ì�À½Ã@ÌÔÆgÂ¸Ë}ÄWÂ�Ã�Ê}ÆgÂ&ÌBº�À�ÌÔÆgÂ��'¾SÀ½Á¿ÌwÀÉÈ!Å#Â}Á�ÀjÊ}À½Â�Í<À ) Ã<¼'¹�Ì{ë��[t * À6Á¸Â}Á�ÀjÊ�À6Â�Í<ÀjÈ}ÀÔÌwÀ½¾SË�Ã6Ù# Á�Ë0À½Â%Ì�Ë}ÆgÃÏÃÏÀ½ÍÕÈ!Å#Â}Á�ÃB}�ÃCÌe~½¾mÀ)È�À)»½¼%¼'Í<È�¼¿Á�Á�Î½À6ÃÞÜ�Ä�Å=ÆgÂ&ÌwÍ<À)À½Á�»½¼'Á}Á}Æg¹WÃÏÃwÆgÁ¿Ì�ÄÑÆ�ÄÑ¼'Á��'¹zÌwÂ}È�À)È�Â�ÄW¹WÀ6Â�È!Å#¼'Ò\�Ã<À6ÍCÇ'ÆPÌ�¹W¼'Á!º�À�Ì�Æ'¹WÁ�ÃÏ¹!Í<À½ÄW¹WÀ½Í
z
ÜßÂ�Á¸¹WÁ�Ã@Ì�ÆgÁ\Ì�È}¼'Á�Á}ÎjÜ

α
À�Ì
δ
Ù
z
Ç'Æ'Í<¹WÀjÈ�À���Æ�®½¼'Á¸Á�¼'Á¸ÄW¹WÁ}Î6Æg¹WÍ<ÀÉÆ½Ç\À6»jÄWÀÓÌwÀ6¾mË�ÃDIË�ÄWÂ�ÃÉ¹WÄ4À½Ã@Ìc�'ÍwÆgÁ�È!º!Ë}ÄWÂ�ÃÉ¹WÄ�Ç'ÆgÍ<¹WÀSÍÏÆgË�¹WÈ}À½¾mÀ6Á¿ÌBÙ � À6»½¹4Ë�À½Â&Ì{ÆgØ0À½»�ÌwÀ6ÍjÄWÀ½ÃÉË0¼'Ã<À6ÃjÄW¼'Á0�'Â�À½Ã6ÙdNÓÁ�ÀO�i¼'¹WÃ

z
»6¼'Á�Á Âuº¼'ÁaË0À½Â&ÌÔÃ6Å#¹WÁ¿ÌwÎ½ÍÏÀ½ÃÏÃ<À6ÍÓÜÚÄ�Å#À�Ð%Ìw¹WÁ�»�Ì�¹W¼'ÁãÆPÌw¾S¼'Ã<Ë}Ê�Î½ÍÏ¹�� Â�À�Ã<Â}Ò�¹WÀ�Ë}ÆgÍÓÄÑÆSÄWÂ}¾m¹�~½ÍÏÀ6I�¼'Á[Ë�À½Â&ÌÔ»½¼'Á}ÃÏ¹WÈ�Î½Í<À6Í�À½Á[À9Ø0À9Ì

� Â!Å#À6ÄWÄWÀÓÀ½Ã@ÌÕÈ�¹ÑÍ<À½»�ÌwÀ6¾mÀ½Á¿ÌÞË�Í<¼'Ë0¼'ÍCÌw¹W¼¿Á�Á�À6ÄWÄWÀÔÜ{ÄÑÆ{¾ÚÆgÃÏÃÏÀÓÈ!Å=Æg¹WÍ½Ù # Á×Â&Ìw¹WÄW¹WÃÏÀ½ÍÏÆ�ÆgÄW¼'Í<Ã:À½Á��'Î½Á�Î6ÍÏÆgÄ�Â�Á}ÀÓÀ�Ð Ìw¹WÁ}»�Ìw¹W¼'ÁÆPÌw¾m¼¿Ã<Ë}Ê�Î½ÍÏ¹�� Â�À
ε(λ)

À6Áf¾SÆ��¿Á�¹zÌwÂ}È�ÀSË}ÆgÍÉ¾ÚÆgÃÏÃÏÀSÈ!Å=Æg¹ÑÍ½Ù8?%¼'Á�¹WÁ\�}Â}À½Á�»6ÀSÃ<Â}ÍÉÄWÀO�}Â&ÐýÃ<À6ÍÏÆêÆgÄW¼'ÍÏÃ{Â�Á���Æg»9ÌwÀ½Â�Í
A(λ)

È}ÀjÄÑÆ(�i¼¿Í<¾mÀ�I
A(λ) = 10−0.4zε(λ) )´¯ ÙWë'ë *
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RESUME :  
 
Cette thèse, effectuée à l'Institut de Physique Nucléaire de Lyon (IPNL), 
s'inscrit dans le cadre de l'expérience SNfactory, dédiée à l'observation 
précise d'un grand nombre de supernovae de type Ia. Ces explosions 
thermonucléaires de naines blanches, très lumineuses, sont aujourd'hui les 
meilleures chandelles standards connues et ont de ce fait un grand intérêt 
pour la cosmologie. 
 
Les travaux exposés ici contribuent à l'étalonnage de SNIFS, le spectrographe 
à champ intégral utilisé par SNfactory pour l'observation des supernovae de 
type Ia. Une étude des CCD a été effectuée ainsi que la collection de spectres 
d'étoiles de référence pour l'étalonnage en flux de l'instrument. La 
contribution principale a consisté en la réalisation d'un code complet pour 
l'extraction du spectre d'une source ponctuelle à partir du cube pré-étalonné 
de données. Le procédé choisi est la photométrie de PSF (Point Spread 
Function), nécessaire ici du fait de la petite taille du champ observé. Le 
flux perdu peut ainsi être évalué, et l'on atteint une qualité de mesure du 
flux de l'ordre du pourcent, objectif de l'expérience. 
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