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µl� Q ©�n�³£³£¬ ÁlhAg�t&g�h�s�x8tDaOd�sjaO{�rln8dAu0�#��c0h�s�aO��c0cln8y�nAc2sn�sb�ltD��~0�Ok8y�nAd�1s�t&g�a*sjn8t �w���w�w�w���w�w���w� ü2ÿ
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ÿ �¿ö `br¨s�tDn8dg�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�syÊg�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�tDn8ddvs�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¥�lnAd³�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�srlc0n�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$#�ª,Ä �w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ü ·
ù¨� Q8ü ©�n�s�t�g�a*s�n8yzn8c2s�0n8d��l��c0clx8nAdÄ+#vªeÄU���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ü �
µl� Q ¬�x8�)g�rIsb��f}r0claO�#�2tDy�a*s�xw�lr�³�³�¬ �w�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ö Q
µl�¿ù ©�aOclxAg�t&a*s�x��0r¥h8��r0t&g�c2sb��f}��~0d&h8rltDaMs�x1�w���w�w���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ö�ù
µl�/µ ³4��r0t&g�c2sb��f}��~0dDhArltDa*sjx��-��r0t£�lac�!x8tDn8c�s�d�s�n8y��0d��ln�����d&n��w���w�w���w�w���w�w���w�w�w���w�w���w� ö�µ
µl� ü Æ¶�2dDnAd_W�Y(Z([�Álh8��yz�-��tvsjn8y�nAc2saOcl�0a*m¨aO�0rln8� ���w�w���w�w�w���w�w���w�w���w�w���w�w�w���w�w���w� ö ü
µl�¿ö ]Gh8��g�aOtDn8yzn8c2sby��A§�n8c¥�0n8d��-��d&n8d_W$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	syz���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�r0dDdn�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�rldg8m�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�sd&aOy+rl�Oxw�-��r0t£�lac��xAtDn8c2sjn8dÆ±Älª ���w�w���w�w�w���w�w���w� Q ù�·
ÿ � QAú Î g��l����tvsn8c�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����tvsn8c�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
����rlt² 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

����rlt² 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�����rlt² 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�clhji0n8dg�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��-�2rlt² 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����tvsn8c�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*°
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Ωb
�

õ clnwy�n8d&rlt&n�tDx8h8nAc2s�nsS Q ù U �l��clc0n
Ωbh

2 = 0.0214± 0.0020 (±9.3%)
u�g8m�n8h

h = H0/100
�

©�n8d,�lil��s���cld,dD�2c2se�ln8d,�0g�tvs�aOh8r0�On8d5t&n8��g�s�a*mlaOdvsjn8dAu�n�se�0g�t�s�aOh8aO��n8c2se�l��c0h�g�r�¢vt�g8§���clc0n8y�n8c�sD¤��l��c�se��gb�ln8c0dDa*sjx
n8d�s

ΩR
�0®�Od�m¨aOn8clc0n8c2sb�0tDaOclhAaO�0g��On8yzn8c2s��lr7�#�2cl�7�0ac��rldh8��d&yz���O����aO{�r0n�u�t&g8§���c0cln8yzn8c2sbxAy�aOdbg�r�y���yzn8c2sb�0n

��gwtDn8h8�2y1~laOc�g�aOd&��c§Î�n�s4{�rla-n8d�s�r0cÊh8��t&�ld±c0��aOt±�lt&n8d&{�rln��g�tD�)g�a*s��w�Àg�s�n8yz�-x8t&g�s�rltDn�ln
2.728 ± 0.004 n S Q µ U �

©�g¯����ae�lnÊÄ�s�n8�)g�cÅ��n8tDyzn�s1g��O��tDdw�0n|t&n�s�tD��r¨m�n8t���g¯�0n8cld&a*s�x��0n�t&g8§���clc0n8y�nAc2s�����rlt�h8n8dw�li0��s���c0d�Á
Ωγh

2 =
2.48 × 10−5 u�d&��a*s�rlc0n1�lnAcld&a*s�x1�0n ülQ�Q �li0��s���c0d8�}hAy −3 u-��g�tD��n8yzn8c2s�dDr0�-x8t&aOn8rlt&n+�Êh8nA�O�On1�0n8d��lil��s���cld�aOd&d&rld�ln8d�x�s��2aO�On8d�o�a�cl�#x8tDa�n8rltDn�� Q �li0��s���c��}h8y −3 q��l`br¨s�tDn�h8�2y��-�2d&g�c2s�nw�lr¥t&g8§��2clcln8yzn8c2s�ul�On��)��cl�¥�0ac��r0d£�0n�cln8r¨ s�tDaOc0��d8u!{Irla,h8��tDtDnAdD����cl�Åg�r���n8�e�ln8d�a�c2s�n8t&g�h�s�aO��c0d��lt&��s���cI ®cln8r¨s�tD��c��0g�t�aOc2sjn8t&g�h�sjaO��c��)g�aO~0�On�u�g�c2sjx8tDaOn8r0t�����g
c�rlh8��x8��d�§¨c2s�i0k8d&n��!©�gzsjn8y���x8t&g�s�r0tDn+�ltDx8�0a*s�n+�-��r0tbh8n+�#��c0���lac�!rld�n8d�s��ln

Tν Ï Q � ÿ�ü n u���f}�WV���f}��c��lx8�0rla*s�Á
Ωνh

2 = 1.15× 10−5 o�d&��a*s�rlclnw�ln8c0dDaMs�xw�ln Q�Q ù|clnArIs�tDaOc0��dA�}h8y −3 q	��³�n8d�m2g��On8rlt&d�tDnAdvsjn8c2sb�lx8��n8cl��g�c2s�nAd£�0n8dyzg�d&d&n8d��lnAd4sjtD��aOd�s®§l�-n8d��lnwcln8r¨s�tDaOcl�2d8ulnAclh8��t&n�s�t&k8d�yzg���hA��clc�r0n8dg�r��v��rlt&��f}i�r0a��
©�n8d+tDnA�On�m�x8d+�0n��2g���g�°¨aOn8d|��n8tDy�n	sDs�n8c2s���f}x�s�r0�laOn8t+��g�t&x8�0g�t�s�a*s�aO��c �ln���g�yzg�s�aOkAtDn�dDr��vn�sDsjn���aOc�s�n8t&g�h�s�aO��c

��t&g8m¨a*s�g�s�aO��c0cln8�O�On+n8c�x�sjrl�la�g�c2s���gÊh8��tDt&x8��g�s�aO�2c��lnAdb�2g���g�°¨aOn8dA�-v�Od��-n8tDyzn�sDsjn8c2s�g�aOcld&a¶�ln1yzn8d&rltDnAt
ΩM

n�s���~¨ 
s�aOn8c0cln8c2s�S k U Á

ΩMh ≈ 0.20
�

©ÍgYy�nAdDr0tDn��lnAd¯g�c0aOd&��s�tD���0aOn8d¯�lr �#�2cl� �lac�!rld¯h8��d&y��2�O����aO{�r0nÂo���r¾t&g8§���c0cln8yzn8c2s7� µ n u4��r nAclh8��t&n
³ ¦ � ����rlt£³���d&y�aOh ¦ aOhAtD�}�£g8m�n���g�hjÈI��tD��rlc0��q±��n8tDyzn�sDs�nAc2s£��f}��~¨s�n8c0aOt4�ln8d£h8��c2s�t�g�aOc2s�nAd�aOy�����tvsjg�c�s�n8d��-��r0t
�On8d��0n8cld&a*s�xAd�tDx8�0rla*s�nAd��lnÊyzg�sjaOk8tDn

ΩM
n	s1�lnÊyÊg�s�aOk8t&nz~�g�tv§���c0aO{�r0n

Ωb
u¶g�aOc0dDa±{IrlnÊ�-��r0tw��g7h8��c0d�sjg�c2s�nÊ�0n¥rl~0~l�On

H0
��©�n8dw�lnAtDclaOn8t&d�tDxAdDr0�*sjg�s�dw�0n�l ¦ `�Æ �l��c0cln8c2s

ΩMh
2 = 0.127+0.007

−0.013

u
Ωbh

2 = 0.0223+0.0007
−0.0009n�s

h = 0.73+0.03
−0.03

u��WV
h = H0/100

S · U � � cËn8cË�0x8�lr0a*s1�-�2rlt
ΩM

rlcln|m�g��On8rlt�g��l�lt&�A°¨aOyzg�s�a*m�nz�0n ú �¿ù�µ k¨u
g�aOcld&a{�r0n7��gË�0tDx8d&n8clhAn7�0g�cldÊ��f õ cla*m�nAtDdÊ�0n7yÊg�s�aOk8t&n�¢�cl��aOt&n�¤�u±cl��c ~0g�t�§���claO{IrlnYo¡³�¬ ¦ ����rlt�³4���O� ¬�g�t&È
¦ g�s&s�n8t�q�u4�-��r0t�n�°l�l�OaO{�r0n8t���gY�0ac��x8tDn8c0h8n�n8c2s�t&n

ΩM
n�s

Ωb
�4©ÍgY�lt&x8d&n8clh8n��ln�hAn�sDs�n�yzg�sjaOk8tDn�cl��aOt&n���g�cld

��f õ claMm�n8tDdzn8d�s�h8��c¨p�tDy�x8n7�0g�t���n8dzy�n8d&r0tDn8dz�ln8dzh8��r0tD~-nAd��0n¥tD��sjg�sjaO��cldÊ�ln8dz�2g���g�°laOn8dAueaOc0n�°¨�0�OaOhAg�~l��n8dzd&g�cld
��f}aOc2s�t&���lr0h�s�aO��c7��g�cld��OnAd�yz���lkA�On8d��0nwyzg�s�aOkAtDnwd&��y1~lt&n���f}��tDaO��a�clnwaOc0h8��clcIrln��0®�-¢vyÊg�cl{�r0n�¤�nAc7n���n�sbn8c�m¨aOtD��c
ÿ�ú¬Ð �0n£��gwyzg�s�aOkAtDn��-��r0tet&n8cl�0tDn£hA��y��¨s�n��ln���g��I§¨c�g�y�aO{Irln��ln8d±��t&g�c0�ln8dGd�sjtDrlh�sjrltDn8dAu2n�s�h8n��lk8d±��f}x8hji0n8�O�On��0n
��g+�2g���g�°laOn�u¨hA��y�yzn���c¯��n8rIs��Onbm��2aOt�d&rlt���g1p���rlt&n Q � Q u¨aOd&d&rln���f}rlc¥g�tvsjaOh8�On��0n�����sDs�n8yÊg+�0g�t&r¯n8c QAÿ�ÿ �ÑS Q8üFU �
¬bnAd±s�ilxA��tDaOn8d�n�°¨��s�aO{Irln8d�o�g�r¨ :�ln8���1�lr�y��I�lk8�On�d�sjg�cl��g�tD�-qG�ln��li2§ldDaO{Irln��ln8d4��g�tvs�aOh8r0�On8d�s�n8c2sjn8c2s���f}n�°¨�0�OaO{�rlnAt
h8n�sDsjn�yzg�s�aOkAtDn�cl�2aOtDnzg�rÅyz��aOcldwn8cÅ��g�tvs�a�n��0g�t���f}n	°¨aOd�s�n8c0h8n��ln���g�tvs�aOhArl�On8dw�O��r0tD�ln8dwaOc2s�nAt&g���aOd&d�g�c2sws�tDkAd���n8r
g8m�n8h���g�yÊg�s�aOk8tDn�h8��c0c�rln2u0n�sbr0claO{�r0n8y�nAc2sb�0g�taOc2s�nAt&g�h�s�aO�2c7��g�aO~l�On��-©Íg�d&rl��n8tv :d�§¨yzx�s�tDaOnw�0tDx�m��2a*sb��f}n�°¨a�dvsjn8clh8n
Ò Ã��D�a� ���^��Ç����h�H���®�^��� �~�©���m���^��� �^�¹ÄL� �^¯����a�^�IÉ^ÊHÊDÊ^ÊHÊw�H�h�����h�a� �����mÓ<���-Ó<�H��� Æ �^ÔI���K��� ���F¡ ���!�����a�m���m�L« Ì1�h��¯^�>����� �~�����¯^� �}�����a��Õ ���H�©��� �^�K¶L�H��ÇF�����W�^�h�m�W�>�������a�a�a���H��Ñ¡ ��� �i�a�a���h�¹�����®�����^��Ç������>�K�H�}o��� »}�H�}Ñ�W�^���¹¶·�H�����>�K��� �m�h�a� �©���>����!���^��� ��° ¢ « � �~�*¡>�^�^��� ��� �^�*��� ���^��� �^�¿�^Ô��L« Ì1�h��¯^�>���¿� �~������¯�� �}�D�����H�h�a�����a� �^���H�-��� »^�^�h�h� ��� �^�©Ö����©�F���H���©�m¦}�h�¾»-�a¡>�^���H� ��>¯H�H�^�¨¡����H���>�F���h�r���������H���8��� �^�Q�H���H¦}���H°

k
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�lrÏclnArIs�t&g��OaOcl� o���r ©¶Ä0Ä¨Æ �-��r0t�©�aO��i�s�ÄIr0�-n8t�Ä�§¨yzy�n�s�t&aOh¥Æ,g�tvs�aOhA�On�ued�sjg�~0�On¥hAg�tzh�f}n8d�sÊ��g��l�Or0dz�Ox8��k8tDn¥�0n8d
�0g�tvsjaOh8rl�On8d�d&rl�-nAtv :d�§¨yzx�s�tDaO{Irln8djq�n�s1�0n8rI°�s®§¨�-nAdw��f}n	°¨�-xAtDaOn8clhAn8dw�-��r0tDtD��c�s���f}aOh8aG{�rlnA�O{�rln8d1g�clc0x8n8dwc0��rldwn8c
g��l�0tDn8cl�0tDn4�l�Or0d,d&rlt5d&��c|x�m�nAc2s�rlnA�O�On�n�°¨aOd�s�n8c0h8n�Á��On8d,�2t&g�cl�0deg�h8h8x8�OxAt&g�s�n8r0tDd,�0n4��g�tvs�aOh8r0�On8d,h8�2y�y�n��On£©�¥�³�n8c
�On�hAtDxAg�c2s�u¨�On8d£�0x�s�n8h�sjn8rltDd£��f/g�d�s�tD���0g�tvs�aOh8r0�On8d£h8��yzy�n�Ì±¬�Ì±©�l ÌG�ÄlÄ���r�³�¬ ¦ Ä�n8c¥�lx	s�n8h�sjg�c2s��On8d£�0tD���0rla*s�d
�ln|d&��cÅaOc2s�n8t�g�h�s�aO��cËg8m�n8h���g�yÊg�s�aOk8t&n���©�n8d�n��!��tvs�d��0n8yzg�cl�lx8d�d&��c2s�s�tDk8d���t�g�cl�ldAu!x	sjg�c2s��l��clc0x8n8d���g�yÊg�d&d&n
dDr0�l����d&x8nw�-��r0t£hAn8d���g�tvs�aOhArl�On8dn�s��On8rlt�s�t&k8d�)g�aO~l�OnwaOc�s�n8t&g�h	s�aO��c�g8m�n8hw��gzyzg�s�aOkAtDn�u0{�r0a��On8rlt�m2g�rIsb�Onwc0��yÓ�0n
l¾ ¦ ÆedwÁl�nAg�ÈI�*§¯®c�s�n8t&g�h	s�aOcl� ¦ g�d&d&a*m�n�Æ5g�t�s�aOh8�On8dA�

©�n�tDn8hAn8cld&n8yzn8c2s¥�0n8d¥g�yzg�d¯�0n��2g���g�°¨aOn8d¥� �la*m�nAtDd¯�lx8h�g���g���n8d�m�n8tDd¯�On�t&��rl��n��-n8t&y�n�s¥x8��g��On8y�nAc2s¥�0n
tDn�s�t&��rIm�n8tbhAn1tDx8d&rl�*s�g�s|Á-��g�m2g��On8rltb�0n

ΩM
aOclû0rln1�#��t�s�n8y�nAc2s�d&rltb�On�s�n8y��0dbc0x8h8n8d&d�g�aOtDn+�Ê��g��#��tDyÊg�s�aO��c��0n8d

g�yzg�d��0n+��g���g�°¨aOn8d����0g�t�s�aOt��lrÅ�4aO�¥��g�c0�lu!n�sw��g�hA��y���g�t&g�aOd&��c��0r�cl��y+~ltDn|��f/g�yzg�d��lt&��hjilnAd�n�sw�O�2aOc2sjg�aOc0d
o�tDn8�2g�tD�ln8t�����aOc�u!h�f}n8d�swtDnAy���c2sjn8t��0g�c0d��On+s�n8y��0d���hAg�r0d&n|�ln|��gÊm¨a*sjn8dDd&n+p�claOn|�ln|��g��Or0y�aOk8t&n�q�g��l����tvs�n|r0cln
cl��r¨m�n8�O�OnÊh8��c2sjt&g�aOc2sjnÊdDr0twhAnz��g�t&g�yzk�s�tDn��¶ÌGc¨p�c�u��OnAd��0x�s�n8h	s�aO��cld���f/g�yzg�d��O��aOc�sjg�aOcld1�0g�twaOyÊg���n8tDaOn�d&g�s�n8�O�Oa*s�n
�0g�c0db�On1�l��yÊg�aOcln1�ln8d�t&g8§���c0d3AàS Q ö U �-nAtDy�n	s��ln1y�aOnArI°�h8��y��0tDn8c0�ltDn1��gz�)��tDyzg�s�aO��c�n�s���f}x�m����Or¨s�aO��c��ln1h8n8d
g�yzg�d�n	sbg��0�-��t�s�n��lnwcl��rIm�n8�O�On8d�h8��c�s�t&g�aOc�s�n8d�d&rlt

ΩM
S Q · U �

©�n8d�y�n8d&rlt&n8d��0n8d�g�c0aOd&��s�tD���0aOn8d��lrÅ³ ¦ �WdD��c�s�s�tDkAd�tDaOhji0n8d�n8c�aOcl�)��tDyzg�s�aO��cld��0rlaOd&{�r�f}nA�O�On8d���n8tDyzn�sDs�nAc2s
x8�2g��On8yzn8c2s��lnÅhA��c2s�t&g�aOcl�lt&nÅ��gÂ��xA��y�x�sjtDaOnÅnAc ��~ld&n8t�m�g�c2s���gYsjg�aO���OnËg�c0��rl��g�aOt&nÅ�0n8d7��d&h8aO�O��g�s�a���cld7�0n�s�n8y| 
�-x8t�g�s�rlt&n���©�n8d�yzn8d&rltDnAd�g�h�sjrln8�O�On8d�dAf/g�h8h8��t&�ln8c2s¯����rlt�rlc0n¥m2g��On8rlt��ln

Ω
�ln��l�Orld�nAc �0�Orld�t&n8d&dDnAtDtDx8n�g�rI 

s���rlt|�0n¯rlc�u,h8n¯{�rla4s�n8cl�Ï��hA��c¨p0t&y�n8t|c0��s�tDn7g��l�0g�tvs�n8c�g�clh8n¥��r0c õ claMm�n8tDd��l��g�s�S ü uGöIue· U � � c g�rlt&g�a*s�Á
Ω = 1− Ωk = 1.02± 0.02

Î n8d�s�nwn8c¨p�c¥��g�h8��yz�-��d�g�c2sjn�a�clh8��c0c�rln�u0h8n8�O�Onw�OaOx8n�����g�yw§¨d�s�xAtDaOn8rld&nwh8��cld�sjg�c2s�nwh8��d&y��2�O����aO{�r0n
Λ
��&¶��rIs

��f/g�~���tD�¥h8��cld&aO�0x8tDx8n�h8��yzy�n�c�r0�O�On�uldD�2c¯��t&aO��aOcln�x�s�g�c2saOclhA��clc�r0n�u¨nA�O�On�n8d�sg�r��v��rlt&��f}i�r0a!h8�2cld&aO�lx8t&x8n�hA��y�yzn
aOy�����tvsjg�c�s�n�g�p�c¾cl��sjg�yzy�n8c�s¥��f}n�°¨�l�OaO{Irln8t¯��g �lac��x8t&n8clh8n�n8c�s�tDn

Ω
n�s

ΩM
� õ c õ cla*m�n8tDd¯�0��g�s¥hA��y�����d&x

n8c2s�aOkAtDn8y�nAc2s��ln�yÊg�s�aOk8t&n�cln���n8tDyzn�sDs�t&g�a*s£��g�d£��f}n�°¨�0�OaO{�r0n8t��0g�t£n�°¨n8yz�l�On���f/����n��lnAd��l�Or0d�mlaOn8aO�O�On8d�x�s���aO�On8dAu¨c0a
��g¯�laOd�s�tDaO~0rIs�aO��cÅ�ln�yzg�d&d&n��ln8dwg�yÊg�d��0n|�2g���g�°¨aOn8dA��¬+f}rlcËg�rIsjtDn|h���s�x�u��On8d�s�i0x8��tDaOnAd��ln���f}aOc¨û-g�s�aO��c o�hA��y�yzn
h8n8�O�On�lr+¢��4aO����g�c0��¤vq,�0tDx8�0aOdDnAc2s�r0c õ c0a*m�n8tDd±�0��g�s��I³�f}n8d�s4�l��clh£s���r¨s���f/g�~-��tD�Ê�-��r0tG��g�hA��ilx8t&n8clh8n£s�ilxA��tDaO{�r0n

ÿ
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�ln8dGy����0k8�On8dG{�rln£��g�h8��c0dvs�g�c2s�n£h8�2dDyz���O����aO{Irlng�x�s�x£tDxAaOc2s�tD�I�lrla*sjn���³4n±¢®û�rlaO�0n�¤�dDr0�l�l��x8y�n8c�sjg�aOtDn�u��0n£�ln8c0dDa*sjx
h8��cld�sjg�c2s�n�g�r�h8��rlt&d4�0rzs�n8yz�ld�n�s��0nb�0tDn8d&d&aO��c�clx8��g�s�a*m�n�uI��n8tDy�n	s���f/g��l�-�2tvs�n8t4rlc0nbx8c0n8tD��aOn�d&r¨´Êd�g�c2s�n��-��r0t
n�°¨�l��aO{�rln8tz��f/g�h8h8x8�Ox8t�g�s�aO��c �ln7��f}n�°l�0g�cld&aO��c �ln7��f õ c0a*m�n8tDdAuG{�r0a£d&n8t�g�a*s�rlc0n¥�0x8h8x8�OxAt&g�s�aO��c �0g�cldÊ�On7hAg�dÊ��f}r0c
õ cla*m�n8tDd��0��y�aOc0x1�0g�t���g�yzg�s�aOkAtDn���³�f}n8d�s�����rlt&{�rl��a5��c��0g�tD�On+x8�2g��On8yzn8c2s���f ¢vx8clnAtD��aOn1c0��aOtDn�¤j�!³4n+c�f}nAdvs�{�r�f/�
��gËp0c �ln8d¯g�clc0x8n8d Q�ÿ�ÿ�ú {�r0n��OnAd�yzn8d&rltDnAd���~ld&n8t�m�g�s�aO��c0cln8�O��n8d���c�s¯�-n8t&y�aOd��ln�h8�2c¨p0t&y�n8t���f}n�°¨a�dvsjn8clh8n��0n
h8n�sDsjn¯g�h8h8xA�Ox8t&g�s�a���c�u,��t&��hAn¯����f}��~ld&n8t�m�g�s�aO�2c �0n�d&rl��n8tDc0�Amlþ �0nÊs®§¨��n�vg��O��aOc2s�g�aOcln8dáS Q �Iu Q k U �e©�n¯�0tDaOclh8aO��n
�ln�h8n8d���~0dDnAtvm�g�s�aO�2cldAu�{�r0n�c0��rld¯g�r0tD��cld���f}��hAhAg�d&aO��c �0n��lx�s�g�aO�O�On8t��0g�t���gYd&rla*s�n�u4h8��cld&aOd�s�n�n8c ��f}x�s�r0�ln��0n
��g���aOclxAg�t&a*s�x��ln���g�t&n8��g�s�aO��c nAc2s�tDn���g��OrlyzaOcl��d&a*s�x��lnAd+��~¨�vn	s�d+n�s��On8r0t1�0aOdvs�g�clh8n2u¶aOh8a4�lx	s�n8tDyzaOclx8n���t&��h8n¯g�r
�lx8hAg���g���nzm�n8tDd+�On�tD��r0��n��5©Gf}rIsjaO�OaOd&g�s�aO��c �ln�h8n�s&s�n�tDn8��g�s�aO��c g�x�s�x�d&rl�2��x8tDx8n��0k8d+�On8d|g�clc0x8n8d Q�ÿ · ú S Q2Q u QAÿ�U u
yzg�aOdG�On8de�lt&n8y�aOkAtDn8de��~ld&n8t�m�g�s�aO�2cldetDxAg��OaOdDxAn8dehA��clh8n8t&c0g�aOn8c�sGr0claO{�r0n8y�nAc2sG�lnAde�2g���g�°¨aOnAd�o�hAn�d&��c2s±�On8de�2~¨�vn�s�dG�On8d
�l�Orld�~ltDaO�O��g�c2s�dAu��l��clh+�On8d��l�OrldmlaOdDaO~0�On8d�����t�g�cl�0n1�laOd�sjg�clh8n�q	u-n�s��On8d�y�n8d&rlt&n8d�g�aOcld&a5tDxAg��OaOd&x8nAd�c�f}x�sjg�aOnAc2s���g�d
dDrl´zd�g�yzy�n8c�sw�ltDx8hAaOdDnAd�����r0t�����rIm��2aOt�h8��c0h8�Orlt&n���©Gf}x�m����Or¨s�aO��cÅ�ln8d��2g���g�°laOn8d�cln��-n8t&y�n�sw�0g�d��0n|h8��yz�0g�tDnAt
�ln��)g�«8��cYp�g�~0�On��On8d+��~0dDnAtvm�g�sjaO��cld|tDxAg��OaOd&x8n8d����0n8d+�laOd�s�g�clh8n8d|�lac��x8t&n8c2s�nAdâS}ù úFU �¶®�4�)g�r¨s|�l�2clhÊs�tD��r¨m�n8t1�0n8d
¢vhji0g�cl�ln8���On8d1d�sjg�cl��g�tD�ld�¤juÍ��~¨�vn�sjd1{�rla�c�f}x�m����Or0n8c2s|�0g�d+g�rYh8��r0tDd1�lrËs�n8yz�ldAuÍ�l��c0hÊ�l�2c2s+��g��OrlyzaOcl��d&a*s�x�n8d�s
s���r�����rltDd�aO�0n8c2sjaO{�rln���©Gf}aO�lx8nw��f}rIs�aO�OaOd&n8t��0n8d�d&rl�-nAtDcl�Am2þ¾�0n�s®§¨��n�vg�����rlt£hAn8��gzg�x�s�x��0tD������d&x8n���g�tb²�����~0g�t
n�s�Æ¶n8t&�Oy1rIs&s�n8t±n8c QAÿ�ÿ ösS}ù Q^U u�aO�lxAn�{Irla�gw�0��clc0x�c0g�a�dDd�g�c0h8nb�w��f}n�°¨��x8tDaOn8c0h8n�ÄIrl��n8tDc0�Am�g�³���dDyz���O����§�Æet&���vn8h�s�u
�ln8d�s�aOc0x8n£����g��0x8h8��r¨m�n8tvs�n��0n�d&rl��n8tDc0�Am�þ �O��aOc�sjg�aOclnAd8u��OnAdedDr0�-n8t&cl�Am�þ hA��clc�r0n8dec�f}x	sjg�c2s�g��O��tDde��g�ded&r¨´zd�g�c�s�n8d
�-��r0t�hA��c2s�t&g�aOcl�lt&n���n8d�y����0k8�On8d�S}ù�ù U ��Ä¨a!�OnAd£�0tDn8yzaOk8tDn8d�dDr0�-n8t&cl�Am�þ¾�O��a�c2sjg�aOc0n8d��lx8h8��r¨m�n8tvsjn8d£c�f}��c2s��g�d£d&r¨´
n8�O�On8d1c0��c��l�Or0d+�7h8��c2s�t�g�aOcl�0tDnÊ�On8d1yz���lk8��n8dãS/ù�µ¨u5ù üWU uÍ�0k8d1{�rlnÊ�On8r0t�cl�2y1~lt&n�g7x�s�xÊd&r¨´Êd�g�c2s+�On8d+y����0k8�On8d
��f õ c0a*m�n8tDd£�1hA��cld�sjg�c�s�n�h8��d&yz���O����aO{�r0n�cIrl�O�On��2c2s£x�s�x�x8hAg�tvsjx8dwS Q �¨u Q k U �I`�r��v��r0tD��f}iIrla!g8m�n8h��On8d���~0dDnAtvm�g�s�aO�2cld
dD��g�s�a�g��OnAd+�On8d+yzn8d&rltDn8d+d&��c2s��ln��0�Orld+n8cY�0�Orld+c0��y1~lt&n8rld&n8d+n�s��ltDx8h8a�dDnAd1n	s|�On8d+yzn8d&rltDnAd1t&xAg��OaOd&x8n8d|g8m�n8h��On
s�x8�On8d&h8����n�d&�0g�sja�g���¥r0~l~l�OnIS}ù�ö¨ulù�· U �0��clc0n8c2s�Á

ΩM = 0.25+0.07
−0.06 ± 0.04

n�s
ΩΛ = 0.75+0.06

−0.07 ± 0.04
�-�2rlt4rlc

õ cla*m�n8tDd£d&rl�0�-��d&x��l��g�s��0©Íg1p���rlt&n Q �¿ù+tDnA�ltDx8d&n8c�s�n���f}n8cld&n8y+~l�On��ln8d£hA��c2s�t&g�aOc2s�n8d�h8��c0c�rln8d�+��f}i0n8rltDnwg�h�sjrln8�O�On
�-��r0te�On8dG�0a*m�n8tDd,sv§¨�-nAdG��f}n�°l�-x8tDaOnAclh8n8dG��g�cldG�On��l��g�c

ΩΛ−ΩM
Á2hji0g�{�r0n£n�°l�-x8tDa�n8clh8n��lx8�OaOyza*s�n�rlc�hA��c2s���r0ten	s

�On8d£s�tD��aOdh8��c2s��2rltDdd&n�t&n8h8��r¨m¨tDn8c2sb����rlt��#��tDyzn8t�rlc7��n�s�a*sb�l��yzg�aOcln�g�r¨s���rlt��ln8d£m�g��OnArltDd
Ω ≈ 1

u
ΩM ≈ 0.3n�s

ΩΛ ≈ 0.7
�Í©�n8d�s���r¨s�n8dw�0n8tDc0aOk8tDn8d�y�n8d&rlt&n8dwn��!n8h�s�r0x8n8d���t&��h8nÊ��Ä+#b©¶Ä�t&n8h8n8cld&n8c�s1�lnz�l�Or0dwcl�2y1~ltDnArld&n8d

�l��c0clx8n8d����t&g�cl�7�lx8h�g���g���n�m�n8tDd��OnwtD��r0��n�n�sbtDn8d�s�n8c�sh8��yz�0g�s�aO~0�On8dg8m�nAh��OnAd�y�n8d&rlt&n8d��ltDx8hAx8�ln8c�s�n8d�S}ù � U �
`p�c7�lnwh8��y��0tDn8c0�ltDnwh8��y�yzn8c2sb��f}��~0d&n8tvm�g�sjaO��c7�lnwhji�g�cl�0n8�O�On8dd�sjg�cl��g�tD�ld���n8tDyzn�sb��f}��~Isjn8claOt�h8nAd�tDxAdDr0�* 

sjg�s�dAulaO��n8d�sclxAh8n8d&d�g�aOtDn��0n�tDn�m�n8c0aOt£d&r0t£��g|cl��s�aO��c7�ln��0x8hAg���g���n�m�n8tDd�On�tD��r0��n�uld�g|t&n8��g�s�aO��c�g8m�nAh���g|�0aOd�sjg�clhAn
yzg�aOdg�r0d&dDaÍg8m�n8hw��g|�Or0y�aOc0��d&a*s�x��0n8d���~¨�vn	s�d���~ld&n8t�m�x8dAulh8nw{�rlnwcl��rld��#nAtD��cld���g�cld��On���g�t&g���t�g��li0n Q � Q �¿ù¨�
ï<;:ï<;®ä ?%@Âë5E-í�A�tvAkå�@ô��@�é(D�tv@Ïé�ê¶ì*å�@Í@lèGtvA ë4îyD�èBAÍçGí$@Í@-ç í¨ê�D C ê:t�ê¨å5îv@
ØGÜ�Ý����2ã�å#ãlß-Ü  Ü�á�Úzå#Ü�á ò àÍß�Ü

#��r0dwh8��clc�g�aOd&dD�2cldw~laOn8cË��f}n���n�s+¬����l�l�OnAtv ®ª5aO�8nAg�r�u��lxAhAg���g���nzn8c2s�t&n|��g¥�#tDx8{Irln8c0h8n���f}r0cln���cl�0n�x8y�aOd&n�n	s
�ln���f}��c0�ln�tDnA«8rln��O��t&dD{Irln���f}xAy�n�sDsjn8rlt+n�s|�On�tDxAh8n8�Isjn8rlt1d&��c2s|nAcYy��2rIm�n8yzn8c2s|��f}r0cY�0g�t+t&g��l����tvs�����f/g�r¨s�tDn��
³�f}n8d�s£h8n�{Irla��-nAtDy�n	s�c0��sjg�yzy�n8c2s£�0n��lx�s�nAtDy�aOc0n8t4�On8d�m¨a*s�n8d&d&n8d��ln�tD��s�g�s�aO��c¯�ln8d�x�s���aO�OnAd4��g�cld�rlc0nb��g���g�°¨aOn|Á
�On�d&�-nAh�s�tDn��ln8d�x�sj��aO�On8d�{Irla�d&n�t&g��l�0tD��hji0n8c2s£�0n���f}��~0dDnAtvm�g�sjn8rlt�n8d�s£�0x8hAg��Oxbm�n8tDd��On�~l�On8r�sjg�cl�laOd�{Irln�h8nA�Orla��0n8d
x�s���aO�OnAd4{�r0a-dAf}x8����aO��cln8c�s£n8d�s��0x8hAg��Oxm�nAtDd4�On�tD��r0��n��¨ÌGc�tDn8h8��c0c0g�aOd&d�g�c2s£�lnAd4t&g�aOn8d��0g�tvs�aOh8r0�OaOk8tDn8dAuI�0g�t4n�°ln8y��0�On
�On8dzt&g�aOn8dz��f/g�~0d&��tD�IsjaO��cÏ�ln¥��f}i2§¨�0tD����k8c0n¥�ln8dÊg�s�yz��d&�lilkAtDn8d�d�s�nA�O��g�aOtDn8dAuen�sÊnAcÏh8��y���g�t&g�c�sz�OnArltDdz�-��d&a*s�aO�2cld
tDn8d&�-nAh�s�a*m�n8d��0g�c0d±�On8d±d&�-nAh�s�tDn8d±��cÊ��n8rIs4�lx�s�nAtDy�aOc0n8tG��g�m¨a*s�nAdDd&ntDn8��g�sja*m�n�ln��f}��~¨��n�s��2~ld&n8tvm�x2��ÌGcÊy�x8hAg�claO{�r0n
h8��g�d&d&aO{�rln2u��On1�lx8h�g���g���n1n8d�s��laOtDn8h	s�n8yzn8c2s��0tD������tvs�aO�2clcln8�5�z�Àg|m¨aMs�n8d&d&n

v
�0n��lxA�l��g�h8nAy�n8c2s��0n���gÊd&��rltDh8n1�0g�t

t&g��l����tvs��|��f}��~ld&n8t�m�g�s�n8r0t£��g�t£��g�tDn8��g�sjaO��cÅÁ

z =
∆λ

λe
=
v

c

o Q � Q µ2q
�WV

λe
n8d�s���g+�O�2cl��rlnArlt���f/��cl�ln�xAy�aOd&n�u

∆λ
��g+�0ac��x8tDnAclh8n�n8c�s�tDn��O��c0��rln8r0tDd£��f}��c0�ln�tDn8«Arln�n�s�xAy�aOd&n

λr − λe
u

n�s
c
��g¯mla*s�n8d&d&nÊ�lnÊ��f}��cl�0n�o��-��r0twc0��rldAu���g¥m¨a*s�n8d&d&nÊ�lnÊ��g7�OrlyzaOk8tDn�q	�

z
n8d�s|g��0�-n8�OxÊ�0x8hAg���g���nzm�n8tDd1�OnÊtD��rl��n

o�tDn8�0dDi0aO��snAc7g�cl�2��g�aOdjq4n	s�-nArIs��s�tDnwclxA�2g�s�aO�5dDa�x8y�n�s&s�n8r0t£n�stDxAh8n8�Isjn8rlt£d&nwt&g��l�0tD��hji0n8c2s1o
λr < λe

q��
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ΩM − ΩΛ
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¦ g�aOdw�O��tDd&{�rlnz��f}��cËh8��cld&aO�0k8tDnz�ln8dwd&��rltDhAn8d�s�tDk8dw�O��aOc�sjg�aOc0n8dw{�r0aed8f/x8�O��aO��clnAc2s1�ln�c0��rld��¥hAg�rld&n��0n���f}n�°I 
�0g�c0dDaO�2c��ln+��f õ c0a*m�n8tDdAu���f/g��0�ltD�Ihjiln+h8��g�d&d&aO{�r0n+c�f}n8d�s��l��rld���n8tvs�aOc0n8c2s�n+n�s�aO�5c0��rld��)g�rIs���x8c0x8t&g��OaOd&n8t�h8n�s�n���n	s
����f}x8hji0n8�O�On¥h8�2dDyz���O����aO{Irln��GÆ5��rlt�h8n8��glu,��cÏh8��c0d&aO�lk8t&n¯��g�s�t&g���n8h�s���aOt&n¯��f}rlcÏ�lil��s���cÂ��g�cld���g�yzx�s�tDaO{Irln¯�0n
Î ��~-n8t�s�d&��cI al g��OÈ�n8tA�£³4n�s&s�n�s�t&g��vnAh�s���aOtDn�dAf}n��!n8h�s�r0n��On��O��c0�Â��f}rlc0n���x8�I�lx8d&aO{�r0n�u4n	s¥��c g

dτ2 = 0
u�d&��a*s�u

��f/g��0tDk8d���f}x8{�r�g�s�aO��c Q �¿ù¯Á
dt2 = a2 dr2

1− kr2

o Q � Q8ü q
� t£�Onw�li0��s���c7dDnwt&g��0�ltD��h�iln��lnw��f}��~ld&n8tvm2g�s�n8r0t8ul�0��clh��2c¥�-nArIsx8hAtDaOtDn�Á

dt

a(t)
= − dr√

1− kr2

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

t1
�ln
r1
n�stDn8«Ar7�

t0
Á

∫ t0

t1

dt

a(t)
=

∫ r1

0

dr√
1− kr2

o Q � Q ·2q

Q�Q
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Ì5s�ul�-�2rlt£r0c7g�rIs�t&n��li0��s���c7x8y�aOd��0n���g�y��8yzn�d&��rltDhAnw�

t1 + δt1
ultDn8«Ar7�

t0 + δt0
Á

∫ t0+δt0

t1+δt1

dt

a(t)
=

∫ r1

0

dr√
1− kr2

=

∫ t0

t1

dt

a(t)

o Q � Q ��q
� t�Á

∫ t0+δt0

t1+δt1

dt

a(t)
' δt0
a(t0)

− δt1
a(t1)

+

∫ t0

t1

dt

a(t)

o Q � Q k2q
¬1f}�¬V�ulnAc¥����d�g�c2s

a0 = a(t0)
n�s
a1 = a(t1)

Á
δt0
a0

=
δt1
a1

o Q � QAÿ q
Ì5s�uld&a���f}��c7hjil�2aOdDa*sbh8�2y�y�nwn8d&�0g�h8nAy�n8c2s

δt1
��g��-xAtDaO���lnw�ln���f}��c0�lnwx8y�aOd&n

T1
ul��c�g�rlt&g

δt0 = T0
n�s�Á

a1

a0
=
δt1
δt0

=
T1

T0
=
ν0

ν1
=
λ1

λ0

o Q �¿ù ú q
�WV

ν
�lxAdDa���clnb��g1�#tDxA{�rln8c0h8nb�ln���f}��cl�0nbn�s

λ
d�g1�O��cl��r0n8rlt4��f}��c0�ln�� � c¯g�nAc�n���n�s

λ = c/ν
�O��t&dD{Irlnb��f}�2czsjn8cl�

m�n8tDd�rlcln�yzx�s�t&aO{�rlnz�l��g�s�n2� Î g��0�-n8�O�2cldw{�r0n�u�����rltwrlc õ cla*m�n8t&dwn8cËn�°¨��g�cld&aO��c�u a1
a0
> 1

u��0��clhz��cË��~ld&n8tvm�n
~laOn8c�rlc|�0x8hAg���g���n4m�n8t&de�On�tD�2rl��n���g�clde�On£d&�-n8h�sjtDn��ln8de��~l�vn�s�de�O�2aOc2sjg�aOc0d8� � c��lx	p�cla*sGh8n£�lx8hAg���g���n��0n���g�y��8yzn
�)g�«8��c7{�r0n��0g�c0d£��n�hAg�d�hA��g�d&dDaO{Irlnw�ln���f/x8{�r0g�sjaO��c Q � Q µ¨u0h8n�{Irla��)g�a*s�Á

z =
∆λ

λ1
=
λ0 − λ1

λ1
=
λ0

λ1
− 1 =

a0

a1
− 1

o Q �¿ù Q q
n�s¯�On��lx8h�g���g���n7m�nAtDd��On�t&��rl��n�n8d�s¯�laOtDnAh�s�n8yzn8c2s¯tDn8�OaOx�g�r �)g�h�s�n8r0t���f}x8h�iln8�O�On��©#b��rld��-�2rIm���c0d�tDn8yÊg�tD{�r0n8t
{�r�f/g�a�cld&a�u��On+�lx8hAg���g���n�m�n8t&d��On+t&��rl��n+��n8rIs��ltDn8c0�ltDn+�ln8dbm�g��On8r0tDd�d&r0�-x8t&aOn8rltDnAd���rlc�d�g�cld��-��r0t�g�rIs�g�c2s�aOy| 
�l�OaO{�r0n8t4r0cln£¢:m¨a*sjn8d&d&n�¤b�ln���g+d&��rltDhAn�{�rla!dDn8t�g�a*s£d&r0�-x8t&aOn8rltDn��1hAn8�O�On��0n���g1�Or0y�aOk8t&n�� Î n8yÊg�tD{�r0��cld�x8�2g��On8yzn8c2s
{�rln�h8nÊhAg��Oh8rl��clnÊ�)g�a*s+aOc�s�n8tvm�n8claOt1{�r�f}r0c�¢v�0x8�l��g�hAn8y�n8c�sD¤z�OaOx�g�rY�)g�h�s�nArlt���f}x8hjiln8�O�On2u¶n�s+{�r�f/�7h8nA�Orla* :hAa±�-n8r¨s
d8f¿g��v��rIsjn8t�rlc�yz��rIm�n8y�n8c�s4�0tD���0tDnb�lnb��f}��~l�vn�s�u�t�g��v��rIs�g�c2s�r0c�n���n�s�¬b���0�l�On8tA�I©�nAdGm¨aMs�n8d&d&n8d���g�tvs�aOhArl�OaOk8t&n8d��0n8d
�2g���g�°¨aOnAd�x�sjg�c�s1�lnz��f}��t&�ltDnz�0nz��g¥h8n8c�sjg�aOclnÊ�lnzÈ�aO�O�2y�k�s�t&n8d��0g�twd&n8hA��cl�ln2u�d&aG��f}�2~¨�vn�s+��~ld&n8tvm�xzn8d�s1d&r¨´zd�g�y| 
y�n8c�s�x8����aO��clx¥o Q ²���h+��g�t�n�°¨n8yz�l�On�qbd�gÊm¨a*s�n8d&d&n|�lt&���ltDn|d&n8t&g�clx8���Oa���nAg�~l�On��ln�m2g�c2s�d&��c�xA�O��aO��cln8yzn8c2sw�0�Å�
��f}n�°¨��g�cld&aO��c��lnw��f õ cla*m�nAtDdA� � c��la*s�g��O��tDd{Irlnw��f}��c�d&nwd&a*s�r0nw��g�cld�On�û���sb�0nq¥rl~0~l�On�u�h8��y�yznwcl�2rld��f/g8m���cld
m¨r¥��g�cld���g|d&n8h	s�aO��c Q � Q � Q �
ØGã�Ý5Ù#Ú	Û�ã ó ��Ü�ÝÍÜ�å#à:hYÙ óÍò Ú�ÙÀÛ��

³4��c0dDaO�0x8tD��c0d+yzg�aOc�s�n8c0g�c2s�u¶�-��r0t1rlcY��~l�vn�s|�l�2c2s|��g��OrlyzaOcl��d&a*sjx�aOc2s�tDaOc0d&k8{�rln�nAdvs
L
uÍ�On�û0rI°�tDnA«8rY�0g�t

��f}��~ld&n8tvm2g�s�n8r0t8�0¬�g�c0d�h8n�{�r0a�d&rla*s�ul��c¥r¨s�aO�OaOd&n8t&g��l�Or¨s!��s��g�h8���2tD�l��c0clx8n�hA��y���~0aO�On
χ
�lx	p�claOn�hA��y�yzn�Á

dχ =
dr√

1− kr2

o Q �¿ù�ù�q
©�g|�OrlyzaOcl��d&a*s�x��ln���f}��~¨�vn�s�u¨�0��c2s�On�t�g8§���clc0n8y�n8c�s�n8d�s�d&r0�l�-�2dDx�aOd&��s�tD����n�u¨n8d�srlclaO�)��tDy�xAy�n8c2s�laOd�s�t&aO~lrlx�dDr0t
rlcln7d&�li0k8tDn��±Ìec �2g�tD�0g�c2s��On8dÊcl��sjg�s�aO��cldÊ�ltDx8hAx8�ln8c�s�n8dAuGd&a£��gÅ�0aOdvs�g�clh8n7n8c�s�tDn7��gÅd&��rltDhAn7n�sÊ�¡f}��~ld&n8tvm2g�s�n8r0t
n8d�s

χ1
u-��g�cld���gÊy�x�s�t&aO{�rln1�0n Î �2~-n8tvsjdD�2cI al g��OÈ�n8tb��gÊ�0aOdvs�g�clh8n1�0tD���lt&n+g�r�y���yzn8c2s��ln1��f}��~0d&n8tvm�g�s�aO��c�d&n8t�g

d = a0χ1
n�s��g|d&rltD��g�h8n��ln���g|dD�0ilk8tDn�n8d�s�ln

4π(a0χ1)2 �0©�n�û0rI°¯�ln���g|d&��rltDhAn�n8d�s�ln��l�Or0d£y��I�laMp0x��0g�t£�On�lx8hAg���g���n�m�nAtDd��On�tD�2rl��n�u0{�rla�t&x8�lr0a*s��f}x8clnAtD��aOnw�ln8d��li0��s���c0d£��f/rlc¥�)g�h�s�n8r0t ν1
ν0

= 1 + z
�0©�n�sjg�rI°¯��f}x8y�aOd&d&aO��c

�ln8d��0il��s��2cld�n8d�sx8��g��On8y�nAc2sbhji0g�c0��x�hAg�t£��f}x8hji0n8�O�Onw�0n�s�n8yz�ld�c�f}nAdvsb�l�Or0d���g|yz�8y�nzÁ δt0
δt1

= 1 + z
uln�sb�On�û0rI°

o�x8clnAtD��aOnw�0g�t£r0cla*s�xw�ln�d&rlt&�)g�h8n�n	s�0g�t�d&n8h8��c0�ln�q4t&n8«8r¥��g�t£�¡f}��~ld&n8tvm2g�s�n8r0t£dAf}x8h8tDa*sp0c�g��On8y�nAc2s�Á

f =
L

4π(a0χ1)2(1 + z)2

o Q �¿ù�µ2q

Q ù



dWerd  gs]ZcWt(ucwv�fhx8ysfhz{f}|N_~c
³4��y�yzn���gz�0aOdvs�g�clh8n��0tD���lt&nwc�f}n8d�s��0g�dbrlc0nwyzn8d&rltDn1g�hAh8n8d&d&aO~l�On���g�t��f}��~ld&n8tvm2g�s�aO��c�u���c��0x	p0c0a*sb��gz�0aOd�sjg�clhAn
�ln��Or0y�aOcl�2dDa*sjx

dL
h8��yzy�n��Onwt&g8§��2c7g��0�0g�tDnAc2sb���0g�tvsjaOt£�lnwh8n�û0r¨°�Á

dL ≡
√

L

4πf
= a0χ1(1 + z)

o Q �¿ù ü q

� c�tDn8yzg�tD{�r0nwaOh8aÍ��gztDn8��g�s�aO��c�d&aOy��l��nwnAc2s�tDn��laOd�sjg�clh8n��ltD���0tDnwn	sb�0aOdvs�g�clh8n��ln��OrlyzaOcl��d&a*sjxzÁ
dL = d(1 + z)

�#��s��2cld,�0n4�0�Orld,{Irln�u��-�2rlt,rlc|�lil��s���c�u���gs�t&g���n8h�s���aOt&n�d&rla*sG��g���x8���0x8d&aO{�rln�u�n�s
χ1 =

∫ t0
t1

dt
a(t)

� � t,��gb�0aOd�sjg�clhAn
�ltD���0tDn�dAf}x8h8t&a*s

d = a0χ1
u0��f}�WV

d = a0

∫ t0

t1

dt

a(t)

o Q �¿ù�ö�q
� t8u�h8��yzy�nwc0��rld��f¿g8m���cld�m¨r�g�rl�0g�t&g8m�g�c�s+o�t&n8��g�s�aO��c Q �¿ù Q q�u��On��)g�h�s�nArlt��f}x8hji0n8�O�On�n8d�sb�0aOtDn8h�s�nAy�n8c�sbtDnA�OaOx�g�r
�lx8hAg���g���nbm�nAtDd£�On�tD�2rl��n�� � c¯�-nArIs��l��c0h��lx8�0rlaOtDn��lnbsj��rIs�hAn8h8a!rlc0n�tDn8��g�s�aO��c¯nAc2s�tDn��0aOd�sjg�clhAn��ln��Or0y�aOcl�2dDa*sjx
dL

n�s��lx8hAg���g���n�m�n8tDd��On+tD�2rl��n
z
�!ª5aOc0g��On8y�n8c�szo�cl��r0d�c�f}nAc2s�tDn8t&��cld���g�d�aOhAa¶��g�cld���n+�lx�sjg�aO�¶�0n8d�hAg���h8rl�Odjq�u���c

�-n8r¨s£x8h8tDaOt&n�rlc0n�n�°¨�0tDn8d&d&aO��c��0n
dL

n8c¯�#��clh	s�aO��c¯�lr��0x8hAg���g���nbm�nAtDd��On�tD��r0��n�n�s��ln8d��0g�t&g�y�k	s�tDn8d
ΩM

n�s
ΩΛo

ΩR
n8d�saOhAa�c0x8���OaO��x�q�Á

dL =
1 + z

H0

√
|κ|
S
{√
|κ|
∫ z

0

[
(1 + z′)2(1 + z′ΩM )− z′(2 + z′)ΩΛ

]− 1
2 dz′

} o Q �¿ù�·2q

aOh8a���g�cld���g�cl��sjg�s�aO��c7rIs�aO�OaOd&x8nw�0g�tb²�����~0g�t£n�s�Æ¶n8t&�Oy1rIs&s�n8t-S/ù Q^U u0�WVÅÁ

S(x) =





sin(x)
n	s
κ = 1− ΩM − ΩΛ

d&a
ΩM + ΩΛ > 1

sinh(x)
n�s
κ = 1− ΩM − ΩΛ

d&a
ΩM + ΩΛ < 1

x
n�s
κ = 1

d&a
ΩM + ΩΛ = 1

Æ¶��r0t,hji0g�{Irln�h8�2rl�l�On
(ΩM ,ΩΛ)

u���c|��n8rIsG�l��c0h��ltDxA�laOtDn��On4û�rI°+tDn8«8r|��f}rlc0n4d&��r0tDh8n��0��c2sG�On4û0r¨°+aOc2s�tDa�cld&k8{�r0n
n8d�s�h8��clcIr7�O�2tDd&{�rln���f}��c�h8��clc�g�½Os�x8�2g��OnAy�n8c2s�d&��c��0x8hAg���g���n�m�n8tDdb�On�tD��r0��n���®�Ícl��r0d�)g�rIs�h8n8�-nAcl�0g�c2sba�h8a��0n8d
¢vhji0g�cl�ln8���On8d5d�sjg�c0�0g�tD�0d�¤�u��2~¨�vn�s�d,�l��c�s,��gb�Or0y�aOcl�2dDa*sjx4aOc2s�tDa�cld&k8{�r0n

L
n8d�seh8��c0c�rln4n�sec�f}x�m����Orln4��f/g�rlh8r0cln4�)g�«8��c

g�r�h8��r0tDd��0r7sjn8y��0d|o�h�f}nAdvsw���la�tDn|g8m�n8h+�On+�0x8hAg���g��2n�m�n8tDd��On+tD��rl�2n�q���`br¨s�tDn8yzn8c2s��la*s�u-d&a5�-�2rlt�rlcln+d&��rltDhAn
L
n�s

z
d&��c2szhA��clc�r0dAu,��cÏ�-n8r¨szn8cÏ�lx8�0rlaOtDn¯�On¯û�rI° t&n8«8rÂ��g�t|�¡f}��~ld&n8tvm2g�s�n8r0t8�eÌGc g�d�s�tD��c0��y�aOn�ue��cÏrIs�aO�OaOd&n

n8c �2x8clx8t�g��4��g�yzg��2cla*s�r0�ln�o)m���aOt�g�clc0n�°¨n�`�q��0�OrIs!��sz{�r0n��On�û0rI°�u5h�f}n8d�sz�-��r0tD{�r0��a4��cÂ�0g�t&�On��0n�¢vt&n8��g�s�aO��c
yzg���c0a*s�rl�0n� :tDnA�ld&ilaO��s&¤�����rlt��On8dzhji0g�c0�ln8�O�On8dzd�sjg�c0�0g�tD�0dA�G³�n�sDs�n¥tDn8��g�s�aO��c o)m���aOt�x8{Ir0g�s�aO��c `1� ÿ q+��n8tDy�n	sz�0n
s�t&g�h8nAt1�On��la�g���t&g�y�y�n��ln«¥rl~0~l�On�u5�WVY��g�yzg���c0a*s�rl�0n�g��0�0g�tDn8c�s�n�o�g�rYyzg�°¨aOy1r0y �ln��OrlyzaOcl��d&a*s�x�u5hAg�t+�On8d
dDr0�-nAtDcl�Am�þ �ln�s®§l�-n�vg�d&��c�s¯�0n8d��2~¨�vn�s�d¯�l��c�s¯��gY�Or0y�aOcl�2dDa*sjx�m�g�tDa�n�t�g��laO�lnAy�n8c�s�Á4h�f}n8d�s¥��gY�Or0y�aOcl�2dDa*sjx
yzg�°¨a�yzg��On�{�r0al��n8rIs���s�tDn�h8��yz�0g�t&x8n£��f}rlcln�d&rl��n8tDcl�Am2g�����f/g�rIsjtDn�q,n8d�s±t&n8�ltDxAdDnAc2s�x8n�n8cz�#��c0h�s�aO��cz�lrz�lxAhAg���g���n
m�n8tDd,�On4tD��rl��n4����rltÍs���r¨s�n8d5�OnAd5d&rl��n8tDcl�Am2þ��0nGsv§¨�-n4vgbh8��c0c�rln8deg�r��v��r0tD��f}iIrla���¬ba¦��x8tDn8c�s�d5yz���0k8�On8d5��f õ cla*m�n8tDd
o�h8��r0�l�On8d

(ΩM ,ΩΛ)
q±d&��c�s£t&n8�ltDxAdDnAc2s�x8d�d&r0t4�On�y��Ay�n��0a�g���t&g�y�y�n���g�t4��n8rlt�tDn8��g�s�a���cz¢vyÊg���cla*sjrl�ln	 :tDn8�0dDi0aO��sD¤

n�s±��f}��cz�-n8r¨sGn8c��0x8�lr0aOtDn£�ln8dGh8��c2sjt&g�a*s�n8dGd&rlte�On8dG�0g�t�g�y�k�sjtDn8dGh8��d&y����O�2��aO{�rlnAd8��©Ígbp���rlt&n Q �/µ�n8d�s±rlc�n�°ln8y��0�On
�ln£�la�g���t&g�y�yzn£�ln_¥brl~l~0�On�h8��c0d�s�tDrlaMs�g8m�n8h£�On8dG�lt&n8y�aOk8t&n8de�0��clc0x8n8de�0nÄl³�ÆæS Q � U ��`�r+m¨r��ln£��f}x8{Ir0g�s�aO�2c Q �¿ù�·
n�s��0n1h8n1�laÀg���t&g�yzy�n�u-�2c�tDn8yÊg�tD{Irln1{�r0n1�-��r0tb�On8d��)g�aO~0�On8d��lx8hAg���g���n8dm�nAtDd��On1tD�2rl��n1��g�tDn8��g�sjaO��c�c�f}n8d�s�{�r0n
�OaOclxAg�a�tDnwn8c

z
n�sbc0nw�lx8��n8cl�7�0g�d��0n8d���g�t&g�yzk�s�tDnAd�h8�2dDyz���O����aO{Irln8d�Á0h8n�c�f}n8d�sb{Irlnw�-��r0t��ln8d�lx8hAg���g���n8d£m�n8tDd

�On�t&��rl��nbg�r¨ :�lnA�����0n ú �¿ö�{�r0n���f}�2cÊ�-n8r¨s���~0dDnAtvm�n8t±��gw�On�m�x8n�ln�0x8��x8clxAtDn8d&h8n8c0h8n�nAc2s�tDn�On8d��lac��x8t&n8c2s�d�y����0k8�On8d
��f õ c0a*m�n8tDd�hjil��aOd&aOd�aOh8a��G³�f}n8d�sz����rltD{Irl��a4�OnAd|y�nAdDr0tDn8d|nd��n8h�s�r0x8n8d�dDr0t+�On8d�hji0g�c0�ln8�O�OnAd|d�sjg�c0�0g�tD�0d|c�f}��c�s��0r
��s�tDnbh8��c0h8�Or0g�c�s�n8d�{�r0n�O��tDd&{�r0n�OnAd��lt&n8y�aOk8t&n8d�h8aO~l�OnAd��O��aOc2sjg�aOcln8d4��c2s4�0rÊ��sjtDn�2~ld&n8tvm�xAn8dA� ¦ g�aOd�cl��r0dGm�n8tDtD�2cld
�0g�tw��g¥dDr0a*s�nz{�rlnz��f}��~0d&n8tvm�g�sjaO��cË�lnzhji0g�c0�ln8�O�OnAdwd�sjg�c0�0g�t&�ldw�lt&��hjilnAdwc�f}n8d�s1�0g�d��lx8c�r0x8n���f}aOc2s�xAtD��s�u�~laOn8c�g�r
h8��c2s�t�g�aOtDn��

©�n8d�tDxAdDr0�*sjg�s�d£�On8d��0�Orld�tDxAh8n8c2s�dAu¨��~Isjn8c�rld£�0g�t���f}n�°¨��x8tDaOn8c0h8n�Ä+#b©¶Ä�u¨dD��c�s�tDn8�lt&x8d&n8c2s�x8d4p���rltDn Q � ü S}ù � U �lÄ¨a
��f}��cwh8��c0dDaO�0k8tDnGrlc õ cla*m�n8tDd��0��g�s�uAi2§¨����s�i0k8d&ne{�rlnGcl�2rld�d&rl���2k8tDn8c2s¶�#��t�s�n8y�nAc2sÍ��n8dÍg�rIsjtDn8d!s®§l�-n8dÍ��f}n�°¨��x8tDaOnAclh8n8d
dDr0t��OnAdÍ��g�t&g�y�k	s�tDn8dÍhA��dDyz���O����aO{Irln8d4o#m���aOtÍd&n8h�s�aO��c Q � Q � Q q�u�g��O��t&d

ΩΛ
cln±��n8rIs5��s�tDn±c�r0��uAh8n±yz���lk8�On±x�s�g�c2s5n�°¨h8�Or

Q µ
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×�Ø~Ù©Ú Q �/µ qsç ÆÐÃdÎ�·ÈÃ�Ù�Ù-¼XÁ ¼Xæ>»(â(â\ÏÒ¼/Å\·�ÉBÁ\»(Æ§Ç©Ã×Ë�¼Ê¾/ÏÒ¼ºÀ'Å(·�¼ºÙ3ÆÒØ×·�¼ÊÀ'À�» Å$¼×·<½ ÉÊË�ÌøÏÒÉJÆÒ½JÇäÃ�ÆÒ½ ¼ÊÀçÉ�â�À�¼×·�ËJ¸×¼ºÀ'Å�Ãd· à Û éTÚ

�0g�t�On8d�0��clc0x8n8dA��©Gf/g��vr0dvsjn8y�n8c�sb����rltrlc õ cla*m�n8tDd�0��g�sb�0��clc0n�g��O��t&d�On�h8��rl�0�On
(ΩM ,ΩΛ) = (0.26, 0.74)

�
³4n8d7tDx8d&rl�*s�g�s�d¥d&n8y+~l�On8c�s�h8��y���g�s�aO~0�On8d7gAm�n8hÅ�On8d7�ln8t&claOn8tDd7tDx8d&rl�*s�g�s�d7�lr s�x8�On8d&h8�2�-nÅd&�0g�sja�g��U¥r0~l~l�On2u�{�r0a
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aOy�����tvsjg�c�s�n�n�s�#n8t&g+t&n� :�la�y�aOc�r0n8t��On�t&g8§���cÅÁ¨��f}x�sj��aO�On�n8d�s�d�sjg�~l�On2�lÌG�O�On�m�x8tDaMp�n�rlc0n�tDn8��g�sjaO��c¥yzg�d&d&n� :t&g8§���c¯�WV
M ∝ R−3 o M ∝ R 3γ−4

γ−2
g8m�n8h

γ = 5/3
q	� ¦ g�aOd±����rltG{�r0n���f}i2§l�-��s�i0k8d&n�cl��c¨ :tDn8��g�s�a*m¨aOd�s�ndD�2a*sGm�xAtDaMp0xAn�u2aO�0��g�rIs

clx8h8nAdDd�g�aOt&n8y�n8c�s�o��0g�tw�lx	p�cla*s�aO��c-q�{Irlnz��f}aOy��0rl�Od&aO��cË�lnÊª0n8tDyzaed&��a*s1�)g�aO~0�Onz�ln�m2g�c2s��¡f}x8cln8t&��aOnz�lnzyzg�d&d&n��0n8d
x8�On8h�sjtD��cldÁ

pF � mec
u2n�s4�l��clh2u2��f/g��0tDk8dG��gwtDn8��g�sjaO��c Q �¼ù ÿ u2{Irln���g��lnAcld&a*s�x��ln���gwc0g�aOc0n�~l��g�c0hjiln�d&��a*s���g�aO~l�On��

Æ¶��r0te�On8dGc�g�aOclnAde~l�Àg�clhji0n8dG�ln£i�g�rIs�n£�0n8cld&a*s�x�u2��czg�s&s�n8aOc2s��On£hAg�dG�OaOy�aMs�n£r0�*s�t&g� ®tDn8��g�s�aMm¨aOd�s�n�u��¬V
γ = 4/3

�2¬�g�c0d
h8nbhAg�d8uI�Onbt&g��l�-�2tvs��ln8d4�0tDn8d&d&aO��cld4cln��lx8��n8cl���0�Orld4�lr�t�g8§���c�uIn�s���f}xA{�rlaO�OaO~0tDnbc0nb��n8rIs���s�t&nbtDxAg��OaOdDx�{�r0nb�-��r0t
rlcln1yzg�d&d&n1�l��c0clx8n�u�g��l��n8�Ox8n1yzg�d&d&n1�ln+³�i0g�c0�lt&g�d&n8ÈIi0g�t8�!³4n�s&s�n1yzg�d&d&n�n8d�s��lr�y��Ay�n��2tD�ltDn1�0n���t&g�cl�ln8r0t
{�rln���g1yzg�d&d&n�dD�2��g�aOtDn+Á

MCh = 2.86× 1030 È�� = 1.44 M�
�lÄIa!g�r��lx8�0g�tvs���g1yÊg�d&dDn�n8d�s£aOcl�#x8t&aOn8rlt&n��1h8n�sDsjn

yzg�d&d&nÊ�OaOy�a*s�n2uÍh�f}n8d�s+��g7�0tDn8d&d&aO��c��ln8d1x8�On8h�sjtD��cld1{�r0a±��f}n8y�����tvs�n2u�n�s+��f}x	s���aO�OnÊd&r0~la*s+rlc0nzn�°l�0g�c0dDaO�2c7�vrld&{�r�f/�
h8n1{�r0n1��g��ln8c0dDa*sjx1�laOyzaOc�rln+dDrl´zd�g�yzy�n8c2s��-��r0tbtDn�m�n8c0aOt�g�r�hAg�d�c0��cI :t&n8��g�s�a*mlaOdvsjn��!ÄIa5�0g�tbhA��c2s�t&n1��gÊyÊg�d&d&n
�lx8��g�d&dDnw��g|yzg�dDd&n��OaOyza*s�n�u0��g|�0tDn8d&d&aO��c¥�2t&g8m¨a*sjg�s�aO��clc0n8�O�Onw��f}n8y�����tvsjn�uln�s�¡f}x�s���aO�Onwd&rl~0a*srlc0n�h8��c2s�t�g�h�s�aO��c7{�r0n
tDaOn8c7c�f}n8yz�-�8hji0n��0©Íg|yÊg�d&d&n��ln1³4i0g�c0�lt&g�d&n8ÈIi0g�t£nAdvsb�l��c0h�rlc0n�yzg�d&d&n��OaOyza*s�nw�lnwdvs�g�~laO�Oa*s�x2�
ï<;~äZ;�M è E�í$A�ç�îyD C2@"D�ë3=�@+p�s©t�ê:D�î�ê¶ç s�ê�DBD�îF�>ty@�D

Æ¶�2rltz��~¨s�n8c0aOtzrlcln7d&rl��n8tDc0�Am�g��0n¯s®§¨�-n7vgluGaO���)g�rIs��0��clh7rlc0n¥c�g�aOcln7~0��g�clhji0n7{�rlag�sDsjn8aOc2s���gÅyÊg�d&d&n
�OaOy�a*s�nb�ln�³4i0g�c0�lt&g�d&n8ÈIi0g�t8�I©�nbdDh8xAc0g�tDaO�1d�sjg�c0�0g�tD�Ê��g�a*s4aOc�s�n8tvm�nAclaOt±r0clnc�g�aOcln~0��g�clhji0n{�r0a��)g�a*s��0g�tvsjaOn��f}r0c
dv§ld�s�k8y�nz~laOc0g�a�tDn�n�s+g�h8h8tDk�sjn��0n���g¯yÊg�s�aOk8t&n��lnzdD�2cÅh8��yz�0g���c0��c�� ¦ g�aOdw��g¥yzg�d&d&n��0nÊ³4i0g�c0�lt&g�dDnAÈ�i0g�twn8d�s
g�sDs�n8a�c2s�n+����rlt�rlcln|�ln8c0dDa*sjx

ρ = 2.7 × 1013 È��0�}y −3 u!d&rl�-xAtDaOn8r0tDn|g�r�d&n8r0aO�5�ln|��g��)rld&aO��c�s�iln8t&y���c�r0h8�OxAg�aOt&n�lr hAg�t&~-��c0n�u5{�r0a4n8d�s��ln���f}�2tD�ltDn¯�ln�{Irln8�O{�r0n8d
1012 ÈI�l�}y −3 �,©Íg��#rld&aO��cÂ�lr hAg�tD~-��c0n�n8d�s��0��clh¯g�yz��tDh8x8ng8m�g�c2s���f/g�sDs�n8aOc0�ltDn���f}aOc0d�sjg�~laO�Oa*sjx�tDn8��g�s�a*mlaOd�s�n�o��-��r0t

M . MCh
q	�5©�n�y�aO�Oa�n8rYx�s�g�c2s|�0x8��x8c0x8tDx�u¶��g��ltDnAdDd&aO��c

c�f}n8d�s��0�Orld�h8��c2s�t8���Ox8n�u�n�s4��gwc0g�aOcln~l��g�c0hjilnn8d�s�n8c�s�aOk8tDnAy�n8c�s��0x�s�tDr0a*s�n���g�tGr0cln�n	°¨�l�O��d&aO��c�s�i0n8tDyz��c�rlhA�OxAg�aOtDn��
³4n�d&h8xAc0g�tDaO�zn�°¨�0�OaO{�rlnw�l�Or0dDaOnArltDd��lnAd£h�g�t&g�h�sjx8tDaOd�s�aO{�r0n8d��lt&���ltDnAd�g�rI°¯d&rl��n8tDc0�Am�þ¾�0n�s®§¨��n�vg¯Á

q ��f/g�~ld&n8c0h8n���f}i2§¨�0tD����k8c0n���g�cld��On�d&��n8h�s�t&n�Ál�On8d�c�g�aOcln8d�~0��g�clhji0n8d�n8c7dD�2c2s�lxA�-��r0tvm¨r0n8d
q ��g+�ltDx8d&n8c0h8n��0n�h8nAd�d&rl�-nAtDcl�Am2þ �0g�cld��On8d���g���g�°¨aOn8d£n8�O�OaO�¨s�aO{�r0n8d�Á¨��f}x�s��2aO�On�cln��l��a*s��0g�d£clx8h8n8d&d�g�aOt&n8y�n8c�s
��s�tDnwyzg�d&d&a*m�n

q �On8dt&g�aOn8d�lr7�)n8t�{�r0a��l��yzaOcln8c�sb�Onwd&��n8h�s�t&nwn8c7�0i0g�d&nwclxA~lrl��g�aOtDnzÁ0��gz�#r0dDaO�2c7�lr�hAg�tD~���clnwd&nw����rlt&dDr0a*s
�vrld&{�r�f/�w��gwd�§¨c2sjilk8d&n�0rÊclaOhjÈ�nA���0g�cld±�OnAd

0.7 M�
h8n8c�s�t&g�r¨°!u��lrlaOd��On8d�c0�A§�g�rI°Êd&n�lxAdDaOc�s�k8��tDnAc2s4d&n8�O��c�Á

{
56
28

#a →56
27

³4�
+ e+ + νe (T = 6

����rltDd
)

56
27

³�� →56
26

ªln
+ e+ + νe (T = 77

�v�2rltDd
)

q ��g�h8��r0tD~-n£�ln£�Or0y�aOk8tDn£�2~ld&n8tvm�x8nwo�p0��r0tDn Q ����q4Á���g��lx8hAtD��aOd&d�g�clh8n£n8cz�ln8r¨°�sjn8y��0den8d�s±�lrln�g�rI°|��x8tDaO�I�ln8d
t&g��la��2g�h�s�a*m�nAd��lnw�lx8d&aOc�s�x8��t&g�sjaO��c��

n�s+g¥�0g�twh8��cld&x8{Irln8c2s1~�nAg�r0h8��rl�Ë�0nzdDr0h8h8k8d1�¥d&��c�g�h�s�aO�®�¶©�g¥d&��r0tDh8nz�0nz��f}x8clnAtD��aOnz�Or0y�aOclnArld&nzn8d�s1��g¥d&rla*sjn
�ln¯�lx8d&aOc2sjx8��t&g�sjaO��cldAu5�Àg�yz��c2s�xAn��0n���g�h8��r0tD~�n��0n��OrlyzaOk8tDn¯x�sjg�c2szn�°¨�l�OaO{Irlx8n¯�0g�t|��g�~�g�aOd&dDn¯��f}�2�0g�h8a*sjx��0n
��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
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®�,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��
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�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�rlc0nx	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 �
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n8c�h8�2y��0g�t�g�c2s�d&��c�d&�-n8h	s�tDn1�z�0n8dd&��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�On8dy�n8aO���On8rltDnAd�hji�g�cl�0n8�O�On8ddvs�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�Or0dn8c��lx	sjg�aO�¶g8m�g�c2s��0n��On8dbr¨s�aO�OaOd&n8thA��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���n³�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

∆mT (k) = mk(tmax+T )−mk(tmax)
��©�n8dÍ��~0dDnAtvm�g�sjaO��cldÍ�ln±d&rl�-nAtDcl�Am2þÅ�ltD�Ihjiln8d

��c2s|y���c2sjtDxÊ{�r0nÊhji0g�h8r0clnÊ�0nÊh8n8d1��t�g�cl�0n8rltDd1x�s�g�a*s+tDnA�OaOx8n�g�rYyzg�°laOy1rly �lnÊ�Or0y�aOc0��d&a*s�x�o��0g�cld1��g�~0g�c0�ln
dD��n8h�sjt&g��On�h8��tDt&n8d&�-��c0�0g�c2sjn�q��0g�t¯rlc0n�t&n8��g�s�aO�2c¾�OaOclxAg�aOt&n�u�n�s7{�r0n���f}��c¾����rIm2g�a*s7g�aOcld&a�¢vd�sjg�c0�0g�tD�0aOd&n8tv¤�h8n8d
h8��rlt&~-n8d��lnw�OrlyzaOk8tDn���³�n�sDs�nwtDn8��g�sjaO��c7n8d�s�lr¯s®§¨�-nzÁ

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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y�aOn8r¨°Ïg���g��Is�x�g�rI°Ï�O��cl��r0n8rlt&dz��f}��c0�ln¥�ln7��g���rly�aOkAtDn¥��~0d&n8tvm�x8n7�0g�c0dzh8n¥hAg�c�g����±©Gf}n	´zhAg�h8a*s�x7{�r0g�c�s�aO{�r0n
�lrË�lx�sjn8h�s�nArltwn8d�s+g�aOcld&aGy�nAaO�O�On8rltDnÊn�s1�-nAtDy�n	s��0n��0x�s�n8h	s�n8t£�vr0dD{Ir�f/g�rË�lt&��hjilnzaOc0�#t&g�tD��r0��n�u�c0��sjg�yzy�n8c2s1n8c
x�m¨a*sjg�c2sbg�r7yzg�°laOy1rlyÓ�On8d�nd��n�s�d���f}aOc2s�n8t&�#x8tDnAclh8n8d�o�g�r0d&dDaÍg��l��n8�Ox8d�¢v�#t&aOcl��aOc0��¤vq��

©Íg|d&�-n8h�sjtD���li0��s���yzx�s�tDaOnwg�aOcld&a�tDxAg��OaOd&x8nw�-nAtDy�n�s��f/��~Is�n8c0aOt£�ln8d�d&�-n8h	s�tDn8d��ltDxAh8aOd�n�s�ln�tDnAh8��cld�s�r0aOtDn�s���r¨s
�On�û0rI°¯�ln���g�dDr0�-n8t&cl�Am�g|tDn8«8r7�|r0cln��O��cl��n8r0t£��f}��c0�ln��l�2clclx8n2�lÌGc¥aOc2s�xA��t&g�c2sd&r0t£�On��l��yzg�aOcln��ln��O��cl�2rln8r0t
��f}��c0�ln|g��lx8{Ir0g�s�u���c���~Is�aOnAc2swg�aOcld&a5��g��lil��sj��y�x�sjtDaOn+�0g�cld��On8dbp��*s�tDn8d�dvs�g�cl��g�tD�ld��0x8hAg��Ox8dbm�n8tDd��On+tD��rl��n2u-n	s
Ò Ë5���^�~���a�^���^�©���H�}���¿���H���������h���Da��H�����^�����8�5�HÇ_¨~�����\�HÇ��®�>�®¯�¡ �¥�8�~�<��� �a���a¡ �1ª¿����� ¯^�>���\�r« �H�h�^���Z¦}�¬« � �����1¶·�H�����1�W�^���k�r« �HÇF�®�>� Á¯����a� �h�>°�Ã¥« �h��� ��¡����������h�<���^�����H�^���Z� �~�¨�����h�Z���¿���>�H�a¡H�h� ¯^� �Z�®� �k����Ç¬�h��¯����a���^�h�\�8�3�©���}�}��� ��Äª©HÊ��©���}�}��� �\�W�^�h�<�h�3�h�>�H�a¡ Æ ���<� ��®� ���^�h�h� ��Äª©HÊ3�®� ���^�h�h� �Q�W�^���Z�������©�������a� Æ °�¼Z�D�����������®�>���3�H���h�a��h�^�h�1���������������� �Z���H���!�����^�h�Z�����H�a����¦}��� ��Ö ′ �W�^�h�Z���3�©���}�}����¬« �H���Z��� ′′ �W�^�h�¨���©�a� �i���h���*�¬« ������°
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×�Ø®Ù©Ú ùI�/µ q Þ Ñ ¼ºÙ-Å\ÏÒ¼©Á(¼>Å�ÉJÀ�¼/Á+Â ¸¿ÇäÃ�Ï�ÉJ½(½�ÃdÎ�¼/À�» ·ç»\½qÁ ¼ºÀ Û¿ÛZç Ú4« ½UË�ÉJÆ�Ç'À<» ·ç¾¿¼g¬ºÉiÉJÙ�ÏÒ¼ºÀçÀ�Å�¼º¾äÇ<·�¼ÊÀ�ËJ¼º½\Ã�½�Ç�Á ¼5Ç<·�ÉJÆÐÀ·ÈÃ�½ Î�¸×¼ºÀ>Á ¼%Ù�ÆÒ¾¿·�É�ÖvÏÒ¼º½JÇ<ÆÐÏÒÏÒ¼ºÀ Ú ë ¼ºÀ>À�Å�¼º¾¿Ç�·�¼ÊÀ5À�ÉJ½JÇ>Á\ÆÒÀ�Å�¼×·<À�¸ÊÀ5À�¼ÊÏ�ÉJ½�ÏÒ¼ºÀ>¾¿ÉJÏ�ÉJ½\½ ¼ºÀ>Á(» Û¿ÛZç Ü�Ï�Â ÆÐÙ�ÃdÎ�¼8Ã�ÆÒ¾ºÆ�¸¿Ç<¸XÇ<ÉJ» ·<½ ¸º¼Á ¼ ü�áb Ú

��f}��c+��n8rIse�ltDxA�laOtDn4h8n4{�r0a�d&n8t�g�2~ld&n8tvm�x4����rlt5�ln8d,dDr0�-nAtDcl�Am�þY�O��aOc�sjg�aOc0n8d,d&g�cld5�)g�a�tDn4aOc2s�n8t�m�n8claOt5�0n4h8��tDt&n8h�s�aO��c
n �

¦ g�aOd�Ä+#vªeÄ¥c0nwd&n�hA��c2s�n8c�s�n��0g�dd&n8rl��n8y�n8c�s��ln�d&n8db�ln8r¨°7vªeÄ�u�aO�Íh8�2c2s�aOn8c�s�x8�2g��On8yzn8c2s�rlcln�s�t&��aOd&aOk8y�n
m���aOn±�li0��s���yzx�s�tDaO{IrlnGn�s5�ln±��rlaO��g���n���³4n	sDs�nem���aOn±�-n8t&y�n�s5�ln±tDxAg��OaOd&n8tÍ��g��li0��s���yzx�s�tDaOn±��f}r0cwhji�g�y���~-nAg�rlh8��r0�
�l�Orld,��t&g�cl�¯o

4.8′×9.6′
q5g�rIsj��rlt5�ln4��f}�2~¨�vn�sG��~ld&n8t�m�x4n�se��f}n���n8h�sjrln8t,�On4��rlaO��g���n4�0tDx8h8aOd,�0r�s�x8�On8d&h8�2�-n4��n8cl�0g�c2s

��g|�ltDa�dDn��ln��0��clclxAn8dA�lÌG�O�On�r¨s�aO�OaOd&n��-�2rlt£h8n��)g�aOtDn��0n8rI°¥g�rIsjtDn8d£h�g��Is�nArltDd³�³�¬\�lr¥y��Ay�n�s®§¨��n�{Irln��-�2rlt£�On
hAg�c0g��e~l�OnArÅ�0rÅd&�-n8h	s�tD����t�g��li0n�u���f}r0cÅ����rlt���g¥�li0��s���yzx�s�tDaOn2u���f/g�r¨s�tDnz�-��r0t��Onz��rlaO��g���n��Í©ef}xAhji0g�c2sjaO�O�O��clc�g���n
dD��g�s�a�g���n8d�sz�0n

0.137′′
��g�t��la*°ln8�£�-��r0t�h8n8dz�ln8r¨° �0x�s�n8h	s�n8rlt&dA�'#b��rldztDn�m¨aOnAcl�lt&��cldz�0g�t���g�d&r0a*s�n¥d&rlt��On8r0t

aOc2s�x8t&��s1o��0g�t&g��2t&g��li0n�ùI� ü � ü q	�
Æ¶�2rlt4{�rlns���rld4�OnAd4hAg��Isjn8rltDd4d&��aOn8c�s�x8hA��g�aOtDx8d4nAc�yz�8y�ns�n8y��0dAu���g��Or0y�aOkAtDn�g�tDt&a*m�n��lnb�)g�«8��c��+g�sDs�nAaOcl�lt&n

�laOtDnAh�s�n8yzn8c2s5��g£m���aOn±�0il��s���yzx�s�t&aO{�rln±n�s,�ln±��r0aO�0g���n�n�s5d&n8rl�On���g��OrlyzaOk8tDn��ltD�Am�nAc0g�c2s,�ln±��g�-��tvsjaO��c��ln±hji�g�y��
�l��c2s4��c�m�n8r¨s4�OndD��n8h�s�t&n�nAdvs4�lx	m¨aOx8n£m�n8tDd��On8d±h�g�c0g�r¨°z�lrÊdD��n8h�s�t&����t&g��0iln���g�t±rlcÊ�lt&aOdDyzng��l�-nA�Ox�������o��laOhjÈ� 
�B� �0tDaOd&yÊq��ç#��rld�m�nAtDtD��c0d+n8cY�lx�s�g�aO��r0�*s�x8tDaOnArltDn8yzn8c2s¥o��0g�t&g��2t&g��li0n¯ùI� ü �/µ�qw��g�h8��clhAn8�Is�aO�2cYy�xAhAg�claO{Irln��0n
��f}aOcld�s�tDr0y�n8c�s��

äZ;�L*;®ä ��ê¶ç±í�@"sGè2î�ê¶ç\ê�sGè2îi�eì�@
Ì,sjg�c2s,�0��clc0x8n8d¶��n8d¶h�g�t&g�h�sjx8tDaOd�s�aO{�r0n8d5�lrws�xA�On8d&h8���-n4�ln���f õ ¥1u��On�hji0g�y��1hAg�t&tDx��ln

6′′×6′′
grlc0nes�g�aO�O�OnGsjtDk8d

tDx8�lr0a*s�n�o
658×658 µ

y�qeg�rÊ�#�A§�nAtG�0r|s�xA�On8d&h8����n��2®���)g�r¨s��0��clh��¡f/g���t&g�c0�laOt�g�p0cÊ�ln�-�2rIm���aOt±��f}x8hji�g�c2s�aO�O�O�2clclnAt
g8m�n8h+�ln8d��On8c2sjaO�O�On8d��lnws�g�aO�O�On+t&g�aOd&��clc�g�~l�On�Á�a��¶�)g�r0�lt&g�a*s�dDaOc0��c��lnAdbyzaOh8tD�� ®�On8c2s�aO�O�OnAd��ln

44 µ
y �0n1h���s�x+�-��r0t

��~Is�nAclaOt4r0c��0g�d��ln
0.4′′

� õ c��laOd&�-�2dDa*sjaO�����IsjaO{�rln�{�rla!g��2t&g�cl�0a*s£�On�h�i0g�y��¥�
21× 21

y�y n	s£�)g�a*s�d&��c�aOyÊg���n
dDr0t���g1s�t&g�yzn��ln�yzaOh8tD�� ®�On8c2s�aO���On8d£n8d�s��0��clh��0��g�h8xw�+��f}n8c�s�tDx8n��ln���f}aOc0d�s�tDrlyzn8c2s��l³�n��0aOd&�-��d&a*s�aO�ÍnAdvsx8�2g��On8yzn8c2s
h8��cl«Ar��ln+yzg�c0aOk8tDn|�Êh8n+{�rln+��f}aOyzg��2n1�0r�hji�g�y���d&��a*s���g�cld��On+�l��g�c��ln+��g�s�t�g�y�n+�ln1yzaOh8tD�� ®�On8c2s�aO�O�OnAd�g��O��t&d
{�rln���f}aOyzg���n��ln���g¯�lrl�0aO�O�On���f}n8c2sjtDx8n��ln���f}aOcld�s�tDr0y�n8c�sÊo�a�h8a�u��On�y�aOtD�2aOt��0tDaOyzg�aOt&n��lr�sjx8�On8d&h8����n�q�n8d�swt&n��vn�s�xAn

µ ü
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�Å��f}aOclp0cla1o���c �0g�t&�On�g��O��tDd��ln7��g�aOd&h8nAg�r ¢:sjx8�Ox8h8n8c�s�tDaO{�r0n�¤vq	�±©�n��)g�aOd&h8nAg�r �ln7�Or0y�aOk8tDn�g�tDt&a*m�g�c2s�d&rltzhji�g�{�r0n
y�aOh8t&�� :�On8c2sjaO�O�Onwh8��c2m�nAtD��n�g��O��tDd�����rlt��l��clc0n8t£��f}aOyÊg���nw�ln���g��lr0�laO�O�Onwg�r¥�0��g�c¥�#�IhAg����0n���g+s�t&g�yzn��

Æ¶�2rlt¶dDxA�0g�tDnAtÍ��f}aOcld�s�tDr0y�n8c�s5n8c��lnArI°whAg�c�g�rI°!u���c1g��0��g�h8x±r0cln±��g�yzn±�laOh�iltD�B¨:{�rln±tDx8û0x8hji0aOd&d&g�c�s5��g��Or0y�aOk8t&n
~l�On8r0n�n�s�s�t&g�c0dDyzn�sDsjg�c2s£��g+�Orly�aOkAtDn�tD�2rl��n��lÆ¶��r0t4x�mla*s�n8t��0g�c0d4�On�hAg�c�g���tD��r0��n��Àg1�-�2�O�OrIs�aO�2c��0g�t���f}x	m�n8c2s�r0n8�Od
tDx8d&aO�lr0dG�ln��Or0y�aOk8t&n£~0�On8rln���g�tvm�n8c�g�c2s4��s�t&g8m�n8tDd&n8tG��g���g�yzn�u2rlc�p0�*sjtDn�h8���O�2tDx��Orla0n8d�s4g�d&d&��h8aOx2�2©�n8d±hAg�t�g�h�s�x8t&aOd� 
s�aO{�r0n8d4�lnbhAnb�0aOd&�-��d&a*s�aO��dD�2c2s£tDn8�lt&x8d&n8c2s�x8nAd�p0��rlt&n�ùI� ü �I`��ltDk8d4��g1��g�yznb�0aOhjiltD�B¨:{�rln2u��On8d4�0aOdD����d&a*s�aO�#d4�2�Is�aO{�r0n8d
n�s�n8c���g�tvs�a�h8rl�OaOn8tb�OnAd�s�t&g�y�n8d��ln�yzaOh8tD�� ®�On8c2s�a��O�On8dbd&��c�s�aO�0n8c2sjaO{�rln8d��-��r0t�OnAdb�ln8r¨°7h�g�c0g�r¨°!u�d&a¶h8n1c�f}nAdvs�{�r0n
�On8d4s�t&g�a*s�nAy�n8c�s�d£g�c�s�a* :tDn8û0n�s�d£n�s��On8d£tDx8����g��2n8d£dD�2c2s����Is�aOyzaOd&x8d£�-��r0t4�0n8d��0��yzg�aOc0n8d£�ln��O��cl��r0n8rlt���f}��cl�ln��laO�À 
�#x8tDn8c�s�dA�

×�Ø~Ù©Ú ù¨� ü q é ¼º·<ÔcÉ�·<Ù�Ã�½\¾¿¼ºÀ'Á(¼XÏÐÃ3ÏÐÃ�Ù-¼_Á(ÆÒ¾äå ·�É_®�¹B» ¼ Ú
©Gf}aOyzg���n4�0n���gbd&rl��n8tDcl�Am2g{�r0n�cl�2rldÍm���rl�O�2cld5��~0d&n8tvm�n8t5n�se�ln�d�gb�2g���g�°laOn4n8d�s,�l�2clh��0tD���vn�sjx8n�d&rlt5��g�s�t&g�yzn

�ln�y�aOhAtD�� :�On8c�s�aO�O�On8dw{�r0a,�On�¢��lx8h8��r0�-n	¤+n8c�ù�ù2ö�o
15 × 15

q��-n	s�a*s�dwx8hji0g�c�s�aO�O�O��cldA��©�n��)g�aOd&h8nAg�rÅaOclh8a��ln8c2s�x�s�g�c2s
s�x8�Ox8hAn8c2s�tDaO{Irln�u���c1�2~Is�aOn8c�s,rlcln�aOyÊg���n��ln���g�0rl�0aO�O�On�g�r1�#�A§�n8t¶�0n�hji0g�{�r0n�y�aOhAtD�� :�On8c�s�aO�O�On���©�n8d5�la*m�nAtDd&n8d5hAg�t&g�h	 
s�x8tDaOd�s�aO{Irln8dG�0n8dGdv§ldvsjk8y�n8dG���¨s�aO{�r0n8dAu�cl��sjg�y�yzn8c2s���g��la�dvs�g�clh8n��#��hAg��On��)g�aO~0�On£�0n8dGy�aOh8t&�� :�On8c�s�aO�O�On8dbo�·¨�/·(��y�y�q�u
�#��c2s�{�r0n���g�sjg�aO�O�On1�lnAdby�aOhAtD�� :�0rl�laO�O�OnAdbn8d�s�dDn8r0�On8yzn8c2s��ln

22 µ
y¥�!³4n1d&��c2s�h8n8d�aOyÊg���n8db{Irln1�On1tDx8d&nAg�r��laOd� 

�-n8t&dDn2u�hAn|{�r0a5��g�a*sw{�r0n|��g�tDx8d&���Or¨s�aO��cÅd&�0g�s�a�g���n|n8d�swyÊg�aOc2s�n8c�g�c2sw�OaOyza*s�x8n��0g�t���g�sjg�aO�O�On��ln8d�y�aOhAtD�� :�OnAc2s�aO�O�On8dA�&¶��rIsjnb��g1�Orly�aOkAtDn�h8��y��0tDaOd&nb�0g�cld4��g�����tvs�aO�2c��0nbhji0g�yz���0x8�OaOyza*s�x8n��0g�t4��g�yzaOh8tD�� ®�On8c2s�aO�O�On�d&nbtDn	s�tD��r¨m�nb��g�cld
��g¥y�aOh8t&�� :�lr0�laO�O�Onzn�s1n8d�s��0aOd&�-n8t&dDxAn���g�t��Onz��t&aOdDy ����rltwd&n�t&n�s�tD��r¨m�n8tw�0g�c0dw�Onzy��Ay�nzdD��n8h�sjtDn��0x�s�n8h�sjx��0g�t
�On|³£³�¬+�!³4�2y�y�n1hji�g�{�rln1d&��n8h�s�t&n1gÊrlc0n��O�2cl��r0n8rltb�ln1��f}�2tD�ltDn1�lr�yzaO�O�OaOn8t��ln1�la*°¨nA�Od8u-��g�sjt&g�y�n1�0n�yzaOh8tD�� 
�On8c2s�aO�O��n8d£n8d�saOclh8�OaOc0x8nwg�rIsj��rlt��0n���f/g�°ln����Is�aO{Irln�g�p�c¯��f}x�m¨a*sjn8t��On�hji0n�m�g�r0hjiln8yzn8c2s��0n8d£d&�-n8h	s�tDn8dwo#m���aOt4p���rlt&n
ùI�¿ö�q��¨Æ¶��r0t�r0clnb~-��c0clnb�laOd�s�t&aO~lrIsjaO��c��0n8d�d&��n8h�s�t&n8d�d&r0t±�On�³£³�¬+uI��f/g�cl���On��#��t&y�xb�0g�t���g�s�t�g�y�n�g8m�n8hb��g��0aOtDn8h	 
s�aO��c7�ln��0aOd&�-n8tDd&aO��c7n8d�s�ln�µ¨�§k4¯��

³4i0g�{�rln�y�aOh8t&�� :�On8c�s�aO�O�On�n8d�s|hA��y�����d&x8n��ln��lnArI°��OnAc2s�aO�O�On8d|h�§¨�OaOc0�ltDaO{Irln8d+h8tD�2aOdDxAn8d�Á5��g¥s�t�g�y�n�n8d�s�g�aOc0dDa
tDxAg��OaOd&x8nbnAc�g�h8h8����g�c�s Q öw�On8c2s�aO�O��n8d4�ln8yza* :h�§¨��aOcl�lt&aO{�rln8d4�l��g�h8x8nAd�il�2tDaO�8��c2s�g��On8y�nAc2s��On8d4rlclnAd4��h���s�xb�0n8d4g�rIsjtDn8d
g8m�n8h�rlcln�g�rIsjtDn�d&x8tDaOn��0n Q ö�g�rIsjtDn8d��On8c2s�aO�O��n8d��l��g�hAx8n8dÊm�n8tvsjaOhAg��On8yzn8c2sÅo)m���aOtÊp���rltDn�ùI�/·�q�� õ c n8d&�0g�h8n��0n
100 µ

y d&x8��g�tDnw�On8d��ln8r¨°¯d&x8tDaOn8d��0n��On8c�s�aO�O�On8dA�
©�n8db�0n8rI°�d&��n8h�s�tD�2��t&g��li0n8dbd&r0a*m�n8c2s��On8d�yz�8y�n8d��lt&aOclh8aO��n8d1Á-�On8d�y�aOhAtD�� :�0rl�la��O�On8d+o�dDaMs�rlx8nAd�g�r��0��g�c��#��hAg��

aOyzg���nw�0n���g+s�t&g�yzn��0n�yzaOh8tD�� :��n8c2s�aO�O�OnAd�q�d&��c2sb�l��g�hAx8n8dg�r7�0��g�c¥�)��hAg�����~¨�vn	s��f/rlc¥h8�2�O�OaOyzg�sjn8rlt8��©�n���g�aOd&h8nAg�r
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³4n8h8a!a�y��l�OaO{Irln��ln�d&x8tDa�n8rld&n8d�hA��c2s�t�g�aOc2s�n8d£d&r0t4��g+hA��y���g�h8a*s�x�n�s�On��-��aO�0d�s���s�g��!�ln���f}aOc0dvsjtDrlyzn8c2s�u¨yÊg�aOd�g�rld&d&a
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yzg�d&d&n�s���sjg��On�ln���f}aOcld�s�tDr0y�n8c�s±nAc�n	°¨h8�Or�g�c2s��On8d±��g�y���n8dG��f}x�sjg��O�2clc0g���n�n�s���g�h8��clc0n8h�s�aO{Irln�x8�On8h�sjtD��claO{Irln�o�{�r0a
s���sjg��Oa�dDn8c�s±n8c2m¨a�tD��c QAú�ú È���q5n8d�sG��f}n8c2m¨a�tD��cÊù�· ú È��0��¬�n8r¨°|dDhji0x8yzg�detDnA�ltDx8d&n8c�sjg�c2s±��g�h8��c0h8n8�IsjaO��c�y�x8hAg�claO{�r0n
�ln���f}aOc0d�s�tDrlyzn8c2sbdDn�s�tD��r¨m�n8c2sp0��rlt&n�ùI� ÿ n�s�ùI� QAú ��©�g��OrlyzaOk8tDn�g�tDtDa*m�nw�ln���f¿g�tDtDaOk8t&n���g�cld��On8d��0n8rI°¥hAg�dA�

©Gf}aOcld�s�tDr0y�n8c�s,d&rla*m�g�c�s,�On�y��2rIm�n8yzn8c2s,�0rws�x8�On8d&h8�2�-n���n8c0�0g�c2s,rlc0n��-��d&n�u�aO��nAdvseaOy�����tvsjg�c�s,�ln�yzaOclaOyzaOdDnAt
�On8d�û0n�°laO��cld£yzx8hAg�c0aO{�rlnAd8� õ cln�x	s�rl�0n��-�2rld&d&x8n�g+�0��clh�x	s�x�tDx�g��OaOd&x8nBS ·�ù U n	sg+yz��c2s�t&x�{�r0n���f/g�yz�l�Oa*s�r0�ln��0n8d
�lx8�#�2tDyzg�sjaO��cld£c0n��lxA�0g�d&d&n��0g�d
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h8tv§����2x8claO{�r0n�q��
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�-n8t&y�n�s4��f/g�d&d&n8tvm¨a�tG��n�����aOc2s�x�lr�s�xA�On8d&h8����n���ÌecÊn���n	s�u��On�yz��s�n8r0tG�0x����w�laOd&����claO~l��n�d&rlt±�On£s�x8�On8d&h8�2�-n�ln��f õ ¥
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c�f}x�s�g�c2s�{Irln��0n
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"Integral Field Unit" Spectrograph
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SNIFS reduction flow (photometric night)

Raw CCD
exposure

Preprocessed CCD
exposure

Raw datacube

W avelength-calibrated
datacube

Flat-fielded
datacube

Cosm ic corrected
datacube

Flux calibrated
datacube

Extracted spectrum

SN arc

preprocess

W  + arc
Flux Std
+ arc

fit_background

Bias,
dark,etc.

extract_spec

wrebin Calib.
lbda

wcalib

Ref.
lbda

apply_lfffLFFF

comp_lfff

remcosmic

apply_fluxCalib.
flux

Ref.
ext.

Ref.
flux

×�Ø®Ù©Ú ùI� Q8ü q « ·�ÎiÃ�½(ÆÒÎ�·ÈÃ�Ù3Ù3¼ ·�¸º¾ºÃdÅ�Æ§ÇÈ»(ÏcÃ�½�Ç°Ï�¼ Ç<·ÈÃ�Æ�Ç�¼ÊÙ-¼º½JÇKÁ ¼ºÀKÁ ÉJ½(½ ¸º¼ºÀ�Á ¼ àFÜ5ã ¶ à Ú Þ àWÜ ßfÁ ¸ºÀ<Æ�ÎJ½ ¼ ÏÐÃ7Å�ÉJÀ�¼ Á(¼À�» Å�¼º·<½ ÉÊË�Ã ð�Ç<·ÈÃ�Æ§Ç<¼º·ºÕ§Þ�Ãd·<¾ ß�ÏcÃ Å�ÉJÀ�¼°Á ¼KÏcÃ�Ù-Å�¼KÀ�Å�¼º¾äÇ<·ÈÃ�ÏÒ¼°Ã�À�À�ÉB¾×ÆÒ¸×¼�Õ¥ÞvóÍß Ý Å�ÉJ»(·8ÇÈ»(½ ÎJÀ�Ç�ØÊ½ ¼ ß ÏÐÃ Å$É�À�¼KÁ ¼°ÏcÃdÙ3Å�¼°ðÏÒ»(Ù�Æ�Ø×·<¼8â�ÏÐÃ�½(¾äå ¼8Å\·<ÆÒÀ�¼-ÏcÃqÙ-íºÙ3¼-½i»\Æ§ÇÊÕNÞu¶�ÏÐ»BÑ à ÇÈÁFß8»(½(¼8Å�ÉJÀ�¼-Á+Â ¸¿Ç<ÉJÆÒÏÒ¼-¸¿ÇäÃ�Ï�ÉJ½ Å\·<ÆÒÀ�¼-ÏcÃqÙ-íÊÙ-¼-½i»(Æ�Ç Ú ë ¼ÊÀgÃ(ØÊ¾Èå ¼ºÀ©¼Ê½Å�ÉJÆÒ½JÇ<ÆÐÏÒÏÒ¸ºÀ�À<Æ�ÎJ½(Æ ì(¼º½JÇ5¹i»(¼XÏcÃ8Å�ÉJÀ�¼XÀ�» â�Æ§Ç5ÏÒ¼_Ù-íºÙ3¼>Ç<·ÈÃ�Æ�Ç<¼ºÙ-¼º½JÇ�¹B» ¼_ÏÐÃ8Å$É�À�¼XÁ ¼_À�¾×ÆÒ¼º½(¾×¼ Úü �





� � ���	��
�þ�� Ä

Å £ [ ZÆs S Ñ £ Õ £ � � Ç

QD�!� |ã'ÈjÉjËÊ ¾K.1õ�ö\õ�.¨û5��ök:!2ûk:�ÌD)-'*2ÎÍ��^03#�.¨û\:80�#�#�'¿4 '*#3û 'Zû %�ö\0�S�7�Ï¿4 '*2�� û5ö\õ3:ÑÐ
û5'¿ö

©�n1³£³£¬ o¡³�i0g�tD�2n� v³4��r0�l�On8��¬�n�m¨aOh8n�q�nAdvs�r0c7hAg��Isjn8rltx8�On8h	s�tD��c0aO{�rln��lnw�0il��sj��cld1o#m��2aOt���g�t�n	°¨n8yz�l�On��On
�Oa*m¨tDnÊ�lnÊvg�c ¦ hA©�n�g�c�uÍrlcln�s�tDk8d�~���clc0nztDxA�#x8tDn8c0h8n�S ·�ö U q��¶©�n8d�hAg��¨s�n8r0tDd+³£³�¬ �ln�Ä$#vªeÄÅd&��c2s+h8��y�����d&x8d
�ln

2048 × 4102
�0a*°¨n8�Od�h�g�tDtDx8d��0n

15 µ
y �ln+h}��s�x���©�g��On8h�s�r0tDn+�0n+hji0g�{�rln�³�³�¬ d&n+�)g�a*swn8c��0n8rI°��0g�tvsjaOn8d

g8m�n8h¯�0n8rI° d�§¨d�s�kAy�n8d��ln¯�On8h�sjrltDn¯d&x8��g�tDx8dAu,hji0g�hArlcÂ�OaOd�g�c2s
1024 × 4102

�la*°¨n8�OdA�e©Gf}aOyÊg���n¯~0tDrIsjn�aOd&d&rln¯�0n
hji0g�{Irln�³£³£¬ n8d�s4�l��c0hh8��c0d�s�a*s�rlxAn�ln�0n8rI°z��g�tvs�aOn8dAu�aOh8a-g��0�-n8�OxAn8d,¢vhjilaO�0d�¤�{�r�f}aO����g�rIs4t&xAg�d&d&n8y1~l�OnAt8��©���tDd��0n
��g|�On8h�sjrltDn�ul��c7�laOd�s�aOc0��rln��0n8rI°¯yz��rIm�n8yzn8c2s�d��lnwhji0g�tD�2n8dwÁl��f}rlc¥d&n8�O�2c¥�On¢�tDn8��aOd�s�tDn���g�t&g��O�Ok8��n�¤�ul{Irla�h8��c0d&aOdvsjn
�w�0x8hAg��OnAt±��f}rlc0n�OaO��c0n�s���rIsjn8d��On8d4hji0g�tD�2n8dAu�h�f}n8d�s£�w�0aOtDn����lx8�l�Àg�h8n8t�hji0g�hArlcln�g�r��la*°ln8�-�lnb��g�y��8yznhA���O��clc0n
yzg�aOd¯�ln���gY�OaO��c0n�aOcl�#xAtDaOn8rlt&n��£³4n�y���r¨m�n8yzn8c2s¥�l��g�hAn��On8d�hji�g�tD��n8d¯�ln���gY�0tDn8yzaOk8tDn��OaO��cln�d&r0t�r0cln��OaO��cln
�ln¥�OnAh�s�rlt&n�ue{Irla�ued&n8r0�On�ued&r0~la*sÊ��n¥y���r¨m�n8yzn8c2sÊd&n8����c �OnÊ¢vt&n8��aOd�s�tDn7d&x8tDaOn�¤jue�WV �On8dzhji�g�tD��n8dzd&��c�sÊ�0x8�l��g�hAx8n8d
dDr0h8h8n8d&d&a*m�n8yzn8c2s���f}r0cln£h8�2�O��clc0n�����f/g�rIs�t&n�� � c��0tD��h8kA�ln£n8c0d&rla*s�n£��g�tGa*s�x8t&g�sjaO��cÊg�p0cz�ln£�OaOt&n�s���rIsjn8dG�On8dG�OaO��c0n8d
�lr+hAg��Isjn8rlt4Á�rlc�³£³�¬ Ä$#�ª,Ä�n8d�se�Or+n8c°k ú dAu��OnAd5�ln8r¨°1hjilaO�ld,x�sjg�c�s,�Or0d5d&aOy1r0�*sjg�clxAy�n8c2s���Ìec+�l��rld5�0n8d5�laM°¨n8�Od
�li2§ldDaO{Irln8dAu,��g��OnAh�s�rlt&n¯aOclhA�OrIsz�lnAd|�0a*°¨n8�Od�d&rl�0�l�Ox8yzn8c2sjg�aOtDn8dAu5p0h�s�a��#d8ue{�rla�hA��tDtDn8d&����cl�0n8c2sÊ���ln8d��0x8hAg���g��2n8d
dDr0�l�0�Ox8y�n8c�sjg�aOtDnAd±�0n8d�hji�g�tD��n8d4�0g�c0d±�OnAd��ln8r¨°ztDnA��aOd�s�tDn8d�n	s4h8�2cld�s�a*s�r0n8c2s4��f ¢��Am�n8tDd&hAg�c¨¤�u�{�r0a��lx	p�cla*s��On�8xAtD���0n
û0rI°|m¨rz�0g�tG�On�d�§ldvsjk8y�n��0n��On8h�s�r0tDn��0rzhAg��¨s�n8r0t8��©�nAd±hji0g�tD�2n8d±�Orln8d±��g�d&dDnAc2s��0g�tGrlcz�0tDx� ®g�y��l�OaOp0hAg�s�nArlt8u2�0rlaOd
rlcÅ`�¬�³ o�`bc�g��O���� ¡s��� ®¬�aO��a*sjg��±³4��c�m�n8tvs�nAt�q�u�n�s��On�d&aO��c0g��enAdvs��2~Is�n8cIr�nAcÅ`�¬ õ o�`bc�g��O���� �sj�� ®¬�aO��a*sjg�� õ cla*s	q��
©�n1��g�aOc o�c0��y1~lt&n���f}x8�On8h�sjtD��cld�clx8hAn8d&d&g�a�tDn8d��-��r0t��~¨s�n8claOtbr0c�`�¬ õ q�n8d�s�aOh8a¶�ln ú ���zn − ® `�¬ õ ��¬�g�cld�h8n�sDsjn�ltDn8yzaOk8tDn��0g�tvsjaOn£d&rltG�On8dGhAg��¨s�n8rlt&d�³£³�¬+u��2c�d&n��ltD������d&n£�ln�tDn�m�n8c0aOted&r0te�On8dG�0ac��x8tDnAc2s�d±g�d&��n8h�s�d±��s�t&g�a*s�nAt8u�n8c
dDnb~0g�d�g�c2s�d&rlt±�0n8d�x�s�r0�ln8d��)g�a*s�nAd4�w��f}vÆ5#b©�d&r0t±�On�³�³�¬ �lnb��g�m���aOnb~0�On8rln�0n�Ä$#bvªeÄzg8m�g�c�s4d&��cÊa�c2s�x8��t�g�s�aO��c
�|��f}aOc0dvsjtDrlyzn8c2s��

M�;:ï<;®ï ?%@�D�í¨êÍé2é @-íIè2î�ê¶ç5D�ë5@��5A|Di@
� ò Ú8ÜIÚ�Ý¶Ü7Ûº���GÜJÒ5Ó YCÔ

©�n8d�����dDnAd Ò#Ó YCÔ�o���r�~0a�g�aOdjqbd&��c�sw�0tDaOd&n8dwg��O��t&d�{�r0n|�On�hAg��Isjn8rlt�cln|tDnA«8��a*s1g�rlh8r0cln|�Or0y�aOkAtDn|n	s�g8m�n8h�r0c
s�n8yz�ld��ln�����d&n�cIrl���l©�n�d&n8r0�-û�rI°�aOc2s�xA��tDx���f}n8d�s��l��c0h�g�r¯h8��rlt&d��lnAd��lx8�0��g�h8n8yzn8c2sjd�dDr0h8h8n8d&d&aO�#dwo��Onbs�n8yz�ld��0n
�On8h�s�r0tDn�n8d�sg�dDd&n8�waOy�����tvsjg�c�s�q�uln�sh8n8d��-��d&n8d£��n8tDyzn�sDs�nAc2s��f/g8m���aOt��ln8d�aOcl�la�hAg�s�aO��c0d£d&rlt£�On8d�~la�g�aOd�aOc�s�tD���0rla*s�d
�0g�t£�Onwd�§¨d�s�k8yzn��lnw�On8h�s�r0tDn���³�n8d�~la�g�aOd�dD�2c2s�0n�s�tD�2aOd�s®§¨��n8dwÁ

q rlc¥�0x8hAg���g���n�d�§ldvsjx8yzg�sjaO{�rlnzoÀ¢v�B��d&n�s&¤vq�ulc0��c¥t&n8�ltD�I�lrlh	s�aO~l�On���f}rlclnw�-��d&nw����f/g�rIs�t&n
q �On�~0tDrla*sb�ln��On8h	s�rltDn
q rlc¥~0a�g�aOd�tDnA�ltD���0rlh�sjaO~l�On���f}rlc0n�����d&nw�|�¡f/g�rIs�t&n�ulyÊg�aOd�d�s�tDr0h�s�r0tDx

©ef}� ��d&n�s±��n8rIs±��s�t&n£�lx�sjn8tDy�aOc0x£��t&��h8n�����f}�Am�n8tDd&hAg�c7Á�����rltehji0g�{�rln£����d&nwo�{�rlnA�¨{Irln£d&��a*s±d&��c+sv§¨�-n�q	u��2c�rIs�aO�Oa�dDn
�On8d�ln8t&claOn8tDd�ln8d�ù ÿ �0a*°¨n8�Odd&rl�0�l�Ox8yzn8c2sjg�a�tDn8d�lr7tDn8�2aOdvsjtDnwd&x8tDaOn�o�{�r0a�c0nwdD�2c2sb��g�d������O�Or0x8d���g�t���f}x	m�n8c2s�r0n8�Od

ü2ÿ



X�Y5[^]\_a`�b�c�G�e * t�g¾_iLhc�[¾t(uktâX X 1
s�t&g�c0dD�)n8tvs�d¶�ln±hji0g�tD��nem�nAc0g�c2s,�ln8dÍ�0a*°¨n8�Od¶�0i2§¨d&aO{�r0n8djq�g�p0c��ln±d&��r0d�s�t&g�aOtDn±�¡f}�B��d&n�s,�ln±��g��OaO��c0n±h8��t&tDn8d&�-��c0�0g�c�s�n��

©�n~ltDr0a*s��ln�On8h�sjrltDn2u2�ln��f}��t&�ltDn�ln{�rlnA�O{�rlnAd±x8�On8h�sjtD��cldAu�h8��yz�ltDnAcl�zr0cznd��n�se¢v��g�aOtv :aOyz�0g�aOt�¤�u2�0nbù��laM°¨n8�Od
�lnb��x8tDaO�I�ln�u�hA��cld�sjg�c�s�d&rlt4rlcln��-��d&n���v�-n8d�s���rla�g�rld&d&a-h8��tDt&aO��x���t&��h8n�����f}�Am�n8tDd&hAg�c�Á¨g8m�g�c2s4s��2rIs�nbhA��tDtDn8h	s�aO��c�u
��c�rIs�aO��aOdDn��On8d�m2g��On8r0tDd��0nz�¡f}�Am�n8tDd&hAg�cY�lr�t&n8��aOd�s�tDnÊd&x8tDaOnÊ����rlt��lx	s�n8tDyzaOcln8t���f/g�yz�l�Oa*sjrl�ln

a
�lnÊ��f}n���n�s|�0g�aOtv 

aOy���g�aOt8� � c�d&��rld�s�t&g�a*s
a
g�rI°��OaO��c0n8d�aOyz�0g�aOtDnAd�n	s��On+t&g��v��rIs�n�g�rI°��OaO��cln8d��0g�aOtDnAd�g�p�c��0n+h8��tDtDa���n8t�h8n�swn���n	s

�ln�On8h	s�rlt&n�u��lr0aOd±��c��ltD�Ih8k8�lnb�w��g�d&��rld�s�t�g�h�s�aO��c��ln��f}�B��d&n�s�u�{Irla��lt&n8cl�Ên8c�h8��y��¨s�n�On8d��OaO�2cln8dGm���aOd&aOc0n8d��-��r0t
�lx�s�nAtDy�aOc0n8t£��g+m�g��On8r0t£n�°lg�h�s�nw��d&��rld�s�t&g�aOtDn��

©�n£~la�g�aOdGt&n8�ltD�I�lrlh	s�aO~l�On£h8��yz�ltDnAcl��cl��s�g�y�y�nAc2s±�On£h8�2rlt&g�c�s±��f}��~0d&h8rltDa*sjx£aOc2s�x8�2tDx�g�r�h8�2rltDdG�ln£��g��OnAh�s�rlt&n
n�sGn8d�sG�lx�sjn8tDyzaOclx��0g�t,�OnAd,����d&n8d,�0n�s®§¨��n Ò#Ó Y§ÔI��®�¨h8�2y��lt&n8cl�|x8��g��On8y�nAc2sG�On8den���n�sjd¶sjt&g�cld&a*sj��aOtDn8de�ln��0x8~lr¨se�0n
�On8h�s�r0tDn�u¨����rlt��On8d4s�t&��aOd��0tDn8yzaOk8tDn8d£�OaO��c0n8d£n�s��On8d£�la*°��0tDn8yzaOn8tDd£�la*°¨nA�Od��0n�hji0g�{Irln��OaO��c0n��l©�n8d£�-��d&n8d£�ln Ò5Ó Y§Ô
�-n8t&y�n�sDsjn8c2sGx8�2g��On8yzn8c2s±�ln��0x�s�n8h�sjn8t,h8n8tvs�g�aOclden���n�sjd,�0n�h8��d&y�x	s�aO{�rlnAd8u�h2f}n8d�s±���0aOtDn��OaOx8dG����g�d�s�t&rlh�s�r0tDn�y��8yzn
�lr��0x�s�n8h	s�n8rlt�o��la*°¨nA�OdG��r���t&��rl��n8dG�ln£�0a*°¨n8�OdG��g�tvs�aOhArl�OaOn8t&d�q	u�{�r0n£cl��r0dGx�m���{�r0n8tD��c0dG�l�Orld,sjg�tD����©�g�h8��tDt&n8h�s�aO��c
�ln�~0a�g�aOdAu�n���n8h	s�rlx8nz��t&��h8nz�¥h8n8dw�-�2dDnAd8u���n8tDyzn�s��l��clhz�ln�h8��t&tDaO��n8t���n8dwn���n�sjd��0r�s�n8yz�ld��0n��On8h�sjrltDn�n	s��On8d
tDx8��aOyzn8dGsjt&g�cld&a*s��2aOtDn8dA��Æ5��r0t±�OnAd��lt&n8y�aOk8t&n8d��OaO��c0n8d�h8nA�-n8c0�0g�c2s�u��OnbtDx8��aOyzn�s�t&g�c0dDaMs���aOtDn�g�rlc�g�dD��n8h�s£g��OxAg�sj��aOtDn
n�s��On8d�hA��tDtDn8h	s�aO��cld��ln|~la�g�aOd�c0n+�-n8tDyzn�sDsjn8c2s��0g�d��0n+h8��c2sjt ���On8t���f}n8tDtDnArlt�d�§¨d�s�x8yÊg�s�aO{Irln+d&rlt�h8nAd��OaO�2cln8dA��³4n8d
�OaO��cln8dcln�hA��y��0tDn8c0g�c�s�0g�d��0n��l��c0clx8nAd£r¨s�aO�On8d��0r¥d&�-nAh�s�tD��yzk�s�tDn2ul�On8rlt�aOy��0g�h�sn8d�sc0x8���OaO��n�g�~l�On��
ØGÜIÚ�� ò Ú8ÜIÚzÝÍÜ�Ûº���eÜ W�Y(Z([

©�n8d±����d&n8d5W�Y(Z([|dD��c�s��0tDaOd&n8d�g��O��t&d±{�r0n��OnhAg��Isjn8rlt±cln�t&n8«8��a*s�g�rlh8r0cln�Orly�a�k8tDn�u2yÊg�aOd±h8n	sDs�n�#��aOd±�On£s�n8yz�ld
�lnÊ�-�2dDnÊc�f}n8d�s1��g�d�cIrl���¶ÌG�O�On8d1��n8tDy�n	sDs�n8c�s1��f}n8d�s�aOy�n8tAu�d&n8�O�2c��On�s�nAy��ld��0nÊ�-�2dDn2u��On�h8��rlt&g�c2s+��f}��~0dDhArltDa*sjx�u
h�f}n8d�s����0aOtDn¥�On¯d&aO��c�g��£�l� ����g��lt&��~0g�~0aO�Oa*s�x¥cl��cÏc�r0�O�On¯����rlt�rlcÏx8�On8h�sjtD��cÏ�ln¥�0g�dDd&n8t��0g�c0d���g�~0g�c0�ln¯�0n
h8��cl�0rlh�sjaO��c���©�n|h8��rlt�g�c2sw��f}��~ld&h8rlt&a*s�x|n8d�swn8c�y��A§�nAclcln|�0n Q�Q n − ® i�����rlt�rlc0n1s�n8y���x8t&g�sjrltDn|�ln1  Q2QAú ¯À³��
³4n8de����d&n8d,��n8tDyzn�sDs�nAc2sGx8�2g��On8y�n8c�sG�ln£�lx�sjn8h�s�n8te�On8de�la*°¨nA�OdÍ¢vhji0g�rl�ld�¤�u�h2f}n8d�s±���0aOtDn�h8nArI°+{Irla¨��c2s±rlc0n�tDx8����cld&n
g�cl��t&yzg��On8yzn8c2sbaOyz�-��t�sjg�c2sjn�� � c7�lxAcl��y1~0tDnwn8c2mlaOtD��c Q�ú 4 �la*°ln8�Od�h�i0g�rl�0d�����r0t£c0��s�tDnwhAg��¨s�n8r0t�o��Êö σ �0n���g�laOd�s�tDaO~0rIs�aO�2c¯�ln8d£�la*°ln8�Od£�-�2rlt�rlc0n��-��d&n3W�Y(Z([lq�u¨d&��a*srlc¯y�aO�O�OaOkAy�n��lr¯c0��y1~0tDnbs���sjg��!�ln��0a*°¨n8�OdA�l©�n��la*°¨n8���On
�l�OrldÍh�i0g�rl��aOc2s�kA��tDn��vrld&{�r�f/�

6×104 n − ® i�� � c��laOd�s�aOc0��rln±x8�2g��On8yzn8c2s5d&rlt�hAn8dÍ����d&n8dÍrlcw�0ilx8c0��y�kAclnG��f}n'ÕzrIm�n�l���Ê��g�s�n8y���x8t&g�sjrltDn��0r�d�§¨d�s�k8yzn��ln1�On8h�s�r0tDn�u-{�rlaÍt&n8d�s�n�n8c�yÊg�tDhjiln1�-nAcl�0g�c�ss���rIsjn���gÊ�lrlt&x8n��ln1��gz����d&n
o�g�d&d&rlt&g�c�s�g�aOc0d&aerlcÅh8��y�����tvs�nAy�n8c2s��OaOc0xAg�aOtDn�q	�Í³4n�sDs�n�hji�g��On8r0t�aOclû0r0n|d&rlt��On8dw�la*°¨nA�Od��lnAd��ltDnAy�aOk8t&n8d��OaO��c0n8d
{�rlaeg�r0tD��c2swrlc�hA��rlt&g�c�sw��f}��~0d&h8rltDa*sjx+�0�Orld�x8�On�m�x¥oM�vrld&{�r�f/� QAú�ú n − ® i-q���³4n�sDsjn|dvsjtDrlh	s�rltDn|��f}n6ÕÊrIm�n|�0x8�-nAcl��lrÂsjn8y��0dz�0n7�-��d&n�n�s�n8d�s�h8��tDtDaO�2x8n��0g�tz��gËd&��rld�s�t&g�h�s�aO��c�uG�-�2rltzhji0g�{�rln��-��d&n�uG�0r h8��r0t&g�c�s���f}��~0d&h8rltDa*sjx
�lx�s�nAtDy�aOc0x��0g�t4�0n8d��-��d&n8d/W�Y(Z([zt&g�yzn8clxAn8d�g�r¯y��8yzns�n8yz�ld��ln�����d&n��¨©�nAd4�0a*°¨n8�Od�hji�g�rl�ld�n8c¯tDn�m�g�c0hjiln���c�s
rlclnwtDx8����cld&n��lxA�-n8c0�0g�c2s�lr7d&aO��c0g���tDn8«Ar¥n�sc0n���n8rIm�nAc2s��s�t&n�h8��t&tDaO��x8d��h8n�d�sjg��ln��

¬�n8d�d&x8tDaOnAd��ln�����d&n8d W�Y(Z([Ï�ltDaOd&n8d�����gËd&rlaMs�n�n�s¥g��O��tDd�{�rln��On8d�h8��c0�la*s�aO�2cld��ln��lx8��g�tvs�c0n�d&��c2s���g�d
h8��c2s�t8���Ox8n8d�o��ltDn8yzaOk8tDn��-��d&n�g��0tDk8d�y�aOd&n�nAc�tD��r¨s�n��0r�dv§ld�s�k8y�nbs®§¨�laO{Irln8yzn8c2s�q�y���c2sjtDn8c2s�rlc�claMm�nAg�r�yz�A§�n8c
x8�On�m�x����rlt±��gw�0tDn8yzaOk8tDn����dDn{Irla��lx8hAtD��½Os4n8c0dDr0a*s�nn�°¨����clnAc2s�aOn8�O�OnAy�n8c2s4����rlt±�On8d�����d&n8d±d&r0a*m�g�c2sjn8dA�2`bp0cÊ{�r0n
h8n�s�n���n�s��0n�t&x8yzg�c0n8clh8n¯gi��nAh�s�n��On�y���a�cld+����d&d&aO~l�On��On8d|�l��clc0x8n8dAu¶n	s|����rlt+��f}x�sjg�����clc0g���n��ln���g�c�r0a*s�u¶�0n8d
dDxAtDaOn8dG�0n£�-�2dDn8d Ò5Ó Y§Ô�n�s>W�Y Z\[1d&��c2s��lt&aOdDnAdenAc2s�tDn���g�yzaOdDn�n8cztD��rIsjn£�ln£��f}a�cld�s�tDr0y�n8c2s�n�s±�Àg��lt&aOdDn��ln£�0��clc0x8n8dA�

©�n8d,�-�2dDnAd5�O��c0��rln8d,�0n±s®§¨��n©W�Y(Z([wh8�2y��lt&n8clc0n8c2sGg�r0dDd&aI�0n8d¶s�t&g�h8nAd,�lrln8deg�r¨°1t&g8§���c0d,h8��d&y�aO{Irln8d,n�°lh8a*sjg�c�s
�On8d1x8�On8h�s�t&��cld1�lr�hAg��¨s�n8rlt�d&rlt��lnAd��8��c0n8d�t&n8d�s�tDn8aOc�s�n8d�o�{�rlnA�O{�rln8d1�la*°ln8�Odjq��¶©���tDd��0rÅs�t&g�a*s�nAy�n8c2s|�ln8d�����d&n8d
��f}x�s�g��O��clc�g���n|�ln8d�³£³�¬ o Ò#Ó YCÔ�n�sUW�Y(Z([lq�u��2c�r¨s�aO�OaOd&n|�l�Or0d&aOn8rltDd��-��d&n8dwg�p0c���f}nAc�hA��cld�s�a*s�r0n8t�rlc0n+cl�2rIm�n8�O�On
�l��c2shji�g�{�rln��la*°ln8�!h8�2c2s�aOn8c�s��g+yzx8�laÀg�cln��ln8d4m2g��On8r0tDd£�lnAd£�la*°¨n8�Od��lnAd£�-��d&n8d£t&x8n8�O�On8dA� � c¯��~¨s�aOn8c2sbg�aOc0dDa�r0cln
�-��d&nÊd&g�cld�hA��d&y�aO{�r0n��¶Æ¶��r0t��On8d�����d&n8d�x8h8��g�aOtDx8n8d1n8c�tDn�m2g�clhji0nz�On�s�t�g�a*s�n8yzn8c2s+�lnAd�h8��d&y�aO{Irln8d1d8f}nd��n8h�s�r0n��
rlclnwx�sjg���n�rl�*sjx8tDaOn8r0tDn��lnw��f}x�sjg�����clc0g���n��
ØGÜIÚ�� ò Ú8ÜIÚzÝÍÜ�Ûº���eÜ ^�`\YBa

®�edAf/g���a*s��ln|����d&n8d��0tDaOd&n8dwg8m�n8h�r0c�x8hA��g�aOtDn8yzn8c2s�rlcla��#��tDyzn|d&rlt�s���rIs��OnÊ³£³�¬+�Í³4n8d�����d&n8d�cln�dD�2c2sw��g�d
tDxAg��OaOd�g�~0�On8dw�-��r0t��On8d�m���aOn8dw�ln�d&�-n8h	s�tD��d&h8���0aOn��lrlaOd&{�r0n|�On8d1³£³�¬ d&��c2s��l��g�hAx8dwg��0tDk8dw�On��laOd&�-��d&a*sjaO�±���¨s�aO{�r0n
dDxA�0g�t&g�c2s£��g+�Or0y�aOk8tDn�n8c7ù�ù�ö1d&�-nAh�s�tDn8dA�lÌe�O�OnAd�d&��c2s�tDxAg��OaOd&g�~l�On8d£�-��r0t4��g�m���aOn��li0��s���yzx�s�tDaO{Irln�n�s£�0n���r0aO�0g���n

ö ú



Gerd . cIX X 1 �5v�[hb�[¬v�`Ñ��b _rx}`a_@Ö§tNc�x6×(Ø�fhg\v�`�_{fhg¾g5cHysc�g\`�ch`Q]kb�f§K�zfÙHysc�x8�s`�b�[h_a`ic�b
n�s¯�ln8d�d&x8tDaOnAd��ln��-��d&n8d��0n�h8n7s®§¨��n���c2s�xA�2g��On8y�nAc2s¯x�s�x�tDxAg��OaOdDxAn8d�g8m2g�c2s¯�On�yz��c2s�g���n��ln��¡f}aOcld�s�tDr0y�n8c�s��
Ìe�O�OnAd£��n8tDyzn�sDs�nAc2s�c0��sjg�yzy�n8c2s�0n��0x�s�n8h	s�n8t£�On8d£a�y��-nAtD�#n8h�sjaO��cld£�0n���f/rlclaO�#�2tDy�a*sjx��ln�tDx8����cld&n��lr¥�lx�sjn8h�s�n8r0t8u
{�r�f}nA�O�On8d4d&��aOn8c�s��0rln8d����0n8d4h8��d&yzx�s�aO{�r0n8d4��r¯���0n8d4d�s�tDr0h�s�rlt&n8d4�1��t&g�c0�lnbxAhjiln8�O�On��¨©Íg�p0��rlt&n�µ¨� Q tDn8�0tDx8d&n8c2sjn�u
�-��r0t�hji0g�{Irln1m�g��On8r0t��ln|d&aO��c0g��,tDn8«ArÂo�nAc�`�¬ õ q�On|cl��y+~ltDn|�ln+�0a*°¨n8�Od�hA��tDtDn8d&����cl��g�c2s�����rlt�r0cln|�-��d&n+�0n
s®§¨��n�^$`(Y a��|��g�{�r0n8�O�Onw��c7g|tDn	s�aOtDx���f}�Am�n8t&d&hAg�c7n�s�On�c0a*m�nAg�r¥�0n�~la�g�aOd8� � c¥�laOd�s�a�cl��rlnwrlc¥�laOh�d&n8hA��cl��g�aOtDn�{�r0a

data
Entries  8400896
Mean   4.319e+04
RMS      1860

10000 20000 30000 40000 500000

200

400

600

800

1000

1200

1400

1600

1800

2x10
data

Entries  8400896
Mean   4.319e+04
RMS      1860

Histo of data values

×�Ø®Ù©Ú µ¨� Q qoç ¸ºÔ�Ã�»BÇ/Á+Â »(½\ÆÒÔ¦É�·ÈÙ3Æ§Ç<¸8Á(»f¾ºÃdÅ Ç<¼º» · Û¿ÛZç â\ÏÒ¼º»�Ü�½ ÉJÙ%â(·�¼8Á ¼%Å�Æ§ÑB¼ÊÏÒÀ>Å�Ãd·5Ë�Ã�Ï�¼º» ·©¼º½ �çWÚ ¼º½�·�¸×Å�ÉJ½\À�¼-ð»(½K¸º¾×ÏcÃdÆÒ·�¼ºÙ3¼º½�Ç5»\½(ÆÒÔ¦É�·<Ù-¼ Ú
tDn8�lt&x8d&n8c2s�n��On8d��0a*°¨n8�Od£�On8d��0�Orld��0tD��hji0n8d��ln8d£~-��tD�0d��lr¯hAg��Isjn8rlt8u¨�l��c�s£��g+tDxA�-��c0dDn�n8d�s£�0�Orld�aOyz�-��t�sjg�c2sjn��l³�n
�lx8�)g�rIs���f}r0claO�#�2tDy�a*sjxb�ln�tDx8����cld&nbn8d�s��0��g�r��ltD��hAx8�lx�rIs�aO�OaOd&x��-��r0t��On�sjt&g�a*s�n8yzn8c2s£�lnbd&rlt&�)g�h8nb�0r¯³�³�¬+�I©�n8d
�-��d&n8d��0n1s®§l�-n ^�`(Y a�d&n8t�m�n8c2s��l��c0h��¯�ltDnAcl�lt&n|n8cÅh8��y��¨s�n|hAn8d��lxA�)g�rIsjd��-��r0t��On8d�hA��tDtDaO��nAt8��#��rld�m�n8tDtD�2cld
��f/g�r¨s�tDn8d�n�°ln8y��0�On8d��ln���f}r¨s�aO�OaOd�g�s�aO�2c7�ln�h8nAd�s�n8d�s�d�d&rlt£�On1³£³£¬\�ln���g+m���aOnw~l�On8r0n��0g�c0d���g|d&n8h	s�aO��c�µ¨�¿ùI�

M�;:ï<;®ä �J�'A�éWå�@���é AÍç5DBx<@�é�oÜÛ¾ílîy@-ç±í��
©���tDd��ln8d�s�t&g�c0dD�#nAtvs�d��0n+hji�g�tD��n|c0x8h8n8d&d�g�aOtDn8dw����g��On8h�s�r0tDn|�lr�hAg��¨s�n8r0t8u�hAn8tvsjg�aOc0n8d�hji�g�tD��n8d���n8rIm�n8c�s�c0n

�0g�d|��s�t&nÊs�t&g�c0dD�)x8tDx8n8d|aOy�yzx8�la�g�s�n8y�nAc2s��,ÌG�O�On8d|�On�d&��c�s��O��tDd|�lnAd�s�t�g�cld&�#n8t�s�d+d&r0a*m�g�c2s�dAu5��cÂ�la*s�{�r�f}n8�O�On8d|��c�s
x�s�x��lac�!x8tDx8n8dA��³�n��lilxAcl��yzk8cln��-n8r¨sbg��*s�x8tDnAt£�On�d&aO��c0g���n8c¥��f}x�sjg���g�c2sd&rlt£�OnAd£�0a*°¨n8�Od�d&rla*m�g�c�s�dA�0©Gf}n	´zhAg�h8a*s�x��0n
s�t&g�c0dD�)n8tvs1�lnzh�i0g�tD��n�o¡³©&�Ì�q��0��a*s1�l�2clhz��s�t&nzx�s�rl�0aOx8nz�-�2rltwhji0g�h8rlcË�0n8d�tDn8��aOd�s�tDnAd8�5³4n8h8a±g7x�s�xz�)g�a*s+��t&��h8n
g�rI°¯����d&n8d��0n�s®§¨��nU^�`\YBa�n	s�On8d�t&x8d&rl�*sjg�sjd��ln�h8n8d£s�n8d�s�d�d&��c2sbn�°¨�-�2dDxAd£��g�cld���g�d&n8h�s�aO��c�µ¨�¿ù
M�;:ï<;�M o1è2ì±ë�@Ïë5@ÂíIê:D CnE0è2îi�eì�@�D

³4��yzy�n±cl�2rldÍ��f/g8m���cld�m¨r��l�Or0dÍi0g�r¨s�u��On±hAg��Isjn8rlt5³£³�¬Ïh8��c2sjaOn8c2s5�lnAdÍ�la*°ln8�OdÍhji�g�rl�0d8u�{�r�f}aO�2��g�rIs5h8��c0c0g�½Os�t&n
n�s�t&x8�-n8t�s���tDaOnAtbg�p�c��0n�cln1�0g�d�gi�!n8h�s�n8tb�On1d&aO��c0g�����¬�g�cld���f}x�sjg�s�g�h�sjrln8��u�g�rlhArlcln1h8��tDtDnAh�s�aO��c�c�f/n8d�s�n���nAh�s�rlxAn
dDr0t�h8n8d£�la*°ln8�OdAu¨{�r0a�d&nbm��2aOn8c2sbg�sDs�t&aO~lrlnAt4r0clnbm2g�tDa�g�clhAnbs�tDk8d£��t&g�cl�ln��O�2tDd£�ln���g|h8��cld�s�a*sjrIs�aO��c¥�ln���g+h�g�tvs�n��0n
m�g�tDa�g�clh8nzg�d&dD�Ih8aOx8nz����f}aOyÊg���n���®�en8d�s��¯cl��s�nAt�{�r0n|�On8d��0a*°¨n8�Odwg�tDt&a*m�g�c2s1�¯d&g�s�rlt&g�s�aO��c��0x8�#��t&y�n8c2s��On|hji�g�y��
x8�On8h�sjtDaO{�rln�n�s��On8dÊxA�On8h�s�t&��cld��-n8r¨m�n8c2s�yzaO��tDn8t�m�n8t&dÊ�OnAdÊ�0a*°¨n8�Odzm���aOd&aOcld��0n���gËy��8yzn�h8���O��clc0n��4³4nAh8a�-n8r¨s
�-���O�Or0n8t£s��2rIs�n���gÊh8���O�2clcln1dDa¶��gztDxA�-��c0dDn1�lr��0a*°¨n8�Ín8d�sbs�tDk8dbaOyz�-��tvs�g�c2s�n2��³4n8tvsjg�aOcldb�laM°¨n8�Odbhji�g�rl�ldb��n8rIm�nAc2s
�0g�tvm�n8claOt�)g�h8aO�OnAy�n8c2s��zd&g�sjrlt&g�sjaO��c�n�s�g�aOcld&aÍh8��c0�0g�yzcln8t�On8rlth8���O�2clcln1�|s���r��v��r0tDdbg8m���aOtbrlc��#��tvs�n�°¨hAx8�ln8c�s
��f}x8�OnAh�s�tD��c0d8� � c+��g�tD�On�g��O�2tDd,�ln4h8���O�2clcln�y���tvsjn���©�n£³£³�¬ �0n4��g�m���aOn�tD��r0��n4h8��c2sjaOn8c2se�0n8rI°1hA���O��clc0n8d,y���t�s�n8d
m���aOd&aOcln8d�{�r0a5d&��c2s1g�h�s�rlnA�O�On8y�nAc2sw�l��g�h8xAn8d�d&r0t�r0c�d&��n8h�s�tDn|aOd&d&r���f}r0cln+�0n8d�yzaOh8tD�� ®�On8c2s�aO�O�OnAd8u�h8n+{Irla,tDn8c0��hAn
dD��n8h�sjtDn�aOc�r¨s�aO�OaOd�g�~l�On2�

ö Q



X�Y5[^]\_a`�b�c�G�e * t�g¾_iLhc�[¾t(uktâX X 1
õ c g�rIsjtDnÊ�li0x8cl��yzk8cln��ltD���0tDn�����g7{�r�g��Oa*s�x��lrYhAg��Isjn8rlt�n8d�s|aOh8a±��aOx���d&g�h8��c0dvsjtDrlh�sjaO��c Á¶rlc�h�g��Is�n8r0t

�ln7h8n	sDs�n¥sjg�aO�O�On�n8d�s���t�g8m�x�n8c �0�Orld&aOn8rlt&dz��n�s�a*sjn8dÊ�0g�tvsjaOn8d�o��0��g�{�rlnAd�q�{�rla�d&��c�s�n8c0d&rla*s�n�g�h8h8���Ox8nAdÊ�On8dÊr0cln8d
g�rI°�g�rIsjtDn8dA�0®�¶g�tDtDa*m�n��0��clh�{�r�f/�z��g�����clh�s�a���c7�0n8d�l��g�{�rln8d�g��l�0g�t&g�aOd&d&nwr0clnwt�g�cl��x8n�o��OaO��c0nw�2r7h8������clcln�q��0n
�la*°¨nA�Od��0��c2s���g�sjg�aO�O�On�n8d�s��Ox8��k8t&n8y�n8c�s��lac��xAtDn8c2sjn��ln���g�sjg�a��O�On��lnAd£g�rIsjtDn8d£�la*°¨nA�Od8�l©Gf/g�aOt&n��ln�h8n8d£�0a*°¨n8�Od£x�sjg�c�s
�lac��x8t&n8c2s�n2u¨aO�Od£c�f}aOc�s�k8��tDnAtD��c2s�0g�d£�On�yz�8y�n�c0��y1~lt&n��ln��0il��s���c0dAu¨n�s�aO�!��g�rIs��On��ltDn8c0�ltDn�n8c¥h8��y��¨s�n��O��tDd£�0r
�ltDx� ¡s�t&g�a*sjn8y�n8c�sw�0n���f}aOyzg���n2��Æ¶�2rlt�cl��sjtDn��lx�sjn8h�s�n8r0t8u�h8n��lilxAcl��yzk8cln�n8d�s�mlaOdDa�~l�On+s���r¨s�n8dw�On8d�ö Q ù��OaO��clnAd�n	s
dDr0t£��g�h8���O��clc0n�h8nAc2s�t&g��On��

QD�ió Ý )-'*7ÞÌK)-'*2É�Zû\)�+-'*2ú25)-ö +-'*2 %(0�2¥'¿2 +��i�Zû5õ37 03#�#-õ�9�'
`br h8��rlt&d��ln���gË�0tDn8yzaOk8tDn�g�clclxAn��ln�h8n�s&s�n¥s�i0k8d&n�u���f/g�ab�0r tDx�g��OaOd&n8t�{�rln8�O{Irln8d�x�sjrl�lnAd�dDr0tÊ�On8d�����d&n8d

��f}x�s�g��O��clc�g���n��ltDaOd&n8d�g8m�n8h��Onb³£³�¬¾�ln���g�m���aOn�~l�On8r0ng8m�g�c2s��On�y���c2s�g���n��ln���f}aOc0dvsjtDrlyzn8c2s�o�n8cz~0g�c0h£�0n4s�n8d�s	q��
©�gÊp���rltDn|µ¨� Q n8d�s�r0c�n	°¨n8y��0�On+�ln+h8n8d�tDx8d&rl�*s�g�s�d�{�rla5��c2swg�~���rIs�a,��rlc0n1c0��s�n+aOc2s�nAtDcln|����g�h8���O��g�~���t&g�sjaO��c��
³4n8d|�ltDn8yzaOn8tDd�s�nAdvsjd+��c2s�n8c n���n�s�x�sjxzs�t&k8d+rIs�a��On8d+����rlt+��g�hA��y��lt&x8iln8c0d&aO��cY�0n8d+�lx	s�n8h�s�nArltDd+n�szg�aOcld&a4�On8r0t
x�sjg��O��c0c0g���n2��#b��rldg��O�O��c0d��l�2clh�tDn	m�n8claOt�aOh8a�d&r0t£h8n8d�sjn8d�s�d�n�s�On8r0tDd�h8��c0h8�Orld&aO��c0d8�
M�;~äZ;®ï ?�î¡ç�E�A�é�î)èBEÏë5@�Dës�ê�Di@"Dàß#á§â:ã

� c�d&nb�lt&���-��d&nbaOh8a-��f}x�sjrl�laOnAt±�Àgw�OaOc0xAg�tDa*sjxbn8czs�n8yz�ld��0r�h8��rlt&g�c2s���f}��~0dDhArltDa*sjx���Æ5��rlt4h8nb�)g�aOtDn�u��0ac��x8tDnAc2s�d
g�d&�-n8h�sjd���c2sx	s�x�aOcld&��n8h�s�xAd8�&¶��r¨s¶��f/g�~-�2tD��uA�2cwdAf}aOc�s�x8tDn8d&d&n��£�0n8dÍy�xA�la�g�c0n8dÍ�ln±�-��d&n8d:W�Y Z\[��0n ú u QAú n�s,· ú y�aOc�r¨s�n8d±Á��0g�c0dÍhji0g�{Irln±hAg�d
��cwn8c�r¨s�aO�OaOd&nG�l�Or0d&aOn8rltDd��0��c2s¶��cwhAg��Oh8rl��ne��g£yzx8�la�g�c0ne����rlt�x�m¨a*sjn8t��On8d��0tD��~l�OkAy�n8d��lnGh8��d&yzaO{�rln8dÍ�0g�t�n�°ln8y��0�On��
Æ¶��r0t5hji0g�{Irln4�la*°ln8��u���c+h8��c0d&aO�lk8tDn4�On8d,�-�2dDnAd5�ln ú n�sG· ú yzaOc�rIsjn8d5h8�2cld�s�a*s�r�g�c2se��gb�lt&��a*s�n±s�i0x8tD��tDaO{Irln4c�o�`�¬ õ q
Ï �vo)s�q5n	s±h8��yz�0g�t&n£��g��-��d&a*s�aO�2c�d&rltGh8n�s&s�n£�0tD��a*s�n��lrz�-��aOc�s�� Q�ú yzaOc�rIsjn8d±g8m�n8h���g�m�g��On8r0ten	°¨�-x8t&aOy�n8c�sjg��On���©Íg
�lac��x8t&n8clh8n�n8c2s�tDnwhAn8d�ln8rI°�m2g��On8rlt&d�n8d�sb�l�2clclx8n��0g�t��On8d��t&g��liln8d�lnw��g|p���rltDn�µl�¿ùIu0�-�2rlt�hji0g�hArlc7�0n8d�hji0aO�ld
�lr�³£³£¬1� � c7h8��cld�sjg�sjn��0��clh��0n8d�x8hAg�tvsjd�����g|�OaOc0xAg�tDa*sjx�ul�On8d��0aOd�s�tDaO~0rIs�aO��c0d�x�sjg�c2sbh8n8c2sjtDx8n8d�d&rlt£�0n8d�m�g��On8r0tDd

diff
Entries  4167666
Mean   0.5164
RMS     3.381

-10 -5 0 5 10 150

200

400

600

800

1000

1200

1400

2x10
diff

Entries  4167666
Mean   0.5164
RMS     3.381

DiffØrence hypothŁse linØaire-rØalitØ (ADU), chip 00 diff
Entries  4167666
Mean   0.4262
RMS      4.78

-20 -15 -10 -5 0 5 10 150

200

400

600

800

1000

1200

1400

1600
2x10

diff
Entries  4167666
Mean   0.4262
RMS      4.78

DiffØrence hypothŁse linØaire-rØalitØ (ADU), chip 01

×�Ø®Ù©Ú µ¨�¿ù q ë ÆÒ½ ¸�Ã�·ÈÆ§Ç<¸5Á\»�¾¿ÉJ» ·äÃd½JÇNÁ+Â É�â\À�¾º» ·<Æ§Ç<¸_ÜJ¼º½qÃdâ\À�¾ºÆÒÀ�À�¼�ÕiÏ�Â ¸º¾ºÃd·�ÇçðXÏcÃ/ÏÐÆÒ½(¸ÊÃd·<Æ§Ç<¸5·�¼×Å(·<¸ºÀ�¼º½JÇ<¸�Å�Ãd·:ÏcÃXÁ(Æ�õ�¸º·�¼º½(¾×¼5Á\»Å�ÉJÆÒ½JÇ©ð3Á(Æ�Ñ°Ù3ÆÐ½i» Ç�¼ÊÀ5ð3ÏcÃ3Á(·�ÉJÆ§Ç<¼%Á ¸!ì\½\Æ�¼_Å�Ãd·>Ï�¼_Å�ÉJÆÐ½�Ç©ð�¬×¸×·�É�¼×Ç©ð3»(½ ¼%å(¼º» ·�¼/ä\¼º½°É�·<Á ÉJ½(½(¸×¼�Õ�ÏÒ¼%½ ÉJÙ_â(·<¼_Á ¼_Å\Æ�ÑB¼ºÏÐÀ¾¿ÉJ½(¾¿¼×·È½ ¸ºÀ Ú
�Ox8��k8tDnAy�n8c�s��-�2dDa*sja*m�n8dAu¨n�s���g+�0aOd&�-n8t&dDaO��c¥x�sjg�c�sg�d&dDnA��aOy�����tvsjg�c�s�n�� õ c¯x8hAg�tvs��0n ú �¿ö1`�¬ õ n8d�s�n8c¯n��!n�s�c0��c
clx8���OaO�2nAg�~l�On2u�hAg�twd&ae��f}��c�h8��cld&aO�lkAtDnzrlcËh8��rlt�g�c2s���f}��~ld&h8r0tDa*s�xz�ln Q�Q n − ® i�u��Onzh8��r0t&g�c2s+�¥�la*°Åy�aOcIrIs�nAdwn8d�s��f}n8c�m¨aOtD��c¯ùI�/·�`�¬ õ o��-��r0t±r0cÊ�2g�aOc��ln ú ���wn − ® `�¬ õ q�u�h8nb{�rla-aOyz�l�OaO{�r0nbrlc�x8hAg�tvs£����g��OaOclx�g�tDa*s�xb�0nb��f}��tD�lt&n�ln�ù úNÐ �

`p�c��0n£y�aOnArI°�h8��y��0tDn8c0�ltDn£hAn£�li0x8cl�2y�k8c0n�u�n�s�n8c�r¨s�aO�OaOd�g�c2s��On8d±y��Ay�n8dG�-�2dDnAdG{�rln��lt&x8h8x8�lnAy�yzn8c2s�u���c
tDn8�lt&x8d&n8c2s�np0��rlt&nbµ¨�/µÊÁ�n8c�i0g�rIs£�w�2g�r0hjiln�u���gw�lac�!x8tDn8c0h8nh�g��Oh8rl�OxAn�lt&x8h8n8�0n8y�yzn8c2s4n8c��#��clh	s�aO��c��lrÊc0��y1~lt&n

ö�ù



Ge�þJåwt¬c�z@Ö¥t¬c�x8�h`!t�uc�x�xht�b¹u¾c�x�]Zf�x�cHx¹u ¢ �h`i[hz{f�g¾g5[}|¾c
��f}`�¬ õ �0n1�Àg��-��d&n+��f}rlc0n+iln8r0tDnæ��n8c�i0g�r¨s����ltD��a*sjn+��gzm�g��On8r0t��ln+��f}x8h8��g�aOtDn8y�nAc2swg�r�~-��r¨s��0n�ç ú yzaOc�r¨s�n8d
n8c��)��clh�s�aO�2c��0n1hAn8�O�On1�2~Is�n8cIrln|g�r�~���rIs���f}rlc0n1ilnArltDn+�-��r0tbhji0g�{�rln+�la*°¨nA�,�-n8c�~0g�d��Ê�2g�rlhjiln+��gzm�g��OnArltb�0n
��f}x8h8��g�aOt&n8y�n8c�swn8c ú yzaOc�r¨s�n|n8c��#��clh	s�aO��c��ln|h8n8�O�On|��~¨s�n8c�r0n|g�r�~-��r¨s���f}r0cln|iln8r0tDn+����rlt�hji0g�{Irln|�la*°¨nA�,��n	s
n8c¯~0g�d��+�ltD�2a*s�n���g1m�g��On8r0t��ln���f/x8h8��g�aOtDnAy�n8c2sbg�r¥~-��r¨s��ln ú yzaOc�rIsjn�n8c¯�)��clh�sjaO��c¯�ln�h8n8�O�On���~Is�n8cIrln�g�r¥~-��r¨s
�lnÊ�la*°ËyzaOc�r¨s�n8d�����r0twhji�g�{�rlnÊ�0a*°¨n8�3�Í�On�s���rIs+����rlt���f}r0c��ln8d1hjilaO�0d8�5³�i0g�{�r0nÊ�-�2aOc2s+n8d�s+��g7y���§�n8clc0nz�0n8d
m�g��On8r0tDd���~¨s�n8c�r0n8d�n8c���t&�l��clc0x8n����rlt�rlc0n£m�g���n8rlt��lnb��f/g�~ld&h8aOd&d&nb�l��c0clx8n��I©�n8d�~�g�tDtDn8d���f}n8tDt&n8rlt�tDn8�lt&x8d&n8c2s�nAc2s
��g1�laOd&�-n8t&d&aO��c�o Î¦ Ä0q±g�rIs��2rlt4�ln�h8n�sDsjnbyz�A§�n8clc0n��¨©�nAd4yz�8y�n8d���t&g��0iln8d4����rlt4�On�d&n8h8��cl��hji0aO����c2s£��g1y��8yzn
g��O�Orlt&n��G©��Åg�r0dDd&a�ue��f/g�dD��n8h�sÊcl�2cÂ�OaOc0xAg�aOtDn¥�0rÏh8��rlt�g�c2sz��f}��~ld&h8r0tDa*s�x¥tDnAdDd&��t�s�u,~0aOn8c m¨aOd&aO~l�On¥��g�cld���n¯��t�g��li0n

ADUprof
Entries  4167666
Mean    15.15
RMS     5.517

0 20 40 60 80 100 120 140
-8

-6

-4

-2

0

2

4

6

8

10

12

ADUprof
Entries  4167666
Mean    15.15
RMS     5.517

Profile difference vs ADU (1H), chip 00 x600prof
Entries  4167666
Mean    15.15
RMS     5.517

0 20 40 60 80 100 120 140
-5

0

5

10

15

20

25

30

x600prof
Entries  4167666
Mean    15.15
RMS     5.517

Profile x600 vs ADU (1H), chip 00

x0/x3600
Entries  4167666
Mean    15.48
RMS     5.134

0 20 40 60 80 100 120

-2

-1

0

1

2

3

x0/x3600
Entries  4167666
Mean    15.48
RMS     5.134

x0 vs. x3600, chip 00 x0/x600
Entries  4167666
Mean    2.351
RMS     2.998

0 20 40 60 80 100 120

-2

-1

0

1

2

3

4

5

x0/x600
Entries  4167666
Mean    2.351
RMS     2.998

x0 vs. x600, chip 00

×�Ø®Ù�Ú µ¨�/µ q ë ÆÒ¼º½K¼º½�Ç<·�¼_Ï�¼ºÀçË�Ã�Ï�¼Ê» ·<À�Á(»K¾×ÉJ» ·ÈÃ�½�Ç5Á�Â É�â�À�¾×» ·ÈÆ§Ç<¸/Å�ÉJ»(·�Á(Æ�õ�¸º·�¼º½�ÇÈÀçÇ<¼ºÙ3Å\À'Á ¼XÅ�ÉJÀ�¼ Ú
tDn8�lt&x8d&n8c2sjg�c2s���n8d+m�g��On8r0tDd��èç ú y�aOc�r¨s�n8d�n8cÂ�#��c0h�s�aO��cÂ�0n8d1m2g��On8r0tDd���r0cln¯iln8r0tDn��e©�n8d1m2g��On8rlt&d|c0x8�2g�s�a*m�n8d
��~ld&n8tvm�x8n8d���n8rIm�n8c2s£�0tD�Am�n8c0aOt4��f}rlc0n�yzg�r¨m�g�aOd&n�d&��rld�s�t&g�h�s�aO��c¯�ln���f}�Am�n8tDd&hAg�c�u¨d&n8rl�On�����x8t&g�s�a���c�nd��n8h�s�r0x8n�dDr0t
h8n8d�����d&n8d�o�g8m�g�c�shAg��OhArl���0n���g�y�x8�0a�g�cln�d&r0t£�l�Or0dDaOnArltDd�����dDnAd�q	�&¶��r��v��rltDd�g8m�nAh��On8dbyz�8y�n8db����d&n8dAu���c�tDn8�0tDx8d&n8c2sjnwhAn�sDs�n��)��aOd+o)p0�2rltDn1µ¨� ü qwÁ�n8c�i�g�rIs��z�2g�r0hjiln2u���f}ilaOd�s��� 
��t&g�yzy�nw~la* ®�laOyzn8cld&aO��c0cln8��tDn8�0tDx8d&n8c2sjg�c2sb��g+m�g��On8r0t��lnw��f}x8h8�Àg�aOtDn8yzn8c2s�g�r�~-��r¨sb�ln�ç ú y�aOcIrIs�n8dn8c7�#��c0h�s�aO��c
�ln�hAn8�O�On��~Is�n8cIrlng�rz~���rIs4��f}rlc0n�i0n8rltDn
�2n8czi�g�rIs����0tD��a*s�n2u2��f}ila�dvsj����t&g�yzy�n�ln8dem2g��On8rlt&d±��~Is�nAc�rln8d±����rlt±�On8d
�-��d&n8db�ln ú y�aOc�r¨s�næ��nAc�~0g�d8u��OnAdbilaOd�s�����t�g�y�yzn8db�ln8d�m�g��OnArltDdb��~¨s�n8c�r0n8db�-��r0t�On8db�-�2dDnAd�ln�ç ú yzaOc�rIs�nAd1o¡�
�2g�rlhji0n�q�uIn�s���f}rlc0n�iln8rlt&n|o��1�lt&��a*s�n�q����Onbs���rIs£����rlt4��f}r0c��ln8d�hjila��ldAuI�On�d&n8h8��c0��d&n�h8��yz�-��tvs�g�c2s£�ln���g+y��8yzn
yzg�c0aOk8tDn�� � c�cln��0aOdvsjaOcl��r0n��0g�db�ln�d�s�t&rlh�s�r0tDn��0g�tvs�aOh8r0�OaOk8tDn1cl��r0d�g�y�n8c�g�c2s��z�l�2rIs�n8tb�ln��Àgz{�r�g��Oa*s�x1�ln1h8n8d
�-��d&n8d�Á0d&a���g��laOd&��n8tDd&aO��c�g�r¨s���r0t£�0nw��g+m�g���n8rlt�yz�A§�n8clc0nw��~Isjn8c�rlnw����rlt�hji0g�{�rlnw����d&nwn8d�sbaOy�����tvsjg�c�s�n�u0n8�O�On
n8d�s+~laOn8cYd�§¨y�x�sjtDaO{�r0n��5³4n�s&s�nÊ�laOd&��n8tDd&aO��cYclnÊh8��t&tDn8d&�-��c0���0g�d+g�r�~ltDr0a*s+�ln��On8h�s�r0tDnÊhAg�t1n8�O�OnÊhAtD��½Os�g8m�n8h��On
s�n8yz�ld��ln1�-�2dDn2��©�g�cl��c���aOclxAg�tDaMs�x1�lr�h8��rlt�g�c2s���f/��~ld&h8rlt&a*s�x1d&n1tDn�sjtD��rIm�n1~laOn8c�d&r0tbh8n8dm�g���n8rltDd�yz�A§�n8clc0n8dAu
hAg�t���g¥m�g��On8r0t���~Isjn8c�rlnÊ����rlt���g��-��d&n��Âç ú yzaOc�r¨s�n8d�o¡ùI�/µ ü k�q�n8d�s+�0ac��x8tDn8c�s�nÊ�lnÊh8nA�O�OnÊ{�r0a±d&nÊdDaMs�rlnÊd&rlt���g
�ltD��a*sjn��0��clclxAn��0g�t��On8d��ln8r¨°¥g�r¨s�tDn8d�oDoéç�öI� ü ·�  ú �/µ�µ k2q ® ç ú Ï ç��¼öCç�ù�ù�q��

� c d&n7�ltD������d&n¥n8c0d&rla*s�n7�ln¯m�x8t&aMp0n8tz�On8d�m�g��On8r0tDdz�0n¥��f}x8h8�Àg�aOtDn8yzn8c2s�yz�A§�n8c ����rltzhji0g�h8r0cln7�ln8dz����d&n8d
rIs�aO�OaOd&x8nAdw����rltwhAg��Oh8r0�On8tw�On8d�y�x8�0a�g�cln8d1g�p0cË�lnz�lx	s�n8h�s�nAt�dAf}aO�GdAf/g���a*s1��f}rlcË�lt&��~l�Ok8yznz�lnztDx8yÊg�cln8c0h8n���rË�0n

ö�µ



X�Y5[^]\_a`�b�c�G�e * t�g¾_iLhc�[¾t(uktâX X 1

0 20 40 60 80 100 120-20

-15

-10

-5

0

5

10

15

20

25

30
2_x600/x3600

Entries  4167666
Mean x   15.48
Mean y   2.346
RMS x     5.12
RMS y    2.937

2_x600/x3600
Entries  4167666
Mean x   15.48
Mean y   2.346
RMS x     5.12
RMS y    2.937

x600 vs. x3600, chip 00 x0
Entries  4167666
Mean    0.338
RMS     1.982

-20 -15 -10 -5 0 5 10 15 200

500

1000

1500

2000

2500

3000

3500
2x10

x0
Entries  4167666
Mean    0.338
RMS     1.982

histo des valeurs de x0, chip 00

x600
Entries  4167666
Mean    2.346
RMS     2.936

-20 -15 -10 -5 0 5 10 15 200
200
400
600
800

1000
1200
1400
1600
1800
2000
2200
2400

2x10
x600

Entries  4167666
Mean    2.346
RMS     2.936

histo des valeurs de x600, chip 00 x3600
Entries  4167666
Mean    15.46
RMS     5.009

-40 -30 -20 -10 0 10 20 30 400

500

1000

1500

2000

2500

2x10
x3600

Entries  4167666
Mean    15.46
RMS     5.009

histo des valeurs de x3600, chip 00

×�Ø®Ù©Ú µ¨� ü qâÛ ÉJÙ-Å$É�·�Ç�¼ÊÙ-¼º½JÇ5ÆÒ½(Á\Æ§Ë(ÆÒÁ(»(¼ºÏ Ý Ë�Ã�ÏÒ¼º» ·>Ù-ÉÊÓJ¼º½(½ ¼_¼¿Ç>Á(ÆÐÀ�Å�¼º·<À�ÆÒÉ�½�Á(»�¾¿ÉJ» ·ÈÃ�½JÇ>Á+Â É�â\À�¾×»(·<Æ§Ç<¸ ß Å�ÉJ»(·5Ï�¼ºÀ�Å�ÉJÀ�¼ÊÀê,ë_ì_í »BÇÈÆÐÏÒÆÐÀ�¸×¼ºÀ'Å�ÉJ»(·�Ï�¼ÊÀçÎ�·ÈÃdÅ\å(¼ºÀçÅ\·�¸º¾¿¸ºÁ(¼º½�ÇÈÀ Ú

�2g�aOc�� � c�hAg��Oh8r0�On�u���f/g�~-�2tD�Ë�-�2rltw�OnÊhjilaO� ú�ú o)p���rlt&nÊµ¨�¿ö¥n8cËi0g�r¨s+�¥��g�rlhjiln�q�u��0rlaOd�����rltw�OnÊhjilaO� ú ç�o�n8c
i0g�r¨sb�z�ltD��a*sjn�q�u0�On8d£m�g��OnArltDd�lnw��f}x8h8��g�aOtDn8yzn8c2s�y��A§�n8c��-��r0t£h�i0g�{�r0nw�-��d&nUW$Y Z([�t&n8cl��t&yzg��OaOd&x8n1�JçwdDnAh8��cl�0n
o���cÅ�l��a*s�aOhAa,h8�2cld&aO�lx8t&n8t��On+sjn8y��0d��ln��On8h�s�r0tDn�u�d&��a*s�k ú dDnAh8��cl�0n8dAu!����rlt�tDn8c0��tDyzg��OaOdDnAt8u���f}x8h8��g�aOt&n8y�n8c�s�tDn8«8r
g��O��tDd£c�f}x�sjg�c2s�0g�d�c0x8���OaO��n�g�~l�On�q	�l©�n8d£~laOcld�ç��|·+tDnA�ltDx8d&n8c�s�n8c2s��On8d£����d&n8d��0n ú d&n8h8��cl�0n�u¨�On8d£~laOc0d_�+��ç ú �On8d
�-��d&n8d��ln+· ú2ú d&n8h8��c0�ln8dAu-n�s��On8d�~laOc0d+ç,ç|�àç ü �OnAdb����d&n8d���f}r0cln1iln8r0tDn���ÌGc¨p0c���c��)g�a*s��On1t&g��0�-��t�s��ln8d��ln8r¨°
ilaOd�s�����t�g�y�yzn8dwo�n8c¥~0g�djq�����rlt£h8��y���g�tDn8t£�On�h8�2y�����tvs�n8yzn8c2s��0n8d£�ln8r¨°�hjilaO�0dA�l©�n8d4m�g�t&a�g�s�aO��c0d£aOy�����tvsjg�c�s�n8d
{�rlnb��f}�2c���n8rIs�h8��c0d�sjg�s�n8t4��f}r0clnb�-��d&n��1��f/g�rIs�t&n+o���f}n8t&tDn8r0t�n8d�s�aOh8a-a�c¨p0yznbhAg�t���c�y��A§�n8clcln�dDr0t ü yzaO�O�OaO��cld4�0n
�la*°¨nA�Od�qÍcl�2rld5aOc0�laO{�r0n8c2se{�rln4�On8d,n���n�s�d,�ln4tDx8yÊg�clnAclh8n�o�d&rla*s�n��brlcln�û0r0h�s�r�g�s�aO��c+~ltDr¨sjg��On4�lr+�2g�aOc+n8c�s�tDn4�ln8r¨°
dDxAtDaOn8d��0n1����dDnAd"!�q�d&��c2s��lt&x8d&n8c2s�d�n�s����8c0n8c2s���f}x�s�r0�ln1�0n1�OaOc0xAg�tDa*sjx1�lr�h8��r0t&g�c2s���f}�2~ld&h8rlt&a*s�x���¬�aOd&����d&g�c2s��0n
�-n8r|�0n��-��d&n8dAu�cl��r0d,c�f/g8m���clde�0r���h8n�d�sjg��0n�h8��clhA�OrltDn�d&rlt,h8n	sDs�n�x�sjrl�ln��0n��OaOclxAg�t&a*s�x���`�r1m¨r|�lnAd,����d&n8d,�0tDaOd&n8d
�ln8�0rlaOd���f}aOcld�sjg��O��g�s�aO��cÅ�0nzÄ+#vªeÄ�u��On|h8��r0t&g�c�sw��f}��~0d&h8rltDa*sjx|n8d�s��-��r0t���f}aOcld�sjg�c2s�h8��cld&aO�lxAtDx|hA��y�yzn|�OaOc0xAg�aOtDn�u
n�shAn8h8a�d&n8y+~l�On�hA��cld�s�a*s�r0n8t£r0cln�~���clc0nwg��l�lt&�A°¨aOyzg�s�aO��c��

M�;~äZ;®ä î|í+tvAÍî�é @"C2@�çÍè�C ê#��@-ç s�ê5ì±é�ë5@�Dës£ê�Di@�Dàï5ð�á�ñ
©Íg�p0��r0tDn�µl�/·tDn8�lt&x8d&n8c2s�n��On8dÍm�g��On8r0tDd¶�ln���f}xAh8��g�aOtDn8yzn8c2s,yz�A§�n8c1����rlt,ù ü �-��d&n8dç^�`(Y a��ln�ù ú d&n8h8��cl�0n8d¶d&r0h� 

h8n8d&d&a*m�n8dAu��Am�n8t&dDh�g�c�n�s�~0a�g�aOd4d&��rld�s�t�g�a*s�dA� � c�cl��s�nbrlcln�g�r0��y�n8c�sjg�s�aO�2c��lnb��f}xAh8��g�aOtDn8yzn8c2s£y��A§�n8c�n8c��#��c0h�s�aO��c
�lrÅsjn8y��0d8u¶h�f}n8d�s|���laOt&nÊ��f}r0clnÊ����d&n�����g7d&rla*m2g�c2s�n�u5g��O��tDd1{Irln��On8d1�-��d&n8d1�2c2s+�On�y��8yzn�s�nAy��ld1��f}n�°¨����d&a* 
s�aO��c���©Íg���g�yz�-nwrIsjaO�OaOd&x8n�g8§�g�c�sbx�s�xw�0tDxAg���g�~0�On8y�nAc2sbhji0g�r+��x8n�u0n	sb�ln8dy�n8d&rlt&n8d�aOc0�lx8��n8cl��g�c2s�n8d�c0��rldbg8§�g�c2s
�-n8t&y�aOd1�lnzm�x8t&aMp0n8t1{IrlnÊ�OnÊû�rI°�tDx8n8��clnzm�g�tDa�g�a*s|�0g�d8u¶h8n8hAa±d&n8y+~l�On��lx8c0��s�n8t1rlcY�lt&��~l�Ok8yzn��lnÊû0rlh	s�r0g�sjaO��c
�lr��2g�aOc���©�n8d��ln8r¨°�hji0aO�ld�x�sjg�c�sw�Orld��0g�t��0n8rI°�d�§¨d�s�k8yzn8d��ln|�On8h�sjrltDn|aOc0�lx8��n8cl��g�c2s�dAu��2c�d&n|�lt&���-��d&n|�-��r0t
x�s�rl�0aOn8tG��n8dGû�rlh�s�r�g�s�aO��c0d±�ln�2g�aOcÊ�lntDn8��g�aOtDn��gwy��8yzn�x�sjrl�ln�-��r0tGhji�g�{�r0n�hji0aO�zd&x8��g�tDx8yzn8c2s���©Íg�p���rlt&nµ¨���
tDn8�lt&x8d&n8c2s�n��0��clh��On8d4m2g��On8rlt&d��0n���f}x8h8��g�aOt&n8y�n8c�s�yz�A§�n8c¯����rlt��On�hjilaO� ú�ú �ln�h8nAd�����d&n8dwo�n8c¯i0g�r¨s�+�2g�r0hjiln�q�u

ö ü



Ge�þJåwt¬c�z@Ö¥t¬c�x8�h`!t�uc�x�xht�b¹u¾c�x�]Zf�x�cHx¹u ¢ �h`i[hz{f�g¾g5[}|¾c

Meanlight
Entries  0
Mean    6.737
RMS     4.162

0 2 4 6 8 10 12 140

0.001

0.002

0.003

0.004

0.005

0.006

Meanlight
Entries  0
Mean    6.737
RMS     4.162
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Valeurs de l’Øclairement moyen, chip 01
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Rapport des Øclairements moyens des deux chips: chip01/chip00

×�Ø®Ù©Ú µ¨�¿ö qàò ¾ºÏÐÃ�Æ�·<¼ºÙ-¼º½JÇXÙ-ÉÊÓJ¼º½ Å�ÉJ»(·/¾Èå\Ã�¾×»\½ ¼3Á ¼ºÀ©Å�ÉJÀ�¼ºÀ ê3ë_ì_í ÆÒ½JÇ<¼×·�ËJ¼º½\Ã�½�Ç_Á\Ã�½(À©ÏÒ¼ºÀ©Å�ÉJÀ�¼ºÀ©Ù3¸ºÁ(ÆcÃ�½ ¼ºÀ/»BÇÈÆÒÏÐÆÒÀ�¸×¼ºÀÅ�ÉJ» ·�Ï�Â ¸×ÇÈ»(Á ¼XÁ(¼XÏÐÆÒ½(¸ÊÃd·<Æ§Ç<¸ Ú

Meanlight
Entries  0
Mean    12.56
RMS     6.631

2 4 6 8 10 12 14 16 18 20 22 24

41600

41800

42000

42200

42400

42600

42800

Meanlight
Entries  0
Mean    12.56
RMS     6.631

Valeurs de l’Øclairement moyen pour 24 poses
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�-��r0t��On¥hjilaO� ú çËo�n8cÏi�g�rIs����0tD��a*s�n�q	ue�lr0aOd7o�n8cÏ~�g�djq+�On¥t&g��0�-��t�sÊ�ln8d|m�g��OnArltDdz��~Is�nAc�rln8dz����rlt��On8dz�ln8r¨°
hjilaO�0d|Á!hji0aO� ú ç ® hjilaO� ú2ú � � c�h8��c0d�sjg�s�n|{Irln|��f}x8hA��g�aOtDn8yzn8c2s�y��A§�nAcÅg�r0��y�n8c�s�n�g�r�p��,�lr�sjn8y��0d�d&rlt�hji�g�{�r0nhjilaO��u0yÊg�aOdbg�rld&d&a�{�r0nwh8n	sDs�n��lt&����tDn8d&d&aO��c�c�f}n8d�sb��g�d��gzy��8yzn��-��r0t��On8db�ln8r¨°7hjilaO�ld+o��On�t&g��0�-��tvs��laOyzaOc�rln�q��
©�nAd��2g�aOc0d�c0nbdD��c�s��l��c0hb�0g�d�yÊg�½Os�t&aOdDxAd�n�s4û�rlh�s�r0n8c2s£g�r�h8��r0tDd4�lrzs�n8yz�ldA� õ clnby��8yznbx�s�r0�lnbdDr0t±�0n8d�����d&n8d^�`(Y aÊ�0n��lac��x8t&n8c2s�d4sjn8y��0d��0n��-��d&n�t&g�yzn8clxAn8d��+rlc0n�dDnAh8��cl�0n���n8tDy�n	s£�0n�tDn�s�t&��rIm�nAt��On�yz�8y�n��0ilx8c0��y�kAcln
o)p0��r0tDn|µl�§k2q�� � cÅg�aOh8a,x8�OaOy�a�clx|�On8d�����d&n8dbs�t&�����O��cl��r0n8d�����rlt��On8d&{�rlnA�O�On8d�g��0�0g�t�g�aOd&d&g�a*swrlc��lilxAcl��yzk8cln+�0n
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Valeurs de l’Øclairement moyen pour 24 poses, chip 00
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Valeurs de l’Øclairement moyen pour 24 poses, chip 01
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Rapport des Øclairements moyens des deux chips: chip01/chip00
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d&g�s�rlt&g�s�aO��c�o��1�0g�tvsjaOt��ln�ù ü d&n8h8��c0�ln8djq�� Î n8d�s�n8c2s£�l��c0h1ÁI~laOc0d2ç��|öÊÁ¨ö��-��d&n8d4��f}rlc0nbd&n8h8��c0�ln�uI~laOc0d�·1��ç ú Á
ö��-��d&n8d��lnzù�d&n8h8��c0�ln8dAu!~laOcld�ç,ç��ºç�ö�Á�ö��-�2dDnAd��ln ü d&n8h8�2cl�lnAd8u!~laOc0døç�·��¥ù ú Á�ö�����d&n8d��ln�k�dDnAh8��cl�0n8dAu
~laOcld�ùCç��1ù�ö�ÁIöw�-��d&n8d��ln�ç�ù�d&n8h8��cl�0n8dAu�~laOc0d4ù�·1��µ ú Á¨ö��-��d&n8d��ln+çA·wd&n8h8��c0�ln8dAu�~la�cld�µ:çb��µ2özÁIö�����d&n8d±�0n
ù ú d&n8h8��c0�ln8dA� � c�tDn8�lt&x8d&n8c2s�n�sj��r��v��r0tDd���f}x8h8��g�aOt&n8y�n8c�s�����rlt��On+hji0aO� ú�ú u!�lrlaOd��-�2rlt��On+hji0aO� ú ç�u�n	s�n8cld&rla*sjn
�OnÊt&g��0�-��tvs+�lnAd��lnArI°!� � c�h8�2cld�sjg�s�nÊ�0n8dwû�rlh�s�r�g�s�aO��c0d�aOy�����tvsjg�c2s�n8d1��f}r0clnzd&x8t&aOn��7��f/g�rIsjtDn�g�aOcld&a±{Irlnz�0n8d
û0rlh	s�r0g�sjaO��cld���f/rlcln+�-��d&n|�Ê��f¿g�rIs�t&n��!©�nAd�aOtDtDxA��rl��g�t&a*s�x8d��0n1h�i0g�h8r0cln+�ln+h8n8dbû0r0h�s�r�g�s�aO��c0d��l��c0cln8c�s�g�r��2g�aOc
rlczhAg�t&g�h	s�k8tDng��l�0g�t&n8y�yzn8c2s4g��OxAg�s���aOtDn��I³4n�h8��yz�-��t�s�n8y�nAc2s�g��0�Orldesjg�tD�z�0r��	s�tDng�sDs�t&aO~lrlx���lnAdG�lt&��~l�Ok8yzn8d
�ln�s�nAcld&aO��cld��0n�hA��~0��g���n�u0tDx8����x8d��O��tDd��0n���f}aOc0dvs�g��O��g�s�aO��c7�0n���f}aOc0dvsjtDrlyzn8c2sb� ¥bg��£g�aOa��

M�;~äZ;�M F5è�é�ì±íIè2ì±é @ù��A�ìeèB@rx�é E(�eì�@-ç±í$@Âë5@�Dës£ê�Di@�Dàï�ð:áCñ
`p�c���f}x�s�rl�0aOn8t��On8d�dvsjtDrlh�sjrltDn8d4i�g�rIs�nb�)tDx8{�r0n8clh8n��ln8d4�-�2dDnAd/^�`(Y a-u��2c�g1hjil��aOd&a��lnbh�g��Oh8rl�OnAt��On8d4t�g��l����tvs�d

n8c2s�t&n1��gÊ{�r�g�c2s�a*s�x1��f}`�¬ õ ����rltbr0c��la*°¨n8�5n�s��-�2rltbd&��c7m���aOd&aOc��laOtDn8h	s�o�d&rl��x8tDaOn8r0t�2r��ln1�0tD��a*s�n�q	��©Gf}aOyzg���n
rIs�aO�OaOd&x8n¥nAdvsÊhA��cld�s�a*s�r0x8n¥�lnAd+m�g���n8rltDdzy�x8�0a�g�cln8dzd&rltÊù ü ����d&n8d ^$`(YBaY�0n�ù ú d&n8h8��c0�ln8d�o��Am�n8t&dDh�g�cÏn�sÊ~laÀg�aOd
dD�2rld�s�t&g�a*sjd�q	��©�n±tDxAdDr0�*sjg�s�o�n8c�c0��y1~0tDn±�ln��la*°¨nA�Od¶�-��r0tÍhji0g�{Irlnem2g��On8rlt¶�lr1t&g��l����tvs�q�nAdvs,tDn8�0tDx8d&n8c2s�x±p0��r0tDn�µ¨� ÿ �
©ef}xAhjiln8�O�Onz�ln8d�g�~ld&h8aOd&d&n8dwn8d�s��0x	p0claOn��0n�yzg�c0aOk8tDnz�¯h8nz{�rln+s���r0dw�On8dwt&g��l����tvs�dwn�°¨aOd�sjg�c�s�dw�-��r0t�hAn�sDs�n�����d&n
dD�2aOn8c2s|h8��y��0tDaOd1�0g�cld1�OnÊ�2t&g��li0n�� � cYg7~0aOn8c���nÊyzg�°laOy1rly aOyz�-��tvs�g�c2s|g�s&s�n8cl�0r�����rlt�r0c�t&g��0�-��t�s+�lnàç�u
yzg�aOd��2c��0aOd�s�aOcl��r0n|x8�2g��On8y�n8c�s��ln8d�t&g��0�-��t�s�d�s�tDk8dwx8�O��aO��c0x8d�n�s��ln8r¨°�d&��rld� :d�sjtDrlh�sjrltDn8dzo��0aOh8d�d&n8h8��c0�0g�aOt&n8djq��
©�nAd�t&g��0�-��t�s�d�s�tDk8d1x8�O��aO��c0x8d1dD��c�s+aOdD�2�Ox8dAuÍn�s1�0��clhÊ�0rld1�7�ln8d��0a*°¨n8�Od1hji0g�r0�ldA�¶©�n8d1�ln8r¨°Å�0aOh8d�d&n8h8�2cl�0g�aOtDn8d
h8��tDtDnAdD����cl�0n8c2s+mlt&g�aOd&n8y1~0��g�~l�OnAy�n8c2sÊ���0n�yzg�r¨m�g�aOd���tD��r0�-n8d|�0n��la*°ln8�Od¯Á,aO��d8f/g���a*sz�ln¯��g��0tDn8y�a�k8tDn¯n�s��0n
��g��0n8tDc0aOk8tDn¥�OaO��cln¥�0r ³£³£¬1uehA��y�yzn¯nAcÏg�s&s�n8d�s�n8c�sz�OnArltDd�i�g�rIsjn8rltDd�t&n8d&�-n8h	s�a*m�n8dA�G©ef/g��vrld�s�n8yzn8c2sÊ�0g�t�r0cln
�2g�rld&d&aOn8c0cln��lr �laOh��ltDaOc0h8aO�0g�����n8tDyzn�s¯�0n��0x�s�n8t&y�aOc0n8t���gËm�g�tDa�g�s�aO��c ��f}n	´ÊhAg�h8a*s�x��0a*°¨n8���Y�0a*°¨n8��u4{Irla�n8d�s
n8c2m¨aOt&��c¥�0n

7.5× 10−3 �
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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

ÄL� Æ5ú ���h�W�H�®�1�¬« ���3�F� �� �Nª©�®�^�3¯^�^���a���

rapportot
Entries    1.678949e+07

Mean        1

RMS    0.00758

 / ndf 2χ  1.449e+04 / 22
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Rapport aux voisins
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Overscan en profil horizontal zoomov
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Overscan en profil horizontal
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horizontal profile of the overscan, chip 01 hvars
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values of the slope for the overscan profile, chip 01
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xi/x0 vs. x0, chip 01
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values of x0 vs. time, chip 01
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stdprof
Entries  2500
Mean     4116
RMS     7.211

 / ndf 2χ  18.82 / 22
p0        0.2149± 818.9 
p1        5.235e-05± -0.1989 
p2        0.06324±  1390 
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Vertical Profile for standard columns stdprof1
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hotprof
Entries  600
Mean     4116
RMS     7.211

 / ndf 2χ  27.56 / 22
p0        0.2374± 816.8 
p1        5.78e-05± -0.198 
p2        0.1633±  1393 
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Vertical Profile for hot columns hotprof1
Entries  500
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p2        0.2661±  1394 
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 / ndf 2χ  2.147 / 3

p0        0.07544± -0.5079 

p1        0.01823± -0.6369 
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(n(λ)T,P − 1)106 = (n(λ)15,760 − 1)106 × P [1 + (1.049− 0.0157T )10−6P ]
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Gaussian function, sigma = 0.5
Moffat function, alpha = 1.18, beta = 3
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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 

Wavelength (Angstroms)
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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 
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 / 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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y =  0.188272 + -0.4349*x
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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
Position at Lref  0.00±  0.42 
f(P)      0.0005± -0.1384 

Wavelength (Angstroms)
5500 6000 6500 7000 7500 8000 8500 9000 95000

0.1

0.2

0.3

0.4

0.5

0.6

 / ndf 2χ  133.7 / 99
Position at Lref  0.00±  0.42 
f(P)      0.0005± -0.1384 

� �*�cÈ������E�:¤$�n�n�
x

 / ndf 2χ  152.6 / 53
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 / ndf 2χ  152.6 / 53
Position at Lref  0.0006± 0.3214 
f(P)      0.0006± -0.1137 

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

 / ndf 2χ  104.3 / 99
Position at Lref  0.000284± 0.005993 
f(P)      0.0011± -0.1378 
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 / 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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 / ndf 2χ   2257 / 84
p0        6.75± 33.08 
p1        0.00203± -0.01164 
p2        1.514e-07± 1.105e-06 

Values of beta for a 1s exposure of Feige56 (06 014 078)

 / ndf 2χ  100.9 / 73
p0        9.05± -22.61 
p1        0.002811± 0.006734 
p2        2.178e-07± -4.103e-07 
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 / ndf 2χ  100.9 / 73
p0        9.05± -22.61 
p1        0.002811± 0.006734 
p2        2.178e-07± -4.103e-07 

Values of beta, cleaned from outliers
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Spectra obtained with a simple fit for Hiltner600 (06 014 067)
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PSF (xs, ys)×Area(s)
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PSF (x, y) = g + C × Fnorm(x, y)
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TVeg[RUW³ºLONYX>LOTVLO[\XITªegm4L^r4X>QqegUwX>N�{�Ç�egPCPJLOmWZ�[CN:� dRL®mWLON:PCQqZ�PCQSUW]aX>]ON:hCL®m�e�m�e�T�L�hCUWczpCQqZgÆ¨� dRL®]^lxZ�mWdRLO[\X�QqegPCUWhRLOT�L�[\X
egdªcOZ�dRQSN�htikdC[RL(TV�OT�L�[ dRUwX®L^X®� dCL�m¯ik]aXzegmWZ�[R[Regµ�L�L�[ªczpRegTVPªPCm�e�X®NqPJLOc^X>QqZ�È�NqPRe�XzU�egm¯sxLa`JLOc^XzdC]�eOlxLOc�hCLON�PJZ�NqLON
É\Ê�Ë4Ì�Í±ËxÎ Î�Ï PRQSUWNqLON�LO[�fR[_hCLM[4dCUwX±sUW[\X>QqZ hCdRUwX»hCL�N�P~Z�mWmWdX>UWZ�[RN�hReg[RN®mWL�hRZ�TVegUW[RL�v!µ�Qqeg[RhCLMmWZ\[Cµ�dCL�dCQ®htikZ�[ChRL
hCd�c�eg[�egm~}CmWL�d�·ºlxZ�U�Q�NqLOc^X>UWZ\[�Ð{ÒÑ�¼^{4Ó�m~LONYX»v�[RZ�X>LOQ��4dCL�s cOZ�TVT�L�[RZ�dCN®m¯i|e�TVZ�[\X>Qq]�m¯ikL^rPJZ�Nq]�hCL�N®e�°�dRN�XzLOT�L�[\X>N
UW[\X>LOQqT�]OhRU�egUWQSLON�·´fRµ�dRQSLON�¸{|Ðyvy¸{|¸\¼^s�mWL»cOZ\T�P~Z\Q�X>LOTVLO[\X�hRLONIP�egQqegT�ÁaX>QSLONIhRL�PJZ�NqUwX>UWZ�[�L^X�hCL»³ºZ�QSTVL�hRL�m�ey«�¬
LONYX�m�dCUwÈ�TV�OT�L(hCUW`J]OQSLO[xX�hReg[RN�cOLON�ÂOZ�[RLON�hRL(mWZ�[Cµ�dRLOdCQqN�hjikZ�[RhCL(L^r4X>QS�OTVLON�{�Ó�mR³´e�dChCQ>egUwX�hCZ�[Rc»L�[\lUWN>egµ�LOQ�s\P~Z�dRQ
dC[CL!}JZ�[C[RL!L^r X>Qqe�c^X>UWZ�[ÔhCd�NqPJLOc^X>QSL!h�eg[CN�cOLON�ÂOZ�[RLON�sJhCL!mWL�N�X>QqegUwXzLOQMNq]OPRegQq]OT�L�[\X±sJL^Xyc�L!hCÁON�mWLON�PCQqLOT�UWÁ�QSLON
]^XzegPJLON®hCL�m¯ikL^r4X>Qqegc^XzUWZ�[j{C¿®LON®ÂOZ�[RLON®[C]�cOLONqNSU�X>LO[\X�hRZ�[Cc�dR[VX>Qqe�UwX>LOT�L�[\X�P�egQ�X>UWc�dCmWUWLOQ��4dCU~[tikLONYX�PRegN®hRUWNSPJZ�[CUW}RmWL
v�cOL»°�Z�dCQ�{

��[�hRLOpCZ\QSNIhCL»cOLONIÂOZ\[CLONIPRQSZ�}RmW]OTVe�XzUW� dCLON�s�hji|egPRQSÁONIm�eMfRµ�dRQSL � { � mWL»cOdR}~L»QSLOcOZ�[RN�XzQSdCUwX�cOZ�[\XzUWLO[\X�mWL»T��OTVL
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¶Rd4r�X>ZgXzegm:� dRL�mWL�cOdR}~L�hCL�hR]OPRegQYX�v_hCLOdroPJZ�dCQqcOLO[\X>NyPCQSÁ�NO{t²�[ÔQSLOTªegQS� dRL�cOLOP~L�[ChReg[xX�dC[ÔmW]Oµ�L�Q�}CU�e�UWN�hRL
m¯ikZ�QShRQSL�hCd�PJZ�dCQSc�LO[\XMZ�d�hCd�hRLOT�UwÈ�P~Z�dRQScOLO[xX�¹�m¯i|e�°�dRN�XzLOT�LO[xX�egdCQqe�UwX�X>LO[RhReg[RcOL�vVNqZ�dRNYÈ�LONYX>UWTVLOQ�mW]Oµ�ÁOQqLOT�LO[xX
mWL�¶�d4r�X>Z�X^egm¯{\«uZ�dCQ:X>LO[xX>LOQIhRL»cOZ�TVPCQSLO[RhCQSL»m¯ikZ\QSUWµ�UW[CL(hRL»cOL^XSX>L(NqZ�dCNYÈ�L�N�XzUWTVe�X>UWZ\[js�dC[RL»UWhC]OL(LONYX�hRL»cOZ�TVPRegQSL�QOs
P~Z�dRQ�dR[CL»XzQqeg[Cc^pCL�hRZ�[C[R]OL�s mWLON�l\egmWLOdCQqN�hCdª¶�d4rVQq]OLOm~L^X�QSLOcOZ\[CNYX>QSdRUwX®PJZ�dCQ�czpReg�4dCL�NqPRe�rLOm¨{ «uZ�dCQ�m�eyX>Q>eg[CczpRL
v���������� hCLo[CZ�XzQSL�c�dC}JL�hRL���UWmwX>[RLOQqÐ����s®hCZ�[Rc�s�LONYX_QSLOPCQq]ONqLO[\X>]OL�fRµ\dCQSL � {ÒÑs�P~Z�dRQªczp�eg� dRLoNqPRe�rL�m¯s�m�e
cOZ�T�P�egQqegUWNqZ�[�hCLON�l�egmWL�dCQSN�P~Z\dCQ�mWLªcOdR}~LªL^X!NqZ�[�pCZ�TVZ�mWZ�µ�dCL�QSLOcOZ\[CNYX>QSdRUwX±s�LO[+[CZ\UWQO{K©�e§cOZ�dRQS}~LªLO[�QSZ�dCµ\L
QSLOPCQq]ONqLO[\X>L�m¯i|egmWmWdRQSL�hCdANqUWµ�[�egmtegfR[§hCLyQqLOP~]�QSLOQ»mWLON�[ dCTV]OQSZ�N�hCLyTVUWcOQSZ�È�mWL�[\X>UWmWmWLON�cOZ�QqQSLONqP~Z\[ChReg[xX�egd4rA}JZ�QShCN
hCL»m�e�X>Qqe�T�L�{x²M[�PJLOd4X�egUW[CNqUCcOZ\[CNYXze�X>L�Q:�4dCL»mWLON�hCU�`J]�QSLO[Cc�LONILO[xX>QSL»hCZ�[R[C]OL�NIL^X�T�Z4hCÁOmWL»NqZ�[\X�PRmWdCN�³´egUW}CmWLON�PRe�Q
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QqegPCPJZ�Q�X�egdÔNqUWµ�[Regm:P~Z�dRQMmWLON�NqPRe�rCLOmWN�PCQqZ czpCLON�hRd�cOLO[\X>QqL!hRL!m�e�NqZ�dCQqcOL�sbe�mWZ�QSN�� dtikLOmWmWLON�PJLOd4lxL�[\X�e�XSX>L�UW[ChCQqL
5 �*Â hCdVNqUWµ�[Regm�P~Z�dRQ�mWLON�}~Z�QqhCN�hRL(m�eMX>Q>egT�L�{x©�ey�4dRegmWUwXz](hC]OcOLal�eg[\XzL(hCL(m¯ikL^r4X>Qqegc^XzUWZ�[VNqLOQ>egUwX�hRZ�[Cc(hRdCL�vydR[CL
TVegdl�egUWNqL�LONYX>UWTVe�XzUWZ�[§hCd§³ºZ�[RhAhRLyc�UWLOm¯sRL^X�eg`JLOc^X>L�Qqe�hCZ�[RcyPRQS]O³º]OQqLO[\X>UWL�mWmWLOT�LO[xX�m�LON(PJZ�NqLON(mWLON�PCmWdRN(cOZ�dCQYX>LON�s
cOZ�[\X>L�[Reg[\X�PJLOdÔhCL�³ºZ�[Cht{76�Z\dCNyQSL^lCUWLO[ChRQSZ�[CNyNqdCQymWLONyPRQSZ�}CmWÁ�T�LONyhRdCN�egd�X>LOT�PRNyhCL�PJZ�NqL�h�eg[CNym�e_NqLOc^X>UWZ�[
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©�e�NqUWT!dCm�e�X>UWZ\[VhCL»hRZ�[C[R]OLON�v�P�egQ�X>UWQ�hCL�«�¬�cOZ�[R[ dCLON�P~LOQSTVL^X�hRL®XzLONYX>LOQIm¯ikL^r4X>QqegcaX>UWZ�[VNqdCQ�hCLON�cOdR}~LON�hRL
hCZ�[R[C]OLON�UWhC]�e�mWLON�{x¿�ikLONYX�dC[�PRQSLOTVUWLOQuX>L�N�X�P~Z�dRQulx]OQSU�f�LOQIm�eycOZ�pC]�QSLO[Cc�L»hCd�PRQSZ cO]�hC]�{\©�eMf�µ�dCQSL � {HG�QSL�PCQS]ONqLO[xX>L
dC[AL^rCLOT�PRmWLyhCLMXzLONYX�hji|e�°YdCNYX>LOTVLO[\X�hRL�«�¬�Z�IAm�e�T��OTVL�«�¬7e�]aX>]yd4XzUWmWUWNq]OLyPJZ�dCQ»m�e�NSUWT!dCm�e�XzUWZ�[ALaX�P~Z�dRQ
m¯i|e�°�dCNYX>L�T�LO[\X�¹~Z�[�eVUWc�U�dR[CLyXzQqeg[CczpRL�hCd�c�dC}~L�NqUWT�dCmW]\s�m�e�X>Qqe�[CczpCL!e�°�dRNYX>]OL�s~PCdRUWN�m�e�XzQqeg[CczpRL�hRLON�QS]ONqUWhRdCN�{
©jL�QS]ONqUWhRdALONYX�hRLym¯ikZ�QShRQSL�hCL � Â/Ã-Ã®hRdANqUWµ�[Regm¯sRcOZ�TVT�L�mWLyTVZ�[\X>QqLO[\X�mWLON�cOZ�[\X>Z\dCQSN(QSLOPRQS]ONqLO[\Xz]ON�{

é�ê£ë�ì � {HG í�îbï�ðzñMò óÒð�ô�ðIû�þwñ�ýxówöaøYþÒ÷�ùMðJ04ðzüSøYý�úzð�öJ)�ðzü:ýxù�ðK3W÷�ù\üSøYþÒ÷�ù�ô�ðML�÷
0Cöaøtü>þ õ�ü>ýxówö�þÒõ�ð:ðqøtõ�ú^û�ý\óÒøSö^ø�ô�ð�ó � öN��ý\û¨ø�ð^ñMðzù�øðJ04ðzüSøYý\ú�öJ)�ðzüIó�ö®ñ4O^ñMðK3�÷�ùxüSøYþÒ÷�ù � ÀP��ö�ý\ü��\ð " ý\ù\ðuø�õYö�ù\üQ��ð�ô\ý�ü>ý��ð�û�þ ñ�ý\ó ú " ö�ý�üqðzù±ø�õ�ð " ówö�ø�õYö�ù\ü��\ð�ö��¨ý\û�ø�ú>ð " ÿ®ô�õ�÷±þÒø�ð "ówö�ø�õYö�ù\üQ��ð»ô\ðzûIõ�úzû�þwô\ýxû �

©�e�NqUWT�dRm�e�X>UWZ�[�[RZ�dCN�eV]Oµ\egmWL�T�LO[\XMPJLOQST�UWN�htik]^X>dRhCUWLOQ�mWL�cOZ\T�P~Z\Q�X>LOTVLO[\XMhCL�m¯i|e�°YdCNYX>LOTVLO[\XMmWZ�QSNq� dRL�m¯ikZ�[
d4X>UWmWUWNqLªdR[CL�«�¬/hCU�`J]�QSLO[\XzLªP~Z�dRQ�m�e§NqUWT�dRm�e�X>UWZ�[+LaX!m¯i|e�°�dRN�XzLOT�LO[xX�¹�LO[+Lar X>Qqe�R e�[\X�eOlxL�cªdC[RLª³ºZ�[CcaX>UWZ�[+hRL
S�Zg`je�X�LOmWmWUWPX>UW� dRL�dC[Ôc�dC}JL�NSUWT!dCmW]�eOl LOc�dR[CL�³ºZ�[Rc^X>UWZ�[�hCLTSoZg`be�X�cOUWQScOdRm�egUWQSL�L^X�UW[xlxLOQSNqLOTVLO[\X±{t¿�LOcOU:[RZ�dCN
e�PRQSLOTVUWNAhCL�lx]OQSU�f�LOQAm�e�c�Z�QSQS]Om�e�X>UWZ�[/LO[xX>QSL�mWLONAP�egQqegTVÁ^X>QSLONAhRLÔ³ºZ\QST�L

α
L^X
β
s��4dCU®°YdCNYX>U�fRL�mWL�NSL�cOZ�[Ch

e�°�dCNYX>L�T�LO[\X�hCLy«�¬C�v
β
fr]\{U6�Z\dCN»P~Z�dlxZ�[RN�LO[ALa`JLaX�lxZ�U�Q�NqdCQ»m�e�f�µ�dCQqL � {WV�mWL�Qq]ONqdCmwXze�X�hCLym¯i|e�°�dCNYX>L�T�LO[xX

UW[\X>LOQqT�]OhRU�egUWQSL�hCd_PRegQqe�T�Á^X>QqL
β
Z�}4XzLO[ d_LO[_L^r X>Qqe	R eg[\X�eOlxLOc�dC[RLM³ºZ�[Rc^X>UWZ�[_hRL#SoZg`be�X(cOUWQScOdRm�egUWQSL�mWL�NqP~LOc^XzQSL

cOZ�[\X>L�[ d hReg[RN_dC[ dC[ cOdR}~LÔNSU�T�dCmW]�eOlxL�c�dR[CLÔ³ºZ�[Rc^X>UWZ�[ hRLPSoZg`be�X§LOmWmWUWPX>UW� dRL�{»©�e�«�¬ NqUWT�dCmW]�LÔe�dR[

 / 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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p0        0.238± 2.578 
p1        0.0001120± 0.0001962 
p2        1.303e-08± -2.489e-08 

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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β
ôxö�ù\û�ó ð(ü^ö�û�ô � ý\ù\ð»ðqïgø�õYö�üqø�þ ÷�ù!ò öOõ�ýxù�ð�3W÷�ù\üSøYþ ÷±ù�ü>þÒõYü>ý\ó�öOþ õ�ð(ò4÷�ý�õ�ýxùü>ý��4ð(û�þwñ�ýxóÒú(ö[)±ðzü»ý\ù\ð�3W÷±ùxüSøYþÒ÷�ù!ðzó ówþÒò\ø�þ\+�ý\ð �

PRegQqe�T�Á^X>QqL
β
cOZ�[CNYXzeg[xX»L^X(]Oµ\egmjv]GsL^X

αy = 0.9αx
PJZ�dCQ®dR[�Z�}°YL^X»mW]�µ�ÁOQSLOTVLO[\X�egmWmWZ�[Cµ\]MpRZ�QSUWÂOZ\[\XzegmWLOTVLO[\X±{

©Ii|eg°�dCNYX>LOTVLO[\XKPRe�QtdC[CL�³ºZ�[Rc^X>UWZ�[�N�RCT�]^X>QqUW� dCL�NqZ�dCNYÈ�LONYX>UWT�L
β
L^XKNqdCQYX>Z�d4XK³´egUwX:egPCPRe�Qqe_^WX>QqLIdR[CL:l�egQqU�e�X>UWZ�[�hCL�N>e

l�egmWLOdRQ®eOlxLOcMm�e�mWZ�[Cµ\dCLOdRQ�hjikZ�[RhCL�{4©�e�f�µ�dCQSL � { 5 P~L�QST�L^X�hRL(lUWNqdRegmWUWNqLOQ®mWL�cOZ\T�P~Z\Q�X>LOTVLO[\X�hCL�m¯iÒe�°�dCNYX>LOTVLO[\X±{
ÄMe�[CN�cOL^XqX>LVfRµ�dRQSL�s�[CZ�dCN�lxZ	RxZ�[CN!v§µ\egdCczpRLªdC[CL�X>Qqe�[CczpCLªhCd+cOdR}~LVNqUWT!dCmW]�sKegd+cOLO[xX>QSLªm�e§T��OTVL�X>Q>eg[CczpRL

� Ñ�G



ÕuÖJ×aØJÙ¯Ú¨ÛzÜ�ÝxÞa`IÜ^ÛSß¯à�ÛSá�×�âJãaÜ^ä�åJæ�ãaà4åÜ�å:ç ÜqèbÚ¨Ûz×\ã±Ú¯Ùºà�â

é�ê£ë�ì � { 5�í���õYö�ùxü���ð�ÿ4b �
�
�dc û�þwñ�ýxóÒú>ð�öJ)�ðzü»ýxù�ð�3�÷�ù\üqø�þ ÷�ù!ðzówó þ ò�øYþ-+gý�ð(òxý\þwû�ö��¨ý\û�ø�úzð(öJ)�ðzü»ýxù�ð�3W÷±ùxüSøYþÒ÷�ù�ü>þ õ�ü>ýxówö�þÒõ�ð �e ��öOýxü���ð " ówö�ø�õYö�ù\üQ��ð»û�þ ñ�ý\óÒúzð " ö�ý!üqð^ù±ø�õ�ð(ówö�ø�õYö�ù\üQ��ð(ö��¨ýxû¨ø�ú>ð�ð>ø�ÿ�ô\õ�÷�þ|ø�ð»ó�ö�ø�õYö�ù\üQ��ð»ô\ðzû:õ�úzû�þwô\ý\û �

QSLOcOZ�[RNYX>QSdCUwXzL§egPRQSÁONªe�°�dRN�XzLOT�L�[\XªP�egQ�dR[CL§³ºZ�[Cc^XzUWZ�[
c�UWQScOdCmnegUWQSL�s�m¯ik]OczpRLOmWmWL§hCL§cOZ�dRmWLOdCQV]^Xzeg[xXªUWhRLO[\X>UW�4dCLALaX
mWLÔc�Z�[\X>Z�dRQAP~Z�dRQ_cOL�NAhCLOdr�UWTªegµ�LON§]^Xze�[\Xov�m�e7TV�OT�L�l\egmWLOdCQ�{gf hCQqZ�UwX>L�s»m�e�X>Qqe�[CczpCL�hRLONAQS]ONqUWhCdRN�s�Z�I
m¯ikZ�[§l Z�UwX�}CUWL�[om�eªNYX>QSdRc^X>dRQSL�c�egQqegcaX>]OQSUWNYX>UW�4dCL�hCd�hC]O³´egdX�hjikLOmWmWUWPX>UWcOUwXz]�hRe�[CN�m�e�QSLOcOZ�[RNYX>QSdCcaX>UWZ�[j{J«uZ�dCQMcOL^XSXzL
X>Qqeg[RczpCL�sxmWLON�cOZ�dCmWL�dCQSN�NqZ�T�}RQSLONt°�dRNS�4dji|vym¯ikZ�Q>eg[Cµ�L�QSLOPRQS]ONqLO[\XzLO[\X�hRLON�[RZ�T�}RQSLON�[C]Oµ\e�X>UW³ºN�s\mWL�N�cOZ�dCmWL�dCQSN�cOm�egUWQqLON
·£LONqNqLO[\X>UWL�mWmWLOT�L�[\Xy°SegdC[CL_LaXV}Cm�eg[Rc±¼�mWL�N�[RZ�T�}RQSLON�P~Z�NqUwX>UW³ºN�{�²M[7QqLOTVegQq� dCL_� dRL_mWLON�NqPRe�rCLOmWN�NqUwX>dR]ON�NqdCQ�mWLON
}~Z�QqhCN�hCL(m�eMX>Qqe�[CczpCL(hRLON�QS]ONqUWhRdCN�Z\[\X�hCLON:l\egmWLOdCQqN�mW]Oµ�Á�QSLOT�L�[\X�[C]Oµxe�X>UwlxLON�·£hRL»m¯ikZ\QShCQSL(hRL®È � ¼uLaX�hRZ�[Cc(� dRL»m�v
egdCNqNqURm¯ikL^r XzQqegc^X>UWZ�[�eMXzLO[Ch�eg[CcOL�vyNqdRQSLONYX>UWTVLOQ�mW]Oµ�ÁOQqLOT�LO[xX�mWL(³ºZ\[Chj{ ²�[VP~L�d4X�P~L�[CNqLOQ�� dCL�m�eyhCU�`b]OQSLO[RcOL�lUWLO[xX
hCLym�e�NSZ\dCNYÈ�LONYX>UWTªe�X>UWZ�[§hCd§PRegQqegTVÁ^X>QSL

β
L^X�� dCLymWL�N�egUWmWLON(hRLym�e�«�¬�N�ik]^X>L�[ChCL�[\X»X>QqZ�Pj{CÀ�f�[AhRLymWLMlx]OQqU�fRLOQOs

Z�[�NqL_PCQSZ\P~Z�NqL�hRL�cOZ\T�PRegQqLOQ!mWL_cOZ�TVP~Z�QYX>LOTVLO[\X�hRL�m¯i|e�°YdCNYX>LOTVLO[\XVhCL_cOL�TV�OT�L_cOdC}JL�PRe�Q!dC[RL�³ºZ�[Rc^X>UWZ�[
LOmWmWUWP4XzUW� dCL�·´f�µ�dCQqL � {|Ð\¼a{xÓ�cOU¯sxm¯ikLONYX>UWTªe�X>UWZ�[ªhRL

β
LONYX®cOZ�QqQSLOc^XzL(PRdCUWNq� dCL�m¯ikZ�[ªZ�}X>UWLO[\X®dR[CL»l�egmWLOdRQ�cOZ\[CNYXzeg[\XzL(LaX

]Oµ\egmWL�v%GCsRL^X�mWL�³ºZ�[Rh§NSL�T�}CmWL�}RUWLO[§LONYX>UWTV]�PCdCUWNq� dRL�mWL�QS]ONqUWhCd§LONYX��4dRegNqUWT�L�[\X�[ dCmtNqdCQ(dR[CL�m�egQSµ�L�ÂOZ\[CL�egdr
}~Z�QqhCN�hCL�m�eªX>QqegTVL�{b«uZ�dCQ�TVUWLOdro� d�eg[\X>U�f�LOQ�cOL!Qq]ONqdCmwXze�X�sJZ�[�eªX>Qqe�cO]�f�µ�dCQqL � {1�4sbm¯i|eg[�egmWZ�µ�dRL�hCL�m�eªf�µ�dCQqL
� {ÒÑ�P~Z�dRQ»[CZ�X>QqLMX>Qqeg[RczpCL�NSUWT!dCmW]OL\{

é�ê£ë�ì � {|Ð íP�~õYö�ù\ü��\ð�ÿhb �
�
�ic û�þwñ�ýxóÒú>ð�ö[)±ðzü�ý\ù�ðj3�÷�ù\üSøYþ ÷�ù�ðzówó þ ò�øYþ-+gý�ð�òxýxþ û�öN�¨ýxû¨ø�ú>ð�öJ)�ðzüyó�ö�ñ4Ozñ�ðd3�÷�ùxüSøYþÒ÷�ù � e��öOýxü���ð " ówö�ø�õYö�ù\üQ��ð(û�þ ñ�ý\ó ú>ð " ö�ý!ü>ðzù±ø�õ�ð(ówö�ø�õYö�ù\üQ��ð�öN��ý\û¨ø�ú>ð�ð>ø�ÿMô�õ�÷�þ|ø�ð(ówö�ø�õYö�ù\üQ��ð»ô\ðzû:õ�úzû�þwô\ý\û �

¿®L^XqX>L�³ºZ�UWN�s mWL�³ºZ�[Rh�LONYX�NqZ�dCNYÈ�LONYX>U�T�]Mv�p�egd4XzLOdCQ�hCL#��k%l^s cOL�� dRU�QqLONYX>L�dC[CL�hRU�`J]OQSLO[RcOL�UWT�PJZ�Q�Xze�[\X>L�P~Z�dRQ
dC[CL�NSUWT!dCm�e�XzUWZ�[ªLarLOTVP4X>L�hCL�}RQSdCUwX�{4¿®LOcOU~cOZ�[CfRQSTVL�cOLOPJLO[Ch�eg[\X®mWL�³´egUwX®�4dCL�m�e�NqdCQqLONYX>UWTVe�XzUWZ�[�hCdª³ºZ�[Rhªh�eg[CN
mWLyc�e�N(PCQS]Oc�]OhCLO[xX�]^XzegUwX�mWUW]�v�m�e�NqZ�dRNYÈ�LONYX>UWTªe�X>UWZ�[§hCd§PRegQqegTVÁ^X>QqL

β
{

©tLON�f�µ�dCQSL�N � {|ÐALaX � {1�AhR]O[CZ�[RcOLO[\X!]Oµ\egmWLOTVLO[\X!dR[6mW]Oµ�L�Q�hR]Oc�egm�e�µ�LªhReg[CN�m¯ikL�N�XzUWTVe�X>U�Z�[+hCLªm�eAPJZ�NqUwX>UWZ�[ts
P~Z�dRQ�Xzeg[xX�c�Z�[CNqUWhC]OQq]OL�cOZ�TVT�L�m�e�PRmWdCN�QSZ�}CdRNYX>L»°�dCNq� dti|v�PCQS]ONqLO[xX�¹�mWLON�hCLOQS[RUWÁOQSLON�egT�]Om�UWZ�Qqe�X>UWZ\[CN�NqdCQ(mWLON�PRe�È
QqegT�ÁaX>QSLON�hRLV³ºZ�QqT�LVZ\[\X�PJLOQSTVUWN�dC[CLªPCQS]�cOUWNqUWZ�[6NqdCÃVN>eg[\XzLVP~Z�dRQ�TVL^XSX>QSLªLO[+eOl\eg[\X!cOLVPRQSZ�}RmWÁOT�LªQS]ONqUWhCdRLOm
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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\RNqL�{

¿®Z�TVT�L�Z�[ÔPJLOd4X�N�ikLO[�hCZ�dX>LOQOsbm¯i|eg°�dCNYX>LOTVLO[\X�hjikdC[RL�³ºZ�[CcaX>UWZ�[�cOUWQScOdRm�egUWQSL�PRegQ�dR[CL�³ºZ�[Rc^X>UWZ�[�LOmWmWUWP4XzUW� dCL
[CL�PJZ�NqL�PRegN_hRL�PCQSZ\}CmWÁOTVL�PRegQYX>UWcOdRmWUWLOQ�¹®m�e�³ºZ�[Rc^X>UWZ�[ Z�}4XzLO[ dCLÔPRegQ�m¯iÒe�°�dCNYX>LOTVLO[\X§QSL^X>QqZ�d4lxLÔmWLON_T��OTVLON
l�egmWLOdRQSN»P~Z\dCQ

αx
L^X(PJZ�dRQ

αy
·´fRµ�dRQSL � {|¸\¼^{U6�Z�X>Z�[RN»]Oµ\egmWL�T�LO[\X�NqdCQ»cOL^XSXzLMfRµ�dRQSL�mWLy}JZ�[_cOZ\T�P~Z\Q�X>LOTVLO[\X(hRL

 / ndf 2χ  0.08058 / 54
p0        0.0380± 0.8841 
p1        0.000018± -0.000121 
p2        2.141e-09± 8.341e-09 

Wavelength (Angstroms)
3500 4000 4500 5000 5500
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0.45

0.5
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0.6
 / ndf 2χ  0.08058 / 54

p0        0.0380± 0.8841 
p1        0.000018± -0.000121 
p2        2.141e-09± 8.341e-09 

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 

Wavelength (Angstroms)
3500 4000 4500 5000 5500
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0.52
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0.56
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0.6

 / ndf 2χ  0.09436 / 54
p0        0.038± 0.884 
p1        0.000018± -0.000121 
p2        2.126e-09± 8.348e-09 

é�ê£ë�ì � {|¸ íTXZ�¨ýxû¨ø�ðzñMð^ù±ø:þ ù�ø�ðzõ�ñMúzôxþwö�þ õ�ð�ô�ð
αx

ð>øuô\ð
αy

ô öOùxûKó ð�üzö�ûuô � ý\ù\ð�ðqïgø�õYö�üSøYþÒ÷�ùyò4öOõuý\ù�ðr3�÷�ùxüSøYþÒ÷�ù�ðzó ówþÒò\øYþ-+�ý\ðò4÷�ý�õ�ý\ù�ü>ý��ð»û�þ ñ�ý\óÒú�öJ)±ð^ü�ýxù�ð�3�÷�ù\üSøYþ ÷±ù�ü>þ õ�ü>ýxówö�þÒõ�ð �

m¯i|e�°�dCNYX>L�T�LO[\X�hCL�NyPRegQqegTVÁ^X>QqLON
α

P�egQ�dR[ÔPJZ�m\R[Us\T�L�hRdÔNqLOcOZ�[RhÔhRLOµ�QS]VegmWZ�QSN�� dCL�m�e�NqUWT�dRm�e�X>UWZ�[6e_d4X>UWmWU�NS]
dC[CLymWZ�UjhCLyPCdCU�NSN>eg[RcOL�PJZ�dCQ»T�Z4hC]OmWUWNqLOQ»m¯ik]^lxZ�mWdX>UWZ�[§hCLym�e!m�egQqµ�LOdCQ(v�T�UwÈ�pRegdX>LOdCQ(eOlxLOcym�e�mWZ�[Cµ\dCLOdRQ�htikZ�[ChRL�{
¿®LOcOU:cOZ�[f�QST�L!hRZ�[Cc�m�e�NqdÃªNqe�[CcOL!hRd�T�Z4hCÁOmWL!�4dCL![RZ�dCNyeOlxZ�[RN�czpCZ�U�NSU:P~Z�dRQMm¯i|e�°�dRN�XzLOT�LO[xXyUW[\X>L�QST�]OhRU�egUWQSL
hCLON(PRe�QqegT�ÁaX>QSLON(hRLy³ºZ�QSTVLyLO[§³ºZ�[Rc^X>UWZ�[§hCLym�e�mWZ�[Cµ\dCLOdRQ»hjikZ�[RhCL�{

©tL�PCQSUW[RcOUWP~L�T���T�L�hCL�m�e�NqUWT�dRm�e�X>UWZ�[�PJLOQSTVL^XSXze�[\X!hRL�cOZ�T�P�egQSLOQ�mWL�NqP~L�c^X>QSL�d4XzUWmWUWNq]�P~Z�dRQ�cOZ�[RN�XzQSdCUWQqL
mWLÔcOdC}JLÔNqUWT�dCmW]�L^X§cOLOm�dCU�UWNqNqd hCLÔm¯ikLar X>QqegcaX>UWZ�[js»[CZ�dRNAeOlxZ�[RNAQSLOPRQS]ONqLO[\Xz]�fRµ�dCQqL � { � mWLONAQ>egPCPJZ�Q�X>NALO[\X>QqL
NSPJLOc^XzQSL�L^r XzQqegUwX�LaX�NqP~LOcaX>QSL�NqUWT�dRmW]�PJZ�dCQ®mWLON®hCU�`J]�QSLO[\X>N®c±egN�{4Ä�eg[CN®mWLMc�egN®hCLMm¯ikL^r XzQqegc^X>UWZ\[�P�egQ�dR[CL�³ºZ�[Rc^X>UWZ�[
cOUWQScOdRm�egUWQSLMhjikdR[CL�³´Z�[Cc^X>UWZ\[�NqUWT�dRmW]OLMLOmWmWUWP4XzUW� dCL�·£cOZ�dRQS}JLON�}RmWLOdCL�N>¼as Z�[�N�i|e�XSX>LO[Rh�v�Z�}CNqLOQ�l LOQ�hRLON®]Oc�e�Q�X>N®hCdRN�v
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�[
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Ratio elliptic extracted / circular simulated
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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�NVegdX>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[�eghRegPX>]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
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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´egdX
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|egdr7l�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
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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�PX>L!mWLON�Q>egUWLON�hti|eg}CNqZ�QSPX>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^lQ>eAhRZ�[Ccª�^X>QSLªhRL � N>egdC³»egd4r6mWZ�[Rµ�dCLOdRQSN�htikZ�[ChRLVcOZ�QqQSLONqP~Z\[ChReg[xX!egdr
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[\lUWQqZ�[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�[�egmL^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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Ó�m�LONYXM]OµxegmWLOT�L�[\XMUWTVP~Z�Q�X^eg[\XMhCLylx]�QSU�fRLOQ�m�eVQSZ�}RdCNYX>LONqNqL�hCL�m¯ikL^r XzQqegc^XzUWZ�[�PJZ�dCQ»X>Z�dRN�mWL�N»X/RCP~LON�hCL�PJZ�NqL�s

L^X�c�L�[RZ�XzegTVT�LO[\X�PRegQqcOL��4dCLVmWLON�NqdCPJLOQS[CZ�l©¥NqZ�[\X�hCL�N�NqZ�dCQScOL�N�v_³£egUW}CmWL�¶RdrÔ� dRUI[C]�cOLONqNqUwX>LO[\X�hCLON�PJZ�NqLON
mWZ�[Cµ�dRLON(� dRLym¯ikZ�[§[CL�P~LOdX�PRegN�X>Z�d�°�Z�dCQqN»PRQSLO[RhCQSLyh�eg[CN(mWLON(TVLOUWmWmWLOdRQSLON(cOZ\[ChCUwXzUWZ�[CN�{
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½�[�X>QSÁ�N�}~Z\[�L^rL�T�PCmWL�hRLMcOL�c�egN»PRegQ�XzUWcOdCmWUWLOQ�LONYX(m�e!P~Z�NqL�hCL!x ����	y Ñ y PCQSUWNqL�m�e�[4dCUwXw��Ði� � V_¹4UWmbN�i|egµ�UwX
hjikdC[RLVP~Z�NqLVhCL�G���AN�PCQSUWNqLªvAdR[CLVTªegNqNSLVhti|egUWQ�hRL�Ñ4{ � {�©�vst[RZ�X>QSL�XzZ�d4X�PRQSLOT�UWL�Q�e�°�dCNYX>L�T�LO[\X�NqZ�dC`JQSLVhRL
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m�e_TVegdl�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�dX�UWcOUuhReg[RNMmWL!cOdC}JL�}CmWL�dj{¤S�egUWNMcOL!PCQqLOT�UWL�QMe�°�dRN�XzLOT�LO[xX�L^Xym�eªfrCe�XzUWZ�[�hCL
β
PJLOQSTVL^Xyegd�hCLOdrUWÁOTVL

 / 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�scOZ�T�TVL�Z�[_P~LOdX»mWL�l Z�UWQ�UWcOUjeOlxLOcyP~Z�dRQ®L^rCLOT�PRmWL�m¯i|e�°�dRN�XzLOT�LO[xX»hRL
αy

·´fRµ\dCQSL � { � Vx¼a{v¯KZ�dX>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 

Wavelength (Angstroms)
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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�dlxL�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~LOdX(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�dXMhCL�QSLO³´e�UWQSL�dC[�e�°�dCNYX>L�T�LO[\X�hCL!«�¬ eOlxL�c
β
fr]�{J©teªc�Z�QSQS]Om�e�X>UWZ�[oLO[\XzQSL�mWLON�hRU�`J]OQSLO[xX>N

PRegQqe�T�Á^X>QqLONVhCL§³´Z�QST�L§[CZ\dCNªP~LOQSTVL^XªhRL§cOZ�QSQqUWµ�LOQVLO[ PRe�Q�X>UWL§hjik]alxLO[\X>dRLOmWmWLONªLOQSQSL�dCQSNªNSdRQ�m¨ikLONYX>UWTVe�XzUWZ�[ hRL
cOL�P�egQqegTVÁ^X>QSLÔL^X�egUW[CNqU�hjikZ�}4XzLO[CUWQ_dC[CL�«�¬ cOLOQYX>LON_UWTVPRegQS³£egUwX>L�s�TVegUWNANqdÃVN>eg[xX>L�PJZ�dCQAegUWhCLOQ_hCLÔ³´e��OZ�[
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NSU�µ�[CU�fRc±e�X>UwlxLAvÔm�e�cOZ�[\l LOQSµ�LO[RcOL_hCL_m¯i|e�°YdCNYX>LOTVLO[\X±{I©tLON!X>L�N�XzN�hCL_cOZ\pC]OQSL�[CcOL�·ºl Z�UWQ!fRµ\dCQSL � { �
5 ¼!NqdCQ�cOL^XSXzL
T��OTVLyP~Z\NSL�Z�[\X�TVZ�[\X>Qq]ydR[CLyQSL�cOZ�[CNYX>QqdCc^X>UWZ\[_f�eg}RmWL�egd§P~Z�dRQScOLO[xX�PCQSÁ�N»LO[§µ�]O[R]OQqegm¯{
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Consistency of the extraction for G191B2B, night 06 014
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À�f�[�hRL�X>LONYXzLOQMm¯ikL^r XzQqegc^XzUWZ�[ÔP~Z�dRQMhCL�³´egUW}CmWL�NM¶RdrbsJdR[CL!Nq]OQSUWL�hRL!P~Z\NSL�NMNqZ�dRNYÈ�L^rPJZ�Nq]OLONye�]^X>]!PRQSUWNqL�egd
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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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hCL�c�UWLOmKLONYXM³´e�UW}CmWL�{~Ó�mKLONYXMhCL�PCmWdRN�hCU�ÃªcOUWmWL�hji|egNqNqUWµ�[CL�Q�PJZ�dCQ�cOLON�NqP�e�rLOmWNMdC[CLyl\egQSU�eg[RcOL�� dCUtX>UWLO[C[RL�cOZ\T�P4XzL
hCLycOL�N»PRQSZ�}RmWÁOT�LON�{R©�ik]^X>dRhCLyhRLycOLON(� dRLOmW� dRLON(P~Z�NqLON�v�³ºZ\[ChAhCL�cOUWLOmjUWTVP~Z�QYXzeg[\X�NSL�T�}CmWLyhRZ�[Cc�T�Z�[\XzQSLOQ»� dRL
m¯ikL^r X>Q>egc^X>UWZ�[oPCQq]OcOUWNqL�hCd�NqPJLOc^X>QSL�htikdC[�Z�}C°�L^XMPJZ�[Cc^XzdCLOm�LONYXMPCmWdRN�e�UWNS]�L�mWZ�QSNq� dRL�mWL�³ºZ�[Rh�LONYXMUWTVP~Z�Q�X^eg[\X�·£UWcOU
PRegQ�L^rLOTVPCmWL�sthRL�m¯ikZ�QShRQSLVhCL � �k hCd6NqUWµ�[Re�mn¼^sjc�L��4dCU�LONYX�LO[RcOZ�dRQqegµ�L�eg[xX�PJZ�dCQ�mWL�X>QqegUwXzLOT�LO[xX�hCL�N�NqdCPJLOQ�È
[CZ�l�©ys�TªegUWNI� dCUUWT�PCm�UW� dCL�m�eM[R]OcOLONqNqUwX>]�hjikLa`JL�c^X>dCL�Qum¯ik]aXzegmWZ�[R[Regµ�L�L�[!¶Rd4r�eOlxLOc�hRLON:]^XzZ�UWmWLONIT�Z�UW[RN:}CQqUWmWm�eg[\X>L�NO{

«KZ\dCQy³´egUWQSL�hji|e�d4X>QSL�NMX>LONYX>N�eOlxLOc�³ºZ�[RhÔhRL�cOU�LOm:UWTVP~Z�Q�X^eg[\X±sjZ�[ÔPJLOd4X�egdCNqNqU:dX>UWmWUWNqLOQymWLONyPJZ�NqLONyPCQSUWNqLONyLO[
X>Z�d4XzL»fR[ªhCL([4dCUwX±s egmWZ�QSN�� dCL(mWLM¬4Z\mWLOUWm¯sxNqdCQ�mWL�P~Z�UW[xX�hRL(NqL(mWL^lxL�QOs\]�cOm�egUWQSL�hC]Y°SvydR[VP~L�dVm�eyp�egd4XzL�e�X>TVZ�NqPCpCÁ�QSL
X>LOQSQqLONYX>QSL�sgTªegUWNIcOL�TVZ�T�L�[\X�hCL�m�e�[ dCUwX�LONYX�LO[�µ�]O[C]OQ>egmT�U�NIv�PCQSZgfCX�P~Z\dCQ:La`JLOcaX>dCLOQ:hRLONIP~Z�NqLONIhji|]^XzegmWZ�[R[Regµ�L
[CL�cOZ\T�PCQqLO[Reg[xX�� dCL�hCd�cOUWL�m�¹KcOLON!PJZ�NqLON Ì¿JÍ�À4ÍmÁ�Â4Ì P~L�QST�L^XqX>LO[\X�vom�e�³ºZ�UWN!hRLVX>LONYX>L�Q�m¯ikUW[CNYX>QSdRT�LO[xX�eOlxLOc
dC[o]Oc�m�egUWQqegµ�L!dR[CUW³ºZ�QqT�L�L^XyhCL�cOZ\[C[Rem^WX>QSL�mWL!NSPJLOc^XzQSL�hCd�cOUWLOmtXzLOmK� dtikUWmKLONYX�lCdoP�egQ�¬v6�Ó�:¬b{JÄML�PCm�dCN�s~Z�[o[RL
PCQS]^l Z�UwX�L�[6µ�]�[C]OQqe�m�P�egN�hCLªP~Z�NqLVmWZ\[Cµ�dCLªLO[6fR[+hCLª[ dCUwX!PJZ�dCQ�[RLVPRe�N�QSUWNq� dCL�Q�hRLV[CLªP~Z�dlxZ�UWQ�³ºLOQSTVLOQ�mWL
X>]OmWLONqcOZ�PJL�eOl�e�[\X»mWL�mWL^lxLOQ®hRdA¬4Z�m�LOUWm¯{��[CfR[js4UWmJL�N�X(]Oµ\egmWLOTVLO[\X�v�[CZ�XzLOQ®� dRL�s4mWZ�QSNq� dRLMmWLM³ºZ�[Rh�hRL�c�UWLOmJhRL^lUWLO[xX
X>QSZ�P�UWT�PJZ�Q�X^eg[\X(·¨©jdR[CL�XzQSÁON:PCQqZ czpCL�Z�d�mWL^lxLOQ:hCL(¬4Z�mWL�UWm4UWTVT�UW[RLO[\X^¼as�mWL�P~Z�UW[xX>]®hRL®m�eMcOUW}CmWL�mWdCUwÈ�T��OTVL®hRL^lUWLO[xX
hCU�ÃªcOUWmWL�¹4mWLON®]aX>Z�UWmWLON�hCL�m�e�P~Z\NSLMPCpCZgX>Z�T�]aX>QSUW� dRL�hCLMP~Z�UW[xX>]�NqZ�[xX�PCmWdRN®hCU�ÃªcOUWmWLON�v�hCUWNYX>UW[Rµ�dCLOQ®hCd�³ºZ�[Ch�L^X�m�e
cOZ�T�P�egQqegUWNqZ�[AeOlxLOc�m�e!P~Z�NqLMhRLMQS]O³º]�QSLO[Cc�LMhCL^lCUWLO[\X(pRegN>egQShRLOdCNqL�{©tL�PCQSZ�}RmWÁOT�L�hCLM³ºZ�[Rh�UWTVP~Z�QYXzeg[\X»L�N�X(hCZ�[Rc
PCQSZ�PRQSLVegd4rÔZ�}RNqLOQ�l�e�X>UWZ�[CN�hCL�NqdCPJLOQS[RZ�l�© eOlxLOcVmWLOdCQyµ\egm�e�rUWL�pas�X>L§·£� dRU:c�Z�[CNYX>UwX>dRL�dC[�³ºZ�[Rh�NYX>QSdRc^X>dCQq]±¼�LaX
[CLyPJLOd4X��^X>QSLMXzQqegUwX>]�T��OTVL�egPCPRQSZ�rUWTªe�X>UwlxL�T�LO[\X�P�egQ»m¯ik]^XzdChCL�hjik]^XzZ�UWmWLON�{
�:�{>u��� Ã!�������U����~���� �¦��

Ó�m�egQSQSUwlxL�PRegQS³ºZ\UWN�� djikdR[CL(LOQSQSL�dCQ�hCL»PJZ�UW[\Xz]»hRZ�[C[CL(dC[CL(P~Z\NSL(Z�IVm�eyNSZ�dRQScOL(LONYX�L^rcOLO[xX>QS]OL\{Ä:Xzeg[xX�hRZ�[C[R]OL
m�e�P~L^X>U�X>LMXzegUWmWmWLyhRdAczpRegTVP_hR]^lUW]MlxL�QSN»mWLyNqPJLOc^X>QSZ�µ\QqegPCpRL�sCcOLOcOUjPJLOd4X�LO[\X>Qqem^n[CLOQ»hRLON»PJLOQ�X>L�N»hCL�¶Rdr�PRmWdCN»Z�d
T�Z�UW[RN(UWT�PJZ�Q�X^eg[\X>LON�{=Åi|e�UjczpRZ�UWNqUtUWcOUjdR[CL�P~Z�NqL�PRegQ�XzUWcOdCmWUWÁOQqLOT�LO[xX�PRe�X>pRZ�mWZ�µ�UW� dRL�P~Z�dRQ®X>L�N�XzLOQ»mWL�N(mWUWT�UwXzLON(hRL
m¯ikL^r X>Q>egc^X>UWZ�[+hCLVNSPJLOc^XzQSL�P�egQ�m¯i|e�°�dCNYX>L�T�LO[\X�hRLV«�¬®{tÓ�mIN�i|egµ\UwX�hjikdR[CLVP~Z�NqL�hRL%�MÇ�¸�Ð�G�V§PRQSUWNqL�PJLO[Ch�eg[\X�m�e
[ dCUwX�PRpCZ�XzZ�T�]^XzQSUW� dCLh� 5 ÑmV�V�·¯P~Z�NqL�[=�Z��Ð�Ð\¼^s~egmWZ�QSN��4djikLOmWmWL�]^XzegUwX�v�dC[CL�TªegNqNqL�hji|egUWQ�hCLjG{ � {J¿®Z�TVT�L�[RZ�dCN
m¯i|eOlxZ�[CN�ldjstmWLVPJZ�UW[\X>]VPJZ�dCQ�mWLON�]^XzZ�UWmWLON�}CQqUWmWm�eg[\X>L�N�hRLVcOL�X/RPJLVLONYX�hCU�`J]�QSLO[\X�hRd6P~Z�UW[xX>]Vd4X>U�mWUWNS]ªLO[ÔX>LOTVPCN
[CZ�QSTªegm�LaX�P~L�d4X�LO[Rµ�LO[ChRQSLOQ�hRLON�LOQSQqLOdCQSN�stNqdCQYX>Z�d4X�vAµ�Q>eg[ChRLVTVegNqNqLªhji|egUWQO{�Ó�cOU�m¯ik]^X>Z�UWmWLªL�N�X�X>Z�d4X�vA³´e�UwX!egd
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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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NSPJLOc^XzQSL§·£Nq]OQqUWLVhCL y egm�T�LOQ�hRL�m¯ikp�RhCQqZ�µ�ÁO[CL�¼^stZ�[6P~LOdX�³´e�cOUWmWLOT�L�[\X�hC]OhRdCUWQqL�hCLVm�eANqUWT�PCmWL�lCdCLVhCd6NqP~LOc^XzQSL
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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 

Wavelength (Angstroms)
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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)
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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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 / 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
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0.55

0.6
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0.75

 / ndf 2χ  804.3 / 558
Position at Lref  0.0001± 0.5542 
f(P)      0.0003± -0.1176 
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ÝxÞH��:~Üzä�Ú¯ä�åÜMÛzàv�Cægä�Ú�Üzäqä^Ü

Microlens number
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slice at 4100 A
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Slice at 4100 A, HR718 expo 05 249 052
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X>LO[\XzLOQ�hjikZ\}4X>LO[RUWQ�hCLON(X>LO[RhReg[RcOLON�PCmWdCN�cOm�egUWQqLON�s�Z�[�NqL�PRQSZ�PJZ�NqL�hRL�QSLOc�LO[CNqLOQ�mWLON(l\egmWLOdRQSN�Z�}X>LO[ dRLON�P~Z�dRQ�mWLON
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� � Ñ � {1� �� Ñ4{ � ��G � {HG�G�� � {HG �\� � {WV � � Ñ4{WV��� �{ � V\Ð � {H� � G � { � G\Ñ
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X>LOTVPCN�hRL�PJZ�NqL�s~[CZ�dCN�eOlxZ�[CNMd4X>U�mWUWNS]�m�LON�PJZ�NqLON�hRL�RLOUWµ\L 5 Ð�vªhCU�`b]OQSLO[\XzN(X>LOTVPCN�hRL�PJZ�NqL�PCQSUWNqLONMhCdCQ>eg[\X�mWLON
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FWHM
}CmWLOdRL

FWHM
QqZ�dCµ�L PJZ�NqLy[=� ]aX>Z�UWmWL

� {H�\Ñ � �{|¸��� �{1��G�Ð � 5%$ Ñ�ÑgÐ $ ��Ð � �MÇ�� � ¸
� {H�\Ñ � �{ � Ñ � �{|¸\Ñ 5 � 5%$ Ñ�ÑgÐ $ ���G �MÇ�� � ¸
� {H�\Ñ�G �{|Ð�Ð 5 �{ 5 G�G � 5%$ Ñ�G�V $ ��Ð\Ñ �MÇ�� � ¸
� {H�\ÑmV �{1��G\Ñ �{|Ð\Ñ�G � 5%$ Ñ�G�V $ ��Ð � �MÇ�� � ¸
� {H�\ÑgÐ �{|¸�gÐ �{1��� � � 5%$ Ñ 5 Ð $ � 5 � �MÇ �
5 V�V
� {H�\Ñg¸ �{1��ÑmV �{ 5g� � � 5%$ Ñ�ÑgÐ $ � 5 G �MÇ�¸�Ð�G�V
� {H�\Ñ � �{ 5 ��� �{ 5 G�G � 5%$ ÑmV �&$ � 5 Ñ �MÇ�� � ¸
� {H��G�� �{1��� � �{|Ð 5 V � 5%$ Ñ�G�V $ �� � �MÇ�� � ¸
� {H��G � �{1� �5 �{|Ð � V � 5%$�� ¸�V $ � � � �MÇ�¸�Ð�G�V
� {H� 5 G �{ � Ð 5 �{|¸ � Ð � 5%$ Ñ�ÑgÐ $ ��Ð�G �MÇ�� � ¸
� {H� 5�5 � {H��Ð�Ð �{|¸�Ð�Ð ��Ð $ � � V $ ���� �MÇwG�V 5 V
� {H� 5 Ð �{ � Ð�G �{|¸ � V � 5%$ ÑmV�V $ ��Ð�V �MÇ�� � ¸
� {H� 5 � � { � � � � {H�\Ñ 5 � 5%$ ÑmV�V $ ��Ð�¸ �MÇ �
5 V�V
� {H� 5 ¸ �{ 5 �gÐ �{ 5�5 � ��V $ G�G\Ñ $ � � ¸ �MÇ �
5 V�V
� {H��Ð�V �{|¸\Ñ�� �{1���\Ñ � 5%$ ÑgÐ�V $ � 5 G �MÇ �
5 V�V
� {H��mV �{|Ð�VxÑ �{ 5 G�Ð � 5%$�� ¸�V $ ��Ð � �MÇ�� 5g� Ð
� {H�� 5 �{ 5 ¸ � �{WV��mV � 5%$�� �mV $ ��Ð�¸ �MÇ�� 5g� Ð
� {H�� � �{1�gÐ � �{|Ð � ¸ � 5%$ Ñ�G�V $ ��V � �MÇ�� � ¸
� { ��� Ð � {H�\Ñ � �{|¸�¸� ��V $ G�G�¸ $ � � G �MÇ �
5 V�V
� { � V\¸ �{|Ð�� 5 �{ 5 V\Ð � 5%$ ÑmV �'$ � 54� �MÇ � ��¸�
� { �
5 � �{|Ð�¸ � �{|Ð�G�G � 5%$�� ¸�V $ ���� �MÇ�� �5 �
� { � Ð � �{ � Ð\Ñ �{|¸\Ñ � ��V $ G�V 5%$ � �
5 �MÇ�V�V\Ð�¸
� { � ¸ � �{ �� Ð �{1�mV � ��V $ G�G\Ñ $ � � V �MÇ�� � ¸
� {ÒÑ 5g� �{ 5g� G �{ 5 Ð�V ��V $ G�G\Ñ $ ��G�G �MÇ�V�V\Ð�¸
� {HG�� 5 � {ÒÑ � ¸ � {H�\ÑgÐ � 5%$ ÑmV�V $ � 5 Ñ �MÇ�¸�Ð�G�V
� {HG���Ð Ñ4{H� 5g� � {|Ð�V � ��V $ G�G�¸ $ ��� � �MÇ�� � ¸
� {HG �5 � { 5 G�Ð � {ÒÑgÐ\Ñ ��Ð $ � � V $ ��¸�Ð �MÇwG�V 5 V
� {WV�V�� �{ 5 Ð�� �{WV�V\Ð � 5%$�� ¸�V $ � � G �MÇ�� �5 �
� {WV 5 ¸ �{1� 5g� �{|Ð\Ñ � � 5%$ Ñ�ÑgÐ $ � 54� �MÇ�� �5 �
� {1�mV�� �{1�gÐ�V �{|Ð�G� � 5%$ Ñ�ÑgÐ $ �� � �MÇ�¸�Ð�G�V
� {1� �� � {WV � � � { � G\Ñ ��Ð $ � � V $ � � Ñ �MÇwG�V 5 V
� {|¸�V� �{ � ��Ð �{|¸\Ñ�� � 5%$�� �mV $ ���Ñ �MÇ � ��¸�
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L^X�Z�[�NOi|e�XSX>LO[Rh�v§c�Lª�4djikLOmWmWL�NSZ\UwX!PJLOd�P~LOQS³´Z�QSTVe�[\X>L�mWZ�QSNq� dRLªm�e�TªegNqNSL�hti|egUWQ�hCLalUWLO[\X�UWTVP~Z�QYXzeg[\X>L\{}6�Z\dCN
[CZ�dRN»PRQSZ�PJZ�NqZ�[CN(UWcOUjhRLycOZ�TVPRegQqLOQ»mWLON�hCLOd4rAL^r X>Q>egc^X>UWZ�[RN�e�fR[§hCLMlx]�QSU�fRL�Q»mWLON�e�T�]OmWUWZ�Q>e�X>UWZ�[RN�egPCPJZ�Q�Xz]OLON�{
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FWHM
}CmWLOdRL

FWHM
QSZ\dCµ�L P~Z\NSL�[=� ]^X>Z\UWmWL

� {H� � � �{|¸�mV �{1� �5 � 5%$ ÑmV �'$ ��Ð�Ð �)(¤V§·FV���gNz¼
� {H�\ÑgÐ �{|¸�V � �{1����Ñ ��V $ G�G\Ñ $ �\Ñ � x�Ä#� � · 5 ����N>¼
� {H� 5 � �{1�g¸� �{|Ð�Ð\Ñ ��V $ G�V 5%$ � � V �MÄ � G 5 Ñ � · 5 Nz¼
� {H� 5g� �{ 5 �mV �{WV ��� ��V $ G�G\Ñ $ ��G�V �MÄ � G 5 Ñ � · 5 Nz¼
� {H��Ð � � { � ÑmV �{ �5�5 ��Ð $ � � V $ � � V �)(¤V�V§·BG����gNz¼
� {H��¸�¸ �{|¸\ÑgÐ �{1�mVG ��V $ G�G\Ñ $ �\Ñ�G x�Ä#� � · 5 ����N>¼
� { � ��¸ �{|¸\Ñ�� �{1� ��� ��V $ G�V 5%$ ��� 5 ��UWmwX>[RLOQqÐ����§·B� 5 Nz¼
� { � Ñg¸ �{|¸ � ¸ �{1�g¸ � � 5%$�� G\Ñ $ � 54� �×x � G � ·FG���gNz¼
� { � G�� � {ÒÑ���� � {H��¸ 5 ��V $ G�G�¸ $ � � ¸ ��UWmwX>[RLOQqÐ����§·¯Ð��gNz¼
� { � V�V �{1� ��� �{1� �
5 � 5%$ ÑgÐ�V $ � 5�5 x�Ä#� � ·¯Ð�����N>¼
� { �
5 ¸ � {H��Ð�G �{ �5 Ñ � 5%$�� ¸�V $ ��Ð�V �×x � G � ·FG���gNz¼
� { � Ð�V � {H�\Ñ 5 �{ �� � � 5%$ Ñ�G�V $ ��Ð�� �)(¤V§·¨Ð����gNz¼
� { � ��� � {HG���Ð � { � G � ��Ð $ � � V $ ��¸�V �)(¤V�V§·BG����gNz¼
� { ��� G �{1���mV �{1�mV�V ��V $ G�G\Ñ $ � ��� �)(¤V§·¨Ð����gNz¼
� {ÒÑ�ÑgÐ �{1� 5 ¸ �{1��ÑgÐ ��V $ G�V 5%$ ���� x�Ä#� � · 5 ����N>¼
� {ÒÑ 5 � � { 54��� � {ÒÑg¸�� ��Ð $ � � V $ ��Ð� ��UWmwX>[RLOQqÐ����§· � ¸��gNz¼
� {ÒÑ 5 � � {H��G � �{ � ÑmV � 5%$ Ñ�ÑgÐ $ � 5 Ð ©(¯�¯ � V �� ·¯Ð����gNz¼
� {ÒÑ�� 5 � {ÒÑ�ÑmV � {H�� � ��V $ G�G�¸ $ � ��� x�Ä#� � · 5 ����N>¼
� {HG\Ñ 5 � {H��Ð�V �{ � � � ��V $ G�G�¸ $ � � V �)(¤V§·¨Ð����gNz¼
� {HG�Ð�� � {H� ��� �{ � ��Ð � 5%$ Ñ�ÑgÐ $ ��Ð 5 RLOU�µ�L ��� �§·FG����gNz¼
� {HG�¸�� � {WV��mV � {ÒÑgÐ�� ��Ð $ � � V $ ���Ñ ��UWmwX>[RLOQqÐ����§· � ¸��gNz¼
� {HG � ¸ �{|¸�Ð�¸ �{1�gÐ�� � 5%$�� Ñ �&$ �\Ñ � �×x � G � ·FG���gNz¼
� { 5 ��G �{ � G� �{|¸���¸ ��V $ G�G\Ñ $ �\Ñ�� ©(¯�¯�ÑmV �
5 ·FG����gNz¼
� { 5 V � � { � Ñ�Ñ � {|Ð�VxÑ ��Ð $ � � V $ ��gÐ ��UWmwX>[RLOQqÐ����§· � ¸��gNz¼
� {1� � Ð �{ �� Ñ �{|¸�G�G � 5%$ ÑgÐ�V $ ��V 5 ©(¯�¯ � V �� ·¯Ð����gNz¼
� {1��� 5 �{ � ��G �{|¸� 5 ��V $ G�G\Ñ $ ��G\Ñ x�Ä#� � · 5 ����N>¼
� {|¸ 5 � � {|Ð�� � � {HG�V � ��Ð $ � � V $ ��¸�� $ ��� � ��UWmwX>[RLOQqÐ����§· � ¸��gNz¼
� { � Ð 5 � { 5 ��G � {HG\Ñ�� ��Ð $ � � V $ ��¸�� $ ����G ��UWmwX>[RLOQqÐ����§· � ¸��gNz¼
Ñ{H� ��� � {|¸��G � { 5g� V ��Ð $ � � V $ ��mV x ����	y Ñ y ·BG����gNz¼
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©�ik]^X>dChRL�hRL�m�eoP~Z\NSL�hCLYx ���C�	y Ñ y hCL�m�eo[ dCUwX%��Ð�� � V7·£TVegNqNqL�hti|egUWQ!hCL_Ñ4{ � ¼�P~LOQSTVL^X�hCLªlx]OQqU�fRLOQ!mWLON
P~LOQq³ºZ�QSTªeg[CcOLONVhCL_m¨i|e�°�dCNYX>LOTVLO[\XªhRLA«�¬ P�egQ�Q>egPCPJZ�Q�X�v�m�eÔPRpCZ�X>Z\T�]^X>QqUWL_htikZ�d4lxLOQYX>dCQqLÔ¹IhReg[RN�m�eÔPRegQ�XzUWL
lUWZ�mWL^XqX>L�hRd�NqP~LOcaX>QSL�sKm¯ikLar X>Qqe�c^X>UWZ�[¾ç�� dRUWcz¾è�NSdR}CUwX�dR[CL�P~L�Q�X>L�hRLª¶Rd4r�hCdRL�egd�Tªegd4l�e�UWN�XzQqegUwX>L�T�LO[\X�hCL�m�e
QS]O³ºQqe�c^X>UWZ�[ e�XzT�Z�NqPCpR]OQSUW� dRL_hRU�`J]OQSL�[\X>UWLOmWmWL\sIcOZ�TVT�LAZ�[
mWL�lxZ�UwXªNqdCQ�m�e�fRµ�dRQSL � {HG � {�©tLAQqegPRP~Z�Q�XªLO[\XzQSLAmWLON
NSPJLOc^XzQSLON�Z�}4XzLO[ dCN�PRegQ�czpRegc�dC[CLªhCLON�L^r X>Q>egc^X>UWZ�[RN�TVZ�[\X>QSLªLO[+La`JL^X!dR[6]Oc±egQ�X!UWT�PJZ�Q�Xze�[\X�· � �k�¼yLO[\XzQSLªmWLON
hCLOdr§NqP~L�c^X>QSLON��4dCU�L�N�XyegcOc�QSdoP~Z�dRQ�mWLONMmWZ�[Cµ�dRLOdCQqN�hjikZ�[RhCL�mWLON�PCm�dCN�³´egUW}RmWLON�{b¿®L^X�]Oc�egQYXMNqLOT�}RmWL�cOZ�QSQSZ\}~Z�QSL�Q
m¯ikpRPJZ�X>pRÁONqLªhRL�m�e�PJLOQ�XzLªhRLª¶Rd4r+P�egQ�m�e�TV]^X>pRZ hCL�NqUWT�PRmWL�hCL�PRpCZ�X>Z\T�]^X>QqUWL�hjikZ�dlxLOQ�X>dRQSL�{:²�[�QSLOTªegQS� dRL
]Oµ\egmWLOTVLO[\XuhjikUWTVP~Z\Q�Xzeg[\XzLONt¶RdCcaX>dRe�XzUWZ�[CN�hReg[RNtm�L�QqegPRP~Z�QYX�¹�m�e(cOZ�T�P�egQqegUWNqZ�[�hCL�NthRLOd4ryNqPJLOc^X>QqLON�·£mWL:X>QqZ�UWNqUWÁOT�L
µ�QqegPRpCL»hCL»m�eMf�µ�dCQSL � {HG � L�N�X�dR[�ÂOZ Z�T NqdRQ:dR[�P~L^XzUwX�hRZ�TVegUW[RL»LO[�mWZ�[Cµ\dCLOdCQIhtikZ�[ChRL�PJZ�dCQITVUWLOd4r�hCUWNYX>UW[Rµ�dCL�Q
mWLON�hCLOdrÔcOZ�dCQS}JLONz¼MT�Z�[xX>QSL��4dCL�mWL�NqPJLOc^X>QSL�UWNqNqd�hCL�m¨ikL^r X>Q>egc^X>UWZ�[�ç�� dRUWcz¾è�LONYX�PRmWdCN�}CQSdRUwX>]�� dCLVmWL�NqP~LOc^XzQSL
UWNqNSdªhRL�m¯ikL^r XzQqegc^X>UWZ\[ªPRegQ�e�°�dRNYX>LOT�L�[\X®hCL�«�¬®{4¿®LOc�U�T�L^X®LO[�eOl\eg[\X®dR[Vµ\Qqeg[Ch�e�l�eg[\Xze�µ�L�hCL�m�e�PRpCZ�X>Z�TV]^X>QqUWL
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FWHM
}RmWLOdCL

FWHM
QSZ�dCµ�L PJZ�NqLy[=�

� � {H� � G � {ÒÑmVxÑ ��Ð $ � � Ð $ � 5�'$ ��� �
� � {H� ��� �C{ �� Ð �{|Ð�G� ��Ð $ � � Ð $ � 5 V $ ��� �
� � {H� ��� � {H� 5 Ñ �{|¸�¸�G ��Ð $ � � Ð $ � 55%$ ��� �
� � {H� � G � {H��¸ � �{ � ��Ð ��Ð $ � � Ð $ � 5 G $ ��� �
� � {H� � Ñ � { � V�� �{ ��
5 ��Ð $ � � Ð $ � 5 G $ ���\Ñ
� � {H� � � � {H� 5 � �{|¸�¸�� ��Ð $ � � Ð $ � 55%$ ����V
� � {H� ��� � { � ¸�V �{ ����� ��Ð $ � � Ð $ � 55%$ ��� 5
� � {H� ��� � { � ��Ð ��Ð $ � � Ð $ � 55%$ ���\Ñ
� � {H� ��� � { � ÑmV �{ � ¸�¸ ��Ð $ � � Ð $ � 55%$ ����G
� � {H��¸ 5 � {1� � � � {WV � G ��Ð $ � � V $y� ��V
� � {H��mV � {1�gÐ�¸ ��Ð $ � � V $y� �xÑ
� � { � V\Ð � { � � 5 �{ � ¸�� ��Ð $ � � V $ ���¸
5 � {H� ��� � {ÒÑg¸�� ��Ð $ � � Ð $ � 5 Ð $ ��� �
� � � {H� 5�5 � {HG 5 � ��Ð $ � � Ð $ ��V 5%$ ���\Ñ
� � � {H� 5g� � {ÒÑgÐ� � {H� � � ��Ð $ � � Ð $ ��V 5%$ ��� �
� � � {H��V\¸ � { � ��Ð �{ � Ñ�Ñ ��Ð $ � � V $ � �\�
� � � {H��V 5 � {ÒÑmV�� � {H� 5 Ð ��Ð $ � � Ð $ ��V 5%$ ��� 5
� � � {H��V\¸ � {ÒÑg¸�� � { � ��G ��Ð $ � � Ð $ ��V 5%$ ����V
� � � {H� 5 Ñ � { � �gÐ � {H� ��� ��Ð $ � � Ð $ ��V 5%$ ����G
Ñ�� � {H��Ð�V � {HG �5 � {ÒÑ���Ð ��Ð $ � � Ð $ ��VV $ ����G
Ñ�� � {H���G � { � Ð� � {H��Ð � ��Ð $ � � Ð $ ��VV $ ��� �
V 5 � {H��¸�� � { ��� Ð � {|Ð��� ��Ð $ � � V $y� �G
5 � � {H��¸� � { � � 5 �{ � Ð�¸ ��Ð $ � � Ð $ ��V�G
�
5 � � { � ��V � {HG� 5 � {ÒÑ �
5 ��Ð $ � � Ð $ ��V Ñ
� ¸�� � {H��Ð 5 � {1�gÐ�� � { 5 ��V ��Ð $ � � V $y� � �
G���� � {H� � V � {ÒÑ�Ñ � � {H��Ð�V ��Ð $ � � Ð $ � 5 �
G���� � { � Ñ � � {|Ð � G � {HG � Ð ��Ð $ � � Ð $ ��V �
G���� � {H� � ¸ � { 54� G � {HG � ¸ ��Ð $ � � Ð $ ��V �&$ ��� �
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hCL�«�¬+hReg[RN®mWLMc±egN®htikdC[�czp�egT�P_]OczpReg[xX>UWmWmWZ�[C[R]Mµ�QSZ\NSNqUWÁOQqLOT�LO[xX»cOZ�TVT�LMc\ikLONYX»mWLMc�egN�UWcOUJPJZ�dRQ�¬U6�Ó�I¬J{©tLON
NSP�e�rLOmWN�sJXzQSÁON�m�egQSµ�LON�stUW[\X>QSZ4hCdCUWNqLO[xX�LO[6La`JL^X�dC[CL�UWTVPCQS]Oc�UWNSU�Z�[�UWT�PJZ�Q�X^eg[\X>L�hRe�[CNymWLVc�egN�hjikdR[CL�L^r X>Q>egc^X>UWZ�[
PRegQ»PRpCZ�XzZ�T�]^XzQSUWLyhtikZ�d4lxL�Q�X>dCQqL�s4X>QSÁ�N»NqLO[RNqUW}CmWL�e�dA}CQqdCUwX±{

©�eAPJZ�NqLVhCL��MÇwG�V 5 V§PRQSUWNqLVm�e§T��OTVLV[ dRUwX!vAdR[CLVTªegNqNqLVhji|egUWQ�hCL � {1� � TVZ�[\XzQSLV]Oµ\e�mWLOT�LO[xX�dR[6]Oc�egQYX
LO[\X>QqL�mWLON»hCLOdr�NSPJLOc^XzQSLON�·£hCL�m¯ikZ�QShRQSL�hRL 5 k�¼®� dCUbN�i|egcOcOL�[\X>dRLyegd4r�³£egUW}CmWLON»mWZ\[Cµ�dCL�dCQSN»hjikZ\[ChCL�·£fRµ�dCQqL � {HG\Ñ�¼^{
©Iik]�c�egQ�X»T�Z�U�[CN®UWTVP~Z�Q�X^eg[\X»NSL�T�}CmWLMmWUW]�v�mne�hRU�`J]OQSLO[RcOLMhCL�TªegNqNSLMhjiÒegUWQ�L�[\X>QSLMmWLON®hRLOd4r�P~Z�NqLONM¹4m�e�QS]O³ºQ>egc^X>UWZ�[
e�X>T�Z\NSPRpC]OQqUW� dCL�hRU�`J]OQSLO[xX>UWLOmWmWL�LONYX�TVZ�UW[ChRQSL�hRe�[CN!cOL�hCL�QS[CUWLOQ!c�egN_· � {1� � egd�mWUWLOd�hRL_Ñ4{ � ¼^suL^X�m¯ikLar X>Qqe�c^X>UWZ�[
ik� dCUWcz¾Ji�LO[�LONYX�egTV]OmWUWZ�QS]OL\{KÄ�eg[RN�mWL�c�egN�hRLON�PCmWdRN�³£egUW}CmWLON�mWZ\[Cµ�dCL�dCQSN�hjikZ\[ChCL�sKm�e§PJLOQ�X>LªhRLV¶Rdr6[jikL�N�X!P�egN
hCUWQSL�c^X>LOTVLO[\X�hRdCL»egd�hR]OPCm�e�cOLOT�L�[\X�hCL�m¯i|]^X>Z�UWmWL»hReg[RN:m�L�czpRe�T�P�LO[�³ºZ�[CcaX>UWZ�[�hCL�m�eMmWZ\[Cµ�dRLOdCQ:htikZ�[ChRL�¹gLOmWmWL»LONYX
hCdCLyegd�³´egU�X»� dRLMcOL�hC]OPRm�egcOLOT�L�[\X»NqZ�UwX(NqdÃVN>eg[xX»PJZ�dCQ�egTVLO[CLOQ�m¯ik]^X>Z�UWmWLye�d�}~Z\QSh�hCd_czpRegTVP�PJZ�dCQ®c�LOQ�XzegUW[RLON
mWZ�[Cµ�dRLOdCQqNyhjikZ�[RhCL�{t©�e�fRµ�dCQqL � {HGG_T�Z�[\XzQSL�P~Z�dRQ�cOL�NyhCLOdr�PJZ�NqLONV·Bx �±��	y Ñ y L^Xj�MÇwG�V 5 VAPRQSUWNqLONym�e_[ dRUwX
��Ði� � Vx¼�m�e�X>Qqeg[RczpCL�viG 5 ��h�!{C²�[ªlxZ�U�X»}RUWLO[_� dCL�hReg[RN�mWLON�hRLOd4r�c�egN�m�e!NqZ�dCQqcOLML�N�X(NqdCQ�mWLM}JZ�QSh_hCd�czp�egT�P
L^X�� dCL�NqZ�[oUWTªegµ�L�LONYX�X>QSZ\[C� dR]OL�{b¿®LOm�eªQqL^lUWLO[xX�hCZ�[Cc!v�X>Q>egUwX>LOQ�dC[RL�P~Z�NqL�L^rcOL�[\X>QS]�L�hReg[CNMcOL�hCZ\TVegUW[RL�hRL
mWZ�[Cµ�dRLOdCQ�htikZ�[ChRL�{²�Q�PRegQ®hC]af�[CUwX>UWZ�[�m�e�PCpRZ�X>Z�TV]^X>QSUWLMhjikZ�dlxLOQ�XzdCQSL�[RL�P~LOdX�LONYX>UWTVLOQ�mWL�¶Rd4rªPJLOQShRd�mWZ�QSNq� dRL
m�e�NqZ�dRQScOL®L�N�X:X>QqZ�[C� dR]OL�{�¿�LOcOULONYXuXzQSÁONKlUWNqUW}RmWL®h�eg[CN:m¯ik]aX>dChRL®hCL�m�eMP~Z�NqL®L^rCcOLO[\XzQS]OL�hCLg�MÇ�¸�Ð�G�V�·£[ dRUwXM� 5 ÑmV�VCs
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’quick’ spectrum for G191B2B, night 06 014

’PSF fit’ spectrum for the same exposure
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Ratio of ’quick’ and ’PSF’ spectra for HR3454, 06 014 092
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’quick’ spectrum of off-centered HR8634 (05 244 066)

’PSF extracted’ spectrum for the same exposure
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ratio of two spectra of Hiltner600, night 06 014, quick-script
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Ratio of ’quick’ spectra of Feige56, 20s/300s
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��ø�ðzù�ýxû:öJ)�ðzü®ý\ù\ð�ð>ï�ø�õYö�üSøYþÒ÷�ù�ô�ð�øFðgòð>B+�ýxþ üC?PA �

�:����{z xh�u�\ �Ej�4�\¢£�K� ¤�¡�+��K��¤¥¤��7�R¢£�=C
«�dCUWNq� dCL\sRcOZ�TVT�L�[CZ�dRN�m¯i|eOlxZ�[RN�cOZ�[RNYXze�X>]yX>Z�d4X�egd�mWZ�[CµªhCL�cOL�czp�egPCUwX>QqL�sRNqdC}RNqUWN�XzLO[\XMhReg[CN�m¯ikLar X>Qqe�c^X>UWZ�[

PRegQ�eg°�dCNYX>LOTVLO[\XVhRLA«�¬ hCL�N�PRQSZ�}CmWÁ�T�LON�mWUW]ONªv�m¯ikL^r4X>Qqegc^XzUWZ�[7hRd7³ºZ�[Rh7hRL_cOUWLOm¯sIZ�[7NqLAPCQSZ�PJZ�NqL_hReg[RN�c�L
PRegQqe�µ�QqegPCpRLyhCL�cOZ�TVPRegQSL�Q»cOLON(Qq]ONSdRmwXze�XzN(v�cOLOdr_Z�}X>LO[ dRN»P�egQ»m¯ikL^r4X>QqegcaX>UWZ�[§hCLMX·RP~L�ç�� dCU�cz¾è>{

¿®Z�[RNSUWhR]OQSZ�[RN�X>Z�dX�hji|eg}JZ�QSh�m�e�P~Z�NqL�hRLY��Ç�� � ¸�hCL�m�eo[4dCUwX%� 5 ÑmV � dX>UWmWUWNq]OL_PCQS]Oc�]OhCLOTVT�LO[xX�c�Z�T�TVL
L^rLOTVPCmWL�hRL�X>QqegU�X>LOT�L�[\X�htikdC[CL�NqZ�dCQqcOL�X>QqÁON�}CQSUWmWm�eg[xX>L�{~©jL�NSPJLOc^XzQSL�hCL�cOUWL�mtZ�}X>LO[ d�cOZ�T�PRQSLO[�egUwX�dC[RL�PRegQ�XzUWL
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ÝxÞzy{��æ4Ú¨ÛzÜzä�×�á;<��WÙºà�Û^× Ú¯Ùºà�âRäM×aØRØuà�Û�Ú/<OÜzä
hCd�NqUWµ�[Regmu·´f�µ�dCQqL � {ÒÑgÐx¼^{4©�eyf�µ�dCQqL � {HG��QSLOPRQS]ONqLO[\X>L�mWLON®NqP~LOcaX>QSLON�hRL�c�UWLOm~Z�}4X>LO[4dCN®PRegQ�cOLON®hCLOdrVTV]^X>pCZ4hCLON�{
²M[�lxZ�UwX�cOm�egUWQSLOTVLO[\XINqdRQKcOL�Nuµ�Q>egPCpRLONu�4dCL®m¯ikL^r X>Q>egc^X>UWZ�[�hCL�X/RPJLKç�� dRUWcz¾è�cOZ�TVPCQSLO[Rh�L�mWmWL�egdCNqNqU4dC[RL�P�egQ�X>UWL®hRd
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é�ê£ë�ì � {HG� í���ò4ð^üSø�õ�ðzû®ô\ý�3�÷�ù\ôªô\ðMü>þÒðzóJ÷
��ø�ðzù�ýxû�ÿyò öOõ�øYþÒõ�ô�ðzû®ô\ðzýgïVñ�úqø���÷�ô�ðzû®ô � ðqï�ø�õYö�üSøYþ ÷�ùo,\>B+�ýxþ üC?PA�ð^ùVù\÷�þÒõ®ðqøöN��ý\û¨ø�ðzñ�ðzù±ø�ô�ð��}���§ðzù]�xóÒð^ý " ÿ�ò4öaõ�ø�þ õ�ô�ð(ówö�ò4÷�û�ð»ô�ð��×t× ���]$ ù¶¸ �m�
� &uô�ð(ówöMùgý\þÒø �m�#� b ���

NSU�µ�[Regm¯sc�egQ®Z\[�R�QSLaX>QSZ�dlxLMmWLON�Q>egUWLON�hCL y egmWTVLOQ�hCLMm¯ikpRChCQSZ�µ\ÁO[CL�sL^X»cOL�hReg[CN�dR[CLMPCmWdRN�µ�Qqeg[ChRLMT�L�NSdRQSLM� dRL
hReg[RN�mWL�c�egN�hCL�[CZgX>QSL�L^r XzQqegc^X>U�Z�[�PRegQ�e�°�dRNYX>LOT�L�[\XMhCL�«�¬®{~©�e�f�µ�dCQqL � {HG�¸VQSLOPRQS]ONqLO[\X^eg[\XMmWLON�NSPJLOc^XzQSLON�hRL
³ºZ�[Ch!hCL�cOUWL�m Z�}4XzLO[ dCNuP�egQKmWLONuhCL�d4ryX/RPJLONuhjikL^r4X>Qqegc^XzUWZ�[�c�Z�[fRQqT�L�hjikdR[CL�P�egQ�X:� dRL�mWL�PRQSZ�}RmWÁOT�L�htikL^r X>Q>egc^X>UWZ�[
hCd�³ºZ�[Rh�hCL�cOUWLOm�L�N�XMPRmWdCN�UWT�PJZ�Q�Xzeg[xX�PJZ�dCQ�mWLON�PJZ�NqLON�htik]^X>Z�UWmWL�N�hRLyX/RP~Lh�MÇ%� dRL�P~Z�dRQ�mWLON�PJZ�NqLON�htik]^X>Z�UWm�LON
T�Z�UW[RN�mWdRT�UW[RLOdCNqLON�stL^X�hji|e�d4X>QSLVP�egQ�X�� dRLVm¯ikL^r X>Q>egc^X>UWZ�[+PRegQ�e�°YdCNYX>LOTVLO[\X�hCLª«�¬C�UW[Cc�mWd4X�T�Z\UW[CN�hCLVNqUWµ�[Regm
hReg[RN�NSZ\[�LONYX>UWTªe�X>UWZ�[ohRd�³´Z�[Ch�hRL�c�UWLOm¯{J�I[oLa`JLaX±s~mWLON�NqP~L�c^X>QSLON�UWNqNqdCNMhCLON�hRLOd4r�L^r X>Q>egc^X>UWZ�[RN�hCL�m�eVPJZ�NqL�hRL
x ����	y Ñ y NqL�NqdCP~L�QSP~Z\NSL�[\X±sje�mWZ�QSN�� djikU�mWNyNqZ�[xX�XzQSÁON�hCU�`J]OQqLO[\X>N�hRe�[CNymWL�c±egNyhRL�m�e_P~Z�NqL�hCL%�MÇwG�V 5 VC{t«uZ�dRQ
mWLON�mWZ�[Rµ�dCLOdRQSN�htikZ�[ChRL(UW[R³º]OQSUWL�dCQSLON�v �5 ���!��s\m¯ikLar X>Qqe�c^X>UWZ�[ªP�egQ�e�°�dCNYX>LOTVLO[\X®hCL�«�¬CÔhCZ\[C[CL�dC[RL(LONYX>UWTªe�X>UWZ�[
hCd§³ºZ�[Ch§hCL�cOUWL�mj[RL^XSXzLOT�LO[xX�UW[R³º]OQSUWLOdRQSL�v�cOL�mWmWL�UWNqNSdRLyhRL�m¯ikL^r X>Q>egc^X>UWZ�[;çY� dCUWcz¾�è>{~¿®LOcOUt[CZ\dCN(P~Z\dCNqNqL�v�P~LO[RNqLOQ
� dCL�sjNqUIm¯ikL^r4X>Qqegc^XzUWZ�[6egc^XzdCLOmWmWLV]OPCQqZ�d4lxL!X>Z�d�°�Z�dRQSNyhRLONyhRU�ÃVcOdRmwX>]ON�v_LONYX>UWT�L�QycOZ�QSQSL�c^X>LOTVLO[\X�mWL�³ºZ�[Rh�hCL�cOUWLOm
P~Z�dRQMmWLONyP~Z�NqLONyhjik]^XzZ�UWmWLONyhCL�X·RP~LT��Ç�sbLOmWmWL�egPCPJZ�Q�XzL!dC[RL�egTV]OmWUWZ�Qqe�X>UWZ�[ÔP�egQMQ>egPCPJZ�Q�X�v�m¯ikL^r X>Q>egc^X>UWZ�[ÔPRmWdCN
NSU�T�PCmWL�hCZ\[\X�Z\[AhRUWNSPJZ�N>egUwXMegdCP�egQqeOl�e�[\X±{~²M[§P~LOdX�]Oµ\egmWL�T�LO[\XMQSLOTVe�QS� dCL�Q»PJZ�dCQ»m�e�PJZ�NqLyhCLhx ����	y Ñ y � dRL
mWLON�NqP~LOcaX>QSLON�L^r X>Qqe�UwX>N�eOlxLOc�mne�T�]^XzpCZ hRL�ç�� dRUWcz¾èyNqZ�[\X�X>QSÁON�}CQSdRUwX>]ON�¹RP~Z�dRQ(mWLON�P~Z�NqLON�mWZ�[Rµ�dCLON�sRm¯ikLar X>Qqe�c^X>UWZ�[
PRegQ�e�°�dCNYX>L�T�LO[xX�hRL�«�¬8NqLOT!}CmWL�hCZ�[Rc��^XzQSL�m�e_PRmWdCNyPJLOQS³ºZ\QSTVeg[xX>L�{t¿�L^X�e�NSPJLOc^X�LONYX�UW[\X>]OQqLONqNqeg[xX�PCdCUWNq� dRL�s
cOZ�T�TVLy[CZ�dRN»m¯i|eOlxZ�[RN®lCd§egdAcOZ�dCQqN»hCLym�e�NqLOc^XzUWZ�[ � {ÒÑ4sCcOLyNqZ�[xX(m�LON»]^XzZ�UWmWLON(N�X^eg[Ch�egQShCN(³´egUW}CmWLON(� dRUbN�i|eOlxÁ�QSLO[\X
mWLON(PCmWdRN(d4X>UWmWLON�P~Z�dRQ»m¯ik]^XzegmWZ�[R[Regµ�L�L�[_¶Rdr_hCL�N»hRZ�[C[R]OLON�{

<d¡E| � §�B~HJ@M£óû��;GMúJüQ¥(H¤û�B¤ü�¥wýh£ùû�����¥(H�B~GI@M£
�:�{éu��� ªwE8¤�¦R�g���4�\¢£�K�¥¤���~� ��Z�rC?ê=A �~��¤DEt����C��n¦C��EZC£�K���ME´�t�7�},»�~�4�\¡I¦7�~�õEqA �K���
~ N6o�_`]0XYX�o}�dLaL%X�_i]�X��0V�L%V�O�RUTz]0XYR�L

©tLON�[CZ�T!}CQSLOdroXzLONYX>N�La`JLOcaX>dC]ON�NqdCQ�m¯ikLar X>QqegcaX>UWZ�[6Z\[\X�PJLOQSTVUWN�]Oµ\egmWL�T�LO[xX�hCLVhR]^X>LOcaX>LOQ�hCLON�PCQqZ�}CmWÁOTVLON
lxLO[Re�[\XVhCLAm¯ik]^XzegmWZ\[C[Regµ\L_LO`JLOc^X>dR]_LO[ egT�Z�[xX±{I©�ikL^rL�T�PCm�L_mWL_PRmWdCN�NqUWµ�[CU�f�c�e�X>UW³�LONYXVdR[7mW]Oµ�LOQ�hC]O³£egd4XVh�eg[CN
m¯ik]^XzegmWZ\[C[Regµ\L!LO[ÔmWZ�[Rµ�dCLOdRQMhtikZ�[ChRL!hC]OcOZ\d4lxLOQYXMlxLOQqN�m�eªfR[ÔhCLVÑ���� 5 {j©tL�X>L�N�X�La`JL�c^X>dC]\sJhCZ�[xXym�e�P~LOQ�XzUW[CLO[RcOL
[CZ�dRN�UWT�PJZ�Q�X>LVP~L�d�U�cOU¯stcOZ�[CNqUWNYXzegUwX!vA³£egUWQSLVmWLVQqegPCPJZ�Q�X�LO[xX>QSLVmWL�NqPJLOc^X>QqL�Lar X>QqegUwX!egdR� dCL�mIZ�[+e§e�°�Z�dX>]�Ñ�Ñ 5
³ºZ�UWNymWL!NqPJLOc^X>QqL!hRL!³´Z�[ChÔhCL�cOUWLOm:L^X�m�e�NqZ�T�TVL�hCL�X>Z�dCNymWLONyNSPJLOc^XzQSLON�cOZ�TVPCQSUWNyhReg[RN�mWL�cOdR}~LA·£� dCU:cOZ�[RNqUWN�XzL
v�e�°�Z�dX>LOQ�X>Z\d4X>LON�mWLON�l�egmWL�dCQSN�hCLON�NqPRe�rCLOmWN�P~Z�dRQ�c^pReg� dRL�X>Qqeg[RczpCL�¼^{b¿�L�X>LONYXyLa`bLOc^X>dR]�v�m¯ik]OPJZ � dRL�e�hCZ�[R[C]
hCLON�NqP~LOcaX>QSLON�cOZ�TVPCQqLO[Reg[\X�hCLON�PCUWc�N�e�d�[CUwl L�egd�hRLON�QqegUWLONMhCLON�]^X>Z�UWm�LON�s�cOZ�TVT�L�mWL�TVZ�[\X>QqL�m¯ikL^rLOTVPCmWL�hCL�m�e
fRµ�dRQSL � {HG � ·£dR[CL»LOQSQqLOdCQIN�ik]^XzegUwX�µ�mWUWNqNS]�L»hReg[RNIc�L�XzLONYX�L^X�mWLON:l�egmWLOdRQSN�LO[�Z�QShCZ\[C[C]OL»NqZ�[xX�LOQSQSZ�[R[C]OL�N>¼a{\¿�LONIPRUWcON
NSZ\[\X�hCdRN(v�dC[AmW]Oµ�LOQ(hC]O³´e�d4X�hCLym¯ik]^Xze�mWZ�[C[Re�µ�LyLO[AmWZ�[Rµ�dCLOdRQ»hjikZ�[RhCLy� dCUjLONYX�hC]�c�egmW]yhjikdR[ANSPJLOc^X>QqLyv�m¯i|egdX>QSL�s
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’quick’ extraction
’PSF fit’ extraction
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é�ê£ë�ì � {HG�¸ íY�gò4ðzüSø�õ�ðzûIô\ð�3�÷�ùxô!ô�ð»üzþÒðzóC÷
��ø�ðzùgý\û�ÿ�ò4öaõ�ø�þ õ�ô�ðzûIò4÷�û�ðzûIô\ðw� �����[�K��� $ ðzù]� ö�ýgø�&�ð>øM�×t ® b � b $ ð^ùh� ö�û�&ò\õ�þwû�ðzûuówö(ù�ýxþ|ø � � �� b " ò4÷�ý�õuü�� ö�ü>ý\ù�ð®ô�ðzûuñMúqø��\÷gô\ðzûKô � ðqï�ø�õYö�üSøYþ ÷�ùT,6>B+�ý\þwüC?PA�ðzù�ù�÷�þÒõKð>øKò öOõ:ý\ù�ö��¨ý\û�ø�ðzñMðzù�øuô�ðr�}���ðzù!ü>÷±ýxóÒðzý\õ �
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Blue part, obtained from HR7596, night 05 114, exposure 027

Æ9Ç�Éu7´Ü
ß�Ï*ß23HÏQÜ
Wavelength (Angstroms)
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Red part, obtained from HR7596, night 05 114, exposure 027

ÆÈß�Éu7¤Ü_ß�ÏKËFÝNÜ
ÛNÏ
é�ê£ë�ì � {HG �Aí �~ðzû¨øMðJ04ð^üSøYý�ú�û�ý�õMý\ù�ð�ò4÷�û�ð�ô\ðh�×t× �	� ��òxõ�þ û�ð�ówöVùgý\þÒø �m���
� b $ ò4÷�û�ð �m�  
&#,bóÒð^û�òxþwü>û�öOò öOõYö�þ û�û�ö�ù�øö�ý�ù\þ1)±ð^ö�ý!ô\ðzûuõSöOþ ðzûIô�ð�ó � úqø�÷�þ ó ð�ô\úzù�÷�ù\ü>ðzù±ø�ýxù�ô\ú[3�ö�ýgø�ô ö�ù\û:ó � úqøSöOó ÷�ù\ùxö��±ð�ðzù!óÒ÷�ù���ý�ð^ý�õIô � ÷�ùxô�ð �µ ðzûK�\þwû¨ø�÷
�±õYö�ñ�ñMð^ûõ�ð>ò\õ�ú^û�ðzù�ø�ðzù±ø�ó ð�õYöOòxò4÷±õ�ø»ð^ù±ø�õ�ðyô � ýxù�ð�ò4öOõ�ø�óÒð�û�ò4ð^üSø�õ�ð�ðqï�ø�õYö�þÒø�öN�¨÷�ýgø�ú�ö�ý�û�ò4ðzüSø�õ�ð�ô�ðd3W÷�ù\ô�ñ�ý\óÒø�þ òxówþÒúyò öOõ �
�
��" ðqøô � ö�ýgø�õ�ð�ò öOõ�ø�ó�öMû�÷�ñ�ñ�ð�ô\ð®ø�÷�ý\ûIó ðzû�û�ò4ð^üSø�õ�ðzûIô\ý�ü>ý�4ð»ô\ð»ô�÷�ùxù�ú>ðzû �

cOLª� dRU�³´e�UwX!� dCLªh�eg[CN�dR[CLªT���T�L�X>Qqeg[RczpCLªhRd+cOdC}JLVZ�}X>LO[ dtsbXzZ�dCN�mWLON�NSP�e�rLOmWN�[CLªNqZ�[\X�PRegN�LarCegc^XzLOT�LO[xX
vVm�eªTV�OT�L�mWZ�[Cµ\dCLOdRQ�hjikZ\[ChCL\{�À�do[RUwlxL�egdohCL�N�QqegUWLONMhCL�m¯ik]^X>Z�UWmWL\s~mWLON�TVUW[CUWTªeVhRLON�NqP~L�c^X>QSLON�hRd�c�dC}JL�[CL�NqL
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ÝxÞzy{��æ4Ú¨ÛzÜzä�×�á;<��WÙºà�Û^× Ú¯Ùºà�âRäM×aØRØuà�Û�Ú/<OÜzä
QSL^X>QqZ�d4lxLO[xX(hRZ�[CcyPRegN®XzZ�dCN»h�eg[CN»m�e�T���T�LMX>Qqeg[RczpCL�sCcOLy� dCUjUW[ChRdCUwX�dC[CLyTVegdl�egUWNqLyLONYX>UWTVe�XzUWZ�[AhCd_¶Rdrb{R¿�L
PCQSZ�}RmWÁOT�L�e�hRLOPCdRUWN(]^X>]yc�Z�QSQSUWµ�]\sCL^X�mWLyTV�OT�L�X>LONYX�La`JLOc^XzdC]�NSdRQ»mWLON(TV�OT�L�N(P~Z�NqLON�e�R e�[\X�NqdC}CUjdR[A[CZ\d4lxL�egd
PCQS]^È¨X>QqegUwXzLOT�LO[xX�hCZ�[R[CLymWLON(pRUWNYX>Z�µ�Qqe�T�T�L�N(QSLOPCQq]ONqLO[\X>]�N�f�µ�dCQqL � {WV�{
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Æ9Ç�Éu7´Ü
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ÆÈß�Éu7¤Ü_ß�ÏKËFÝNÜ
ÛNÏ
é�ê£ë�ì � {WV� í³LTOzñ�ðMø�ðzû¨ø(ðJ04ð^üSøYý�úyû�ý�õ(ówö!ñ#OzñMð�ò4÷�û�ð�õ�ú ¼ úqøSö�óÒ÷�ù\ù\ú>ði,�óÒð�ù�÷�ý�)�ðzójúqøSö�óÒ÷�ùxùxö��±ð�ðzù;æ ýgï�ù\ð�ò\õ�ú^û�ðzù�ø�ðòxó ýxû�óÒð(ô�ú[3nöOý�ø�÷
�xû�ð>õ/)±ú»ò\õ�úzüqú^ô�ðzñ�ñ�ðzù±ø �

� Z%npodVuNBQSR�L�_io�_`odefL[R�^�M2c�OP]���h!V�L
©�e�m�e�T�LÔhRUWczpCQqZgÆ¨� dRLÔd4X>UWm�UWNS]�LÔPJZ�dCQ_Nq]OP�egQSLOQ_mne�mWdCTVUWÁOQSL�LO[\X>QqLÔmWLONAhRLOd4r�c±eg[Regdr�hRLÔNqP~LOc^XzQSZ�NqcOZ�PRUWL
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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

ë 5 �



ÕuÖJ×aØJÙ¯Ú¨ÛzÜ]82í Þ&�»ØCØ0�WÙ´ãO× Ú¯Ùºà�âãî��zç <�Ú�×2�ºà�âCâJ×6ïÜ�åÜ)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

Wavelength (Angstroms)
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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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�9ø?�

À½Í<Í<À6Â�ÍÛÈ�À4�&ÙH��G�¾SÆgµ vgÆg¹WÍ<¾ÚÆgÃ<Ã:ÃÏÂ}ÍUÄ�Å=À�Ð Ìw¹WÁ}»�Ìw¹W¼'Áuº »½À�� Â}¹�À½Ã@ÌÞÆgÃÏÃÏÀOÂÓ¹W¾mË0¼'ÍCÌ�Æ'Á¿ÌBÙ4©uÀ�µ'ÍÏÆgÁ}È×Ë�¹W»ÔÜ]��Ð����j�ùÆg¹WÁ}Ã<¹
� Â�À�ÄWÀ�Ë�ÄWÂ�ÃUË�À�Ì�¹zÌ
Ç\À½Í<Ã�Ð�¸���d��ÃÏ¼'Á¿ÌÛÈ}Â�ÃÛÜjÈ�À½ÃUÍÏÆg¹WÀ6Ã4ÌwÀ½ÄWÄWÂ�ÍÏ¹W� Â�À6Ã½º¿À�Ì:¼'ÁSÍ<À�Ì�Í<¼'Â%Ç À�Ò�¹WÀ½ÁS¹W»½¹dÄWÀ½Â�Í
È}Î½Ë0À½Á�È}Æ'Á�»½ÀÁ�¼'ÁmÄW¹WÁ�Î6Æ'¹WÍ<ÀÞÀ½Áß¾ÚÆgÃÏÃ<ÀÞÈ!Å=Æg¹WÍ6Ù�©uÀ½Ã4Ã@ÌwÍ<Â}»�ÌwÂ}Í<À½Ã4È�Âm»6ÆgÁ}Æ'Ä&Ò�ÄWÀ½ÂSÆgÂ4ÈEÈ�À½ÄÑÜ)È�À 5 ë	���#�GÃÏ¼'Á\Ì
È�Â}À½Ã4Ë�Í<¹WÁ}»½¹WË}ÆgÄÑÀ½¾mÀ½Á\ÌÆgÂ%Ð!¶dÂ�»�Ì�Â}ÆPÌw¹W¼¿Á�Ã
È�À½Ã
Ë�ÍÏ¼'Ë�Í<¹WÎ9ÌwÎ½Ã
È�ÀÞÄÑÆ)ÄÑÆ'¾mÀ�È�¹W»�Ê�ÍÏ¼gÆ¨� Â}À'º'À�ÌUÄÑÀ½Ã�µ'ÍÏÆgÁ�È}À½ÃUÆgÂCµ¿¾mÀ½Á¿Ì�ÆPÌw¹W¼'Á}Ã4Ë0¼'Â�Í4ÄÑÀ½Ã�µ'ÍÏÆgÁ�È}À½ÃÄW¼'ÁCµ'Â}À½Â�ÍÏÃ4È!Å#¼'Á}È�ÀÞÈ}Æ'Á�Ã4ÄWÀ6Ã4È�À6Â%Ð�Ç\¼'¹WÀ½Ã
ÃÏ¼'Á¿ÌUÄW¹WÎ6À½ÃUÜ)ÄÑÆ)¾SÆgÂ&Ç'Æg¹WÃÏÀ»� ÂdÆgÄW¹zÌwÎÞÈ�À6Ã4È�¼'Á}Á�Î½À6Ã4È}ÆgÁ}Ã4»6À½Ã4È}¼'¾SÆg¹WÁ}À½Ã6ºÄW¹WÎ½À�Á�¼2Ì�Æg¾m¾SÀ½Á¿ÌÚÜãÄÑÆãË�¼'ÄWÄWÂ&Ìw¹W¼'ÁHÈ�ÂHÃÏË�À6»�ÌwÍ<À�Ë}ÆgÍßÄWÀ�ÃÏÀ½»½¼'Á}È°¼¿Í<È�Í<À�È�À�È}¹WÃ<Ë0À½Í<ÃÏ¹W¼'ÁHÈ}Â°Í<Î6Ã<ÀBÆgÂ!ÙIÄÔÀ½ÃßÍÏÆg¹ÑÀ½ÃÌwÀ½ÄWÄWÂ}Í<¹W� Â�À6ÃrÈ�À:Ä�Å=À6ÆgÂßÃ<¼¿Á¿Ì4Î�µ¿ÆgÄWÀ½¾SÀ½Á¿Ì
Ë�Í<Î½ÃÏÀ½Á\ÌwÀ½ÃrÀ½Á¿Ì�Í<ÀÕô�G����ÔÀ�ÌUô�Ð���4�õ�W�g¸m�pÙ�©
Å=ÆgÄWÄWÂ�ÍÏÀ®µ'Î½Á}Î½ÍÏÆgÄWÀÕÈ�ÀÕÄÑÆÓ»6¼'Â�Í<Ò0ÀÃ<À6¾�Ò�ÄWÀÔÒ}¹WÀ½Á�À½Á�Æg»½»6¼'Í<È�Æ½Ç\À½»)ÄÑÆ�»½¼'Â}Í<Ò�ÀÔÈ�ÀÔÍ<ÎO³iÎ6Í<À½Á�»6À'º%Î�Ì�ÆgÁ¿ÌÞÈ}¼'Á�Á}Î½ÀÔÄ�Å#¹WÁ�»½À½Í@Ìw¹zÌwÂ}È�ÀÔ¹W¾mË0¼'ÍCÌ�Æ'Á¿ÌwÀÔÃÏÂ�Ò}Ã<¹WÃ@Ì�Æ'Á¿ÌÈ}ÆgÁ}Ãu»½À
»6ÆgÄW»6Â�Ä�Ù±Ä)ÆgÁ}ÃuÄÑÆ:Ç\¼'¹ÑÀ
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ÄWÄWÀ½Ã�ÃÏÀSÃÏ¹zÌwÂ}À½Á¿Ì�À½Á�¾m¼	R\À6Á�Á�À×ÆgÂÈIÈ�À6Ã<ÃÏÂ}ÃÉÈ}ÀSÄ�Å#À9Ð Ìw¹WÁ}»�Ìw¹W¼'Á�È}ÀÍ<ÎO³iÎ½ÍÏÀ½Á�»½ÀÓÈ}ÆgÁ}ÃÛ»½À�È}¼'¾SÆg¹WÁ}À'º%ÜÉÊdÆgÂ%ÌwÀ½Â}ÍUÈ}À��&ÙH� 5 ¾ÚÆgµ\vgÆg¹WÍ<¾ÚÆgÃÏÃÛÀ6Á¿Ç&¹WÍ<¼¿Á!Ù Ä)ÆgÁ}ÃÛÄÑÆ)Ç ¼'¹WÀÓÍ<¼'ÂCµ'ÀÓÀ½Á×Í<À�Ç¿ÆgÁ�»�Ê}À'ºÄWÀ½Ã
»½¼¿Â�Í<Ò0À½Ã
»6ÆgÄW»6Â�ÄWÎ½À½ÃÛÜjËdÆgÍCÌw¹WÍ
È�À½ÃUÈ�¼'Á}Á�Î½À½ÃUÍ<ÀY°C¼'¹Wµ'Á}À½Á¿ÌÛÄWÀ½Ã4Ç'Æ'ÄWÀ½Â�Í<ÃUÃÏÂCµ�µ'Î½ÍÏÎ½À½Ã
ËdÆgÍ
ÄÑÆj»½¼'Â�ÍÏÒ�À�È�À�Í<ÎO³iÎ6Í<À½Á�»6À'ºÆgÄW¼'Í<Ã��%Â�ÀÞÄWÀ½Â}ÍI³i¼'ÍÏ¾mÀÞÀ6ÃCÌÛ¾m¼'¹ÑÁ�Ã
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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¿ÙÓEÄ�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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é�ê£ë�ì ë	�&ÙHG íT�~õYö�ù\û�ñ�þwû�û�þ ÷�ùyþwù\û¨ø�õ�ýxñMðzù�øYö�ó ð�ü^ö�ó ü>ýxóÒú>ð�ÿ»ò öOõ�øYþÒõuô�ð�òxó ýxû�þÒð^ý�õ�ûuû�ò4ðzüqø�õ�ð^ûKô � úqø�÷�þ ó ðzûKû¨øSö�ù\ô öOõ�ô\ûKô�ð�ó�ö»ùgý\þÒø
� � �� b �

¿: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�À½ÁÈÈ}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

Ë�¼'ÃÏÀ½Ã�È!Å#Î�Ì�ÆgÄW¼'Á�ÁdÆ��'À�À½Á�»�Ê}Æ'¾mË�Ë}ÄÑÆPÌßÃÏË�À6»�ÌwÍ<¼�ÈEÃ<ËdÆPÌw¹ÑÆgÄ�Ù:ÄÔÆgÁ}Ã�ÄWÀ×È�¼¿¾SÆg¹WÁ}ÀÚÈ}À½Ã3��Æg¹WÒ}ÄWÀ½Ã�ÄW¼'Á��'Â}À½Â�ÍÏÃ�ÈuÅ#¼'Á�È}À'ºÄWÀ½ÃÓÌwÍ<¼'¹WÃ)ÃÏË�À6»�ÌwÍ<À½Ã)È�À�»½¼¿Í<Í<À½»�Ì�¹W¼'ÁãÃÏ¼'Á¿ÌÉÀ½ÁãÒ�¼'Á�Æ'»½»½¼'Í<Èuº0À�Ìj¼'Á�Ã½Å�ÆPÌ<ÌwÀ½Á}È�Ü×¼'Ò%Ì�À½Á�¹WÍÔÂ}ÁãÎ�Ì�ÆgÄW¼'Á}Á}Æ��'ÀßÀ½Á5�}Â&Ð»½¼'Í<Í<À6»�Ì×È}ÆgÁ�ÃÚ»½À�Ì<Ì�À¸ËdÆgÍCÌw¹WÀêÈ}Â�ÃÏË�À6»�ÌwÍ<À'Ù�Ä)ÆgÁ�ÃÚÄÑÆãÇ\¼'¹WÀêÍ<¼'Â0�'À'º
Ä�Å=Æg»½»½¼'ÍÏÈìÀ½Ã@Ì×¾m¼'¹WÁ}ÃSÒ0¼'Á�À�Ì×Ä�Å#Î�Ì�ÆgÄW¼'Á�ÁdÆ��'ÀÍ<¹WÃ�� Â�À6�i¼'ÍCÌ�È!Å=À½ÁfË¨�PÌw¹WÍ½Ù87
Á�Ë}ÆgÍCÌ�¹W»½Â�ÄW¹WÀ6Í½ºuÄ`Æ¸Ë}Í<Î½ÃÏÀ½Á�»6ÀSÈ�À6Ã{ÍÏÆg¹WÀ½ÃÉÌwÀ½ÄWÄWÂ}Í<¹�� Â}À½Ã{È}ÆgÁ}Ã{ÄWÀÚÃ<Ë0À½»�Ì�Í<ÀSË0À½ÍCÌwÂ}Í<Ò0ÀSÄWÀÄW¹WÃÏÃÏÆ��¿ÀÓÈ�À9��Æ��6¼'Á×¹W¾SË�¼'ÍCÌ�ÆgÁ¿ÌwÀÓÀ�ÌÕ¹WÁ\ÌwÍ<¼ È}Â�¹zÌÕÈ�À6Ã:�}Â}»�ÌwÂdÆPÌw¹W¼'Á}ÃÛ¹WÁ�È}Î½ÃÏ¹WÍÏÆgÒ}ÄWÀ½ÃÛÈdÆgÁ�ÃÛÄWÀ6ÃÛÈ}¼'¾SÆg¹ÑÁ�À½Ã:È�ÀÓÄW¼'Á��¿Â�À½Â}ÍÈ!Å#¼'Á}È�À�»½¼¿Í<Í<À½ÃÏË0¼'Á�È}Æ'Á¿ÌwÃ6Ù;��ÆÚ»½¼'ÍÏÍ<À½»�Ì�¹W¼'Á[È}À�»½À½ÃÔÍÏÆ'¹WÀ½ÃÔÈ�À9Ç&ÍÏÆÚÈ}¼'Á�»�Ò}¹WÀ½ÁãÆ½Ç ¼'¹WÍÔÄW¹WÀ½ÂãÆ½Ç¿ÆgÁ¿ÌjÄ�Å#Î�Ì�ÆgÄW¼¿Á�Á}Æ+�'À�À½Á
�}Â%Ð¸Ë�¼'Â}Í"� Â�ÀÉ»½À½ÄWÂ}¹wÈI»½¹!ÃÏ¼'¹zÌÓÀ9Ø0À6»�ÌwÂ�ÎÉ»½¼'Í<ÍÏÀ½»�ÌwÀ½¾SÀ½Á¿ÌBÙ

ë�Ð��
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HR3454, expo 086
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Wavelength (Angstroms)
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HR3454, expo 070
HR3454, expo 086
HR3454, expo 092

é�ê´ë�ì ë	�&ÙWV í�� ö�üSø�ðzý\õ�ô�ð(üq÷±õ�õ�ðzüSøYþ ÷�ù�ðzù]æxýgï!üzö�ówü>ý\ó ú�ÿ�ò öOõ�øYþÒõ�ô\ð®ø�õ�÷�þwûIû�ò4ð^üSø�õ�ðzûIô\ð��×t ® b � byô�ð»ó�öMùgý\þ|ø � � �� b �

ÀuÇ¿ÆgÁ¿ÌmÈuÅ=ÆgË�Ë}ÄW¹�� Â}À½Í�Â�Á}À�È�À�»½À½Ãß»½¼¿Í<Í<À½»�Ì�¹W¼'Á�ÃmÆgÂ&Ð�ÃÏË�À6»�ÌwÍ<À6Ã�È}À½ÃmÆgÂ%Ì�Í<À½ÃßË�¼¿Ã<À6Ã½ºrÁ�¼'Â}ÃßÆ½Ç\¼¿Á�Ãß»�Ê}¼'¹WÃÏ¹:È}ÀÇ\Î½Í<¹�ÝdÀ½ÍuÄÑÆÞ»6¼'Ê�Î½ÍÏÀ½Á�»½À
È}À
Ä�Å#Î�Ì�ÆgÄW¼¿Á�Á}Æ��¿À
À½Á{Ä�Å=ÆgË�Ë�ÄÑ¹�� Â}ÆgÁ\Ì�ÆgÂ{Ã<Ë0À½»�ÌwÍÏÀ
È�¼'Á¿ÌYÀ½ÄWÄÑÀ
À½Ã@ÌY¹WÃÏÃÏÂ�À ) Ý0�'Â�ÍÏÀÞë
�&Ù 5+* Ù_6�¼2Ìw¼¿Á�Ã� Â�À'º6Ë0¼'Â�Íu¼'Ò&ÌwÀ½Á�¹WÍuÄÑÆ�»½¼'Í<Í<À½»9Ìw¹W¼'ÁÉÀ6Á��}Â%Ð!º½È}¹zÇ\À½Í<ÃÏÀ½Ã�¼'Ë0Î½ÍÏÆPÌ�¹W¼'Á�Ã�È�¼'¹zÇ\À½Á\ÌYÖ�ÌwÍÏÀ4À½Ø0À½»�ÌwÂ}Î½À½Ã�Ë�¼¿Â�Íu»½¼ ¼'Í<È}¼'Á�Á}À½ÍuÄWÀ½ÃÍ<Î½ÃÏ¼'ÄWÂ%Ì�¹W¼'Á�Ã:À½Á×ÄW¼'Á��¿Â�À½Â�ÍÛÈuÅ#¼'Á�È}À�À½Á\ÌwÍ<ÀÓÃÏË�À½»9ÌwÍ<À�È}ÀÓÍ<Î��iÎ½ÍÏÀ½Á�»½ÀÓÀ�ÌÕÃÏË0À½»�ÌwÍ<À@?v6�ÓBAC?mÁ}¼2Ì�Æg¾S¾mÀ½Á¿ÌPÙxÀÔË�ÍSÁ6Ã:Æ½Ç\¼'¹WÍÈ�Î��'ÍwÆgÈ�ÎÉÄWÀÉÃÏË�À½»9ÌwÍ<ÀÉ¼'Ò%Ì�À½Á ÂêË}ÆgÍ9?U6�ÓBAC?0º}ÄWÀÉÃÏË�À½»9ÌwÍ<Àj¼¿Ò%ÌwÀ½Á%ÂêË�¼'Â}ÍÞÄWÀD��Æ'»�ÌwÀ½Â}Í
(T (λ))−1 À½Ã@ÌÓÄW¹WÃÏÃ<Î ) Æ½Ç\À½»ÉÂ}ÁË�¼'Ä\R�ÁUs'¾SÀ�È}¼'Á¿Ì:ÄWÀ�È}À��'Í<Î�À½Ã@Ì:À½Á6�¿Î½Á�Î½ÍwÆgÄ}È}À9E&º\¾SÆ'¹WÃ:�%Â�À�Ä�Å#¼'ÁÚË0À½Â%Ì:»½¼'Á\ÌwÍÏÆg¹WÁ}È�Í<ÀÓÜÉÂ}Á�ÀÓÆgÂ%ÌwÍÏÀÞÇ'ÆgÄWÀ½Â}Í * Ë�¼'Â}Í¼'Ò%ÌwÀ6Á�¹WÍÛÄWÀ½ÃÕ»½¼'Â�ÍÏÒ�À½Ã:È�ÀÓ»6¼'Í<Í<À½»9Ìw¹W¼'Á�È�ÀÓÄÑÆ{Ý0�'Â}Í<À�ë	�&ÙWV}ÙF�
Å#Î�Ì�ÆgÄW¼¿Á�Á}Æ+�'ÀÓÀ½Ã@ÌÞÀ½Á�ÃÏÂ�¹zÌ�ÀÓ¼'Ò%Ì�À½Á Â�À½Á×¾�Â}ÄzÌw¹WË�ÄW¹ÑÆ'Á¿ÌÞÄWÀÃ<Ë0À½»�Ì�Í<À�Ü)Î�Ì�ÆgÄW¼'Á}Á�À½Í
Ë}ÆgÍ4»½À"��Æ'»�ÌwÀ½Â}Í4È�ÀÞ»½¼¿Í<Í<À½»�Ì�¹W¼'ÁmÀ�ÌUÀ6ÁmË�Í<À6Á}ÆgÁ¿ÌUÀ6Ám»½¼'¾mË&ÌwÀ:ÌwÀ½¾SË�Ã
È�ÀÞË0¼'ÃÏÀÞÀ�ÌUÀ�Ð Ìw¹WÁ}»�Ìw¹W¼'ÁÆPÌw¾m¼¿Ã<Ë}Ê�Î½ÍÏ¹�� Â�À ) ÎG� Â}ÆPÌ�¹W¼'Á 5 ÙWV * Ù¤6�¼'Â}ÃÓÆ½Ç\¼'Á}ÃÓ»�Ê�¼'¹ÑÃ<¹�¹W»6¹�È!Å=ÆgÂ&Ìw¼�ÈEÎ�Ì�ÆgÄW¼'Á}Á�À½Í�ÄWÀ{ÃÏË0À½»�ÌwÍÏÀÉÈ�À]��ÇwG�V 5 V×¹WÃ<ÃÏÂaÈ}À

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%

0.5 0.6 0.7 0.8 0.9 1.0
Wavelength [AA] x1e4

-10

-5

0

5

10

R
e
la

ti
v
e
 e

rr
o
r 

[%
]

é�ê£ë�ì ë	�&Ù 5�íYX�ýgø�÷ ¼ üq÷±õ�õ�ð^üSøYþÒ÷�ù�ô�ð�ówö�ò4÷�û�ð �  � ô�ð��Dt ® b � b�ô\ð�ówöyù�ý\þÒø � � �� bT, ó�öyüq÷±õ�õ�ðzüSøYþ ÷�ù!ð^ù]æ ýgï�þ û�û�ý�ð�ô�ð�ü>ðû�ò4ðzüqø�õ�ð(ówý\þRðzû�ø®öOò\òxówþ-+gý�ú>ð " òxýxþ û�óÒð(õ�úzû�ý\ó|øSöaø�÷
��ø�ðzùgý�ðzû¨ø�ü>÷�ñMò öOõ�ú�ö�ý�û�ò4ð^üSø�õ�ð(ô\ð»õ�ú[3�ú>õ�ð^ù\üqð $ öOò\õ/.zû�ô�úJ�±õYö�ô öaø�þ ÷�ù�ô\ðõ�úzû�÷�ówýgøYþÒ÷�ùi,�ó ð�û�òðzüSø�õ�ð�úqøSö�óÒ÷�ù\ù�ú�ðzû�ø�õ�ð>ò\õ�úzû�ðzù�ø�ú�ðzù�ò4÷�þwù±øYþ ówóÒú^û�ù�÷�þ õ�û " òxý\þwûtðzù#�xó ðzý�öOò\õ/.zû�ô�úJ�±õYö�ôxöaøYþ ÷±ùyô�ð�õ�úzû�÷�ó ýgøYþ ÷�ùò4÷�ý�õ�ò4÷�ý�)�÷�þÒõ×Oqø�õ�ð�üq÷�ñ�ò öOõ�úMö�ýVû�ò4ð^üSø�õ�ð�ô�ð�õ�ú[3Wú>õ�ðzùxüqð " ðzù�õ�÷�ý��±ðN&�,û�ý�ò4ðzõ�ò4÷�û�þÒø�þ ÷�ù�ðzù%� öOý�ø " ð>õ�õ�ð^ý�õ�õ�ðzó�öaø�þ1)±ð�ðzù�ø�õ�ðóÒðzû�ô�ðzý�ï�ðzù]� ö�û �

ÄÑÆãË�¼¿Ã<À�Á=������È�À�ÄÑÆãÁ%Â�¹zÌ���ÐP��ë�V�ºrË�ÍÏ¹WÃmÜãÂ}Á�À�¾SÆ'Ã<ÃÏÀ�ÈuÅ=Æg¹WÍßÈ�À�ë¿ÙH� 5�5 Ù&%Y¼'Â}ÍßÄÑÆaÇ\¼'¹WÀ¸Ò�ÄWÀ6Â�À'º4ÆgÂ4ÈEÈ�À½ÄÑÜãÈ}À
5 ë	���j� ¼'ÁÚÍÏÀ½¾SÆgÍ�� Â�À�ÈuÅ#¹W¾mË0¼'ÍCÌ�ÆgÁ\ÌwÀ½ÃÛÃ@ÌwÍ<Â}»�ÌwÂ�ÍÏÀ½ÃUÈ�Â}À½Ã:ÜÉÄÑÆ{¾SÆgÂ%Ç¿Æg¹WÃÏÀ�»½¼'ÍÏÍ<À½»�Ìw¹W¼¿ÁÚÈ�À6ÃUÃ@ÌwÍÏÂ�»�Ì�Â�Í<À½ÃÛÄW¹WÎ½À½Ã:ÜÉÄÑÆÄÑÆg¾mÀ{È}¹W»�Ê�ÍÏ¼gÆH� Â}À6IdÀ½ÁaÀ9Ø0À9ÌBºdÄWÀ{ÄW¹ÑÃ<ÃwÆ��'À�È�À{ÄÑÆÚ»½¼'Í<Í<À6»�Ìw¹W¼'Á[À½Á!�}Â&Ðê»6ÆgÄW»½Â}ÄWÎ½À{Ë0À½Â%ÌÔÀ�Ð�Æ+�'Î½Í<À½ÍÓÄWÀ½ÃJ�}Â}»�ÌwÂ}ÆPÌ�¹W¼'Á�ÃÀ�Ð&¹WÃ@Ì�ÆgÁ\ÌwÀ½ÃjÀ�ÌÉ¹WÁ¿ÌwÍ<¼%È�Â�¹WÍÏÀ�È�À6Ã)Î½»6Æ'ÍCÌwÃÉÜ×ÄÑÆ�ÍÏÎ6ÆgÄW¹zÌwÎ'Ù�¿ÔÅ#À½Ã@ÌÉ»½À(� Â�¹rÀ�Ð&Ë}ÄW¹�� Â}À�ÄWÀ6Ã)È}¹�Ø0Î½Í<À½Á}»½À½Ãj¼'Ò�ÃÏÀ½ÍCÇ\Î6À½Ã)ÈdÆgÁ�Ã»½ÀSÈ�¼'¾SÆ'¹WÁ�ÀSÀ½Á\ÌwÍ<ÀSÄWÀ½Ã)ÌwÍÏ¼'¹WÃ{Ã<Ë0À½»�ÌwÍÏÀ½ÃÉÈ�ÀS»½¼'ÍÏÍ<À½»�Ìw¹W¼¿ÁýÈ}ÀSÄÑÆ�Ý0�'Â�ÍÏÀ¸ë
�&ÙWV�Ù/%�¼'Â�ÍÉÄWÀ½Ã{Ë�ÄWÂ}ÃD��Æg¹WÒ}ÄWÀ½ÃÉÄW¼'Á0�'Â�À½Â}Í<Ã

ë�Ð&ë



ÕuÖJ×aØJÙ¯Ú¨ÛzÜ]82í Þ&�»ØCØ0�WÙ´ãO× Ú¯Ùºà�âãî��zç <�Ú�×2�ºà�âCâJ×6ïÜ�åÜ)ð�ñ�òCó4ð
È!Å#¼'Á}È�À'º Â�Á�Ë�¹W»ÓË0À½Â%ÌÕÖ9ÌwÍ<ÀÓ¼'Ò}Ã<À6ÍCÇ\ÎÓÈdÆgÁ�Ã:Ä�Å#À½Í<ÍÏÀ½Â�ÍÛÍÏÀ½ÄÑÆPÌw¹zÇ\ÀÔÀ½Á\ÌwÍ<ÀÓÃÏË�À6»�ÌwÍ<ÀÓÎ�Ì�ÆgÄW¼'Á�Á}ÎÓÀ�ÌÕÃÏË0À½»�ÌwÍÏÀ�È}ÀÓÍ<Î��iÎ6Í<À½Á�»6ÀÆgÂãÁ}¹zÇ\À6ÆgÂ�È}À�»�ÊdÆ�� Â�ÀßÍÏÆg¹WÀßÈ�Â�ÃÏË�À½»9ÌwÍ<À'Ùj¿:À6»½¹rÀ½Ã@ÌjÈa¹�Ü�Â�Áã¾ÚÆgÂ%Ç¿Æg¹WÃ)Î�Ì�ÆgÄW¼'Á�ÁdÆ��'ÀßÀ½ÁãÄW¼¿Á��'Â}À½Â�Í)È!Å#¼'Á}È�À�È}ÂÃ<Ë0À½»�Ì�Í<ÀÚÈ}À×Í<Î��iÎ6Í<À½Á�»6À4IYÄWÀ6Ã�È}¼'Á�Á}Î½À½Ã�Ë}Í<¹WÃÏÀ½Ã�ËdÆgÍ]�ÓÆ'¾�Â(R �W�gÐ�º*��Em�:ÃÏÀ½¾�Ò}ÄWÀ½Á¿ÌßÃÏ¼'Â�Ø0Í<¹WÍ�È!Å=Â�Á�À9Ø0À�ÌßÈ}À��iÀ½Á¿Ì�ÀË�Â�¹WÃ��%Â�À{»½À½ÃÓË}¹W»½ÃÓÁ!Å=ÆgË}Ë}ÆgÍÏÆg¹ÑÃ<ÃÏÀ½Á\ÌÔË}Æ'Ã�ÄW¼¿Í<ÃÓÈ�À{Ä�Å=Î�Ì�ÆgÄW¼'Á}Á}Æ��'À�È!Å#Î9Ìw¼'¹WÄWÀ½ÃÓË0¼'Â�ÍÓÄWÀ½Ã�� Â�À6ÄWÄWÀ½ÃÓÁ�¼'Â}ÃÓÈ�¹WÃÏË�¼'ÃÏ¼'Á}Ã�È}ÀÃ<Ë0À½»�Ì�Í<À½ÃÞÈ�ÀjÍ<Î���Î½Í<À½Á}»½À)¹WÃÏÃÏÂ�Ã�È!Å=ÆgÂ&ÌwÍ<À½ÃÞÃÏ¼'Â}Í<»½À½Ã6Ù0%�¼'Â�ÍÞÄÑÆ�Ç\¼'¹WÀjÍ<¼¿Â��'À'º�ÄWÀ½Ã(Â½¼'Á�À6Ã"�'Í<¹WÃÏÎ½À½Ã�»½¼'ÍÏÍ<À½ÃÏË�¼'Á}È�À½Á\Ì�ÆgÂ&ÐÍÏÆg¹WÀ½ÃÔÌ�À½ÄWÄWÂ�ÍÏ¹�� Â�À½ÃjÀ9ÌÉÁ�ÀmÃ<¼¿Á¿ÌÉË}Æ'Ãj»½¼'Á�ÃÏ¹WÈ�Î6Í<Î½À½ÃjÈdÆgÁ�ÃjÄ�Å#Î�Ì�Æ'ÄW¼'Á�ÁdÆ��'À'Ù # Á�ÍÏÀ½¾SÆgÍ�� Â�ÀmÄÑÜ�ÆgÂ}Ã<ÃÏ¹rÂ}Á�ÀßÃ@ÌwÍ<Â}»�ÌwÂ}Í<ÀÈ�Â�À¸ÜãÄÑÆ[ÄÑÆ'¾mÀ�È�¹W»�Ê}Í<¼gÆ2� Â�À ) ÆgÂ%Ð�ÌwÍqÁ½Ã(��Æg¹WÒ}ÄWÀ½ÃßÄW¼'Á0�'Â�À6Â�Í<ÃßÈuÅ#¼'Á�È}À * À9ÌmÈ}À½ÃßË}¹W»½ÃmÆgÂHÁ�¹zÇ À6ÆgÂHÈ�À½ÃßÍwÆg¹WÀ½Ã6ÙC��ÆË�Í<Î½ÃÏÀ½Á}»½ÀjÈ}À½Ã�ÍÏÆg¹WÀ½ÃÞÌwÀ½ÄWÄWÂ�ÍÏ¹�� Â�À6ÃÞÃÏÀ½¾�Ò�ÄWÀÉË�¼'ÄWÄWÂ}À½ÍÞÎG�¿ÆgÄWÀ½¾SÀ½Á¿Ì�ÄÑÀ½Ã(Â½¼'Á}À½ÃÕÇ\¼'¹WÃÏ¹WÁ�À6Ã�À�Ì�Ä�Å=Æ'Â%Ìw¼�ÈEÎ�Ì�ÆgÄW¼'Á}Á}Æ��'ÀÉÁuÅ#À½Ã@ÌË}ÆgÃUÀ½Á\Ìw¹WÁ½Í<À6¾mÀ½Á¿Ì:ÃwÆPÌw¹WÃ���Æg¹WÃwÆgÁ¿ÌPÙ # ÁSÍ<À½¾ÚÆgÍ.� Â}À�È�¼¿Á�»�¹W»½¹K� Â�À�Ä�Å#¼'Ò%ÌwÀ6Á¿Ìw¹W¼'ÁÚÈ}À½Ã
ÃÏË0À½»�ÌwÍÏÀ½Ã
È}À�»½¼¿Í<Í<À½»�Ì�¹W¼'ÁSÀ9ÌÛÄWÀ½Â}ÍÆgË�Ë}ÄW¹W»6ÆPÌw¹W¼'Á�À½ÄWÄWÀ½ÃYÈI¾SÖ½¾mÀ½ÃmÁ�À�ÃÏ¼'Á¿ÌSËdÆgÃßÀ�Ð&À6¾mË%Ì�À½ÃßÈuÅ#À½Í<Í<À½Â}Í<Ã6º�ÄÑÆ�»½¼'Í<Í<À6»�Ìw¹W¼'ÁHÈuÅ#Â�ÁHÃÏË�À½»�Ì�Í<À�Ë}ÆgÍßÄWÂ�¹wÈE¾mÖ½¾SÀÃ<¼¿Â&Ø0ÍÏÆ'Á¿Ì�ÈuÅ#Î½»6ÆgÍ@ÌwÃ�Á�¼'ÁêÁ�Î��'ÄÑ¹��'À6ÆgÒ�ÄWÀ6Ã�È}Æ'Á�Ã�»½À½ÍCÌ�Æg¹WÁ�À½Ã(Â½¼'Á}À½Ã6º�Ë}Í<¹WÁ�»½¹WËdÆgÄWÀ½¾SÀ½Á¿ÌÓÈ�Â�À6Ã�ÆgÂ&Ð�À9Ø0À9ÌwÃ�È�ÀÉÄW¹WÃ<ÃwÆ��¿À'Ù

LU¼	R\¼'Á}ÃÓ¾ÚÆg¹WÁ¿Ì�À½Á}ÆgÁ\ÌÔÄWÀ�Í<Î6Ã<Â}ÄzÌ�ÆPÌ)È�À�Ä�Å#Î�Ì�ÆgÄÑ¼'Á�Á}Æ+�'À�È�À6ÃÔÆgÂ%ÌwÍÏÀ½ÃÓÃÏË�À6»�ÌwÍ<À½ÃÔÈ�Àh�MÇwG�V 5 V×Ë�ÍÏ¹WÃÓ»½À�Ì<Ì�À{Á%Â�¹zÌSÈEÄÑÜË}ÆgÍmÄWÀ¸Ã<Ë0À½»�Ì�Í<À�È�À¸»½¼'Í<ÍÏÀ½»�Ìw¹W¼¿Á�¹WÃ<ÃÏÂ�È}À�»½À�ÌÏÌwÀ�Ë0¼'ÃÏÀ�Á=����� ) Ý0�'Â}Í<À�ë	�&Ù|Ð * Ù # Á�Í<À�Ì�Í<¼'Â%Ç\À¸È}Æ'Á�Ãm»½À½ÃSÀ½Í<Í<À6Â�Í<ÃÍ<À½ÄÑÆPÌ�¹zÇ\À½ÃÓÀ½Á¿ÌwÍÏÀÉÃÏË0À½»�ÌwÍÏÀ½Ã�Î�Ì�Æ'ÄW¼'Á�Á}Î½Ã�À�ÌÔÃÏË0À½»�ÌwÍÏÀ½Ã�È}ÀÉÍ<ÎG�iÎ½Í<À½Á}»½À{ÄWÀ½ÃÓ¾mÖ½¾SÀ½ÃÞÌ/R�Ë�À½ÃÓÈ!Å#Î6»6ÆgÍCÌwÃ9� Â�À{ÈdÆgÁ�Ã�ÄÑÀ{»6ÆgÃÈ�ÀjÄ�Å=ÆgÂ%Ì�¼�ÈIÎ�Ì�ÆgÄÑ¼'Á�Á}Æ+�'À'º�¾SÆg¹WÃ�È�À���Æ��½¼'ÁêÆg¾SË�ÄW¹�Ý}Î6À'Ù # Á¸»½¼'Á�Ã@Ì�ÆPÌ�À)Î��\ÆgÄWÀ½¾mÀ6Á¿Ì�È�À½ÃÞÎ6»6ÆgÍCÌwÃ�Ã·R�ÃCÌ�Î½¾SÆPÌ�¹�� Â�À6Ã�Ü�ÄÑÆÍ<Î��iÎ½ÍÏÀ½Á�»½À¿º&Á�¼gÌ�Æg¾m¾SÀ½Á¿Ì�Ë�¼'Â}ÍÕÄÑÆ�Ç\¼'¹WÀjÍ<¼'Â0�'À)È}À)ÄÑÆßË�¼'ÃÏÀ!�+E�Ð&º�»½À�� Â�¹!Ã<À6¾�Ò�ÄWÀjÖ�ÌwÍÏÀ)»½¼'Ê}Î½Í<À½Á\Ì�Æ½Ç\À6»jÄWÀ½ÃÞÎ½»6Æ'ÍCÌwÃ¼'Ò%ÌwÀ6Á Â�ÃÕÀ½Á¿ÌwÍÏÀÔÄWÀ½ÃÕÈ�¹�Ø0Î½ÍÏÀ½Á¿ÌwÃÕÃÏË�À½»9ÌwÍ<À½ÃÕÈ�À�ÌwÍwÆgÁ�ÃÏ¾m¹WÃÏÃÏ¹W¼'ÁuÙ4ÀÓË�ËdÆgÍÏÆg¹WÃÏÃÏÀ½Á¿ÌÞÎG�¿ÆgÄWÀ½¾mÀ6Á¿ÌÞÈ}À½Ã:Î½»BÆgÍCÌwÃÕ¹W¾SË�¼'ÍCÌ�ÆgÁ¿ÌwÃË�¼'Â}ÍÚÄWÀ½Ã�È�¼'¾ÚÆg¹WÁ�À½Ã×È}ÀaÄW¼'Á0�'Â�À6Â�Í<Ã×ÈuÅ#¼'Á�È�À[À�Ð Ì�Í<Ö½¾mÀ6Ã×È�À[»�Ê}Æ�� Â}Àa»6Â�Ò�À¿ºUÈ�Â}Ã�ÜfÄÑÆ�¾SÆgÂ&Ç'Æg¹WÃÏÀ[À�Ð ÌwÍwÆg»�Ìw¹W¼'ÁÈ�ÂHÃ<Ë0À½»�Ì�Í<À�È}ÆgÁ}Ãß»½À½ÃßÈ}¼'¾SÆ'¹WÁ�À½Ã6º�¼I°ÈuÅ#Â�Á�À�Ë}ÆgÍ@ÌmÄÑÆaÌwÍÏÆgÁ}Ã<¾S¹WÃÏÃÏ¹W¼'ÁH¹WÁ�Ã@ÌwÍ<Â}¾mÀ½Á\Ì�ÆgÄWÀ�À6ÃCÌ���Æg¹WÒ}ÄWÀ'ºrÀ�ÌmÈuÅ=ÆgÂ%ÌwÍÏÀË}ÆgÍCÌÉÄÑÀ½ÃjÃ<Ë0À½»�Ì�Í<À½ÃjÈ�Â�»½Â}Ò�ÀßÃÏÂ�Ò�¹ÑÃ<ÃÏÀ½Á\ÌÉÈ�À½ÃjË0¼'ÄWÄWÂ%Ìw¹Ñ¼'Á�ÃÉÆgÂ�Á}¹zÇ\À6ÆgÂýÈ�Â6¿»¿�Ä�Ë}ÆgÍ)ÄÑÆ�ÃÏÂ}Ë�À½ÍÏË�¼'ÃÏ¹zÌw¹W¼'ÁfÆ½Ç\À½»mÄWÀÃ<À6»½¼'Á�Èm¼'ÍÏÈ�Í<ÀÞÈ�ÀÞÍ<Î���ÍÏÆg»�Ìw¹W¼¿ÁmÈ�ÂmÍ<Î½ÃÏÀ6ÆgÂmÁ}¼2Ì�Æg¾S¾mÀ½Á¿ÌPÙ+��Ü)À½Á�»6¼'Í<À'º'Â�Á}ÀÞÆgÁdÆgÄ\R&ÃÏÀ�ÆgË�Ë}Í<¼+�i¼'Á}È�¹WÀÞÈ�ÀÞ»½À½Ã
ÃÏË�À½»9ÌwÍ<À½ÃÎ�Ì�ÆgÄW¼'Á}Á�Î½Ã�À½Ã@ÌÓË�ÍÏÎ½¾SÆPÌ�Â�Í<Î½À¿º�¾ÚÆg¹WÃ�¹WÄuÃÏÀ½¾�Ò�ÄÑÀ{ÆgÂ�Ç&ÂêÈ}Àj»½À6ÃÞÝK�'Â�Í<À6ÃM�%Â�À'º}È}ÆgÁ}Ã�È}ÀjÒ0¼'Á�Á}À½Ã�»6¼'Á�È�¹zÌ�¹W¼'Á�Ã ) Á Â}¹zÌË�Ê�¼gÌw¼'¾mÎ9ÌwÍ<¹�� Â}À * º�Ä�Å#Î�Ì�ÆgÄW¼'Á�ÁdÆ��'ÀÉÀ½Á1�dÂ%Ð�À6ÃCÌ�ÝdÆgÒ}ÄWÀÉÜ�ë
�k�Ë}ÍSÁ½Ã6Ù
À�ÝdÁ¸È�À)Ç\Î½Í<¹�ÝdÀ½ÍÞÄ�Å#À9Ð&¹WÃ@ÌwÀ½Á�»6ÀjÈ!Å=Â�Á¸Î�Ç\À6Á¿ÌwÂ�À6Ä!Ò�¹ÑÆg¹ÑÃ�ÈU¹êÆ'Â$��Æg¹zÌ9� Â�ÀÉÁ�¼'Â�Ã�ÁuÅ=Æ½Ç\¼'Á�Ã�¹Ñ»½¹!»½¼'Á}ÃÏ¹WÈ�Î½Í<ÎD� Â�ÀjÈ}À½ÃÃ<Ë0À½»�Ì�Í<À½Ã�È}À{ÄÑÆS¾mÖ6¾mÀ{Î�Ìw¼'¹WÄÑÀ'ºd¼'Á[Í<À½Ë�ÍÏÎ½ÃÏÀ½Á¿ÌwÀÉÝK�'Â�Í<ÀÚë	�&Ù1�SÄWÀ½ÃÓÃ<Ë0À½»�Ì�Í<À½Ã�È}À{Ä�Å#Î�Ìw¼'¹WÄÑÀh��¹WÄzÌ�Á�À½ÍqÐ���SÈ}ÀÉÄÑÆÚ¾mÖ½¾SÀÁ Â�¹zÌ�Î9Ì�ÆgÄW¼'Á}Á�Î½Ã�Æ½Ç\À½»ÚÄWÀS¾mÖ6¾mÀSÃÏË�À½»9ÌwÍ<ÀSÈ�ÀS»½¼¿Í<Í<À½»�Ì�¹W¼'Á ) ¹ÑÃ<ÃÏÂfÈ}ÂfÃ<Ë0À½»�Ì�Í<ÀSÈ�À���ÇwG�V 5 VêÈ�ÀSÄÑÆêË�¼'ÃÏÀSÁ=����� * ÙN�Á�Ò}¹ÑÆg¹WÃÞÀ½Ã@Ì�È�¼'Á}»ÓÇ&¹WÃÏ¹WÒ�ÄWÀOI%ÃÏ¹�ÄÑÆßÈ�¹WÃÏË�À6Í<ÃÏ¹W¼'Á¸ÆgÂ%Ì�¼'Â�ÍÕÈ}À)ÄÑÆ{Ç'ÆgÄWÀ½Â}ÍÕ¾S¼	R\À½Á�Á}À)È�À)Ä�Å#À½ÍÏÍ<À½Â}ÍÕÍ<À½ÄÑÆPÌw¹�Ç\À)Á!Å#À9Ð&»OÁ½È}ÀË}ÆgÃjë	�k�º&ÄÑÆ{Ç'ÆgÄWÀ6Â�ÍÕ¾m¼	R\À6Á�Á�À¿º%À½ÄWÄWÀ¿º&Ã½Å#Î6»6ÆgÍCÌwÀ)È}ÀMÂ6Î½Í<¼�º&Á�¼gÌ�Æg¾m¾SÀ½Á¿Ì�Ë�¼'Â}Í:ÄWÀ6ÃÕË�¼¿Ã<À6ÃÕË�Í<¹WÃÏÀ½Ã�Ü��¿ÍÏÆgÁ�È}ÀÔ¾ÚÆgÃÏÃÏÀÈ!Å=Æg¹WÍ ) Á}¼2ÌwÎ½ÀgçCÃÏÀ½»OÂ�è�È}ÆgÁ}ÃÛÄWÀ½ÃP�¿ÍÏÆgË�Ê}À½Ã * ÙxÓEÄ�Á�¼¿Â�ÃP��ÆgÂ&Ì:È�¼¿Á�»�ÍÏÀ½Ã@ÌwÀ½Í
ÌwÍSÁ½Ã:Æ2Ì<ÌwÀ½Á\Ìw¹��iÃ:Ü{»½À½Ã:Î½»6ÆgÍCÌ�ÃÛ¼'Ò�ÃÏÀ½ÍCÇ Î½Ã:Æ2Ý}ÁÈ�ÀÔÌwÀ6Á¿ÌwÀ½Í�È�ÀjÄWÀ6Ã�»½¼'¾mË}Í<À½Á}È�Í<ÀjÃ6Å#¹WÄWÃ�Ã<¼'Á\ÌÞÌw¼¿Â� C¼'Â}Í<Ã�Ë�Í<Î6Ã<À6Á¿ÌwÃ�ÆgË�ÍSÁ½ÃÓÆg¾mÎ½ÄW¹W¼¿ÍÏÆPÌw¹W¼'ÁêÈ}ÀjÄ�Å#À�Ð Ì�ÍÏÆg»�Ìw¹W¼¿Á!Ù

QKRTS�zCS2Q U4V:V:W;X&VZY×A
7
Á¿ÌwÍ<ÀÓÄWÀÓ¾m¼¿¾mÀ½Á¿ÌÕ¼�I×ÄWÀÓ¾ÚÆgÁ Â�ÃÏ»½ÍÏ¹zÌÕÆ{Î�ÌwÎÓÈ}Î½Ë�¼'ÃÏÎÓÀ�ÌÕÄÑÆÉÃÏ¼'Â&ÌwÀ½ÁdÆgÁ�»½À'º ÄWÀÓ»½¼ È}À�Ë0À½Í<¾SÀ�Ì<Ì�ÆgÁ\Ì:ÈuÅ#À�Ð&»½ÄWÂ}Í<ÀÓÄWÀ½ÃÍÏÆg¹WÀ½ÃÞÌwÀ½ÄWÄWÂ}Í<¹�� Â�À6Ã�È�ÀÉÄ�Å#Î�Ì�Æ'ÄW¼'Á�Á}Æ+�'ÀÉÀ½Á$�}Â%Ð¸À½Ã@ÌÓÈ�À�Ç\À6Á Âê¼'Ë�Î½ÍwÆPÌw¹W¼'Á}Á�À½Ä!À9ÌÓÆmË}Â¸Ö�Ì�Í<Àj¹WÁ\ÌwÎ��'Í<Î{ÜmÄÑÆmË�Í<¼%»½Î½È�Â}Í<À

È!Å#Î�Ì�ÆgÄW¼'Á�ÁdÆ��'ÀmÃ@Ì�ÆgÁ}È}ÆgÍÏÈ!Ùq6�¼'Â}ÃÉË�Í<Î½ÃÏÀ½Á\Ìw¼'Á�ÃÉ¹W»½¹
ÄWÀ½ÃÉÍ<Î½ÃÏÂ�ÄzÌ�ÆPÌwÃÉ¼'Ò%ÌwÀ6Á Â�ÃD�'Í��'»½ÀSÜ¸»½À�Ì<ÌwÀSÈ�À½Í<Á}¹WÁ½Í<À�Ç\À6Í<ÃÏ¹W¼'ÁýÈ}ÀÄÑÆêË�Í<¼%»½Î½È�Â}Í<ÀÚÃ<Â}ÍÉÄWÀ6Ã{¾SÖ½¾mÀ6Ã{ÃÏË�À6»�ÌwÍ<À½Ã�À�Ð ÌwÍÏÆ'¹zÌwÃ�Æ½Ç\À½»ÚÄ�Å=Æ[ CÂ}Ã@ÌwÀ½¾mÀ6Á¿Ì�È�À�%P?\A:Ù8��Æ¸Ý0�'Â�ÍÏÀêë
�&Ù]EêÍ<À6Ë�Í<Î½ÃÏÀ½Á\ÌwÀ
Ä�Å#Î�� Â}¹zÇ'ÆgÄWÀ½Á\ÌjÆg»9ÌwÂ�À½Ä�È�À�Ä`ÆSÝ0�¿Â�Í<À�ë	�&ÙWV�º0À�ÌjÁ�¼'Â�ÃÔË0À½Í<¾SÀ�Ì)È�À�»½¼'Á�Ã@Ì�Æ2ÌwÀ½ÍÓÄÑÆ×Í<Î½À6ÄWÄWÀ�Æ'¾mÎ½ÄW¹W¼'ÍwÆPÌw¹W¼'ÁãÈdÆgÁ�ÃÔÄ�Å#À½Ã@Ìw¹wÈ¾SÆPÌw¹Ñ¼'Á[È�Â5��Æg»�ÌwÀ6Â�ÍÓÈ�À�»½¼'Í<ÍÏÀ½»�Ìw¹W¼'Á[À6Á!�dÂ%Ð'I�ÄWÀ½ÃÓ¼'ÃÏ»½¹WÄWÄÑÆ2Ìw¹W¼'Á�Ã)ÆgÂ&Ìw¼'Â}Í�È}À½ÃÓÄW¼'Á0�'Â�À½Â}Í<ÃÓÈuÅ#¼'Á�È}À�Æ2Ø0À6»�ÌwÎ½À½ÃÔË}Æ'ÍÄWÀ½Ã{ÍÏÆg¹WÀ6Ã{È!Å=ÆgÒ}ÃÏ¼'Í<Ë%Ì�¹W¼'ÁýÌwÀ½ÄWÄWÂ�ÍÏ¹�� Â�À ) Á}¼2Ì�Æg¾m¾SÀ½Á¿Ì{Ç\À½Í<Ã]� 5 ���p� * ¼'Á\Ì�È}Î½ÃÏ¼'Í<¾SÆ'¹WÃ{È�¹WÃÏË}Æ'Í<Â!Ù^?%À½Â}ÄWÀSÂ�Á}ÀVÂ½¼'Á}ÀÍ<À½Ã@ÌwÀÞ¾SÆgÄ�»½¼'ÍÏÍ<¹��'Î½À�ÆgÂ4ÈIÈ}À½ÄÑÜ)È�À�ô\Ñ����d��Ù\¿ÕÀ½»½¹�Ã6Å#À�Ð&Ë}ÄW¹�� Â}ÀÞË}ÆgÍ4Ä�Å#Î�ÌwÀ½Á}È�Â}ÀÕÀ½ÁmÄW¼'Á0�'Â�À6Â�Í4È!Å#¼¿Á�È�ÀÞÈ�À6Ã4Ë�À½Í@ÌwÂ�ÍÏÒ}Æ�ÈÌw¹W¼'Á�ÃÛÆgË�Ë0¼'ÍCÌwÎ½À6Ã4ËdÆgÍ
Ä�Å=ÆgÒ�ÃÏ¼'Í<Ë&Ìw¹W¼'ÁÚÆPÌ�¾m¼'ÃÏË�Ê}Î½Í<¹�� Â}ÀÞÈ}ÆgÁ}Ã
»½À�Ì<Ì�À»Â½¼'Á}À'º¿À�ÌUÄWÀM��Æg¹zÌP� Â}ÀÞÄ�Å#Î9ÌwÀ½Á�È}Â�ÀÞÍÏÀ½Ã@Ì�ÆgÁ¿Ì�À�ÆgÂ&ÐÄW¼'Á��'Â}À½Â�ÍÏÃÓÈ!Å#¼'Á}È�À½ÃÓÀ�Ð%ÌwÍ<Ö½¾SÀ½Ã ) ô+E�����È)ë	��������� * ÃÏ¼'¹zÌjÜSÄÑÆ6�i¼'¹WÃ���Æg¹WÒ�ÄWÀ�À�ÌÓÇ&¹W»�Ì�¹W¾mÀ�È!Å=ÆgÂ&ÌwÍ<À½ÃÓË0À½ÍCÌ�Â�Í<ÒdÆPÌw¹W¼'Á}Ã
) ÃÏÀ½»½¼'Á}È×¼'ÍÏÈ�Í<ÀÓÈ}ÀÓÍ<ÎG�iÍÏÆg»�Ì�¹W¼'Á�È�Â×Í<Î6Ã<ÀBÆgÂ * Ù\�
Å#¹WÁ¿ÌwÀ½ÍÏË�¼'ÄÑÆ2Ìw¹W¼'Á�À9Ø0À½»9ÌwÂ�Î½ÀÔÁ�ÀÔÍ<Î½Â}Ã<ÃÏ¹zÌÞÈ�¼'Á�»ÔË}ÆgÃÕÜ�»½¼'Í<ÍÏ¹��'À½Í:»½À�Ì<Ì�ÀÂ½¼'Á�ÀÉ»½¼'ÍÏÍ<À½»�Ì�À½¾mÀ½Á\ÌBÙ�Ä)ÆgÁ�Ã�ÄWÀÉ»BÆgÁ}ÆgÄuÒ}ÄWÀ½Â!º}ÄWÀ½Ã�Ë�À½Í@ÌwÂ�Í<ÒdÆPÌw¹W¼'Á}Ã�È�Â}À½Ã�ÆgÂ%Ð1�dÂ�»�ÌwÂdÆPÌw¹W¼'Á}Ã�È}À½Ã�Ë�ÍÏ¼'Ë�Í<¹ÑÎ�ÌwÎ½Ã�È}ÀjÄÑÆÄÑÆg¾mÀÉÈ�¹W»�Ê}Í<¼gÆH�%Â�ÀjÃÏ¼'Á¿Ì�Ìw¼'Â+ C¼'Â�ÍÏÃÞË}Í<Î½ÃÏÀ½Á¿Ì�À½Ã6Ù

��Æ{Ý0�'Â}Í<À�ë	�&Ù=ô&º%Î��%Â�¹zÇ'ÆgÄWÀ6Á¿ÌÞÈ}ÀÓÄÑÆ{Ý0�¿Â�Í<À�ë	�&Ù 5 º%Í<À½Ë�ÍÏÎ½ÃÏÀ½Á¿ÌwÀÔÄWÀ½ÃÕÍ<Î6Ã<Â}ÄzÌ�ÆPÌwÃÕ¼'Ò%ÌwÀ6Á Â�Ã:Ë0¼'Â�Í:Ä�Å#Î�Ì�ÆgÄW¼'Á�ÁdÆ��'ÀÔÀ½Á
�}Â%Ð[È�Â[ÃÏË0À½»�ÌwÍÏÀ�È!Å#Â�Á}À�Î�Ìw¼'¹WÄWÀ�Ë}Æ'ÍÓÄWÂ�¹wÈE¾mÖ½¾SÀ'Ù;��ÆmÇ\¼¿¹WÀ�Í<¼¿Â��'À�ÁuÅ#À½Ã@Ì)Ë}ÄWÂ�Ã)Æ2Ø0À½»9ÌwÎ½À�Ë}ÆgÍÔÄWÀ�¾SÆgÂ&Ç'Æg¹WÃ���Æ'»�ÌwÀ½Â}ÍÈ�À�»½¼'Í<ÍÏÀ½»�Ìw¹W¼¿Á�ÆgÂ�ËdÆgÍÏÆ½Ç'Æ'Á¿Ìj¼'Ò%Ì�À½Á Â�ÆgÂ&Ìw¼'Â�ÍÔÈ}À½ÃÔÍÏÆg¹WÀ6Ã�Ì�À½ÄWÄWÂ�ÍÏ¹�� Â�À½Ã6º0À�ÌjÄÑÆ��%Â}ÆgÄW¹zÌ�Î�È�À�Ä�Å=ÆgÂ&Ìw¼�ÈIÎ�Ì�ÆgÄW¼'Á�ÁdÆ��'À�À½Á

ë�Ð\Ñ



8gíxÞ=<�ü(Ú�×4Ú�×\ã±Úzæ\Ü��:åÜÓ�zç <�Ú�×P�ºà�âCâJ×6ïÜ�Üzâ!>�æ±è�åÜ)ð�ñ�òCó4ð

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

x1e4

10-11

10-10

Fl
u
x
 [

e
rg

s/
cm

2
/s

/A
]
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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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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%
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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
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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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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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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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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)

x1e4

10-11

10-10

Fl
u
x
 [

e
rg

s/
cm

2
/s

/A
]

autofcalibtellNrebinspece3d_TC06_014_070_001_17_R.fits
HR3454.fits

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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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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HR3454.fits

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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HR3454.fits

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
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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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calibtellNrebinspece3d_TC06_014_080_001_17_B.fits
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Error: 4.72 +/- 8.25%

3000 3500 4000 4500 5000 5500 6000
Wavelength [AA]

-30

-20

-10

0

10

20

30

40

50

R
e
la

ti
v
e
 e

rr
o
r 

[%
]

ÆÈÏJÉ,_vÝNÐ?ÏMÌ�`1Ô�â�Ô

Flux calibration: fluxtellNrebinspecreme3d_TC06_014_070_001_17_R.fits (1s, secz=1.05)

Hiltner600 (180s, secz=1.86)
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Error: 5.71 +/- 8.97%
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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 ËÍeÔ�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 *
£¥¤�ü ¦�©þý8ÿÞè0è0å&ýuâ;¬�ÿJ« ä{å¥¨p©J§�§}å�ä��´©J¬Ïè���ÿJ ä���å��jâ;¬�«�ýuâ;¬�ÿJ« ©Õâ;¨pÿJ§���æ�çrè,¬wé@�å
	

��ÆjÄWÂ�¾S¹�~½Í<ÀJ� Â�À�Ä�Å#¼'ÁÚÍ<À�®½¼¿¹zÌÛÃÏÂ�Í���À½Í<Í<À�È}¼'¹zÌ
Ì�ÍÏÆ½Ç\À½Í<ÃÏÀ½ÍUÄ�Å=ÆPÌw¾S¼'ÃÏË�Ê�~6Í<À�Æ½Ç'ÆgÁ\ÌÛÈ�À�Á�¼'Â�ÃUË}ÆgÍ@Ç\À½Á�¹WÍ6º¿À�ÌÛÀ½ÁÚÀ½Ã@Ì¾m¼ È}¹�Ý}Î½À¿Ù � À½ÃÉ¾S¼ È�¹WÝ}»6ÆPÌw¹Ñ¼'Á�Ã{È�Î½Ë0À½Á�È}À½Á¿Ì�È�ÀSÄÑÆ$� ÂdÆgÁ¿Ìw¹zÌwÎSÈuÅ=ÆPÌw¾S¼'ÃÏË�Ê�~6Í<ÀßÌwÍÏÆ½Ç\À½ÍÏÃ<Î6À'ºuÈ�¼'Á}»SÈ�ÀSÄÑÆ¸ÊdÆgÂ%ÌwÀ½Â}ÍÈ}ÆgÁ}Ã�ÄWÀÉ»6¹WÀ½Ä�È�À{Ä�Å#¼'Ò\ CÀ9ÌÓ¼'Ò}Ã<À6ÍCÇ\Î'Ù ¯ Ç¿ÆgÁ¿ÌÔÈ�ÀÉË0¼'Â&Ç\¼'¹WÍ�»6¼'Í<Í<¹��'À6Í�Ä�Å#¹WÁ\�dÂ�À½Á�»6ÀÉÈ}ÀÉÄ�Å=ÆPÌw¾S¼'ÃÏË�Ê0~½Í<À{ÃÏÂ�Í�ÄÑÆSÄWÂ}¾m¹�~½ÍÏÀ� Â�¹
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� *

ë���{
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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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��¨��o�¬o�������H�B���o®K�j�;¨f��P�;�o¨*��¯Í�\�E�q���*�K�U���J�B�q���o�/�q�����f�[¨W�;�
��À�®��P�f�B�U¨f�
���&��¨f��U¨��;�K§���q§o���E�;�!����q�o½±�i�;¹%�B¹o�±��T�B������[�B�q����U�p���%�;¹�±�U�o§��?§�}��*�PÆ8�U¨*�q����sØ��U¨f���[�
�%�����o��¯[�?¹o�U¨*�?�©���q���*��;¹�±��§o�����i��}
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���²���U����¨B}J¯ ¯ �±�*�8�[�¾���±����È�j�B¨f�o�P�B�o¨f�È�©�1�q�*¼��U�õïö���J�q�¾���o�!�*�����U�!ÀY��¨±�P¦�q�%¬o�©�MñPÂo�;¹o���²�i�������q�*�f��%�U���;¹�T����o�È����}�½?�q�[�?�B���q�©�f�p®��P���q�o�T�B¹o�U¨?����È��À��;¹o�È�;�q�%�b�;������Â�*�p�q�����;¹o�È�U÷��o�iÆ������U�[�1�j�;¨f��P�;�¨f�U�±�q¨f�!���[�q�o�U�
�������U�%�[¨B}òïö¹�U¨f��Â�q�©���;¹��*�����U�U�BñP¯�E¹o�©�?�U��q§���U�±��÷8����B¼&§��U¹��UÆ������o¨/½±¹o�����È�o�����®%���8�[¬o��¯
�E¹o�¾Þ8å�æ[á[Ü �U�©���f�%��8�U�*��� �����q���
�;¹o��¿��o¨*���+�îÞ[øêTÙ[ùú�j�;¨f��P�;�o¨*���o��¨*�U�P�;��}JÂ�§��U�M�q�o�*�&�;¹�����j�;¨*�o�P�B�o¨f��¨f�b�

�U���o�j�;¨*�o�P�^�;¹�±�*�����U���H�
�����B¹p�M�q���lÂJ§��U���o®!�[¬��;������ûU�U���;�!����q�o½1�i�;¹p�*¬��U�P�;¨*�o¯ ¯ ���;¹o�1¬o�o¨*¬����*�±��À��B¹o�±¬��q�B¼T�q®�����/�;�%���û ª «õÅ��B�?�����;¹��*�����U�U��Â��q�����q�*����¨?�q���U�U�*�?���?¹o��¨f�����¬o���U���U�[�;�U�°¯
�E¹o�%ÞTàÜ�áHâ�ã�Ú[äÃ�q�o�òÞTàçqèoÜ8åp�U�©���f�*�U��q¨f�K�U�©���f��¨?�;���o��¨f���P�1½±¨*��¬o¬���¨f�?�B���;¹�k¿��o¨f���+�Á�W�B¨f�o�P�B�o¨f���UÂ��q���;¹o��ÞTàçqè�Ü�å�êMë�ì�í��U�©�q�*�b�����¨f���U�J�;�U�ß�;�������o¼¾§��T�B¹Ã���oÀ(��¨f���T�;�����o��¯ ª �[�%�k���;�����i�;�����b����¼��%�q��o���®��*�PÆJ�U¨*���Ä§���o�
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�����j�1��À�¹���j�;��®�¨*�q���?�U���J�B�q���o���������;¹o��[���;¬���ÚÎ+ t b�ôÅ����Ç
0 µ ¹o�*�����U�b·�Ç�®��sÆJ�U�?�;¹�Æ��q����U�1��À � ��¦²���²�;¹o�!�*�����U�KÀY��¨��q�����B¹o�!�*¬�T¦��U����¯��=�¢ýv�q¨f�È�;¹o�K�f¬��H¦��U�����o�K§��U¨f�ïöÀY¨f�[� � �;�À�>�>Ã�������*��q� ª6½ �W« ª �U�§����;ñOÂ�q�o�²���b�{�;¹o� � ��¦����U¯0 µ ¹�¦F·KÇ�®��iÆJ�U���B¹o�±Æ[�q���o�U�/��À � ��¦�ÆJ��¨f�*�o��¦��H�¶�o���H¦�ÂJ½±�i�;¹&¦����T¦��q�o�������H¦p�;¹o���p�H¦����k�o�����/�U����¨f�o�Ñ���H�;���U¯
0 µ ¹^�F·�Ço®��iÆ8�U�/�;¹o�bÆ��q����U�?��À � ��¦&Æ8�U¨f�*�o�����T�E¦��p�H¦�¯0 µ ¹o��¨f¨B·²Ç�®��iÆJ�U�È�B¹o�%Æ������o�U�K��À � ��¦ ���ò�B¹o�p�*�����U���q� µ ¹�*�����U�¼·�§���!½±�s�;¹ò�B¹o�%Æ���¨f�©�q�o���U�k�q�*�f���U�©�H�;���ò�B����q�B¹�Æ��q�����¯0 µ ¹o��¨f¨f�*�����U�¼·%Ço®��iÆJ���/�;¹��Æ��q����U�?��À°Æ���¨f�©�q�o��������;¹o�È�f�������ÀY��¨±�q�����;¹o�È�f¬��H¦��U����¯
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BK� @�O�L^���i�6¯lÐÑ�2EKD ��¬��;�����²���?�B¹�8���*�U�òÇ0 µ ¹o�*�����U�K��·;Â µ ¹�¦
��·BÂ�q�o� µ ¹^����·;Âo�;�q���È�q� µ ¹�*�����U�¼·;Â µ ¹�¦F·;Â�q�o� µ ¹^�F·;Âo§o���±ÀY��¨
�B¹o��*�U�U�[�o���U�§��[¯0 µ ¹o�*�§F·�Ço¹�*�����U����¹o�*�����U���0 µ ¹o��iÆÍ·�Ço¹�*�����U��� ¼ ¹�*�����U�0 µ ¹o�����%¬\·�Ç°ïö¹�f���������^¹�*�����U����ñ ¼ ¹o�*�����U�
��u ù
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0 µ �q��o�U�o�*¬��U�¼·�Ço�*¬��U�P�;¨f�� ��À��;¹o��*�� ��À#�q�����B¹o��*¬����P�;¨*���[À°�;¹����o�i�B�©�q�����o§��0 µ �*®��*¬��U�b·ÃÇ#�*¬��U�O�;¨f�o� ��ÀE�;¹���f�� ��À?�;¹o���P¦��;¨*�q�P�B�U�ð�*¬��U�P�;¨f�� �q�o�ð��§o�*¬��U�&�B���%�U�k�;¹���P¦8�;¨;�q�P�;�U�®�¨f����o���*¬��U�P�;¨*�o��¯°ïö��§o�*¬��U��Ço�8��K§���¨E��À��*¬����P�;¨*�������;¹��U�§��Mñ
0 µ ¨f�U�;�q��o�*¬����¼·�Ço�*¬��U�P�;¨f�� ��À°�;¹��*�o� ��ÀÄ�q�����;¹��*¬��U�P�B¨*����À��;¹o�¨*�U�*���o���q���?�U�o§��0 µ ¨f�U�M�q�o��f¬��U�¼·�Ç�f¬��U�P�B¨f�o� ��À��;¹o�È�f�� ��À#�q�����B¹o��*¬����P�;¨*���[À°�;¹�¨f�U�U�[�o�j�;¨f��P�;�U�²�U�o§��0 µ ¬o������*¬��U�b·�Ço�*¬��U�O�;¨f�o� ��À°�;¹��*�o� ��ÀÄ�q�����;¹�¨*�H�;���[�?��À°�B¹o�¨f���f�����q���/Æ[�q���o���Æ8�U¨/�;¹o��Æ[�q¨f�©�q��U�0 µ ¹o�*�§F·�Ço�*®��*¬��U�����q��o�U��*¬��U�0 µ ¹o��iÆÍ·�Ço�*®��*¬��U� ¼ �q��o�U��*¬��U�0 µ ¹o�����%¬\·�Ç°ïö�*®��*¬��������q��o�U��*¬��U�Mñ ¼ �q�o��U�o�*¬��U�0 µ ¹o�*�§���·;Â µ ¹�o�iÆ���·;Â��q�� µ ¹o�����%¬���·;Â#�;�q�%�²�q� µ ¹�f�§F·;Â µ ¹�o�iÆÍ·BÂ��q�o� µ ¹o�U����¬F·;Â�§o����½1�i�;¹ð¨*�U�;�q�o�o�*¬��U����o�j�;��������À��*®��*¬��U�0 µ ¹o��iÆ�¨f���U���o��·�Ço¨*�U���q��o�*¬��U� ¼ �q�o��U�o�*¬��U�� �`p(ê �E¹o�U¨*�!���±���½ �;¹o�!¬��[�f�*��§�����i�Í���;�p�*�U���U�O�b�%�*¬��H�;�©�q��¨f��®��������B���B�U�j�?½1�i�;¹�]�YP¡�]�Y'\^]/_f£`ZF]��B¹�q�o¼��E�;�%�;¹�
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�qØ��*�P�1��À ¾ »0 �B¹�q�®����o®��;¹o�È����¨f���q�*�E½±�i�;¹"� G�@CB�RTG�D�D
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� »>» ��¯

L u�M ª�¯È¿�À(�W�P�H�;¹o�����°Â ª ¯)¬¾�8������ÂÌÏ�¯ ¯ ¯ÈûÄ���q�U�8�B¼�Â�ó ¯ÌÏo¯ûÄ�U¨f�U�iÆ[�q�lÂ Û ¯)n/�q�o®�¹°Â)Ïo¯)n
�©�q�o���Bú1�U½E�B¹o��¨f�°Â�¯¶n
¨f���o®����UÂ¶ÎÈ¯ Û �q�o�o�[��Â ª ¯ Û ������Â¶¬ú¯ Û �������U�*��Â Û ¯ Û �����������Â�ów¯ Û �[�o�B¹�Â�ª�¯¶©b�q�i�;����Â¶ÎÈ¯^��ßû�¨f���¬o¨*���UÂ ª ¯�û�¯¦©�¨f�iÆJ�U¨�ÂiÎÈ¯ ª ¯�¿���������Â Û ¯ ª ¯�«¨f���o¼�Âm'�¯!ªb�©��û��U§o¨f����¼�Â Û ¯!Ï����B¼8�*����Â! k¯i���q¹��UÆ�Âi�B¯i�°�P½1���UÂª ¯6����%�*�o����Â ª ¯6¬ß�q��o��¦�Â�ûÄ¯ ½ ��¨f§��U¨f®oÂ6n1¯ ¯ ¯oû��P�B�U¨f�*����Â8ó ¯ ª ���;¹o��¨f�©�q�o�°Â��q�o�n'�¯��Ä�F�����[¨U¯Ä¿#Æ�����U�o���ÀY��¨��b�o������ûU�U¨f�
Λ
�q�o�%���©��½ ���T�f�;�U¨#��U�o�*�i�Í�kÀ(¨f���w�������K§o����U�%�q���q�����*������Ào�;¹�A�T�«wª�q�©�H¦��[Î?�U�o�*¹��À©�ª �¨WÆJ���ß�q�o�ß�U���*�����!�����U¨f��½E�UÆ8�K§��q�B¼8®�¨f�[�o�o�Ã�q�o�©�f�T�B¨f��¬o�©�U�U¯SowÕq�SakptÕ^]�a¦Õj §]�ú.Y�Y�Õq¥[£�¤jX�¡V]/_�Õq�Sa��lÕKZ�a�Â

¾>¾ » Ç¿�����M0��2¾^Ã�Â�«�U§¨f��q¨��z� »>» ��¯
� � �
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L � M ¯ ¯ ª ���o��q®[��Â¦ª%¯ ¯ ¯#�#�q�%�p�q�o�°Â ¯ ¯ ª �q¹��Â¦n�¯iÎ?�����o�o�lÂ�«
¯¦©K¯¦¬Ã�q�U�B¹�P�f�;�oÂ��q�� ½ ¯�ûÄ�q���q®��©��¯ð�E¹�ú±�§o§��� Û ���o�j�P�q�[��Ç ¯ ª �o�%�p�q¨��ß�[À#�;¹�(ú ª � û�¨f�[®�¨*�q�îÀY�[¨±�;¹�,�°��%���o�[�f�i��� Û �q���©§o¨*�H�B����� ��À^�¦��¬���W� ª �o¬��U¨f���Æ��q�§^��¬¾�����o�?��À Û �U¬o¹�U���o��¯UXÚ_W]È��ì_Xb¡�]/_�Õ�X�úJ¥H¡P�|ZP¡§YVë�X�_P�Y��](¡BÂ
¬ß��¨f�B¹Á� »>» ��¯
L ��»�M ¯ ¯�ª�¯ ª cq��B¹o��û[Â Û ¯`¬õ¯`n/�q�o®�¹°Âqó ¯�Ïo¯8û��U¨*�U�iÆ��q�lÂ�Ïo¯ ¯ ¯JûÄ���q�U�8�P¼�Â ½ ¯`©k¯Jû#�q�o�����©�oÂ ª ¯ Û ������Â Û ¯ ª ¯J«¨f�U�¼�Â�q�� ûÄ¯ ½ �[¨f§���¨f®o¯ Û ���*��������®������q�#¬��q¨*�q���P�;�U¨*�bÀY¨f���î�U���*�%�����%����¨f��½E�UÆJ��§���B¼8®�¨f����o� �%�����f�¨f�U���U�[�;��q�� �;¹o�%Å���q��q�«¤ª�q�©�H¦��´Î?�U�o�*¹o�©À©� ª �¨WÆJ���ò¬���½/�U¨È�*¬��U�P�;¨f���¯zowÕq�SawptÕ^]�a�Õj H]�ú6Y2Y+Õq¥�£[¤kX�¡�]/_�Õ��Sa�lÕKZ�a©Â
¾�����Ç ��u �M0.� »�* Â�«�U§o¨f���q¨��¢� »>» ��¯
L �>�NM ¯ ¯ ª �q�o���®���¯
�?¹o� ¯ §�����i�Í�²��À��;¹o�&� »>» �Í� ½ Û ú ���U���U�*�U�[¬���;��©����*�U¨f��������H�;�§n
�P�W½/�U�U� ª �U���U�P�;����óú��¨f���¬ß�8�o�U����¯UXb¡�]/_�Õ�X�ú8¥H¡B�|Z;£�¤el�Õ�{�_P��£�¤CÂ � ¾>¾�Ç¿¾^Ã>Ã�0 º Â�¬ß�q¨f�P¹ � ��� � ¯
L � � M ©k¯a'b��¨f¼8�p�q��Â9©k¯��¦�8�;�©�U¨UÂ ½ ¯ ª ��ûU�¼8�lÂsÏ�¯9¬ú¯s ��¿¬¾����¨*��Â��q�o��©k¯9�°�o§o�©��¯È�?¹o� Û ���*�%�[����®������q�¦n/�q¨��J���©��U�o�*�i�Í�ðÀ(¨f��� �;¹��©1�U���;�U¨*���o�&�\�;����úA���o¨*��®��U�NÎ±�H�;���ò���{i ª  ¯ §�*��¨f¬��B����� ª ���j�;�U����Ç¦© ¼ ú �B��½E�q¨f�i � �[ù^¾ º ¾ » ù * ¯\X�¡V]/_�Õ�X�úJ¥T¡B�|Z*£[¤Zl�Õ�{�_P��£�¤}|���{�X^X�¤ÑYVÔÀYO��]öÂ � ù^��Ç � 0.� u Â ½ ��ÆJ���K§���¨·� »>» ¾�¯
L � ¾ M ©k¯�Ïo¯�«��s¦��*�U��Â�¿?¯ ª ¯ Û ¹o�U�®oÂ�Ïo¯2¬ú¯�ª�q���U��Â�Ïo¯ Û ¯�¬ß�H�;¹�U¨UÂ2ÎÈ¯ ¯ ¯ ª ¹�qÀY��¨UÂ��q�o�õ¿E¯���¯�óú¨*��®�¹[�M¯&�E¹�

Û ���*�����·¬ß���U¨f��½E�UÆ8�Ún/�q�B¼8®�¨f�[�o�o� ª ¬��U�P�B¨f�o�ÁÀY¨f���w�;¹o�1«�o��� Û  �n/¿õ« ��Î ¯ ª ©b�H�B� ª �P�H¯ZX�¡V]/_�Õ�X�úJ¥T¡B�|Z*£[¤l�Õ�{�_P��£�¤CÂ�ù * ¾�Ç�Ã * �M0 º Â
©��U���U�K§��U¨ � �^����¯
L � ù M ÎÈ¯sn��q�f�;�U�p��¯��E¹o�%���T¦����K�� ¨f�T�B�H�B�����ò��À
��®[�q�©�q�O�;���%����*��¯~Xb¡�]/_�Õq�Sa��0X�¡V]/_�Õ�X�úJ¥T¡Fa�Âs¾`� u Ç�Ã ��* 0.Ã^�>Ã�Â

©��U�U�U�k§��U¨ � �>� * ¯
L � Ã M ûÄ¯SÎ?���;�H�B�lÂ ª ¯Sn
��¨f®[�q��lÂ��q�o� Û ¯ ½ ��¨f�p�q��¯��E¹�k¿#ÆJ�������;�����Ã��Àiý·�=¨*�F� Û ���o�j�;�U¨*����Àª�q�©�H¦����U��¯_X1��
{o£�¤Y+YVìM�|YN[;Õj (X�¡V]/_�Õq�ò£q��ÿ2X�¡�]/_�Õ�X�úJ¥T¡BÂ�ù » Ç�Ã�¾^�M0.Ã *�* Â�� »>» ��¯
L � � M ¬õ¯�û��©�U¨f¨f��ÂÄ«
¯�û#�q���q���Â��q��ò�H¯sý�¬ ¬z�Í� ªª �U���o�*��¨W�B���o�²¯��E¹o�Àý�¬Á¬��Í� ªoª �����o�j�;�U¨!�;�q��¬o�����q�o�õ�i�;��U���*��������®������q���q¬¬o�����M�H�;�����o��¯\X·_^]È��ì_Xb¡�]/_�Õ�X�ú8¥H¡B�4ZB¡&YVë�XS_B�(��](¡BÂ ½ ��ÆJ�U�k§��U¨Ú� »>» Ã�¯
L ��*bM ª ¯�ûÄ�U¨f���K���f�;�U¨�Âlª�¯ ¯ ���o�U¨*���o®oÂlª�¯lªb�����o¹��q§���¨UÂ�ÎÈ¯ ¯ ¯d'b���¬�Â�û�¯ ½ �o®����[�MÂ�û�¯lª�¯ Û ���W�B¨f�oÂ ª ¯S©��U�o�j�;����Âª ¯�«��q§o§¨f�oÂ ¯ ¯^ªb�8�[§�q¨UÂ>©k¯�¿?¯^ªb¨f�8���²Â��B¯>¬ú¯+ú±����¼�Â ¯ ¯^ª�¯�'b�©��Â>¬ú¯K��¯�'����Â^Ïo¯ Û ¯>�°�U��Â ½ ¯^Ïo¯ ½ ��o�U��ÂÎÈ¯�ûÄ������Â Û ¯9ÎÈ¯�û��U��^��¬��q�B¼��U¨UÂsÎÈ¯Zi�����K§^��Â Û ¯s��������q�°Â9ÎÈ¯ ª ¯�¿���������Â9¬õ¯l�=¨W½±���°Â9Î¯2ª�¯9¬¾��¬ß�q¹����ÂûÄ¯SÎE���û��Í���q¬�o�U�[�B��Â ½ ¯oóõ���i�;����ÂSn�¯ ª �B¹��q�UÀY�U¨UÂSn�¯lÏo¯�n
�������[Â ¯ ¯�`�¯�«��©����¬o¬��U�o¼��oÂ��¯S¬Ã�H�;¹o���f���°Â ¯ ¯ ª ¯«¨f�o�P¹[�;�U¨UÂ ½ ¯�ûÄ�q���q®��©��Â8ú!¯�Ïo¯2¬õ¯ ½ �P½±§��U¨f®oÂ�ó ¯�Ïo¯ Û ����B¹�Â��q�� �E¹o� ª �o¬��U¨f���Æ�� Û ���*�%���©��®�� û�¨f����W�U�O�M¯A¬¾�M�q�*�o¨f�U���U�[�B�±��À! b�%�U®[�&�q�o� �°���K§�����ÀY¨f����ù`�6ú±��®[¹��ÍÎ?�U��f¹��À©� ª �¬��U¨*�o��Æ�����¯(X�¡V]/_�Õ�X�úJ¥T¡B�|Z*£[¤

l�Õ�{�_P��£�¤CÂ�Ã ��* Ç�Ã!�^Ã�0.Ã u ��Â�Ï��o�� � �>�>��¯
L ��u�M ¯ ¯sª�¯9Î?���U�*��Â ¯ ¯�`%¯�«Ä������¬¬��U�¼��oÂ�û�¯ Û ¹��q��������Â ¯ ¯ Û �����U�B¹o�©�H�*�;�lÂ ¯ ¯9©����U¨f�B¼��UÂ�ûÄ¯9¬ú¯sª�q¨f���UÆ����B¹�Â9ÎÈ¯9��¯ªb���������©�q���Â Û ¯�Ïo¯Kú1��®[�q�°Â ª ¯SÏq¹���Â�ÎÈ¯�ûÄ¯�'��¨f�*¹o�o��¨UÂ�n�¯��°�U��§�o�o�®����MÂ�¬õ¯�¬õ¯�û�¹��������¬o��Â�©K¯�Î?�U���*�UÂ�n�¯�û�¯ª �B¹�%�����MÂ>ÎÈ¯ ¯ ¯ ª �B¹o�����%��¨UÂ>ÎÈ¯ Û ¯ ª ���i�;¹�Â`Ï�¯ ª ¬`��¨f�����������oÂ Û ¯ ª �;�§o§o��Â ½ ¯>n�¯ ª �o�[�eûU�OØÄÂ[�q�o�ÀÏo¯q���[�o¨���¯ �§�*�U¨WÆ��T�;������q�¿#Æ�����U�o�U� ÀY¨*��� ª �¬��U¨*�o��Æ����ÃÀY��¨���� ¯ �U�U�U�©�U¨*�H�;���®R»±��iÆJ�U¨f�*�ò�q�o� � Û ���*�%������®[�����q�

Û ����j�B�q�[�M¯\X�¡�]/_�Õ���Õ�Ôk�|Z;£�¤el`Õ>{�_B��£[¤eÂ �>� ��Ç ��»>» �M0 ��» ¾ u Â ª �U¬��;���K§��U¨ � �>� u ¯
L � � M Ïo¯ �=¿?¯ ª ����¹o�U���²¯HÎ?�U�©�H�B�iÆ����j�;����½/��¨f��� ���8�o�����!�q�o�ò¨*�U�o�*¹o�©À©���6�p�q®��o�i�B�o�o�%��§�*�U¨WÆ��H�B�����o��¯)owÕ��Samp)Õ>]�a¶Õf 

]�ú.YSY�Õq¥[£�¤�X�¡�]/_�Õ��Sa°�lÕ�Z�a�Â � ¾>¾�Ç¿¾`� � 0 º Â � �+����¯
L � »�M ¯ ¯ ª �q���q®���¯��?¹o�·�°��®�¹J����¨*�UÆ8�U���E���%�1�q�o���B¹o�±¿#ÆJ�������;�������q¨�� Û ��¨f¨*�U�P�;�����%�;�Ì¬Ã�q®���i�;�o��U�^��Àl©����j�B�q�J�ª�q�©�H¦o���U��¯UXb¡�]/_�Õ�X�ú8¥H¡B�4Z*£�¤el�Õ�{�_P��£�¤CÂ � ¾�ù²Ç¿� � �M0 º Â ½ ��ÆJ�U�k§��U¨ � ��� � ¯
L � �NM ¯ ¯^ªb�8��§��q¨��q�� ª ¯qûÄ�U¨f�©�K���f�B�U¨U¯«�����f��§�����i�Í�k��À�¬ß���q�*�o¨*���o®1�;¹o� Û ���*��������®������q� Û ����j�B�q�[�!���q�k§���b�q��¬Ã�q�f�!©��U�o�*�i�Í�H ����U®[�»±�*���®b�¦�o¬��+� ¯ ª �o¬��U¨f���Æ��q��¯jX�¡�]/_�Õ�X�úJ¥H¡P�|Z*£�¤�l�Õ�{�_P��£�¤CÂ+ù`Ã » Ç � ùH0 º Â ª �U¬��;�U�K§��U¨� �>�^Ã�¯
L �>� M ¬õ¯Tú��q�K�.��Âi¬ú¯i¬õ¯�û�¹��������¬o��Â ½ ¯in�¯ ª ��[��ûU�UØÄÂiÎÈ¯ ¯ ¯ ª �B¹o�����%�U¨UÂ¦Ïo¯i¬Ã��û���Â��q��íÎÈ¯ ¯ Æo�����U��¯ú�E¹�ú±�§o§����©��©�q®�¨*�q� ��À��B¹o� Û �q�©�q� ¼ �Ä�����������¦��¬��Ú� ¯ ª �¬��U¨f���Æ��q�b�q�o�p�;¹o��`��q����1�[Àdú� k¯KX�¡�]/_�Õ���Õ�Ôk�4Z*£�¤l�Õ�{�_P��£�¤CÂ �>� ��Ç���¾>� u 0 º Â�©��U�U�U�k§��U¨ � �>����¯
L ��¾ M ª ¯8ûÄ�U¨f���k���f�;��¨UÂ ª ¯�ª�q§�lÂ�ª�¯�ªb�����o¹��q§��U¨UÂ ¯ ¯�ªb�8�[§�q¨UÂ�©k¯8¿?¯�ªb¨f������Â`�B¯�¬õ¯Íú±�8��¼�Â ¯ ¯�ª�¯�'b���²Â�¬õ¯��%¯'b���²ÂKÏo¯ Û ¯�������Â�ÎÈ¯MûÄ������Â Û ¯�ÎÈ¯MûÄ�U�o�^�o¬�q�B¼���¨UÂ��B¯ ¯ ¯ ª �������lÂ�ÎÈ¯ ª ¯M¿������©�UÂKÎÈ¯Kª�¯�¬¾��¬Ã�q¹o���°Â�n�¯KÏo¯�n
��������Â

� �^�
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ûÄ¯ ª ¯9n
�o��U�©�q¨f¼�Â9©k¯ Û �q¨W�;�U¨�Âl¬õ¯sÏo¯l�=¨W½±���°Âa'�¯sªb�©��ûU��§o¨f�8�[¼�Â�ú!¯2Ï�¯9¬õ¯ ½ �P½±§��U¨f®oÂ ¯ ¯�`�¯�«Ä������¬o¬��U�o¼[�oÂ�¯�¬Ã�H�;¹�U�*����Â�¬ú¯�©���¬o�s�B��Â�ów¯�Ïo¯ Û ���o�B¹°Â8�q�o�p�E¹� ª �¬��U¨*�o��Æ�� Û ���*�%�[����®��&û�¨f���W�U�P�M¯s¬¾�����f�¨f�U���U�[�;���À��;¹o� Û ���*�%�����[®������q��û#�q¨*�q���P�;�U¨*�Ú b�%�U®[���q������q�K§����À(¨f��� �;¹�È«Ä��¨f�j� ª �PÆJ�U� ª �¬��U¨f���Æ��q�È�T��� ≥» ¯¿¾^Ã�¯\Xb¡�]/_�Õ�X�ú8¥H¡B�|Z;£�¤el`Õ>{�_B��£[¤eÂ0ù u ¾�Ç�Ã!�^Ã�0 º Â�Ï����� � �>� * ¯

L �[ù M ª ¯�û��U¨*���K���f�B�U¨UÂ!ª�¯ ¯ ���o��¨f���o®oÂ¦¬ú¯#��U���©�.`��q������Â ª ¯i©��U��j�;���ÂiÎÈ¯ ª ¯�¿���������Â ª ¯�«��q§o§o¨*�oÂ ¯ ¯�«¨f��B¹[�;��¨UÂª�¯^ªb���©�o¹�q§��U¨UÂ>©k¯�¿?¯^ªb¨*�8����Â>�B¯>¬ú¯+ú1�8��¼�Â ¯ ¯^ª�¯�'b�©��Â>¬õ¯K��¯�'b���²Â>ÎÈ¯ ¯ ¯�'b�o��¬°Â Û ¯>�°������q�°Â>Î¯^ª�¯¬ß��¬ß�q¹����Â8û�¯ ½ �o®��U�J�MÂ`ÎÈ¯8ûÄ�q���°Â ½ ¯8û#�q��q®��h��Â Û ¯�ÎÈ¯JûÄ�U��^��¬��q�B¼��U¨UÂ8ûÄ¯�Î?�o��û����°��¬o�o�U�J�;��Â`n�¯ ª �B¹��q�UÀY��¨UÂ�q�� ½ ¯�ó �q�i�;���°¯b©1�©�f����ÆJ�U¨�� ��ÀE���*�o¬��U¨f�o��Æ[���P¦�¬o�©���f�©���ú�T�K¹�q��À��;¹o�&�q®����[À^�;¹o�p�o�o�sÆJ�U¨f�*��¯zpÈ£>]/{�_'YOÂ
¾>� � Ç�Ã � 0 º Â�Ï[�q����q¨�� � �>� u ¯

L �>Ã M ÎÈ¯ ¯ ¯Z'b�o��¬°Â2ª�¯ ¯ ���o��¨f���o®oÂsÎÈ¯ ¯ �p�q�8����©�q¹�Â°ûÄ¯ ¯ �j�;���U¨UÂ2ª�¯sn
�©�q���Âs¬ú¯ ª ¯sn
�o¨f���Â ¯ ¯ Û ���o������Â ª ¯°¿E¯©��U�o�j�;����Âs¬ú¯s©1���\ÂsÎ¯°¿���������Â ª ¯°«��q§§o¨f�oÂ2ª�¯°«���©�H�;�U�����lÂ ¯ ¯ ª ¯°«¨f�o�B¹J�;�U¨UÂ2ª�¯2ª�q¨*�UÆ��©�o�lÂ ª ¯2ª�q¨f�����o�°Â'�¯2ªÈ�q¨W�;���°ÂsÎÈ¯2ªb�©§o§��[�o��Â2ª�¯2ªb�����¹�q§��U¨UÂ ¯ ¯2ªb�8��§��q¨UÂ2©K¯�¿?¯2ªb¨f�8�[��Âs©k¯/ú1�q¨f�����Â9�B¯/ú±�8�[¼�Âs©k¯ ¯ ¯ú±��½E�U���lÂ ¯ ¯·ª�¯�'����ÂAn�¯ Û ¯A�°�U��Â Û ¯·�°���o�p�q��Â·Ïo¯A¬¾���o�o�Gû�Â ª ¯ ½ ��§o�����lÂ±û�¯±¿E¯ ½ �o®����[�MÂAÎÈ¯?û#�q����Â½ ¯�ûÄ�q���q®��©��Â Û ¯�ÎÈ¯#ûÄ�U�o�`��¬�q�P¼��U¨UÂ ª ¯�û��U¨*���K���*�;�U¨UÂiÎÈ¯mib�o���K§`��ÂiÏo¯�Î±�q��¦�Â ½ ¯�Î?�U®����q�o�i�HÂ#ûÄ¯�Î?���û�����q¬o��U�[�;�[Â`ª�¯ ª �q���[�;�[��Â^n�¯ ª �B¹�q��ÀY�U¨UÂ�'�¯ ª �B¹�q¹���q��U�B¹o�[Â[¿?¯ ª ���i�;¹°Â ¯ ¯`��¯ ª ¬����qÀY��¨;��Â�`%¯ ª �P�q�o���*¹o�OÆ�Â¬õ¯ ª �o�����iÆ[�q��Â ½ ¯ ¯ ¯[óõ�q�i�;�[��Â���¯[óõ���o®oÂ[ów¯�¬ú¯[óú���8���%`��q�*����Â��q�� ½ ¯^�
�q�f����¯ ½ �P½ Û ����W�B¨*�q���[�B�����
ΩM
Â

Ωb
Â°�q�o�Ã½vÀY¨*��� �q���=��o�U¬��U�o��U�[� ª �P�!��À �^� ú1��®�¹��ÍÎ?�U��*¹o��À©� ª �o¬��U¨f���Æ��q�H b§o�*�U¨WÆJ���ß½±�i�B¹ß�;¹�

ú±�§o§��� ª ¬�q������U�����f����¬���¯\X�¡�]/_�Õ�X�úJ¥T¡B�|Z*£[¤Zl�Õ�{�_P��£�¤CÂ�Ã>� u Ç ��» ��0 � ¾ * Â ½ ��ÆJ�U�K§��U¨Ú� »>» ¾�¯
L �!� M Ïo¯���¯��Ä���o¨���Â�n1¯�ûÄ¯ ª �B¹o�������MÂ�n�¯�n/�q¨f¨f����Â�ûÄ¯ Û ���o�o�©��Â�û�¯ Û ¹��q��������Â ¯ ¯ Û ���8�U�B¹�©�H�f�;�lÂ ¯ ¯���¯ Û �[���lÂ ¯ ¯�`%¯«Ä������¬o¬��U�o¼[�oÂ^ûÄ¯¶ª�q¨f���Æ����B¹�Â Û ¯Pú±�[®[�q��Â ª ¯^�¯Pú±�����©���o��Â ª ¯¶Ï�¹��ÂÎÈ¯^ûÄ¯�'��¨f�*¹o�o��¨UÂ�'%¯�'b¨*���*�U���o���q�UÂn�¯��°�U��§o��o�®����MÂ�ó ¯��°�lÂ��¯�¬Ã�H�;¹o���f�[��Â�¬ú¯�¬õ¯�û�¹o��������¬��Â ¯ ¯�ª�¯�Î?���U�*��Â�ÎÈ¯ ª �B¹o�[�%�%��¨UÂ�ÎÈ¯ Û ¯ ª �%�i�;¹°ÂÏo¯ ª �������U¨f�p�q��Â!Ï�¯ ª ¬^�o¨f�����������oÂ Û ¯�ów¯ ª �;�o§§o��Â��q�o� ½ ¯in�¯ ª �o�J��ûU�OØ#¯ Û ���*�%�����[®������q�AÎ?���f��i�;�%ÀY¨f���ú±��®[¹��2û ª �o¬��U¨f�o��Æ[�q��¯UXb¡�]/_�Õ�X�ú8¥H¡B�|Z;£�¤el�Õ�{�_P��£[¤CÂ�Ã���ù²Ç � 0.�[ùoÂ ª ��¬��;�U�k§��U¨·� »>» ¾�¯
L � *bM ûÄ¯ ¯ �j�;���U¨UÂ�Ïo¯�ªb�.��Â ½ ¯�Î?�U®����q�o�i�MÂ�ÎÈ¯Hû#�q����Âq¿E¯ ¯ �§��[�o¨f®oÂ�©K¯�n/�q�©�q�²Â ª ¯�n/�q�;��Â�ÎÈ¯�ª�¯ Û �q¨f��§��U¨f®oÂ ª ¯H«��q§.�§o¨*�oÂl©K¯�«���o�B¹��û�ÂS�B¯l¬ú¯,ú±����¼�Âl©K¯ ¯ ¯;ú1��½/�U���lÂ,úK¯S���qÀ(����¦�Â9Ïo¯l©K¯ ½ �U�����lÂ ½ ¯�û#�q�©�q�o÷��o����©1���©�q§o¨f�����������Â'�¯[û���¨f¨f�P�f�HÂ Û ¯`Ïo¯�û�¨f�i�B�B¹o�P�MÂ`Ïo¯>Î?���B¹°Â>¬õ¯ ª �o�����iÆ�����Â^Î¯��Ä�q�������P�HÂ`ª�¯ ¯ ���o�U¨f���®oÂ[û�¯ ¯ �[�B������®��o��Â�`�¯ ¯ ¨f�*�U�����W�PÆo����Â Û ¯.n/�q���©�q�o�°Â ª ¯.n
���o�%���J�MÂ.Ïo¯�n
¨f����o�U¨�ÂFú!¯ Û ���¨W�;���©�UÂ.ÎÈ¯ ª ¯�¿���������Â.¬ú¯�«Ä���������lÂ ¯ ¯ Û ¯.ªb���0®��q�iÆJ�U��Â

¯ ¯>ª�8��§�q¨�Â�©k¯>ªb�o�����Â�©k¯�ú��q¨f�o���°Â�`�¯>����*�f�O�MÂ Û ¯>��������q�°Â�ÎÈ¯�¬¾��¬ß�q¹����Â�¬ú¯�¬ß���o�P¹o�P�MÂ ¯ ¯�¬ß���o¨*���oÂª ¯�û��U¨*���K���*�;�U¨UÂ�û�¯SÎ?��¬����B¹o��Â Û ¯��Ä�q�Â��q�� ½ ¯oóõ�q�s�;����¯?�E¹o� ª �¬��U¨*�o��Æ��À�°�U®[�q��� ª �o¨WÆJ�V� Ç������q�*�o¨*����%���[�^��À
ΩM
Â
ΩΛ
�q��K½ À(¨f���{�;¹o�/Å�¨f�j���J�M�q¨���H�P���*�P�H¯dXb¡�]/_�Õq�SaZ�9Xb¡�]/_�Õ�X�úJ¥H¡�a�Â+ù+ù * Ç¿¾ � 0Íù u Â[«�U§¨f���¨��

� »>» �o¯
L � u�M ÎÈ¯�ÎÈ¯ Û �q����½/�U���lÂ.ÎÈ¯�©b�UÆJ��Â��q��&ûÄ¯.Ïo¯ ª �;�U���¹�q¨f���M¯ Û ���*��������®����������=�%¬¨f���[�/��À°�q��¿��o�U¨*®�� Û ���%¬����o���[�½±�i�B¹¢ªb�U��U¨*�q��¿�÷���H�;���[����À ª �B�H�B��¯\Q!ú8¥H¡B�4Z*£�¤dY+YVìM�|YN[9T2YV]|]�YV_B¡BÂ u^» Ç � Ã u ��0 � Ã u Ã�Â�«o��§o¨f���q¨�� � �>� u ¯
L ��� M �B¯����©�H�B�PÆ�Â���¯oóõ�q�®oÂ��q�o�ßûÄ¯SÏo¯ ª �;�����o¹��¨f���M¯�i�����[�;�U�*�*�U��U��Â Û ���*�%��� Û �����o�U����U�o�U�[Â��q�o���B¹o� Û ���*�%�������®����M�q� Û ���o�j�B���[�M¯\QúJ¥H¡P�|Z*£�¤dY+YVìM�|YN[9T2YV]|]�YV_B¡BÂ u ��Ç u ���M0 u �>��Â�«�U§¨f��q¨�� � �>�>��¯
L ¾ »�M ½ ¯ ¯ ¨*¼T�q�o�Ñ��ú1�q���U��Â ª ¯>©����%��¬����o������Â ½ ¯�'�q���[¬��U¨�Â��q�o�[ÎÈ¯ ª �o��o¨f���¯ ¯ �*�p�q���������*�%������®[�����q�������o�j�B�q�J�ÀY¨f�[� ���©��¨f®��È�P¦8�;¨;���o�����U�o�*�����°¯\Q!ú8¥H¡B�|ZP¡�TsYF]|]�YV_B¡��EÂ�ù u>» Ç � �>¾H0 � �>��Â�¬Ã�F��� »>»>» ¯
L ¾ �NM ¯ ¯lª�¯SÎ?���U�*��ÂS��¯ ��ª�¯ ª �;¨f�[��®��U¨UÂlÏo¯��Ä���o¨���Â ª ¯ Û �q�*�U¨W�B���o�oÂ;úK¯ Û ¯�«�U¨f®[�o�*����ÂSn�¯S¬¾��§��q�*¹o�U¨UÂ�ûÄ¯ Û ¹�q��������Â

¯ ¯�`�¯�«Ä������¬¬��U�¼��oÂ ª ¯9Ï�¹��Â�ó ¯l���\ÂlÎ¯ Û ¹��¨f��8�B¼�ÂlÎÈ¯�û�¯j'b��¨f�*¹�o�U¨UÂln�¯l������§o�o��o®����MÂS¬õ¯l©1���B¼����o�*����Â¬õ¯�°�iÆ����oÂ¶¬õ¯¶ªb�©�UÆ[�q�����*�U�oÂ Û ¯ Û ¯ ª �;�����o�U�lÂ��¯¶n
�U���s�;��û�Â
�q�o�ô�#¯^���jÆJ�P�P�q�o��Æ�¯ �¦��¬��Á�W� ª �o¬��U¨f���Æ��©����*�U��ÆJ�U¨f�����k�H�3û�� � À(¨f��� �;¹�6ú1�o§o§��� ª ¬�q�U�p�������U�*�U��¬��¾Ç�¿#Æ�����U�o�U�pÀY�[¨KûÄ�q�j�,©��U�U�����U¨*�H�;���[�õ�q��
Û ����j�;¨*�q���J�;�?����©b�q¨f¼�¿��o�U¨*®���¿#ÆJ�������;������¯\X�¡V]/_�Õ�X�úJ¥T¡B�|Z;£�¤el`Õ>{�_B��£[¤eÂ�� »+* Ç}�+�^Ã�0�� u+* ÂSÏ��o�o�Ì� »>» ùo¯

L ¾^� M ¯ ¯�'����Â ¯ ¯6ªb�8��§��¨UÂ��q�o� ª ¯�û���¨f���K���f�;�U¨�¯ ¯ ªb�U��U¨*�q����û��U��' Û ��¨f¨f�U�O�;������ÀY��¨
�¦��¬���� ¯ ª �o¬��U¨f�o��Æ[�q�kÇ
Û ����¬�q¨*���o®�Î��6§�q��ðû�¹o�q�;���%�O�;¨��õ§����J�����û m » ¯���½±�i�B¹ín1Âk`%Â#�q��ÖÎ��6§��q�o� ½ ����¨f§^�ðû�¹o�T�;�����P�;¨���¯Q{�~O¤C�|Z�a�Õj )]�ú.YuX�¡V]/_�Õq�Sa°�lÕ�Z�aZQ/£�Z�a�Â ��»>u Ç � � » 0 º Â�«�U§o¨f���q¨�� � �>�+��¯

L ¾>¾ M ûÄ¯ ½ �®��U�[�HÂ ¯ ¯�'b����Â��q�o� ª ¯ûÄ�U¨f���k���f�B�U¨U¯�'Ú� Û ��¨*¨f�U�P�B�����o�±�q��²¿#¦8�;����P�;����� Û �[¨f¨f�U�P�B�����o�?À(��¨E�¦�o¬��)�W�ª �¬��U¨*�o��Æ�����¯\Q{
~U¤C�|Z�a Õf )]�ú.Y�Xb¡�]/_�Õq�Sa°�lÕKZ�aZQ/£`Z�a�Â �>� ù²Ç u>» ¾M0 u.� �oÂ ¯ �o®[�o�j��� »>» ��¯
� �>¾



�\q��/�ZqNrSs"ëMæutwv(qyx
L ¾�ù M ¬õ¯�¬õ¯Eû�¹o��������¬o��Â?û�¯A����¨;��Â ½ ¯+n�¯ ª ��[��û��OØÄÂ+ÎÈ¯ ¯ ¯ ª �P¹o�����%�U¨UÂ+¬õ¯"ú1�q�K�.�JÂE���o�¤Ïo¯+¬ß��û��o¯Á�E¹�

Î?�U��o�U�o�©�o®��=«¨f����©��U�U�������Î±�H�B��`^�U¨*�f��+����%���o�[�f�i���bÎ?�U�©�H�;���[�o�*¹o��¬�ÀY��¨
�¦�o¬���� ¯ ª �o¬��U¨f���Æ��q��¯mXb¡�]/_�Õ�ë��Õ�Ô��|Z*£�¤el`Õ>{�_B��£[¤eÂ �>��u Ç ��* ���M0 �b*�* ��Â� b�P�;��§��U¨ � �>�^��¯
L ¾^Ã M ��¯ ��ª�¯ ª �;¨f����®���¨UÂ
ÎÈ¯ Û ¯ ª ���i�;¹°Â ½ ¯6n�¯ ª �o�[�eûU�OØÄÂ
¬õ¯6¬õ¯û�¹o��������¬�UÂ�ª�¯ ¯ ���o��¨f���o®oÂûÄ¯ ½ �o®��U�J�MÂ
ÎÈ¯�'b�o��¬°Âª ¯�û��U¨*���K���*�;�U¨UÂSÎÈ¯ ¯ ¯ ª �B¹o�[�%�%��¨UÂ���¯ Û ¯;ú±�Â�¬ú¯;ú1�q�K�.�JÂd'�¯�'b¨*���f�����o����UÂS��¯�¬õ¯Sªb�U¨f�p�q�^�JÂSÎÈ¯ Û ���Æ��q¨*¨f�o§�©�q��ÂEûÄ¯ Û �q�o�o�©�oÂ ¯ ¯ ¯ �B¹o����ÂAª�¯An��©���o��Â ¯ ¯+n
�����q�U����ÂE�¯An
��½/�U¨f��Â ¯ ¯ Û ���������ÂE�¯A©b�q¹o���U�°Âó ¯T«o¨*�U�U�o�p�q��Â�ª�¯�ª�q�©��û�ÂT¿E¯�ª�H�;�U��Â�ª%¯�ªb�����o¹��q§��U¨�Â ¯ ¯�ªb����§�q¨UÂ�©K¯�ªb¨f�8���²Â��B¯K¬õ¯�ú±�8�[¼�ÂKÎÈ¯K¬Ã�q¨.ûU¼���Â¬õ¯�¬ß�H�;���oÂ�ûÄ¯�¬ß� Û �q¨j�;¹^�JÂlÏ�¯S¬¾�U��o��û[Â Û ¯�¬ß�o�U����Â ª ¯�¿E¯�û���¨f�*�f�[��Â�ÎÈ¯dib�o���k§^��Â�¬õ¯�Î?�T�B¹�Â�ûÄ¯�Î?���û�����q¬o��U�[�;�[ÂsÏo¯ ª ��®��o�U�lÂ ¯ ¯ ª ûU���[�;®��J��¨*®����lÂZ'�¯�ÆJ���Tn
¨*�q�o�°Â�ó ¯s¬õ¯�óú���8����`
�q�*����Â��q��ò�¯�����¨f¼�¯k�E¹��¦��¬����W� ª �¬���¨f�o��Æ�� � �>�^���U½ÁÇ ¯ û�¨f��§�q§��� � �>�>�[���K�6����¼��È¿#ÆJ�U�J�?�����,�°��½+�Í�°��%���o�[�f�i���1ú±���j�Úª���©�H¦��J¯Xb¡�]/_�Õq��Õ�Ô��|Z*£�¤el�Õ�{�_P��£�¤CÂ � �[ù²Ç���� » Ã�0.�>� � ��Â ½ ��ÆJ�U�K§��U¨·� »>» ��¯
L ¾�� M ¯ ¯Z`�¯�«Ä������¬¬��U�¼��o¯¢ b¬��;������� ª ¬��U�P�;¨;�²��À ª �¬���¨f�o��Æ�����¯.X±��
{o£[¤IY+YVìM�|YN[âÕj �Xb¡�]/_�Õq� £q��ÿnXb¡�]/_�Õ�X�ú8¥H¡BÂ

¾^Ã�Ç¿¾ » �M0�¾^Ã>Ã�Â � �>� * ¯
L ¾ *bM ª�¯ ¯ ¯��#�q�%�p�q�o�°Â�ó ¯l�°�8�N�p�U¨UÂ��q�� ¯ ¯ ª �B¹o¨f���U�o�U¨�¯b�E¹o�Hª�q�©�q�P�;�����*�o¬��U¨f�o��Æ[�&¨*�H�;��¯�X�¡V]/_�Õ�X�úJ¥T¡B�|Z*£[¤l�Õ�{�_P��£�¤}|#��{KX^X�¤�YVÔHYO��]öÂ
�^��ÇÆù u+* 0Íù^�^¾�Â�Ï��o�o� � �^��ùo¯
L ¾ u�M n�¯�©�����Â Û ¯.ªb���B¹o�����o��Â�©k¯��°�U�o��¨f�U¨UÂ��q�o�bn�¯�Î?������P�M¯K�/¤h�VÔHYO��](¡�ÿ`YX�úJ¥T¡B�/yF{
Y�¡�]\£>]ö�Y¡�]ö�/yF{
YO¯/ú±�U¨*���q���Â� � u �o¯
L ¾>� M ó ¯ ª ¯ ¯ ��q���U¯��?¹o� ª ¬��U�P�;¨*�o� �[À��;¹o� Û �[�%¬�q������ú��À ª ��¨f���o��¯.Q¶{
~U¤e�|Z�a+Õj À]�ú.Y�X�¡�]/_�Õ��Sa^�lÕ�Z�a�Q/£�Z�a�Â� * Ç���¾��M0 º Â
©��U�U���K§���¨ � � � Ã�¯
L ù »�M ÎÈ¯�úK¯�«��½±���U¨�¯[ b� �o���o�*���p�H�f�;�U¨�¯�owÕq�SaKp)Õ>]�a¶Õj []�ú.Y2Y�Õq¥�£[¤ZXb¡�]/_�Õq�Sa��lÕKZ�a�Â u�* Ç �>� ùT0 º Âs©��U�U���K§���¨

� �^�!�o¯
L ù �NM ª ¯ Û ¹��q�o�o¨;�q�*�U¼8¹��¨U¯��E¹o��¬Ã�H¦����K�� ¬ß�q�*�
��Às�=����q��óô¹�i�;��©?½E��¨fÀY��¯KXb¡�]/_�Õ�X�ú8¥H¡B�|Z;£�¤al`Õ>{�_B��£�¤CÂ * ù�Ç u.� 0º Â�Ïq���� � �>¾ � ¯
L ù`� M ûÄ¯Âú1�8� � ���B¹�Â ¯ ¯�'¹o��¼8¹����Æ�ÂAÏo¯ Û ¯�ó ¹o�U�U����¨UÂ�¬õ¯�¬õ¯/û�¹o�����©��¬o��Â ½ ¯�n�¯ ª ��[��ûU�UØÄÂ/�q��;¬õ¯Âú��q�K�.��¯¬Ã�H¦����K�� n
¨f��®�¹[�B�o�U�*�b�q�o� û����j�;�p�H¦����k�o� ©��U�U�����o�k��À¦�°��®�¹[� Û �o¨jÆJ�U����À��¦�o¬��§� ¯ ª �¬��U¨*�o��Æ����pÇ ¯

Û ����¬�q¨*���f�[�%��À��E¹�U��¨����q�o�� b§o�*�U¨WÆ[�H�;������U¯aX�¡V]/_�Õ�X�úJ¥T¡B�|Z*£[¤�l�Õ�{�_P��£�¤}|ZTsYF]|]�Y�_B¡BÂ�ù * ��Ç¿� u.� º Â^©��U�U���K§���¨� �>���o¯
L ù^¾ M ûÄ¯&ú±��� � ���B¹°Â!Ïo¯ Û ¯Äóô¹�U�U���U¨�Â��q�o� «
¯�'�¯��E¹���U���U�����o��¯R�¦��¬��z� ¯ ª �o¬��U¨f�o��Æ[�q�òÇi�=� � �o�U��U����À?�;¹��=��i�;�©�q� Û ���%¬����*�i�;�����Ã���¾�;¹o� ½ �o�U�����������[�;¹�U�*����ÂS�°��®�¹[� Û �o¨jÆJ�U��Â��q�� ª ¬��U�O�;¨*�&�q�� Û ����*�U÷8�o���o�U�U��ÀY�[¨�;¹��©1�O�;�U¨f������H�;���[����À� b�%�U®J�&¬ �q��"���q�K§����¯mX�¡�]/_�Õ�X�úJ¥T¡B�|Z*£�¤al�Õ�{�_P��£�¤CÂFù^�^Ã&Ç}� ��* 0 º Â6¬ß�q¨f�P¹ � �>� u ¯
L ù+ù M '�¯ ½ �[�%�T�;�Â��¯o»±�U����*¹o�lÂ Û ¯�'±��§��F�8�q�*¹o�lÂ0ú!¯o»±���U��oÂ��¯
 b¹o¼8�§��oÂ.�B¯�ú1���B¹o���*��Âo�q��z¬ú¯�'�H�;�o¯#�¦��¬���W� ª �¬��U¨f���Æ��q�¾ÇÄû�¨f��®����o�i�;��¨*�k�q���©��iÆJ�U¨*�f�i�B���U��¯��=� ó ¯^ú±�������U§¨*�q����%�q�o�¨n�¯��°�U��§�o�o�®����MÂ��U�o�i�B��¨f��Â

� _�Õ>Ô��Z[��(¤C�Ñþ�ú�]!]4Õ��b�Ñþ�ú8¤C�Ñþ�ú�]����sú.YSQ!ú8¥H¡B�|ZP¡ÌÕf ���{�X6YV_P��Õ�ìT£`YOÂo¬��®��U� �>� Ã�0 º Â�� »>» ¾�¯
L ù`Ã M ¬õ¯dú1�q�K�.��Âs¬ú¯s¬õ¯°û�¹��������¬o��Â ½ ¯sn�¯ ª ��[��ûU�OØ#Â9ÎÈ¯ ¯ ¯ ª �B¹���%���U¨UÂ2Ïo¯s¬ß��ûM��ÂsÎÈ¯ Û ¯ ª �%�i�;¹°Â�ûÄ¯s�°��¨*��Â�q��ÁÎÈ¯ ¯ Æ����©�U��¯?�E¹o�&¬ß��¨f¬o¹������®��¾��À��¦��¬��§� ¯ ª �o¬��U¨f���Æ��q�&����®[¹[� Û �o¨WÆ8�U��¯�X�¡V]/_�Õq��Õ�Ô��|Z*£�¤Il�Õ�{�_P��£�¤CÂ�>� ��Ç��[ù^¾ u 0 º Â�©��U�U�U�k§��U¨ � �>����¯
L ù+� M ¬õ¯�ú1�q�K�.�JÂ^¬õ¯^¬ú¯[û�¹o�������©¬o��Â ½ ¯`n1¯ ª �o�[�eûU�OØÄÂ^ÎÈ¯ ¯ ¯ ª �B¹���%���U¨UÂ`Ïo¯^¬Ã��û���Â[���o�HÎÈ¯ ¯ Æ������U��¯��?¹o� ¯ §�*��������B�!�°�o�����o���*�i�;��������À8�;¹o� Û �q�©��� ¼ �������[���±�¦��¬��¦� ¯ ª �o¬��U¨f�o��Æ[�q��¯�Xb¡�]/_�Õq��Õ>Ôk�|Z;£�¤�l�Õ�{._B��£�¤CÂ �>� �Ç���¾>� � 0 º Â©��U�U�U�k§��U¨ � �>����¯
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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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