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á-×Ü�2�U���]������È4×Ü´��>���dÈ¥Ö©Ò:���¥È����]�2É0�d�0���:È��û�UÙ��2�]� ó ����� ç �����d´��>��� �c�����U�û�d����ÙT´����]� �0ç����U��Ò:����� É��Ò�´:�����������]�"1«����È��a�]�2É2�����T´�� �]�¦´���É2��ñWÞ³���������U�d´ 
������>���d´�� � �UÒ:��´������]� �c���D�Ç´:É2�����\´���É2���c�4× ����Ò£×Ø´��U�>����
�d´�����Ò:���c� ´�É2É2���]È��2�£È��2�A� ��È���������È�� Ò�´��UÙ��2�]� Ò£×Ü���c��È�����������× �cÉ2ÉÏ´��]� ���
È�� �U�d´ÏÎ�´������ ���û´ÏÎ �2É �����É2���U�d´������ �c�T´��U�2
¯´����]������ÒA� �:�]�����a´���� ������È���É2�2�S�U�]��� �a´������2�2�Ïñ4â'�DÉ�×Ü�2�U�S���]�2É�� �]��Ò:���c�ÓÉ2���U�]�������>���U�]�
�c���WÒ£×Ø´��>���UÒA� ��È��	� ´��]È����HÉ2�����U�d´�ÒAÒ:���c������Î ���U���d´���� �D������������Ò:���c�HÎc� � 
¯Ö 
�Îc� �wÈ���Ò:�2�H´�É��U��Îc���]�2��È���]�2ÉdÙ����]ÉdÙ���ñ 	 �Ó�U� �����-�
� ´�� ��Ò:���c�DÖA� �a�]��Ò:���]É�� �����>�����-Ò£×Ø´ÏÎ�������È��������»É2���U�]�Ó�����>���U�U�������]��ÈW×Ü�0ç���� ���]����d�������d´�È����]�2É��U� ��� È��2�'�UÙ���Ò�´��U���c���2�5´����]�U�T���AÎ �������w���"�U���T´��d�U� �����T´��c�]�2�Ïñ ó ����� ç�´-�]�����U�����]�"���:� �wÈ����È���\´����]���a� ���a�U���U���]���>���]�]�����]�aÈ��A��×Ø´��U�U�]����Ùcå��U��� ���AÒ:�cÈ����U���,$������U��Ò:�2�U���]��´����R�����]È4× Ù³�����Ç´�ÉdÙT´���É2�
�c�����2×Ø´��4�����DÈ��DÉ��]��� �]���w����U�����w�¦´»�]�����]��ñ

	 � Î ����È��d´�� �'´����]�U�³�]��Ò:������������Ö �'� ���U�]�%
%ãH�Ç´���� �H�TÉ Ò:���»�����������d´���È»�]�2�U�>�2É��<�����]�����]�5Ò:���A´�ÒA���U� ��>�����Ó� �:����� � 
%É�� �%1 � �4× ���5´������R�������aÎ³� �4
¯Ö 
�Îc� �aÈ��:Ò�´ 1«���UÒ�´��U� �������ÓÈ��AÒ:���(´������]���c�U� �]�d´����ûÈ�´����a� �ÉÏ´�È��]� È��"É2���U�]�"�UÙ��2�]��ñþß*�����R�����]�<´��U�]���c�U�21\ÖÆÒ:�2������ÒÓ���]�����]�2�*���c�]���U�d��� ´��U� �����.$��]�����U����� � ÖÆÒ:���ÓÒ�´�� � ���ÈW×Ü�0ç��>���U� ����É2�,$ ��� ���U�]�%
%ã��Ç´�����´ 1�´����Æ���]����Î��SÈW× �����S�>�2È�´�������� �D���wÈW× �������\´��U� �0�TÉ��a�0ç���ÒA���Ç´����]�2�HÖ»Ò:����
� ´��]ÈWñ�Û¯�[´��U����Îc� �T´���Ö£�T´��Ó��×Ø´ÏÎ�´���É2�2� È���Ò:�2�Ó�U�d´ÏÎ�´���çq����É�×Ü���]�����dÚ�É2� Ö£����� �c������×Ø´��[´�É �c��� �Ó�����
���]���d�]�'�T´��U�U� � È��2��É2�����T´�� �d�d´���É2�2�����]�2�d���c�]�2�2�*È�´����*É2��Ò�´��c���]É��U���Ïñ��H�4× ���c���Ó�]�������U���2��ÉdÙT´�� �����]�����d��Ò:���c��]��Ò:���]É�� ���

��´����]��ÒA�����]�:�T´��U�U� ��È���É2���a����Î³�d´����,$*´þç��2�:�]���S��×Ø´��T´���å��]��È��:É2���U�d´������2�Ó�����d���UÎ�´��U� �����Ó�����]���c���2�´ÏÎ �2ÉÓ� ���d´��]���������]�AÛRÞ & $>�4×Ø´����d´����DÉ2���U�d´�������Ò:���c�S�\´��-Î³��� ���U�������¦´����-�Ç´ûÉ2��ÒA����� É����]�:È�� �-�Ïñ4á ÙT´��UÒ£×�ñ
���»Ò:�����]�d´�����È�� �-â"ã��N��� �c�4×ØÖûÒ�´û�]�2ÉdÙ����]ÉdÙ��:È����>���U�4
%È��cÉ��]���d´��a�����T´��]�d´��c�S�T´���Ò:�2�S���]��ÒA�����]�2��]���c�d´��]� Î �2�HÈ��S�]�2È�´�É��U� ����ÈW×Ø´��U�U� É�� �2�.$ � ´��]�U����� ��´��]�����U�����]���U�£Ò:�S���]�cÈ����������H� �2��É2�����]����� ���c�4× ��� 1�´���� ´����.$���S�]����´�� È������S�]�����]�����U� ����Ò£×Ü���c�D���]�»������� � ���»���]�2É�� ����çWñ4á-×Ü�2�]�D´ÏÎ��2É»������ÒAÒ:�����]�����Ç´����]��� � �T���U��>�����]�]��� �Æ´����U�����]ÈW× Ùc���W����É2���]��É2���U�d´������2�Æ���U��È��2�Æ´ÏÎ �2ÉH����� $³�����U��Î ����È��d´�� � �c�4× ���F�d´�ÉdÙ���Ö0� �T�0�>�>�����c���U��������U��� �Æ�]�2È���Î�´���� ��ñ

�©�2�-��������Îc�21«�H�]��Ò:���]É�� ��Ò:���c�]�SÎ ���c���
� ´�� ��Ò:���c�aÖ ó �d´���ô2��� �d�:á5��ÒÓ�>�2�S����ãH���>���U�]� ó �d´���É2�2�]ÉdÙ�������>�����»´ÏÎ �����a�����Ç´������c�U����� �2�]�]��ÈW×Ü�0ç�´�ÒA�������»É��:Ò�´��c���]É��U���.$*´������U� �c�4×ØÖ�á[´��UÙ����U����� á5�2�d´��]�� cå���� �S´ÏÎ��Þ�´���È����]�#� ���4Ò£×Ü���c��1«´�������× Ù������������-È��S� ���������]�2�]����É2�ÓÈ�´����wÒ:���!�R���Uå�ñ 	 �S�]��Ò:���]É�� �a�]�������T´��U�U� É��������%
�]��Ò:���c� 	 �Ï´���
�4����� �'���������>�����H´ÏÎ �����w�]�>���c�d´�����Ò:���c�-´�É2É2�����]�aÈ���� �S���]�2�U� È����Ïñ
�4�2���]���R���]�#�c�����2×Ü´����U�d´����]�2�SÈ�´����SÉ2�0�S����Î³�d´����»�d�Ó�U���U�����c�D´���É2�����������c�DÈ��Ó�������U� �����]�SÈ���Ò�´������2�È��S��×Ø´��]�U�]����Ùcå³�]��� ���:è���×Ü���U��È��aÈ��2�"� ´��Ç´þç�� �2��ÈW× �����D�T´��U�.$����w��× ���U����� �d´��U� ����È��S��Ù�������Ò!�����2�-È��2�ÆÙT´����]�2��������#��� �2��É2��ÒAÒ:�q�����U��� �£É2���UÒ:��� �������c���2��ÈW×Ø´����U�]���T´��U�Ïñwã�Î �2É��]��� ÉÏ´��d´�É������]���������U� È�� �]É����������T´�� �]�q����d�2��´�É��U��Î³���]�2�-ÒÓ�����U�2
�� ���������2���]�DÈW×Ü����È��,$F� �AÞ³���UÎ³� É2��ÈW×ÜãH�U�U�]����Ù³å³�U���c���»È���á5â"ãJ���d´����SÈ�����É»��×Ü����È��]������ È��Ï´��S�>������Ò:��������Ö���� ��� Ò:�2� ���]���U���]��È����]�2ÉdÙ����]ÉdÙT��ñ 	 ��Î ����çl�]��Ò:���]É�� �����*´����]���c� � �����]����ç±���

��� ���U�]�%
 & � � Îc� ���0��´�� ´������>�����SÒ£× å�´ÏÎ������D´�É2É������������ $�´������U� �c���»�]�����]�2�S� �2���>�0�d�]�������2�DÈ��qÞ³ãH��� ���'È�������2�����(È��û� ������Ò£×Ü���³�A´�� È�� Ö����]�����]�2�]�d���»�>���U���AÖ��>���U���AÈ�´����»Ò:�����U�d´ÏÎ�´����[��� � ���5Ò£×Ü���c�»�>���UÒA� �ÈW×Ü�%$W�2É��U�����ÓÉ2���U�]�:�UÙ��2�]�:È�´����aÈ��2�aÉ2����È����U� �����Ó�U�"´����]�Ï´���� �2�Ïñ������]É�� Ö �]�����]�A��×Ü� �c�����>��ÛRÞ & á5ã#� $4���
�����



��� øH�0Ò:���]É�� ��Ò:���c�]�

�T´��U�U� É������ ��� ��´��]ÉqÞ�´���Î�´����,$ �'´��]ÉÏ´��0/D´����Ç´�� �.$Æø������ /S´��]�d´���È $ �S´ÏÎ³� È â'���T´�� $ & ����Î³��������´����]���c�©���
� ���Uå � &  c��ÒÓ���d´»�>�����[Ò£×Ø´ÏÎ �����Æ���T´���� �SÈ��HÒ�´��������]�S�U�FÈ���Î �����2��ñ������]É��4´����]�U�WÖAá Ù��U� �U�U�Ç´���$�ã��U�T´���È $
�'� ���U�]�,$³Þ³���T´��U�]������$ �©åcÙT´�$ 	 ������Ò:�,$ ��´����]���c�.$ ó �]�2È����U� É,$�ø-´���ÙT´�$ Þ³åc��Î�´�����$�ß[Ù�� ���U�Uå $cÞc�]����ÙT´��������'��� ���ÈW×Ø´����U�]�2�-����É2���]�,$������©�]����� ��Ò:���c�H�>������� �2�w�U� ÉdÙ��2�HÈ�� �]É����]�U� �������c���S�������-´ÏÎ����T�������2�H´����]�����HÈ��S������UÙ���Ò:�2�»È����]�2ÉdÙ����]ÉdÙ���Ò�´�� ��´����]�U�"�>�����aÒ£×Ø´ÏÎ �����Ó�>���UÒA� �»È��:Ò£×Ü��Î�´�È�����È��:�]��ÒA���»���q�]��ÒA���.$*���ÓÈ���>�����]���S�����>���qÖ ´����U�]�:ÉdÙ����]��ñ�ñ�ñ 	 �A�U��� �S�
� ´�� ��Ò:���c�D�U���2�S�]�2É2�����T´�� �]�d´��c�a���cÎ����]� 5 ´���� ó ��ÉdÙ��.$ �c����´�������#�����c����Ò:���c�D�]�����]���c��Ò�´ûÉÏ´����]�»Ö�Ò:�����]���]������È��»É2�c���>���d´��U� ���
à/����� �»É2��ÒA���]����È��d´ �	���]��Ò:���c��� æ0ñ
	 �:Î�����È��d´�� �a���������]��Ò:���]É�� ��� 5"���Ç´���È��,$ /�������Î³����Î��,$��-��ÒA�������c���,$�â'���
�ï´��>���UÙ�$ ó �d´���ô2��� �]����� �<´��]ÉÏ´�� ��>�����w� �����H´�� È��SÒ�´��d�0�]������� �Ó�U�W���]�2É�� �����]��ñ

�4�2���2ÉdÙT´������2�*���W� �2��È�� �]É����]�]� �������c��� �2×Ø´������Ó´ÏÎ �����*´ÏÎ��2É'�]�����]�2�4� �2�4�>���]�]�������2���c��� �2×Ø´����]����É2���c�U�]�2�2�È�´������ �aÉÏ´�È��]�ÓÈ�� /��]�����>�aÈ��aøH�2ÉdÙ����]ÉdÙ����RÞ³���]�d´����]��� ´�ÒAÒ�´�aÒ£× ���³�H���]�Ó�0ç³�U����Ò:��Ò:���c�-�����U�U�U��É��U�21«�.$����É�×Ü�2�U�H´ÏÎ��2ÉS�>�Ï´���É2�����©È������Ç´�� �]����� �����U��� �����H´�È��]�2�]�]�S� É��4Ò�´ ���d´��U���U��È���ñ
	 �Ó�U� �����S´��T�]�U�<Ö��]��Ò:���]É�� ���S�U���2���U����É ���]��Ò:���c���H���UÎ �ÓãH���]�]�����>�������]����ÉdÙT´�� �����]����ç�´�É2É��������<� ���]�È��[Ò:���:�]� �U������Ö��H�������������4ñ �©���]É����
� ´�� ��Ò:���c� Ö /����T´�� � �U� �UÙ��T´��>�����'Ò£×Ø´ÏÎ������'�]�2ô����U��´���Ò�´���� ��Ò:���c�´���ÝSá5ø�ã È�� �'���T´�� ���]��È���Ò:�2�������]���UÎ�´��U� �����H´�� / �©ø'ßSñ
	 �-���-Î�����È��d´�� �[�T´��[����� �������Æ��������� ���ÆÒ:�2���¯�0ç 
¯´�ÒA���������È���ÝHßÆß±���ÆÈ�� ��´AÞc�����Ç´�$���� �T´��U�U� É������ ���

& ����Î³� ������´����T´����.$*Þc�]����ÙT´���� (5�U�����Ç´��c�.$��'� ���U�]� �4��� �Uå���� �4�2���T´��]È�� � ´����2��ñ �������0ç³�>���U� ����É2�����SÒ:���´������]���c�U� �d�d´����H´��������2� ÈW×Ü����ç:���c�"���]�w�T´��U�U� É����������]��Ò:���c�[�����U� ÉdÙ�� �]�d´��c�]� ����Ò£×Ü���c�"�>���UÒA� � ÈW×Ø´������]����È��]��d´��c�aÈ��AÉdÙ����]�2� � ����� �2������Î³�]�2���T��È�� �d���c�S�T´��Ïñ�ñ�ñ�Þ�´�ÉdÙ���� � ����� �2����� ��� � ��� �������S� �2�SÈ�����É2�2�D�c�����]�DÈ����× Ù���ÒA� �U��Ù����]�»´����U�U�d´��4Ò£×Ü���c�wÎ³�d´���Ò:���c�wÒ�´�� �c���aÖ»Ò:���£�]���]��������� ó �d´���É2��ñ
( � ����´ÏÎ�´��c� �Ç´D�UÙ��2�d�,$ ��×Ø´��F´����]�]�\���û�Ç´aÉdÙT´���É2�-È��HÉ ���]�ïå ���5É2���U�d´������2�5�>���]�d�������2� �c���>���c� ����É2���c�]�2�4
�d´���� ��Ò:���c���]����1«���]É2�aÒ:�2�HÒ:���U��Î�´��U� ���������H������������É2�Ó� �2�-ÉdÙ���� ç©���H� �2�HÈ��2É�� �]� �����#�c�����2×Ø´��*���©���]����È��]��>�����"´��>�����U��� �N���*� �4× � É���ñ �����]É��TÖ-ã��c�]������� �*´��>��åc�U� �,$�Ò:���A�]�����'���]��ÒA� ���'Ò:���c�]���.$�����Ö-�]�����]�[��×Ü� � �����>�È�� /�ÛRÔ�ß±�>������Ò£×Ü´ïÎ������w�]�����U�����]������Î ���U�w� �����w�>���U�]��ñ��fÈ��%1�´�����È�� 1«´����]�DÈ��SÒ:���4�����]��ÒÓ���Ç´��c��ÈW× ����
�]���41«���]��Ò:���U�U� �U�]�,$���� �[Ò£×Ø´����]���c�HÉ2�����U�d´�ÒAÒ:���c�H����É2�����d´����,$T�0�wÒ �0Ò:�D�U�*á[´�� ���U���2�U�wÈ�� �UÖ»��� ����� ������$��U��¦´þ� ��Ö �c����� �>�����c� �U��� ������È���� �Ó�>�Ï´���É2������� �©���]É��[�����T´��U�U� É������ ���:Ö �W��É ãH�U����� È���� ó �]�2È����U� É �©�"
�d´���È��>������� ���������c�UÙ������U�Ç´��UÒ:�Æ�>���U�>���U�����T���'�>�����'Ò£×Ø´ÏÎ�������É2����1«���U�]�ÆÈ�´����'Ò:�2��É2���cÎc� É��U� �����ïñ�ñ�ñ�ß*�����]�2�Ò:�2�D´�ÒA���U� �2�S����Ò:����´�È�ÒA���d´��U� ����Î ���c���
� ´�� ��Ò:���c�aÖ 	 ´�É �c���2�4
Ná �Ç´����DÝ"!c�����.$>È����c��� ��É2�����d´����»�>��������]��Ò:����Î �����D�Ç´ É2���]���������d´���Ù�� ����� ó �d´���É2���4×Ø´ ÈW×Ü�
� ´�� � ���A�]���q´�Ò:�����S�>�����D��� �'� É$#WÒ:���]É�� ´����]�U��Öá Ù��U� �]�U����� â'�U� �������,$ �S´ÏÎ³� È�ø���Ò:����1-��� �-����� � ��� /������U�U� ���]�2É �>�����»� �2���U�5�>�������]����Î �������]��È��û������d� �U�����]���T´��]�]�2�-�]�������ÇÖ 
�ÙT´����Ïñ �H�T´��³�DÖ & ����Î³� ��� ��´�� $F��×Ø´��U�U�]������Ò:�:´���ç����������U�]�2�DÈ����]��� ������´�É�� È��2�.$F����2�U�-�d´����HÈ������]�a� �a���]��ÒA� ����Öû´ÏÎ������-�U���]É����]�DÒ�´:�T´��]�]�����©�>�����-È��a����ÒÓ���]����ç©�U���U�0�d�w�U�d´����]�2�-È�´����-É2�Ò�´��c���dÉ��U���Ïñ�á-×Ü���d´����D����å�´&%�´����aÈ�� �UÖ�$�´��������]�Ï´���$����Z´����]�����ÓÈW× ��� ��´��"ß�´�� $4���q����É2���]���U���('*)�+-,
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¯Ö 
�Îc� �ÓÈ��Z�>�2�U�U�Ç´����]� È��2�3�¯�U�d´��U�����]�]�]������ÓÈ��2���¯ÝHã /����à/É2��ÒAÒ:�û��� È�� �d´���� � æÈ������4���U�]�:É2���c�¦´����������d��ÉÏ´��a�0��� �A�T��Ò£×Ø´ �T´��D�ÇÚ�ÉdÙ��:È�������� �Ïñ���´�� �DÉ�×Ü�2�U�D�>�����D�Ç´ �>�������:ÉÏ´����]�,$4�����U���×Ü���£�]��Ò:���]É�� � , ñ
�-��Ò:�2�H´������2�2�wÈW×Ü���U��È��2���c���4���c�Æ���]�2É2�2È��S� � ��â�ã�$����WÒ:�S�]�2�U�]���������>���������2�aÈ����>�����wÉ2���T´������.$�]����� �2� �c����� � �R�a�¦´�� ���>����Î �����-É2��ÒA���]���SÈ�´����H� �2��Ò:��Ò:���c�]��È��65�É���� �2�.$>���#�c���*Ò£×Ü���c��´��T�]�U���>���UÒA� ��È��È��2É2��ÒA���]�2�]�d���w��� ���£�]����Î ���c�Æ�>����È�´��c��É2���U�]�S�UÙ��2�]��ñ������]É��4È�����ÉDÖ �S´��U������� $-/-�]�
� $87S´ÏÎc� ���Æ��×:9'��� É�� ���.$

�'� & ���*à¨�Ç´ ó �*ÞÓ�4×Ø´����d´������T´��'�]��� ���]�ÆÈ��[Ò:�[Î�������È����UÒA���"È�´����<� �2�'�����]�Ï´���ç � æ%$�â ��ß*È�/ $ ó �d´���É  $ Þ�´�ÒA� $á[´��U�����D����/S´��4×��>�����[� �2�Æ�]�2�U�]���Dà/È����¦´�Ò:�2È��W���£ÈW× ����´����U�]���R����� � æ%$�� �2�[�T´����Ç´�È��2�.$�� �2�[�d�0Î ������� �����.$�� �2��d�����]�2�2�;�%�d´��U�U� �T���U�]�2��*$T� �2�H�]�����]�2�2�<�¯É���� ´��]�2�H�]���w� �S�T´���� ���-ÖA��×ÜÛ%� �0*$�ñ�ñ�ñ �����]É����>�����wÎ ���U�]�D���]�2�]����É2�D� ���]�È����U����� 	 ñ³ß*�����]�2�5Ò:�2�Æ´�ÒA���U� �2�Æ´����d�U�FÖ � ����É2���c�[��� /"=5��� �>�����5����� �]���>���U���U� �����ÆÈ����]�cÉ  û´��£Þc�U��È�� �
(5� ���4ñ



� ���U���2��ÉdÙT´�� �����]����ç � �©�����2�� �����DÖ»Ò:�2��´�ÒA� � 9'� �cÈ�� �,$>á5���d´���� �D�����'Ù����������>�,$��>�����w� ������È������ É�� �����]�Ù����]�����d´������]�D���Æ� �2�[Ò:��Ò:���c�]�w�������������Ç´���� �2� � ������������´ÏÎ �����[�T´��d�]�2�Æ�����]��ÒÓ��� �D���£ß*���U�]�DÈ�� ( �������U�]�aÖ
�c�������c���2�[�]��Ò�´������2�ÆÈ��H�Ç´»�]�����]���T´���É2��ñ 	 ×Ø´��4´������U� � ���dÚ�É2�DÖaÎ �����[É2��ÒÓ��� �����Ç´����������]���U���]���������]�2�D´���ç
��������È��SÎ����U�]�S�]�
��� �����2�]�wÉ2���U�d´�������Ò:���c�H��� ���£������� �c�4× �����D�U��ÒA��� �S� �
������È���ñ
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á5���U�]���UÙ��2�]�D´Ó�>�����w�����U���[��×Ü���U��È��DÈ��-��×Ø´�É��U��Î³���]�SÈ��2� � ´��Ç´þç�� �2��Ö»�U���]�d´����d�ÆÈ�� 1«���UÒ�´��U� ���£�U�]�����Ç´����]�Î³�Ç´���× ���U����� �d´��U� ����È��5È�����ç»�U�d´�É2�����]�<�T´��U�U� É������ ���]��èþ��×Ü��ÒA� �]�U� ���A����1¨�d´��]�������ÆÈ��5�Ç´��>�����d�U�����]�[ÉdÙT´���$F�2�[�T´��� � �d´Ïå���������Ò:���c�'È��2�����]����� �2� �U�������2�.$þ���*� �2�<�U���]�d´����]��� ´�ÒAÒ�´-´��d�]�cÉ�� �2�<Öw�Ç´�È��2�U�U�U��É��U� ���AÉÏ´��d´�É���� �UÒA���c���ÈW×Ü���]����� �2���U���2�ÆÒ�´��d�U��Î��2�ïñ
�f�\´��U�U���-ÈW×Ü�����]���UÎ�´��U� ������È���� ´��Ç´þç³� �2�H����ÒA���������d�2�H����1/�d´��]�������2���%$F�2É��U���2�2�����c�U�]��� µ Òy���»Ð�� µ Ò´ÏÎ �2É��Ç´ÓÉÏ´�Ò:���d´ÓÛUÞ & á5ã � $c���5���û���U��� � �¦´��c�5�����d´�ÒAÒ:���c�[� ���d´����>���]�[���c�U�]�H� �2� ����çû�����]���UÎ �2�[Ö�Ð�� µ Ò��� ) µ Ò $
�2×Ü���U��È�� �w�]����� ÈW×Ø´��>���]È���×Ü�05�ÉÏ´�É����]�HÈ��w�Ç´��U�d´����41«���UÒ�´��U� ��� È�� � ´��wÒ:��� �2É����Ç´����]��Ö���×Ü���U���������HÈ���Ç´ 1/���UÒ�´��U� ���AÈ�� ������Î������ �2�<���]����� �2�'´����]�����»È��5É2�2�������U���]�Ïñþâ'��È����]���UÒA���T´��c�'��× ��ÒA�>���U�d´���É2�[�]��� ´��]� Î �5È��2�È�� $W���]���c�]�*�¯åc�>�2�*È�� ���d´������*É2���³�U�U�����T´��c�'Ö[�Ç´Æ����ÒA�������]���]� È��2� � ´��Ç´þç³� �2��È���Ò:���Ó�2ÉdÙT´��c�U����� ����$ �U���U��� � ���]�

�c���H� �2�[�%$W���]�[ÈW×Ü�0ç��U����É��U� �����T´��[�Ç´a�>�����d�U�����]�,$³�>�����ÆÉ2���U�d´������2�Æ�d�����]É2�2� 1«���U�]��Ò:���c�Æ����1«����� �2�.$³�>����Î����c�
���U�]�»É2�����U� È����d´���� �2��Ò ��Ò:�»���©����1/�d´��]�������ÓÒ:�ïå ���4ñ 	 �aÒ:���c�U�]�»�
� ´�� ��Ò:���c� �c���a�Ç´�É2���c�U�U�������U� ����È4× ������ïåc´���´�É��U�214ÖH�Ç´-����ÒA�������U���]�Æ�]���d´�� �wÈW× ������� ´�� ´þç�� �[�>���������U�]�[�T´��U�U� É����������]��Ò����c� 1«���U�]�ÆÖ�É2�2�'� �������������]�ÈW×Ü����È���ñ'á5�2É��"Ò:���»���Z��Î³� È�����É2��� �:�U� � �c����ÈW× �������]���]�2�U�U��Ò�´��U� ����È�����× � ÒA�>���]�d´���É2� È��:�Ç´ 1«���UÒ�´��U� ����]�]�����Ç´����]��Ö �T´��U�U���ÓÈ��:É2�:È���Ò�´��������]�>�2É0�]�d´��"È�´����D� �:ÉÏ´��aÈ��2��� ´��Ç´þç�� �2�aÈ����c�D��×Ø´�É��U��Î³���]���2�U�aÈ���ÒA�����2��T´��w��×Ø´�É2É��]���U� ����È���Ò�´��U�����]�Ó´����]�����HÈW× ���£�U�]���£���������U���>���UÒ�´��]�U�21Uñ

ã���Îc�qÈ��:É2�2�S�]�2�]�����d´��]�.$��U��Ò£× ���c�]���]�2�]�]�û´�� ���]�Ó´���ç��U���]�¦´����]� � ´�ÒAÒ�´£É2��ÒAÒ:�:�U�d´�É2�����]�ÓÈ�� 1/���4
Ò�´��U� �����U�]�����Ç´����]� �3��� 	 � � 	 ����È����>����È�´��c�]�-È��2���%$W���]��ÈW×Ü�0ç³�U����É��U� �������w�����©É2���U�]��� �2�-Ö���×Ü�0ç³� �U�]����É2�aÈ��2����ïåc´���ç(´�É��U�21«�Ïñ 	 � È��2É��U� ��� �2�����]�����U� ���]�2�:ÈW× ���¥�2ÉdÙT´��c�U����� ���
È�� � ´��Ç´þç�� �2�AÈ�� �U�d´��c�]�2�A�]��� �2É��U� �������2�2��Ö�T´��U�U����È��2�ÓÉ2���c�U�]���T´��U�U� �2�������U���c���2�»È���É2�2�Ó�U���]�¦´����]�Ïñ 	 ��Ò:���c�U�]� �c����É2�2��� ´��Ç´þç�� �2�a���]�2�d���c�]���c�»È��2�É2����� �����]�D�U���2����� �����2�S�>����´ $W�2É��]�2�2�S�T´�����×Ü�0ç��U����É��U� ����È����S�>�����]�U�����]�2�.$W���SÈ��2������ÒA�������U���]�2�Ó´����]�������2��]�d´��U� �U�U��� ����Ò:���c�������������#1«´������ �2�ÏñWá5�2���]�����]É2�2�-È�� $ ���]���c�SÈ�����É»È��2� � ´��Ç´þç�� �2�-����ÒA���������]�2������1¨�d´��]�������2��>�����U�d´��³�a�]�2�U�>�����¦´���� �2�aÈW× ���T�!���]���]�]� 1¨�¦´�É0�]�����ZÈ��:�Ç´ 1«���UÒ�´��U� ���ZÈW×Ü���]����� �2�ÓÈ�´����a��× � ����Î ���]�aÈ�� �U�d´��c�Ïñ
	 � �U��� � ���]��´�� ���]� � �T�û� �2���]���]�d´����]� � ´�ÒAÒ�´��]�û���]�cÈ���� �]���c�:È�´����AÈ��2�A�����R���]� �R�������2�'$*�>���(Ò�´��]�]� 1«���� 1/���UÒ�´��c�a� �����]�D���]��ÒA�����]�2�����������d´��U� �����»ÈW×Ü���]����� �2�»Ö �T´��U�U���ÓÈ��AÒA����� ����ç����U��ÒA���U�21/�Ó���D�>���q�����U� ÉdÙ�� �����Ò:���d´���çWñWá5�a�]�2�U�����d´��S�2�U�H����������������È��2�d´�É2É2���]È�´ÏÎ �2Éa��× � È��2�����������d´�� ��Ò:���³���]�2ô����»ÈW× �����A´��]�]�cÉ��Ç´ 
�U� ��� ����� ���Ç´�� �]�2�����c�U�]��É2�2�5��Ù�������Ò!�����2�wÈ��2�[ÙT´����]�2�Æ�������#��� �2�Æ���5��× Ù�� �]�]�����]� ��� ���T´�� ��È��-�Ç´ 1«���UÒ�´��U� ����]�]�����Ç´����]��ñ
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ß[Ù�� � ��Ù � =5���# »� ��È���Î ���]�2ÈA�]�S�UÙ��Æ�]�U��È�å»�"1W�U�d´��U�����]�U�U�����Ó´�É��U��Î³���¯å»���!� ´��Ç´þç³� �2���T´��]�2È:���A�UÙ��Æ���]��"1*� =5�A�U�>�2É�� �TÉ-�U�d´�É2���]�Dè³�UÙ��-����1¨�d´��]�2È���ÒA� �]�U� ��� 1¨�]��Ò@È����U�[Ù��Ï´��]�2È �cå��UÙ��-�d´�È��Ç´��U� ��� �T��� È �"1*å ��������]�]�����Ç´��H�>�������Ç´��U� �����.$W´���È��UÙ���� ´�ÒAÒ�´ 
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��ñØÔ�ñ�Ð �H������� ���2��É2�����U� È����d´��U� �����-�U���Æ� �2�Æ�������]�2È�� ���c�]�HÈ��S�T´��]�:ñ�ñ�ñ�ñSñDñDñSñDñDñSñDñDñSñ � �

��ñØÔ�ñØÔ � �£�dÉ2���T´��U� �:�����U�]��� �w�]��ÒA����ñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ �-%
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��ñØÕ �4�2���U���]�d´����]��� ´�ÒAÒ�´:É2��ÒAÒ:�D�����U��� �w�>�����w�Ç´AÉ2���UÒ:��� ����� �AñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ �,+
��ñØÕ�ñ�Ð �4�2���U���]�d´����]��� ´�ÒAÒ�´A�>�����wÒ:�2�U���]���w�Ç´AÈ�� �U�d´���É2�aÈ��2��� ´��Ç´þç³� �2�w� �����c�d´������2�YñDñ �,+
��ñØÕ�ñØÔ �4�2���U���]�d´����]��� ´�ÒAÒ�´A�>�������]����È����w� �SÒA����� ���£���c�]���#� ´��Ç´�É��U���c����ñSñDñDñSñDñDñDñ +�Õ
��ñØÕ�ñØÕ �4�2���U���]�d´����]��� ´�ÒAÒ�´:���w�Ç´01«���UÒ�´��U� ����ÈW×Ü���]����� �2� ñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ + �

� "�#%$'&)(�*+(-, � #%$�������57#`$'./#`$ $ 1�[�$7(�1�57$ &)(�\V\]( b)b
%�ñ�Ð �'�]�����d´�ÒAÒ:�ÓÈW×Ü�����]���UÎ�´��U� ��� ñDñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-ÐÏÑ�Ñ
%�ñØÔ �4�S�>�����c��È��SÎc���DÈ�����×Ü�����U���c���D����È�����× ����1/�d´��]�������D���]�cÉdÙ��©ñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-ÐÏÑ�Ô

%�ñØÔ�ñ�Ð �����"� ´��Ç´þç³� �2�H´���ç Ò:���U��Ù���� ����� �2���]���2�ÆÎ�´��U� �2�2��ñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-ÐÏÑ�Õ
%�ñØÔ�ñØÔ �����"� ´��Ç´þç³� �2�w�T´��U�U� É����������]��Ò����c�H��� �����2��ñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-ÐÏÑ �
%�ñØÔ�ñØÕ �����"� ´��Ç´þç³� �2�w�>���£����ÒA���������]�2�£ñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-ÐÏÑ,+
%�ñØÔ�ñ > �����"� ´��Ç´þç³� �2���c��� 1/���]Ò:�0�³��È��2�w���]����� �2�añSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-Ð�Ð�Ð

%�ñØÕ �4�2�"� ´��Ç´þç³� �2�4
�Ù����]�2�H���Æ�Ç´�1«���UÒ�´��U� �����U�]�����Ç´����]�a����1/����� ��ñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-Ð�ÐÏÕ
%�ñØÕ�ñ�Ð & ���]���UÎ�´��]�����T��È�´����Æ� �2��È���Ò�´������2���]����ÒA��������Ò:���U�U��� ���Ó���Æ�d´�È�� � ñSñDñDñSñDñDñDñ-Ð�ÐÏÕ
%�ñØÕ�ñØÔ �-���dÉ����]�U� ���lñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-Ð�Ð��

%�ñ > � ���S�d��� �2É��U� ���£���Ç´�� �]�2� 
·ñDñSñDñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-Ð�Ð��
%�ñ >�ñ�Ð � �£�2ÉdÙT´��c�U����� ����È��	� ´��Ç´þç�� �2�w�U�]���£�]�2�U�U�]�����c��
òñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-Ð�Ð.+
%�ñ >�ñØÔ �4�2�w�U�d´����U� ���c�]�������U���c���2������1/����� ��È�´����w�Ç´»�>�����]�]�����]� ñDñDñSñDñDñSñDñDñSñDñDñDñ-Ð�Ð.+
%�ñ >�ñØÕ ( �Ç´�� �w��� �2��Ö��Ç´01«���UÒ�´��U� ���©È��2� /�ø (5� ñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-ÐÏÔ�Ð

� #`[ $ ��#`2	5 ��� #`$ !-R	�

� 0X0�#%,�# � ��1 e * � 2�(-5 � 4�0/$�� !-R�b

	 �+e * � 4�&)[�( �
� � # R�=��
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Ð�ñ�Ð �H� �]�U�U�������U� �������U�>�2É��U�d´�� �2�HÈW×Ü�������#��� �D�>������È�� $F���]���c�]���¯åc�>�2�wÈ�� � ´��Ç´þç�� �2�wñSñDñDñSñDñDñDñ �

Ð�ñØÔ Þ³ÉdÙ���Ò�´��U� �d´��U� ���©ÈW× �������ïå ´��©´�É��U�21'È�� � ´��Ç´þç³� �DÈ�´����w� �DÉÏ´�È��]�DÈ��£Ò:�cÈ���� �S����� �T� ñDñDñ )
Ð�ñØÕ 9'Î��������U� ���,È��©�Ç´ZÈ������U���]��ÈW×Ü�������#��� ��� ��ÒA� �T�0�T�]�������U��� �T�©�T´�� �¯åc�>��È�� � ´��Ç´þç�� �2� �����Î��������U� ���©È����d´���ç�È�� 1«���UÒ�´��U� �����U�]�����Ç´����]����� ���T´������ 1/����É��U� ���©È����]�2È��]Ù��21¨� ñSñDñDñDñ ÐÏÑ
Ð�ñ > 9'Î��������U� ���©È��S�Ç´�È������]���]�DÈ���Ò�´��d�]�S�U�]�����Ç´����]�D��� 1«����É��U� ����È��£�]�2È��UÙ��21¨� ñSñDñDñSñDñDñDñ ÐÏÔ
Ð�ñ � ó ����È£È�� $F���w�0ç��U�d´�� ´��Ç´�É��U��� ���a����1¨�d´��]�������a���wÉ2��ÒA���d´����2�HÈ�� � ´��Ç´þç�� �2��Ö�Ð�� µ Ò ñDñDñDñ ÐÏÕ
Ô�ñ�Ð �©�cÈ���� �-ÈW×Ü��ÒA� �]�U� ��� È����Ç´a�>�����]�U�����]�-���û����1/�d´��]�������-���5�U�>�2É��U�]�H�¯å³����� ���-ÈW× �����H�]�
�������È��#1«���UÒ�´��U� �����]�]�����Ç´�� �d�D�����]���UÎ �2�S���£����1/�d´��]�������SÒ:�ïå ��� ñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ~Ô�Ô
Ô�ñØÔ á5���U�]���Ç´��U� �����Ó���c�U�]��� �2�S����ÒA�������]���]�2�a�����]���UÎ �2�2�aÖ�Ð�� µ Ò $4��������1/�d´��]�������A� �����c�d´����q���È�´����Æ�Ç´��d´�� ���

α
ñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ~Ô�>

Ô�ñØÕ â 5�ÉÏ´�É����]�aÈ�� 1/���UÒ�´��U� ���©�U�]�����Ç´����]�D�2�]�U��Ò:�2�aÖ»�T´��U�U���HÈ����d´����>���U�ÓÐ�� µ Ò !,) µ Ò ñDñDñDñ~Ô �
Ô�ñ > ó ���UÒ�´��U� ���©ÈW×Ü���]����� �2�HÈ��2É�� ����ÉdÙ��2�Ó´���ç��0ç��U�]��ÒA���]�2��ÈW× �����S�T´��U�]��ñDñSñDñDñSñDñDñSñDñDñDñ~Ô )
Ô�ñ � ó ���UÒ�´��U� ���©ÈW×Ü���]����� �2�HÈ��2É�� ����ÉdÙ��2�D�T´��w���c�]���d´�É��U� ����È��	� ´��Ç´þç�� �2� ñDñSñDñDñSñDñDñSñDñDñDñ~Ô,+
Ô�ñ % â 5�ÉÏ´�É����]�aÈ�� 1/���UÒ�´��U� ���©�U�]�����Ç´����]�DÈ�´��T�Æ�����D�]� �c������É2�DÈ��	� ´��Ç´þç�� �2���������c�]���d´�É��U� ���fñDñ~Õ�Ñ
Ô�ñ ) á5��ÒA��� ��Ò:���c�d´��U���d���¯�U�T´��]� ´�� !��d���6S���£����1¨�d´��d�������SÒ:�ïå ���YñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ~Õ�Ô
Ô�ñ � 9'ÒA� �]�U� ���£����1/�d´��]�������DÒ:�ïå�����È�´����w� �2��� ´��Ç´þç�� �2�Æ��� �]�d´�����ÒA���������]�2��ñSñDñDñSñDñDñSñDñDñDñ~Õ�Õ
Ô�ñ + 9'ÒA� �]�U� ���£����1/�d´��]�������a���]����È����DÈ�´����w� �2�w�]å³�U����Ò:�2�Æ����ÒA��������ç �#� Ð�Ð?>:���wãH�U��Ô,+,+ ñDñ~Õ �
Ô�ñ�ÐÏÑ±á5��ÒA�T´��d´�� �]�������c�U�]���Ç´�È�� �U�U�U�������U� ����È��-�Ç´»�>�����]�U�����]�#1/�]��� È������wÉ2����� �SÈ��-�Ç´»�>�����]�U�����]�ÉdÙT´���È��DÈ�´����w� �S�]å³�U����Ò:� �#� Ð�Ð?>�ñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ~Õ )
Ô�ñ�Ð�Ð¥á5���U�]���Ç´��U� ���®���c�U�]� �Ç´�È�� �U�U�U�������U� ���®È�� � ´�� Ò:��� ��É����Ç´����]�£���AÉ2�0��� ��È��2��É2��ÒA�>���d´��c�]�2�

1¨�]��� È��D����ÉdÙT´���È��DÈ��S�Ç´»�>�����d�U�����]�DÈ�´����Æ�Ç´� ´��Ç´þç³� �aÝ /Dá�ÐÏÑ-% �·ñDñSñDñDñSñDñDñSñDñDñDñ~Õ �
Õ�ñ�Ð �'� �������2�DÎ����]�Æ� �S���ïåc´���´�É��U�21�È����Ç´� ´��Ç´þç³� �DÝ /Dá�ÐÏÑ-% �oñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñg>�Ð
Õ�ñØÔ � ������Ò�´����aÈ��S� ´��]�
��� ���©É2�0�³�U�d´�� �DÈ��DÝ /Dá�ÐÏÑ-% �A���£����1¨�d´��]�������DÒ:�ïå���� ñDñDñSñDñDñDñg> Ô
Õ�ñØÕ Þc�>�2É��U�]�2��È��£���ïå ´��©´�É��U�21'È��DÝ /Dá�ÐÏÑ-% �A�����]���c���H´ÏÎ �2ÉSÛUÞ & á5ã � ����ÛRÞ & 
NÞ��,Þ ñDñDñg> Õ
Õ�ñ > á5���c�U�U�������U� �������]���Ç´��U��Î �2��È�����×Üã /�Ýf���wÈ��S�Ç´01«���UÒ�´��U� ����È4× ���]����� �2�HÈ�´�����Ý /aá�ÐÏÑ-% �AñDñg> �
Õ�ñ � á5��ÒA�>���d´��c�]�2� 1/����È�´�Ò:���c�d´�� �2�HÈ��S��×Ü��ÒA� �]�U� ������ÛNø,È��2��� ´��Ç´þç�� �2�H´�É��U��Î��2�ÌñDñDñSñDñDñDñg> )

ç�Î
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Õ�ñ % �-�Ç´��������U�]��É2�;�¯ã�/SÝ !��U�d´��]�����]�U�]������d´������ �HÖ��T´��U�U����È��2�w�]�>�2É��U�]�2��ÛRÞ & á5ã#� ñDñSñDñDñSñ > +
Õ�ñ ) �-�Ç´��������U�]��É2���T´��]�2�w�U���w�Ç´�È����]�2É��U� ���©È��2�w�d´�� �2�Æ� �������c���2��È�´����w� �2�w�U�>�2É��U�]�2�-Þ��,Þ(ñDñSñ ��Ñ
Õ�ñ � �-� �U�U�]� �����U� ���a�U�>�2É��U�d´�� �"ÈW×Ü�������#��� �"���S����1/�d´��]��������Ò:�ïå����aÈ�´����4� �2� � ´��Ç´þç�� �2��Û¯ø�ãSÞ-Ô�Õ�ÐÏÔ � 


�,+�Ð.+:���wÛNø�ãSÞ©Ð.+�Ô ��> 
 )�Ô�> � ñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ ��Ð
Õ�ñ + Þ³�>��É��U�d��� �ïä\Ð % µ ÒùÈ��S�Ç´ � ´��Ç´þç�� �Dâ��U��È�� � � Ð�Ð?>:����È��S� ´A�]�����]É2� (�ÐSÈ��DãH�U��Ô,+,+YñSñ ��Ô
>�ñ�Ð ������ÈW×Ü�0ç³�U����É��U� ���©Ò:�ïå��������DÈ�´��T�Æ�Ç´ /S´��Ç´þç³� � ñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ �-%
>�ñØÔ Û¯�������U�U�d´��U� ���»È��ÓÉ2��ÒA�>���U�]��Ò:���³�<È��2É��]��� �]�d´��c��È�����×Ü�0ç³�U����É��U� ���A´ÏÎ��2É��Ç´Æ� ��������������ÈW×Ü����È��ÈT´����Æ� �DÉÏ´��wÈ�� � � Ð�Ð?> ñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ � )
>�ñØÕ øH���Ç´��U� �������c�U�]�S� �S�d´����>���U��ÛNø#! � � ���w�Ç´��>���c�]�D�U�>�2É��U�d´�� �DÈ���É2���c�U���c����Ò ��� ñDñDñSñ �,+
>�ñ > � �����d�%��� ��� 1/���]�]��Ò:�0�³�������]É����]É�� �aÈ�´�����ã��U��Ô,+,+ ñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ %�Ñ
>�ñ � â�$F����È��S��×Ü�0ç³�U����É��U� ���©È�´����w�Ç´� ´��Ç´þç³� �Dâ��]�wÈ�� �#� Ð�Ð?> ñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ %�Ð
>�ñ % ����� ��ÈW×Ü�0ç³�U����É��U� ���©���£����1¨�¦´��]�������SÒ:�ïå ��� ñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ %�Õ
>�ñ ) â'ç³�U����É��U� ���AÈW× �����U�>�2É��U�]� ���Ç´��<�0�<É2��ÒA�T´��d´�� �]���A���c�U�]� � �"Ò:�cÈ���� �5ÈW×Ü�2É��d´��A���*� �"Ò:�cÈ���� �ÒA� ç��]� ñSñDñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ % �
>�ñ � Þ�´��U���d´��U� ��� È�����×Ü�0ç³�U����É��U� ����È�´���� � �HÉÏ´�È��]�-È��ûÒ:�cÈ���� ��ÈW×Ü�2É0�¦´�� ���5É2��ÒA�T´��d´�� �]���£´ÏÎ��2É� �DÉÏ´�È��]�DÈ��£Ò:�cÈ���� �DÒA� ç³�]� ñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ %-%
>�ñ + â'ç³�U����É��U� ���ÌÈW× �����Z� ����È��Z����� �d�d´���É2�����f����1/�d´��]��������Ò:�ïå����4ñ�Û%�������U�U�d´��U� ���Ì´ÏÎ �2Éq� ��]�>�2É��U�]�DÈ�����×Üã /�ÝfÈ��SÝ /Dá�ÐÏÑ-% �òñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ % )
>�ñ�ÐÏÑ
â'ç³�U����É��U� ���©ÈW× �����]�>�2É��U�]�S�¯åc�����c���SÈ��S�T´���È��2� � Û ([�DñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ % �
>�ñ�Ð�Ð ���2É2��ÒA�>���U���U� ����È��£�]�>�2É��U�]�S����1¨�d´��]�������aÈ��S�Ç´»�]�
��� ���©É2���c�U�d´�� �aÈ�� � ��Ô ñDñDñSñDñDñSñ %,+
>�ñ�ÐÏÔ ���2É2��ÒA�>���U���U� ����È��2�w�U�>�2É��U�]�2�������d���UÎ��2�wÈ�´�����ãH�U��Ô,+,+A���c�U�]� � µ Òù���DÐ % µ Ò ñSñDñDñSñ )³Ð
>�ñ�ÐÏÕ
Û¯�������U�U�d´��U� ����È��a�Ç´�È��
���������]�2�dÉ2����É2�»��� �2�»Ö:��× ����É2���U�U���U��È��A�U�����Ç´ ������Ò:���U�]����È��©ÒA����� ���´��T�]���U�T´��c��ñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ )�Ô
>�ñ�Ð?> á[��ÒA�T´��d´�� �]����È��2�"´ �R���U�]��Ò:���c�]�������]���c��� ´ÏÎ �2É[È���Î ���]�]�2�'� ��� ��ÈW×Ü�0ç³�U����É��U� ���ûÈ�´����'� �ÆÉ2´��È����Ç´A�]�����]É2�Dã È��DãH�U��Ô,+,+�ñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ )�Õ
��ñ�Ð ���2�w�¦´��]���������]�2� � ���Ç´A���Æ�Ç´����]��ÒA�����]�a�����]���UÎ�´��U� ����ÈW× �����U���]�¦´������ ´�ÒAÒ�´:����Ð.+-% ) ñDñSñ ��Ô
��ñØÔ �H� �U�]�����d´�ÒAÒ:��È��2�5È����]�2�2�[��� � �cÉÏ´���� �d´��U� �����Æ�U��� � �HÉ�� ���>È����ÆÔ )�Ñ�Ñ /�ø�([� È����]�2É��]�2�5�T´��

([ã�ß�Þ³â ñDñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ ��Õ
��ñØÕ ���2É2����Î ���U�]�DÈ��2�w���]��ÒA�����]�2�HÉ2���c�U�]���T´��U�U� �2� 7����w�����U���c���a´��]�]�cÉ�� �2�2�HÖ»��� /�ø�(~ñDñDñSñ ��>
��ñ > Þ�ÉdÙ���Ò�´A�U��ÒA����� �T�aÈ����Ç´�1«���UÒ�´��U� ����È��2���U���]�d´����]��� ´�ÒAÒ�´:���wÈ��S� �����w�U�d´����U� ���c� ñDñSñ � �

��ñ � �����]���UÒA���T´��U� ����È��©�]�2È��UÙ��21/�-ÈW× �����U���]�¦´���� � ´�ÒAÒ�´ Ö:�T´��U�U���-È��2�H�d´�� �2�-�����d���UÎ��2�2�-���´��T�]���U���U� ����È�´������d´�É2���c�U�]���T´��U�U� �Ó�����U���c��� ñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ +�Ð
��ñ % �����]���UÒA���T´��U� ���ûÈ����]�2È��UÙ��21/�'ÈW× ���:�U���]�d´���� � ´�ÒAÒ�´SÖH�T´��U�U����È��2�<�d´�� �2�'�����d���UÎ��2�2�'È�´����� �2� 7òñDñSñDñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ +�Ô
��ñ ) �����]�2É��d´����������]�ÓÈ��2�w�U���]�d´����]��� ´�ÒAÒ�´�Ö»�U���2�wÙT´����w�]�2È��UÙ��21¨�HñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ + �
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��ñ � �H� �]�U�U�������U� ���ZÈ��2�D�>���U���U� �����a�]���Ç´��U��Î �2�aÈ��2�D�U�d´��T�U� ���c�]�ÓÈ�� /�ø�([�S� �������a�T´��D�d´����>���U�´��£É2���c�U�]�aÈ���� �����"� ´��Ç´þç�� �%
�Ù����]�yñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ +-%
��ñ + � �����>���d�U����� �DÉ2�������0ç³� ���©���c�U�]�S� �2�w�]���]�d´����]��� ´�ÒAÒ�´:���Æ� �2���U���>���U���ïÎ�´��ùñDñDñSñDñDñDñ + )

%�ñ�Ð ��� �U�]�����d´�ÒAÒ:�aÈ��2�Æ�]�2È��]Ù��21¨�]��È�� /�ø ([�ÆÉ2�������UÒ:�2�H�U�>�2É��U�]���]É2�������c����Ò:���c�ÓñDñDñSñDñDñDñ-ÐÏÑ�Ñ
%�ñØÔ �©���U��Ù���� ����� �aÈ��2�"� ´��Ç´þç³� �2�4
�Ù����]�2�HÈ��2�w�]���]�d´����]��� ´�ÒAÒ�´�ñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-ÐÏÑ�Õ
%�ñØÕ �H�Ç´����d´�ÒAÒ:�ÓãH�Uå³Ò:���U�U� �'!�á5����É2���c�U�d´��U�Ç����È��2��� ´��Ç´þç�� �2�4
�Ù����]�2�ùñDñDñSñDñDñSñDñDñSñDñDñDñ-ÐÏÑ�>
%�ñ > ��´��������U��È��2�HÈ��2��� ´��Ç´þç�� �2�4
�Ù����]�2�������d���UÎ��2�2�������T´���È��2� R ��� K ñDñSñDñDñSñDñDñSñDñDñSñ�ÐÏÑ-%
%�ñ � á5����� �����]� R−K È��2��� ´��Ç´þç�� ��� 
�Ù����]�2����� 1«����É��U� ����È��£�]�2È��UÙ��21¨��ñSñDñDñDñSñDñDñSñDñDñSñ�ÐÏÑ �
%�ñ % �H� �]�U�U�������U� �����S�U�>�2É��U�d´�� �2�SÈW×Ü�������#��� �����������U���c���»���S�0������1¨�d´��]�������»���]�cÉdÙ��»�>������È��213


1/���]���c�]�w�¯åc�>�2��È��	� ´��Ç´þç�� �2�Ïñ K 
%É2���U�]�2É��U� �����HÈ�´����w� �2� �����U�d��� R ��� K ñDñDñSñDñDñSñDñDñSñ�ÐÏÑ,+
%�ñ ) ��´��������U��È��2�-´����]�������2��È��2��� ´��Ç´þç�� �2�4
�Ù����]�2�H�����T´���È�� K ñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñ�Ð�Ð�Ð
%�ñ � Þc�>�2É��U�]�D���w��Ò�´����DÈ��S�Ç´ � ´��Ç´þç�� �%
�Ù����]�aÈ����U���]�d´����#/�ø�( +,+�Ñ )�Ñ � ñSñDñDñSñDñDñSñDñDñDñ-Ð�ÐÏÔ
%�ñ + Þc�>�2É��U�]�2�������U���c���2��È�� �c������� ���2�"� ´��Ç´þç³� �2�4
�Ù ���]�2�������]���UÎ �2�2��´ÏÎ �2É�� � � �2É  ñDñDñSñDñDñDñ-Ð�ÐÏÕ
%�ñ�ÐÏÑ � ����Î³����ÒÓ�����U�2
�� �������T�����]�HÈW×Ü����È��DÈ��S�Ç´ � ´��Ç´þç�� �%
�Ù����]�aÈ�� /�ø�(�Ñ�Ñ�Ñ�>�Ð�� ñDñDñSñDñDñDñ-Ð�Ð')
%�ñ�Ð�Ð¥á5�����U�>�2� È�������ÒA�����]��È���È�� $W���]���c�]�û�U�d´����U� ���c�d� ���
�T´���È�� R ���û��� �����]�U�d´��U� ���±È��£�Ç´�����U� ����È��"��� � �������	� fñDñSñDñDñDñSñDñDñSñDñDñSñDñDñDñSñDñDñSñDñDñSñDñDñSñDñDñSñDñDñDñ-ÐÏÔ�Ñ
%�ñ�ÐÏÔ ��� �U�]�����d´�ÒAÒ:�aÈ��2�ÆÒ�´��������U��È�����´����]�������2��È��2��� ´��Ç´þç�� �2�4
�Ù����]�2�����£�T´���È�� B ñDñSñDñDñDñ-ÐÏÔ�Ô
%�ñ�ÐÏÕ ��´��#�������]�H� � ����Î�´�� ���c�]�2��È��S�Ç´»�d´�� �DÈW×Ü�Ïç�å � �����DÛ]Û È�´����Æ� �2�"� ´��Ç´þç³� �2� 
�Ù����]�2��ñDñDñSñDñDñDñ-ÐÏÔ�Õ
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�4�2� � ´��Ç´þç�� �2� 1¨���]���c�5�����]���UÎ �2�2�"�>����� �Ç´S���]��ÒA�����]��1/��� �5´���7 � ÛUÛ]Û e �U���2É�� �H�]�����"�Ç´ 1«���UÒ:��È����dÚ�ÉdÙ��2����8È������������ ���U���]�2��È�� $F���]�2���������£���,Ò:�����������]����È����2���]����� ��É�� ����ñ �4����Ù���� ���]����Ù�� � ´��c�ZàRÐ')�Ô�>�äÐ���Ñ�>cæ»� �2�AÉ2�����U� È����d´�Ö©��×Ü���>� �c����É2��ÒAÒ:�£È��2�AÉ2����É2���c�U�d´��U� ���T��ÈW×Ü���]����� �2�A��� �T�A���¥Ò:�������:��� ���������2�2�.$
�c�4× ���'È�������ÒAÒ�´��%������Î ���]�4
�� � �2��dñ �<´��S�Ç´ �U�����]�,$F����� �2���]���>���U�]���U�Ç´ ���]�����]�2�]�U��Î ��Ò:���c�DÈ��»Ò�´��������]����������]å³�U�]��Ò�´��U���c����ñ'á5���U�d´������A´��]�U�]������Ò:�2�.$<È�´����Ó� �������]�2ÉdÙ����]ÉdÙ�� È��û������Î������ �2�AÉ���Ò!���]�2�'$����(È��]�2�]� ���]���c�� �2�D�]�����D���]��ÒA� ���]�ÓÉÏ´��d´�� �������2�.$*Ö ��× ��Ò�´�����È��:É�������� ���d´������"�T´��D� ��1�´�Ò:����çqá ÙT´��U� �2�0�����d�U� ����àRÐ')�Õ�ÑïäÐ���Ð')�æ0ñ ��´�� �<É2� �4×Ü�2�U� �c�4×Ü��� Ð.+�Ô�>S�]����� ��Ò:���c�.$����dÚ�É2�Æ´���çÓ���T�]���UÎ�´��U� �����'ÈW×Ü���]����� �2�'È�� �¯å³�>� �¯É2����Ù���� È��0��È�´����-� �2�H���¦´��-�U�����d´���ç�È��a�Ç´���������� �����]��ÈW×Üã���È��]��Ò!�2È��»�T´���â"È8=Æ��� �H������� � àRÐ�� �,+ïä\Ð.+ ��Õ�æ�´�� �����c�
� ��� �]����$ � ���Æ��×Ü���:���U���"��������É2�����]É�� ����É2��È��[� ������Î ���U���d´���� �Æ�T´��U���]�Dè�É2�2� � ´��Ç´þç³� �2� 1«���UÒ:���c�"È��2�����c�U���]�2�Ö��T´��U�»���c�U�����]�,$*È��2�3�%Ò:���TÈ��2����0ç³�]���U� �����]�»���Ó�]��ÒA���Ç´����]�2�»Ö��Ç´ � ��� � �*´�É0�d���,$��U���U���2�»Ö£È��2�ÓÈ�� �]�d´���É2�2�É2�����]� È����d´���� �2�����w�����]�����>ô2�������2�2�-´����T´��d´ïÎ�´��c�Ïñ

�4�2� È�� $W���]���c�]� �U�d´ÏÎ�´���ç��%$F�2É��U���2�5�U�����]�-ÖDÉ2���U�]�HÈ��2É2����Î����U�]�HÎ ���c�"Ò:���U�U�]�H��� ��Îc� È�����É2��������È���Î ���4
�]���]���T´��U�U� É����������]��Ò:���³�[�]��Ò�´�� �c�T´���� �-È��-É2�2�5�����U���]�.$ �d´��c�[È��û�>�����c�[È��HÎc���HÈ��H� �0��� Ò:���U��Ù���� ����� � � ���È��D� �����]�w���]�����U� ���]�2�HÈ�å³�T´�ÒA��� �T���H���H�U�>�2É��U�d´�� �2�Ïñ���´AÒ�´��������]�ÓÈ����c�HÉ2�2�"� ´��Ç´þç�� �2���]�D�d���c� 1/���UÒ:�2�2�H�����×Ü��Î �������U� ������� ���T´�� �#�c�4×Ü����� �2�5���³�5�U����Î³� � �R��� � �4×ØÖÓ´����U�����]ÈW× Ùc���W�]���c�5É2���>����È�´��c�[� ����� ÈW×:���U�]�-É2��ÒA�������]�%
Ò:���c�D������É�� È��2�2�.$W����� �2�S���U��È��2��Ò:�����2�2�DÈ�´������ �»�����SÈ��»�]���>����È��]��´���ç©����ÒÓ���]�����]�2�S���c�]���U�]��� ´��U� �����
�c���W�>���]�U� �]�]���c� 1/���c�w�T´��U�U� �DÈ��2�w�����U����ç � �2�Æ���������0ç�É0���d´��³�]��È�����×Ø´��U�U�]����Ùcå��U���c���SÒ:�cÈ����U����ñ
����� �������! #"%$�&('*)�+-,/.%)

"�#%$'&)(�*+(-, � #%$'. � 57#%$10 0/4)[L\](�*+#`$�2
�4�2��� ´��Ç´þç�� �2�ÆÉ2�����U�U���U�����c�Æ�«×Ü�2�d�]���c�U� ���WÈ��H�Ç´aÒ�´��U�����]�SÈ����]� �%����ÒA���������]�0Aà/�����%Î³� �U����� �0Næ È�´����5��× � ���2
Î ���]�����]�cÉdÙ���ñ ��× �����>�����c�DÈ���Îc��� ���������d´�� $4����� �2�S�]���c�SÉ2��ÒA�>���d�2�2�DÉdÙT´�É������AÈW× ���������]��ÒÓ��� �AÈ���������
�]� �����]�»ÒA�������Ç´��]È��AÈW×Ü���]����� �2�A�]������� �2���T´��»�Ç´ ���d´ÏÎ³���]�,$<ÈW× ���(ÙT´�� �©Ò�´��d�U�21HÈ��ûÒ�´��U�����]� �������]��´������U� � ���ÈW× ����� �c�T´��c�U���]� ������������Ò:�������»��ÒA�>���U�d´��³�]� È�� � ´�������È��û�>�����]�]���0�d���ïñ ��������ÒA� ����ç(´������]��Ù�����È����� �����HÈ���Î����]�U���]�,$�� �2�Æ���]��ÒA�����]�2�HÉ��Ç´��d�U� �TÉÏ´��U� ����� � ������� 1¨���]���c�����d´���� � �2�H�]�S�T´������]���c�H�U���Æ�����S���]�����U� ���]�
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�����d�0�]Î�´��U� ����������� �a�T´��U�U� É����������]��Ò:���³�H��Î³� È����c�]�:è�� �����wÒ:���U��Ù���� ����� ��ñ-�4�D�]ÉdÙ���Ò�´�� �S��������É2�����d´�ÒAÒ:���c����U����� �]�DÈ�������� �U�����]�wÈ���Ò:�����]�D����É2���]�D� ´�1«´�Ò:�����d�S�]� �c������É2�SÈ��3�H������� ��ñ\á5����� �%
%É���É2��ÒA���]����È£���U����É��2
�T´�� ��Ò:���c�H�U�]��� �"���d´���È��2�HÉÏ´��]�
�����U� �2�HÈW×Ü�����U���]�.$TÖA�¦´ÏÎ������w�Ç´AÉ��Ç´��]�]�DÈ��2�"� ´��Ç´þç����2�H�����������U��� ���2�'$�É2����� �aÈ��2�
� ´��Ç´þç�� �2�H�]�����d´�� �2�.$T���-É2�0��� �ÓÈ��2��� ´��Ç´þç�� �2�H���U�]�
�����������]�2�ÏñWá5���U�]�ÓÉ��Ç´��]�U� �TÉÏ´��U� �����d���d´A�T´����Ç´:�]�����]�Ó´�5:���2��T´���È�� � ´���É2����� �����]�'$ �c���W���c�U�]�cÈ���� �U���-Ö»�T´��U�U���HÈ��AÐ.+ �,+:É2�0�]�d´������2���]����� 
%É��Ç´��]�]�2�wÈW×Ü�����R���]�ïñ

�4�2� � ´��Ç´þç³� �2�Æ�����������U��� ���2�w�]�-ÉÏ´��d´�É��]���U� �]���c�Æ�T´��[�����-Ò:���U��Ù���� ����� �D�0���������d����È�´�� ���]���Ç´��U��Î���Ò:���c�Æ��� �]�d������������"���AÒ:������� ´���� �������2�,$ �d´������]�U�U��É��U���]�wÉ��Ç´����]��Ò:���c�5´����T´��]���c�]��ñ â'��� �2�"�]���c�"�]����Î ���c�'�>���U���]�2�"���"È��
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Seyferts 1

Cone d’ionisation

O.
8-9(M ~ 10    M  )

Jet radio

"Narrow Line Region" (NLR)

Blazards

Seyferts 2 

Seyferts 1 en lumiere
polarisee

Tore de gaz et de "Broad Line Region" (BLR)

poussieres ( ~ 100 pc)

Disque d’accretion ( ~ 1pc)

Trou noir supermassif
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����ç������]���UÎ��2�SÈ���Î³�������T�0�³�S�U���2� 1�´������ �2�.$F������×Ø´������]�cÉdÙ��A�U�>�2É��U�]���dÉ2������� �������»�>�������������3���U�]�»���U����� �d���È��AÒ�´������0�d�:�Uå��U�]��Ò�´��U��� �����>�����D�]�����]�2�S� �2�D�]�����]É2�2�DÈ��0�d��É��]�2�2�ïñ��������a�]��� �2É��U� ���������a� �2�	� ´��Ç´þç�� �2�S� �2��������D� �����c�d´������2� 1�´�É2�:Ö �Ç´ ÒÓ�����U���U��È���ÈW×Ü�����U���]�S���]�2�]���c�]�a�U���S� ��1«����È�È���É�� ��� $4���q´�´�� ���]�D�]�2É2�����U�ÓÖ�����-Ò:���UÙ��cÈ��-�T´��]�2�-�U���5��×Ü�����]���UÎ�´��U� ����È��H��×Ü���c�U�]�2��È��H�Ç´ÓÈ�� �]É2���c�U���c�����]��È��#�4åcÒ�´��£Ö�+�ÐÏÔ�� È�´����5� �2�È�� $W���]���c�]�������U�d���������U��� ���2�»���U����� �]�2� à/��ñ ��ñ $<Þc�]��� È����[����´���ñ Ð.+,+-%�æ0ñ'á5���U�]� ´������]�cÉdÙ��û�T´��U�U� É����������]��Ò:�2�c��05�ÉÏ´�É2���4×Ü�2�U�Æ´����U�]� � �4× ��� ÉÏ´��5�T´��U�U� É������ ���wÈ��H�Ç´ 1�´�Ò:�����]�H�]�2ÉdÙ������c����È��2�5�]�2È��UÙ��21/�]�5��Ù����]��Ò:���U�U��� ���2�à�����Ù [fÞc�������Ç´���Ð.+ �-%�æ"È����c�5������� �d�0�\´��U� �0�d�����5�������5� ����� È�´����[É2��Ò�´��c���]É��U���Ïñ��4�2�5�����U���]�[´������U�F�]��� �2É%
�U� �������2�-�]���c��É2��ÒAÒÓ������Ò:���c�S´����>��� �2��� �2�"� ´��Ç´þç�� �2�-ÖAÉÏ´��]�U���]�aÈ�� �Wå³Ò�´���à ��� ����� � . � � � � � ��������	 � � ����´������Ç´�� �¦æ0ñFá5���U�d´�������ÈW×Ü���c�U�]�Ó����ç��]��ÒÓ��� ���c�-ÉÏ´��d´�É��]���U� �d�2�H�T´��-È��2���d´���ç�È�� 1/���UÒ�´��U� ����ÈW×Ü���]����� �2�-���È��2�Æ����ÒA�������U���]�2�H´����]�������2�w�]���Ç´��U��Î���Ò:���c�H��� ��Î��2�aà/��ñ ��ñ $\ÞcÙT´���� ��å ����´���ñ�Ô�Ñ�Ñ�Ð,$�Ô�Ñ�Ñ�Õ�æ0ñ �4�2�Æ����É2���U�U���U��È��2��]������× ��ÒA�>���U�d´���É2��È��w��×Ü�0ç³�U����É��U� ��� È�´���� É2�2� � ´��Ç´þç³� �2�5��� �U���"�Ç´ 1/����É��U� ��� È��w����ÒA�������U���]�-�����U��� ���HÈ�´������× � ����Î ���]�aÈ�� �]�d´��c�a�4×Ü���c�»É2���>����È�´��c�»�]�����R�����]�Ó�T´��a�>���UÒA� �ÓÈW×Ü�2�U�]� Ò:����´ïÎ��2É:���]�2É�� �U� ����$�Ö��T´��U�U���»È��2��d����� �2�D�����]���UÎ�´��U� �����aÈ���È���Ò�´������:Îc� �]����� �,$F��× ��ÒA�>���U�d´���É2�!��� ���T´�� �:È��A�Ç´ 1/���UÒ�´��U� ���q�]�]�����Ç´����]��ÖûÙT´�����]�2È��]Ù��21¨�Ïñ�Þ���� ��Î �������U� ��� �>�����U�d´����<���U�]�-È��2É��]��� �]�d´��c�]��´���
%È����ÇÖÓÈW× ��� ��� É-Ö z ∼ 1 à���´�È�´�� ���[´���ñ\Ð.+,+-%�$Î ����� ´����]�U�w�Ç´ �������]�ZÐ�ñØÕ�ñ �\æ%$"Ò�´�� �:��×Ü��� �U��� � ���]���c�4×Ü����� �£�>�����U�d´���� ´��lÉ2���c�U�d´����]�©�]�2�U�]��� � �T´��]� Ò:���³�É2�����]�d´��c�]� �R��� �c�4×ØÖ z ∼ 4 à/��ñ ��ñ $ ��´�È�´�������´���ñ4Ð.+,+ ��æ0ñá5��ÒAÒ:�w�������'Î ��������� �N���U�]�ÆÈ��Æ� �ÆÎ������.$�È��Æ���]�2É�� �����]�2������1«���UÒ�´��U� ����� �U���'��×Ü��Î �������U� ���ûÈ��2��� ´��Ç´þç�� �2��>����Î ���c�����U�]�D�����]���c���2��Î³�Ç´»�Ç´AÈ��0�d�0�]ÒA� �\´��U� ����È��S� �����-´�É��U��Îc���]�aÈ�� 1/���]Ò�´��U������ÈW×Ü���]����� �2�H��� 1/����É��U� ���È����]�2È��UÙ��21/�Ïñ � ���S´����U�]�D´������]�cÉdÙ��SÉ2�����]� �U�]�SÖ»���U��È�� ���w�Ç´ÓÒ�´��������]�DÈ����c�[� �����wÉ2���c�]���c������È������U���]�SÈ��Ò�´��d�]�-�U�]�����Ç´����]�S´Ó���]�����]�2�]�U��Î ��Ò:���c�Æ��Î �������S´���É2�����]�[È�� �]��ÒA���Dà¨Î �����5�T´��Æ�0ç���ÒA��� ��â'����� �wÔ�Ñ�Ñ�Ð-#�â�� ��� ����H´���ñ�Ô�Ñ�Ñ�Ð-#��H� É  ³�����]��������´���ñTÔ�Ñ�Ñ�Õ�æ0ñ �S´����wÉ2�S�����.$������S����È�� ÉÏ´��U� �������]�2É�� �����]�S���������2�U�wÈ��������2�D�T´����×Ü��ÒA� �]�]� ��� È��2�5Î³� ������� �2�5�>�������Ç´��U� �����Æ�]�]�����Ç´����]�2� �c���>È���ÒA�������c�Æ� ������çû�����d���UÎ��-��� ����1/�d´��]�������-���]�cÉdÙ���ñ
(5�]��´�È�Ùc���]�]�<���<´���ñ�àRÐ.+,+�Ô�æ���� � ´���$>Ò�´���� [ á ÙT´��U� ���wàRÐ.+,+ ��æ%$��T´��UÒA��ÈW×Ø´����U�]�2�.$����c�<���»�%$W�������d´�������� ����Ç´S� ��ÒA� �T���U���]��ÈW× �����"� ´��Ç´þç�� �Æ�����UÒ�´�� �H���:�T´���È�� � à λ ∼ Ô�ñØÔ µ Òûæ<�]�����]�2�d���c�]�w�����Æ�>�������w�2�]�U��Ò�´��U� ���È�� �]���(É2���c�]���c�®�0�(Ò�´��]�]� ÈW×Ü���]����� �2�.$<����È����>����È�´�ÒAÒ:���³�:È��û��× Ù�� �]�]�����]� �]��� �����Ç´ �c������� � É2���U�]� Ò�´��]�]��ï×Ü�2�U�D´��]�]��ÒÓ��� �2�:´���É2�����]�DÈ����]��ÒA���ÏñWã���Îc��È��AÉ2�2�SÉ2�����]� È����d´��U� �����.$�(5�U����ÉdÙ�Ò�´���� [|â'����� ��à«Ô�Ñ�Ñ�Ñ�æ���c�A´�� ���]�»Ò:���c�U�]� � �4×ØÖ���× �����U�d´���È��û� ´©È�� ÉdÙ����]��ÒA� �������]���UÎ��2� È�´����»�Ç´£�T´���È�� (J���c�U�]�û� �2��� ´��Ç´þç�� �2���� �����2�"���'� �2���d�����]É2�2�'�������'�]�������2�.$��Ç´�È������]���]�ÆÈ��ÆÒ�´��]�]�Æ�U�]�����Ç´����]�wÈ��[�Ç´SÉ��Ç´��]�]�ÆÈ��2�'���U�]�
�����������]�2�5´��U����������]��Ò�´�� �c�T´���� �DÈ��2É�� ���Zà¨��ñÜ��ñ $�´�� Ò:�������Æ���£���]È��]�SÈ�� ���d´���È������¦æ[È�������� � z = 1 �N��� �c�4×ØÖ�´����R�����]ÈW× Ùc���à¨Î �����Æ�Ç´��������]�:Ð�ñ >�ñÜ´�æ�ñ & �£�>�����wÈ�����ÉD���£É2����É������]� � �����Ç´�È��2É��]��� �]�d´���É2�DÈ���� �����w����ÒA�������U���]�DÈ�´����Æ� ���� �����4×Ø´ ��� ���U�]���������c����Ò:���c�a���]�ïÎ�� �c���2���T´��D�����AÉ2�2�d�d´��U� �������U���d´�� ��È���� �����S�d´���ç�È���1«���UÒ�´��U� ���ÈW×Ü���]����� �2�Sè É2���U�]�H�>�������Ç´��U� ����È��2� ���U�]�
�����������]�2�w´D���2É2�2�]�d´����]��Ò:���c�Æ�U�����>È��2� �U�d´���� 1/���UÒ�´��U� �����5Î ���]� �����É��Ç´��d�]�-ÈW×Ü�����R���]�ÆÈ��H�¯å³�>�H�������5���]�2É2�cÉ2�:à¨��ñÜ��ñ $��U�����d´�� �2�.$������������U��� ���2�¦æ%$��T´��[�0ç���ÒA��� �-Îc�Ç´a��× ���c�]���UÒ:�2È��Ç´����]�È��2�w���]�cÉ2�2�]�U����È��#1/���U� ���4ñ

á5���U�]�DÈ����U�������]�a�U��� ���2�U�U� �����2�]�wÈW×Ø´������ �����]�-´�������å��2�S�T´��w��×Ø´�É2É��]��� �]�d��Ò:���c�HÈ����Ç´����]���>���U�U� ���©ÈW× ����
�]���d´�É��U� �����<���*È��"�]å³�U����Ò:�2��´���çDÒ:���U��Ù���� ����� �2���>���U�U���U�>�2�2�����c�U�d� z = 0 ��� z = 1 à/��ñ ��ñ $ �4� ó ��Î³�]�"����´���ñÔ�Ñ�Ñ�Ñ�æ0ñ4á5�2É��<�Ï× �����]É��U���-�T´��U���]����� ��Ò:���c�DÈ�´����H� �»ÉÏ´�È��]�»È�� 1«´�Ò:����ç�Ò:�cÈ���� �»Ù�� ���d´��]ÉdÙ���� �����d��� ���©� � �c������ �2�Ó�>���U���]�2���]�U�U��É��U���]�2�Ó�������U�Ç´�� ��Ò:���³��1/���UÒ:�2�2�AÖ£�U���2�ÓÙT´����»�]�2È��UÙ��21/��Ö£�T´��U�U���AÈ��2������É��U�T´��U� ���������U�2
Ò:���]È��Ç´�� �2�HÈ�� 1«����È�È�� $F���wÉ2���]Ò:�����������c���,$T�Ï×Ø´��d�]��ÒÓ��� ���c�w���]�����]�2�]�U��Î ��Ò:���c�-´���É2�����]�wÈ����]��ÒA���w�>�����
1«���UÒ:����� �2�"�����U�0�d�'Ò�´��]�]�21/�������]���UÎ �2��È�´�������× � ����Î ���]�'� �cÉÏ´���ñ³á5�w�]É2���T´��U� �aÈ�� 1/���UÒ�´��U� ���û���"ÈW×Ü��Î �������U� ���È��2� � ´��Ç´þç³� �2���2�U�S´����R�����]ÈW× Ùc���<� �Ó��������É2��ÒAÒÓ������Ò:���c�a´�È�ÒA� �.$\Ò ��Ò:�»�Ï× ������� 1�´����H�T´�������É2���]�Ó��× ���T´ 
����ÒA���]��ñ��S´����Æ� �SÉÏ´�È��]�DÈ����Ç´����]�2�]���c�]�DÈ�� �]É����]�]� ����$������>�����U�d´:�
� ´�� ��Ò:�0�³��Ò:���c�U� ���������H���£�d´01�´ÏÎ������È��2�-´��T´���å��]�2�w�U���2���]�2É2���c�]�2�-È�� � � ó � ���*�]��ÒÓ��� ���c�H����È���� �����H�����aÈ���ÒA���c���U� ����È�������ÒÓ���]�ÓÈW×Ü�����U���]�È�� ���d´���È��DÒ�´��]�]�D´���
%È����ÇÖ:È�� z = 2 à��-� É  c�����d���£���H´���ñTÔ�Ñ�Ñ�Õ�$�Î ������´����]�U�W�Ç´ �������]�:Ð�ñ >�ñ �\æ0ñ



!GR �<´��U�U� �aÛ'ä á ÙT´������U�]��Ð�ñ ���2��� ´��Ç´þç�� �2��È�´����Æ����É2���c�]�0ç��]�DÈW×Ü��Î �������U� ���

E/S0
Spirales
Irregulieres

a) b)

Total

ú � ��� � ��� �� 
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á5��ÒAÒ:� �������»��×Ø´ÏÎ �����»Ò:���c�U� ��������È�´����»�Ç´����]��ÒA�����]� �T´��U�U� � È�� É2� ÉdÙT´������U�]�,$<� �2�������]���UÎ�´��U� �����È���È���Ò�´�������Îc� �U����� �»���]�2�]���c�]���c�SÉ2���>����È�´��c�S��× ����É2���cÎ ����� ���c�DÈW×:���U�]���T´��U�U� É����������]��Ò:���c�a�]�����U����� �2�D´���ç�%$W���]�-ÈW×Ü�0ç³�U����É��U� ���4ñ & ��´:Îc��Ö�É2�a�U���U�]�,$\È�´����-��× � ����Î ���]�H� �cÉ2´�� $ �c�4× �����ÓÉÏ´��d´�É��]���U� �¦´��U� �����U���������]�����]�È����Ç´�È�� �U�U�U�������U� �����U�>�2É��U�d´�� �SÈW×Ü�������#��� �DÈ��2�w�����U���]�[� �2�[�������Æ����ÒA��������ç �]� �c��� ���U�Æ������Îc���d´���� ��Ò:���c�HÈ��2�´��T´���å��]�2�ÓÉ2��ÒA��� ��Ò:���c�d´����]�2��È�´����Ó��× ����1¨�d´��]������� ���Ó�Ç´��d´�È�� ��ñ �H�4×Ü���(�2�U�4
���� �0ç�´�É��]��Ò:���c�AÖ��������aÙT´�����]�2È��]Ù��21¨��

��× Ù�� �U�]�����]�-È��w��×Ü�����U� ÉdÙ�� �]�]��Ò:���c�[È��ûÒA����� ���û���c�]���]�U�]�����Ç´����]�H�T´��"� �2�"Ò:���d´���ç $c��� È�����É��T´��"� �2� ���¦´�� �T�È��A�>�����]�U�����]�2� �c���������]���c�aÉ2��ÒA�>���]�2�.$4�2�U�D����É2���]�A� �����qÈW×:���U�]�:���c�U�����]��Ò:���c�Ó������É�� È��2�©à/��ñ ��ñ $��<���U�U���������´���ñ"Ð.+,+ ) $�Ô�Ñ�Ñ�Ô�$*���Z�>�����U�d´£Î �����»´����]�U� ����Ù�� ���U�»���»´���ñ�Ô�Ñ�Ñ�Ô����ÓãwÈ������>���#�����»���»´���ñ�Ô�Ñ�Ñ�Õ�æ0ñ<Þc�����]�´���ç ���]��ÒA�����]�2���2�U�U��Ò�´��U� �����wÈ�����×Ø´�É��U��Îc���]�SÈ��#1/���UÒ�´��]�������U�]�����Ç´����]��Î³� �U����� ��Ò:���c�wÈ��2É��]��� �]�d´��³�]�D´���
%È����ÇÖÈ�� z ∼ 1 à���´�È�´��±��� ´���ñHÐ.+,+-%�æ%$5���±´ÏÎ�´����û�>�����]� �c�����Ç´����]�2�d����É2�©È��2� ��� ��Ò:���c�]� �������]È�� È���Î�´����

���U�]�D���
���������Ï´���� ��Ö���d´���È£�]�2È��UÙ�� 1/�Ïñ � ���]�w�Ç´���©È��2�H´������2�2�#+�Ñ�$�� �2�������]���UÎ�´��U� �����HÈ��©É����������]�"1«����È©Ö
���d´���È��2�[� �������������]�wÈW×Ü����È��Aà¨��ñÜ��ñ $ λ ≥ � µ Òûæ ���c�[�>�����U�d´��c�[���]�ïÎ�� �c���H��� Î����U���d´���� �-�>����� ��Î ���]�]��Ò:���c�È��w�����U�]�wÉ2����É2�����U� ��� È��:����� �wÈ��2���>�����d�U�����]�2�"È�´�������× � ����Î ���]�"È�� �U�d´��c�Ïñ â'�"É2�2��������Î ����� �2� È��������2�2� ���c�´����>���U�]�D���£�]�
� ´��]È��]�����w������Î �Ï´����U���w�����U�]�DÉ2��ÒA���]��Ù������U� ����È�����×Ü��Î �������U� ���©È��2��� ´��Ç´þç�� �2�Ïñ

â'�®Ð.+,+-%�$F� �2�S�����U�U�U��Ò:���c�]� ó Û¯øHã�Þ©�0� ��ÛNø�([â ��ÒÓ�T´�� �c���2�aÖ �>���]È�È����d´��]���������]��á & ([â8���c�D����%$W���-�]��Î ��� �Ó��×Ü�0ç�� �U�]����É2��ÈW× ��� 1«����È�È�� $F�����0ç³�U�d´�� ´��Ç´�É��U���c�����T´��U�U� É����������]��Ò:���³�D�U������� �TÉÏ´��U�21[È�´������«× ����

1/�d´��]���������������³�d´����
à/É��2
¯´������2�.$�á5Û¯ø (#$\�>�����"���$��� � � � � ��	 � � � � � � � � ��� � � � � ��� � � � � � *$>Î �������
� ´�� ��Ò:���c��Ç´ �������]��Ð�ñ ��ñØ´�æ%$�ÉÏ´��d´�É��]���U� �]� �T´��A���(Ò�´þç���ÒÓ��Ò ÈW× ���c�]�����U���]� Î ���]� ∼ Ð?> Ñ µ Ò·à��'�����������:´���ñ[Ð.+,+-%�$Î �����»´����d�U� ó � ç��]���Z����´���ñ"Ð.+,+ �8# ��´�� ´�ÉdÙ�� ���»´���ñ Ð.+,+,+�æ0ñ'á5� 1«����ÈqÈ�� $F���a���]�ïÎ³� ���c�»È��Z�d´Ïå���������Ò:���c�È��2�"� ´��Ç´þç³� �2��È�� �U�d´��c�]�2����ÒA� ��È�´����wÉ2�DÈ���Ò�´������aÈ���� �������������]�HÈW×Ü����È��a�0�w���c�]�
���]�a�U���Æ�]�����w��× � ����Î ���]������d�0�]Î�´���� ��ñcÛ%���>����� È�����É����U�]��É2�����U� È����]�HÉ2��ÒAÒ:�w��� 1«���]�U��� �wÈ��w��×Ø´�É��U��Îc���]���T´��]�]�2��È���É2�2�"�����U���]�Hà¨Î �����
��´����]��� [ �"=5�
 �Ô�Ñ�Ñ�Ð �>�����»����� �]��Î³���ïæ0ñ ��× ���(�>�����c�»�>�����c�A�������#�����U���c���,$'���¥´�Ò:���c�U�]� � ��� �]������c�]�����]���]���2�U�D´���Ò:��� �T�D´����]�U����ÒA�>���U�d´��c�]� � ����É2����� ��È�� 1«����È�È�� $F���S�����U��� �����2�]�U��Ò:�2�AÖ��\´��U�U���SÈ��2�É2��ÒA���d´����2�wÈ�� � ´�� ´þç�� �2�ÆÈ�´����5� �2�5�]��� ��Î �2�5���]�"1«����È��ÆÈ�� È���Ò�´�������Î³� �U����� ��à���´�È�´�� [ ����� �Ï���U�U��Ô�Ñ�Ñ�Ñ�æ0ñ



Ð�ñØÔ�ñ���×Ü��Î��������U� ���©È����"� ´��Ç´þç�� ����È�´����w��× � ����Î����]��È�� �U�d´��c� !�=

�����������.$��]��� ����ç¥�2�U�����cÎc���]��� ÐÏÑ 1«��� �A����������� ��Î�� �c��� � �2�A���]�2È�� É��U� ����� �����]���c���2�ûÖ��T´��U�U����È����Ç´
1«����É��U� ����È��-����ÒA�������U���]������1/�d´��]�������-� �cÉÏ´�� �SÈ�´����[� �-ÉÏ´��ÆÈW× ��� Ò:�cÈ���� �S�d´����[��Î �������U� ����à/��ñ ��ñ $ ó �d´���É2�2� 
ÉdÙ����������D´���ñ4Ô�Ñ�Ñ�Ð,$FÎ������DÖû������Î �Ï´����Ç´ �������]��Ð�ñ ��ñØ´�æ0ñ�Þc�<� �2� ��Û¯ø�/�������� �2� � �4Û¯ø�/��-����É2���c�U�U���������c�
�c��� �>����� ∼ ��� Ö��Ç´�È������U���]��ÈW×Ü�������#��� �£����ÒA���������]�£È�´����A��× � ����Î����]�A���]�cÉdÙ��,$'��× ��ÒA�>���U�d´���É2��È���É2�á5ÛNø�(
�U��� � ���]�-È�����É#�c�4× ���������³�]�����]��´�É��U��Îc���]�-È���1«���UÒ�´��U� ��� �U�]�����Ç´����]����� !���� ��� �2��ÖD������´�É2É��]���U� ����È��Ò�´��U�����]�»´����]�����-È��D���ïåc´���ç�´�É��U�21/�-´:È8�©´ÏÎ ��������� �����T´���� �D�T´��]�]�aÈ�´����HÈ��2�����cÎ³���]��������Ò:���c�]�-����1«����� ��d�����wÈW× ��ÒA�>���U�d´��c�]�2� �c�T´��c�U���]�2��È��S�>�����]�U�����]�2�Ïñ
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á5���U�]�[���c�]���U���]���d´��U� ��� ´-���]�5�]�2É2��ÒAÒ:���c�"É2���U�]���>���]�2�Æ�T´��'�Ç´-È����]�2É��U� ����ÈW× �����[��ÒA�>���U�d´��c�]�Æ�>�������Ç´ 
�U� ����È�� � ´��Ç´þç³� �2��È����]�d´��c�]�2�����*����ÒA���������]�2�<È�´����*��× ����1/�d´��]�������,$�Öw�T´��U�U���<È��2�*�]������Î �2�*���]�"1«����È����%$W�2É��U���2�´ÏÎ �2É-� �-�d´��]���������]�SÛRÞ & à ó � ���]�2�Æ���Æ´���ñFÐ.+,+,+8#�â'���T´��S���w´���ñFÐ.+,+,+8#�ãH���]�]���F���w´���ñFÐ.+,+,+8#������ �����Æ´���ñ�Ô�Ñ�Ñ�Ðïæ���-�Ç´ûÉÏ´�Ò:���d´ È��Ó�>��� ��Ò!���U�]�2�aÞ�á � ([ã �����U�d´���� �2���U���-� ��� ��� � � � � � � ��� ��� � � ���� � � � � ��� � � à �H����Ù��2����5´���ñ�Ð.+,+ �8# (Æ´��#����� ��� ´���ñ�Ð.+,+ ��æ0ñ �4�2�"É2��ÒA���d´����2� �]�2�U�>�2É��U��Î ��Ò:���c� �����]���³��� Ö:Ð���$�Ð')�ÑD��� � ��Ñ µ ÒJ�T´��� �2� �����U�U�U��Ò:���c�]�[ÛUÞ & á5ã#� $cÛRÞ & ��� & ß ���ÆÞ�á � (5ã±���]�2�d���c�]���c�[��� �%$F��� ���û�]��Ò�´�� �c�T´���� �-�0ç�É �2� �T´���d´����>���U�S´���ç£���]�2È�� É��U� �����-�T´��d���2�-�U���������a�0ç��U�d´��>���Ç´��U� �����T´��]�U��Î �DÈ��2�-È��������2�2�-ÛNø�ãSÞ�à/â'���T´�������´���ñÐ.+,+,+8#�(5� ´��������[´���ñ>Ð.+,+,+�� #�á ÙT´��Uå [ â'���T´��DÔ�Ñ�Ñ�Ð-# ����� �-���Æ´���ñ�Ô�Ñ�Ñ�Ð-# ó �d´���É2�2�]ÉdÙ������W���Æ´���ñ³Ô�Ñ�Ñ�Ð-#�(5�Ç´�������D´���ñWÔ�Ñ�Ñ�Ô�$FÎ������D´����]�U�<�Ç´!�������]� Ð�ñ ��ñ �\æ0ñ�á5���S�0ç�É �2�-�U�d´�È������S��������Î �������U� �����T´��U�U� É����������]��Ò:���³� 1«���U�]�È��a�Ç´ 1/����É��U� ����È��a����ÒA�������U���]�a����1/�d´��]�������ÓÈ��2��� ´��Ç´þç�� �2�H����1/����É��U� ����È����d��È��UÙ��21¨�.$\���HÉ2�������UÒ:�ÓÈ�����É
�c�4× �����û��ÒA�>���U�d´��c�]� 1¨�d´�É��U� ���(È��û��×Ü�������#��� � �d´Ïå �������2�û�T´��»� �2�»���]����� �2�����»� �2��ã�/�Ý-�ÓÈ�´����»��× � ����Î����]�È�� �]�d´��c�[´ÓÈ8� ���U�]��´����]���U�>�2�H�T´��5� �2� �>�����d�U�����]�2� ����� �5�]�2��ÒA� �]��ÖD�����������d´���È��2�5� �������������]�[ÈW×Ü����È��Aà/����>�����U�d´AÎ ������´����]�U�4ãwÈ������>���#����� [ÌÞc�]��� È�����Ô�Ñ�Ñ�Ñ�æ0ñ

�4�2�Ó�]�2É2�����>��Ò:���c�]���%$W�2É��U���2�»���c�U�]��� �2�»�����]���UÎ�´��U� �����»ÛUÞ & ���Ó� �2�Ó�]����È�´����2�Ó���]�"1«����È��»É2����È������]���� �����U���c�������c�5�>���UÒA� �[È���È����]���UÒA�������[� �2�5�]�2È��UÙ��21/�]�[ÈW× ����� ���¦´���È��H�T´��]�U� �-È��2�[�����U���]�[È����]�2É��]�2�w´ÏÎ��2ÉÛUÞ & á5ã#� ÖûÐ�� µ Ò à/��ñ ��ñ $Tá5��Ù����£���w´���ñ�Ô�Ñ�Ñ�Ñ�æ0ñ��-�2�ÆÉ2��ÒA�T´��d´�� �]�����w���c�U�]��� �2�ÆÈ��������2�2�Æ��� ����1/�d´��]�������Ò:�ïå ���Zà/É��2
¯´������2�'$��©ÛNø $��>�����<� � 	 ��, � � � � � � � � Næ[����É2����� �2�������]���c���2�H���£�d´�È�� �:����ÈT´����w� �2� 7f���³�����]��
� ´�� ��Ò:���c�����U����� �]�2�2�H�>�����H�]���³�]���-ÈW×Ü�2�U�U��Ò:���-�Ç´�É2���c�U�U�������U� ����È��2�����ïåc´���ç©´�É��U�21«�HÈ�´����H� �2�-È�� $F���]���c�d�



! � �<´��U�U� �aÛ'ä á ÙT´������U�]��Ð�ñ ���2��� ´��Ç´þç�� �2��È�´����Æ����É2���c�]�0ç��]�DÈW×Ü��Î �������U� ���

�]��� ��Î �2�Hà/��ñ ��ñ $ ó � ���]�2�"��� ´���ñ�Ð.+,+,+8# ó ´�È�È�´S��� ´���ñ Ô�Ñ�Ñ�Ô�$�Î��������Ç´ ����È���ÉdÙT´������U�]�HÕ�æ0ñ ó � ���]�2�"��� ´���ñTàRÐ.+,+,+�æ���c��´������U�FÒ:���c�U�]� �c���H��×Ø´�É��U��Î³���]�SÈ�� 1«���UÒ�´��U� ���£�U�]�����Ç´����]�S���c�U�]� z = 0 ��� z = 1 ´ÏÎ�´����Æ���]� �R��� �c�4×Ø´�� ���]��d���T�4
%�2�U�U��Ò:�2�»ÈW×Ü���cÎc���]������� 1«´�É��]�����SÕûÖ:�\´��U�U����È��2�-�]����È�´����2�������U��� ���2�ÏñWá5���U�]� 1«���UÒ�´��U� ����ÈW×Ü���]����� �2�ÉÏ´�ÉdÙ��2�H�T´��5�Ç´D�>�����]�U�����]�H�d��ÒÓ��� �-´ÏÎ ����� ���U����É����T´�� ��Ò:���c�w���û��� ���û�����û�T´��5È�´��T�5È��2�5�]�����]É2�2�5�0ç��U����Ò:�2�É2��ÒAÒ:�S� �2�Æ�����U�d´�����ÒA���������d�2�.$�Ò�´�� �Æ������������È�´����wÈ��2�w�����U���]�ÆÈ��-�Nåc�>��� �4ÛNø /��	�à/â'���T´��a����´���ñ�Ô�Ñ�Ñ�Ô�´�æÉÏ´��d´�É��]���U� �]�2�Ó�T´��ÓÈ��2�aÉ2���c�U�]���T´��U�U� �2�»�����U���c���2�D�]�2�d�]��ÒÓ���Ç´��c� 1«���U�]��Ò:���c�»Ö�È��2�Ó�U�����d´�� �2�DÒ�´��d�U��Î��2�a���È��2���Uå��U����Ò:�2�Æ���£���c�]���d´�É��U� ���(à/øw�������>����� ���©����´���ñTÔ�Ñ�Ñ�Ô8# ó �d´���É2�2�]ÉdÙ������*���H´���ñ�Ô�Ñ�Ñ�Õ�´�æ0ñ
�,È��2�[�]�2È��UÙ��21/�]�[�]���>���U� �����]�wÖ Ð,$³��× ����1/���UÒ�´��U� �����U���5��×Ø´�É��U��Î³���]������1¨�d´��]�������SÈ��2� � ´��Ç´þç�� �2�[�]�2�U�]�-�T´��É2���c�U�]�S����É2���]�D´��]�d���-����ÒA���]�2�,$������d´�ÒAÒ:���c�w�>�����wÈ��2�[���]��������Ò:�2�wÈ����]�����]� ��� �����]��ñ�â'�£�%$F���.$�� ���[�]��� ��Î �2�ÛUÞ & á5ã#�ù�4×Ü���c�����:È����]�2É��]���"È��ÆÒ�´��������]�w�U�d´��U� �U�U���c����Ò:���c�"�U������� �TÉÏ´��U��Î �Æ�>�Ï´���É2�����ûÈW×Ü�����R���]� ´���
%È����ÇÖÈ�� z ∼ Ð�ñØÔ�$�����������ÒA���]� �c���WÉ2���U�]�2�U�>����È£ÈW×Ø´������ �����]�w�������Æ����Ò:��������´���ç �>���41«���UÒ�´���É2�2�H´�É��U����������Ò:���³�´�É2É2�2�]�]����� �2�»È�´����»� �ûÈ���Ò�´������ �d´�È�� ��´ÏÎ �2É�� � � ��ãÓñ �H�T´��c�:´���çq�����]���UÎ�´��U� �������U����
�ÒA��������Ò:���U�U���c���2�.$����� �2�����]�2�]���c�]���c� ����É2���]�wÈ�����ç�����É2���cÎ ����� ���c�]�"Ò�´ �U�0���]������È��������"È��Æ��×Ü�%$F���"È�� k 
%É2���U�]�2É��U� �������
� ´��U��Î ���È����c�A����� �2�»�>�����%�TÉ�� ���c�:���c�U�]� z ∼ 1 ��� z ∼ 10 è������d´�� �]���¥È������U�����AÈ�� É2����1¨���U� ���(��ÒA�>���U�d´��c�:Ö

� ��Ñ µ Ò $"� �2���]��� ��Î��2� Þ�á � ([ãy�����]���³���d�����U����� �2� � �4×Ø´���ç
�����R���]��� �2��������������ÒA��������çlÈ��£��× � ����Î ���]�È�� �U�¦´��c�Sà¨�¯åc�����c����Ò:���c� �
IR ≥ 2× 10

12 �
¯
æ%$c���5� �HÒ�´�� � ���-È��H�]�2�]�������U� ���£´��������Ç´����]��È��2� �>��� ��Ò!���U�]�2����U����� �]�2��à ó � � � ∼ Ð���Næ*�]����È���× � È����c�U� �TÉÏ´��U� ���ûÈ��[� �0���]�'É2���c�U�d�0�\´��U�U� �2�"�����U���c���2�����'�Ç´-È����]���UÒA���T´��U� ���È�� � �����]�:È�� �U�d´���É2�2���T´��U�U� É����������]��Ò����c��È��65�É���� �qà/Û%Î³� �]���(���:´���ñ�Ô�Ñ�Ñ�Ñ8#�ÞcÒ�´����w���:´���ñ'Ô�Ñ�Ñ�Ô�æ0ñ & �(�>�����É2���>����È�´��c� Ò:���c�U� ��������� �c����� �2���2�U�U��Ò�´��U� ����� ´�É��U������� �2��� �2�û�U���U�����c�ûÈ�´��������������Ç´����©È����]�2È��]Ù��21¨�]�É2���c�U�]�2��´����]������È���Ôq��� Õlà«��ñ ��ñ $wá ÙT´���Ò�´�� ����´���ñ[Ô�Ñ�Ñ�Õ�æ0ñ �4����� ���]�2�]����É2���U��� � ���]��È��©������� � �����×Ø´�É��U��Î³���]�-È�� 1«���UÒ�´��U� ��� �U�d�0���Ç´����]�,$�ÖaÉ2�2� Ò ��Ò:�2�5�]�2È��UÙ��21¨�]�'$c���d´����5�d�����U����� ��Ò:���c�5������� ��ÒA�>���U�d´��³�]� � ���É2����� �AÈ����U��Î �2�:Ö �T´��U�U���DÈ�����×Ü�����]���UÎ�´��U� ���qÈ��2� � ´��Ç´þç³� �2�"��� ����� � , . � � � � »È�´����S� �»Î³� �U����� �£à/��ñ ��ñ $�( �Ç´�������H´���ñTÔ�Ñ�Ñ�Ô�$�Î������HÖ»������Î �Ï´��£�Ç´ �������]�:Ð�ñØÕ�ñ �\æ0ñ
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á5��ÒAÒ:�A�������SÎ ���������DÈ���� �:É2�����U�d´��]���.$W� �2�D�����]���UÎ�´��U� �����DÎc� �d´��c�aÖ È����]���UÒA�������a��× Ù�� �]�]�����]�:�]��� ����Ç´ �c������� �S�Ç´01/���]Ò�´��U� �����U�]�����Ç´����]�a´»���£��Î ����������´���É2�����]�wÈ��£�]��ÒA���Æ�]�����]�2�]���c�]���c�������DÈ��2��´������]�cÉdÙ��2�´����U�����]ÈW× Ùc���W� �2�5�������5���U����� �]�2�2�Æ��� É2���UÒ:��� ����� ���>�����[�]���c�]���ÆÈ���É2��ÒA���]����È��]�SÉ2��ÒAÒ:���c�Æ� �2�5���]��ÒA�����]�2��]�U�U��É��U���]�2�D���2�2�aÈ��2� ����É��U�T´��U� �����Ó���U��Ò:���]È��Ç´�� �2�»���c�D��� ���T´�� ��Ò:���c�»È����������a�T´�� �]�¦´���É2��´���ç������U���]�
�c������×Ü���û�]����É2���c�U�]��È�´���� ��× � ����Î����]� � �cÉÏ´���ñ ������Î �����[�2�U�U��Ò:���5���]�2É�� �]��Ò:���c�5���T�-´�É��U��Îc���]�-È�� 1«���UÒ�´��U� ���ÈW×Ü���]����� �2�[�]�����]�2�d���c�]��È�����É-�����-É�� �%1��2�]�]���c�U� ����� �-�>�����5�>�Ï´���É2�����£ÈW×Ü���U��È��2�Æ�����d�0�]Î�´��U� ����������� �2�Æ���]���]����
È�´��c�û´����>���U�]���ûÈ�� ������Î ����� �2�:É2���³�U�d´����c�]�2�û´���ç¥È�� $W���]���c�]�AÒ:�cÈ���� �2���]���A����Ò:�cÈ��£È�� 1«���UÒ�´��U� ���
���ÈW×Ü��Î �������U� ���©È��2��� ´��Ç´þç�� �2�Ïñ

�»× ���(�>�����c��È��ûÎ³���û���d´��U��� ���,$���× ��ÒA�>���U�d´���É2��È��û�Ç´ 1«���UÒ�´��U� ���¥�U�]�����Ç´����]� È�´����»���(�����R����È���������>���������U�]��È����]���UÒA�����2�©Ö��\´��U�U����È��®����ÒÓ���]��ÈW×Ü�0�d��� � �2��Ò�´��]�U��Î �2� � ��× ���®å(�����]���UÎ ��ñ"á5�2��È����U�������]�2����c�����
�%$F���:������È����d����È�� Î³� � �U���2�:É2�����U�]�Zà ∼ ��Ñ �©åc�A�>�����:� �2�����]�������2�ûÈ�� � �
¯
æÓ�T´��:�d´����>���U�´��£�]��ÒA���HÉÏ´��d´�É��]���U� �U�U���c���aÈ��S��×Ü��Î �������U� ���©ÈW× ������� ´��Ç´þç³� �ûà¨��ñÜ��ñ $��������]�������d�wÒA�������Ç´��]È��HÈW×Ø´������2�2�¦æ0ñTâ'��� �2��d���³�ûÈ�����É©�Ç´��]� ���\´��U���]�©È��2� È�� $W���]���c�]�2� �\´�ÒÓ�>�2�2� �c���H�Ï× å®�]���c� È����]����� �2�2�û�>����È�´��³�û� �2� È����U��� ���]�ÒA������� ����� ÈW×Ø´������2�2� È��w�]���:�0ç�� �U�]����É2��ñ � ���ÆÙcåc�>���UÙ��2�d�w�U���'�Ç´SÈ�� �]�U�U�������U� �����������U�Ç´�� ��È��ÆÒ�´��]�]�w´��d�]�cÉ�� �2�
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Ð�ñØÕ�ñ��©���U��Î�´��U� ����È��DÉ2���U�d´ÏÎ�´�����È����UÙ��2�d� ! �

Ö£ÉdÙT´�É������ûÈ���É2����� �2�4
%É��"�>���UÒ:����´�� ���]�ÓÈ��:�]�������ÓÉ2��ÒA���]�ûÈ��:�Ç´ 1/���UÒ�´��U� ����É2�����R�����c�d��È��2�Ó���]����� �2�ÓÈ���������w�>���U���]�SÒ�´��d�]�S����È�� �c�T´��c�U� �T���H´������]�W��×Ø´�É��U��Î³���]� ��� ���T´�� �aÈ����Ç´A�]�����]É2�DÉ2�����U� È����]�2��ñ
á5���>����È�´��c�.$W�������D´ÏÎ����T���
� ´�� ��Ò:���c�DÎc���c���Ó� �2�	���d´������DÈ��»�>�����]�U�����]�2�SÈ���ÒA����� �������c�]���]�U�]�����Ç´����]�´����d���U�>���c�£È���Ò�´��������]���U���2�£�05�É2´�É2��� ���d´ïå���������Ò:���c� � � !������U���c����È���É2�2�����]����� �2��Ò�´��]�]��Î��2�.$[����]�2��Ò:���U�]���c�������U�����]��É2���U�]���������#��� �D´���çû�����������d´���È��2�Æ� �������������]�ÆÈW×Ü����È���ñ���×Ü�����]���UÎ�´��U� ���£È��2�5�]�
��� �����È���1«���UÒ�´��U� ���q�U�]�����Ç´����]�AÈ�´����S� �AÈ���Ò�´������AÎ³� �U����� �»�>�����aÈ�����É ���U�]��1«���U�]��Ò:���c�D���Ç´�� �]�2���T´��S� �2�D�%$F���]�ÈW×Ü�0ç��U����É��U� ���4ñ �4�2�-���U��È��2�-Ò:�����2�2��Ö:�T´��U�U����È��a��× ����1/�d´��]�������»È���Î³� ���������c�S´�� ���]��1«����È�´�Ò:���c�d´�� �2�-�>������>����Î ����� É2���U�]�2É��]��Ò:���³�5���d´�������� � �w�����Ç´��û�������#�����U���c���-´��]�d�cÉ�� ��ÖS��×Ø´�É��U��Îc���]����� ���T´�� �HÈ���ÉdÙT´ �c���"� ´��Ç´þç³� ��ñ
��������ÒA� ����ç£É2��ÒA���d�0�TÈ��]�a� �2�w���]�����U� ���]�2�-È��S��×Ü��ÒA� �]�U� ���©È��2���>�����]�U�����]�2��É2��ÒAÒ:�a�Ç´AÉ2�����]� �c������É2�È��£É2���U�]�©´����]���U���U� ���lÈ��®�d´Ïå ��������Ò:���c�û��ÒA� �:�\´��:� �2�:���]����� �2��Ò�´��]�U��Î �2�.$<�������:���������]��ÒAÒ:�2���]�����ÈW×Ø´��>���]È©� �³�]���]�2�]�]�2�-ÖA���©�2ÉdÙT´��c�U����� ����È���� ´��Ç´þç³� �2��´�É��U��Î��2�H��������ÒA���������]�2�-È�´�������× ����1/�d´��]�������,$>�����]���4
Î �2�2�Ó���c�U�]� � µ Ò ���ûÐ�� µ Ò ´ïÎ��2É��Ç´�ÉÏ´�Ò:���d´�ÛUÞ & á5ã#� à�á5�2�d´��]�# ³å�����´���ñ Ð.+,+-%�´�æaÈ����d´��]���������]� ÛRÞ &à � �2�d�U� �������A´���ñ5Ð.+,+-%�æ0ñ �"×Ü���U��È�� È�� É2���U�d´������:´��U�>�2É��]��È�� É2�2�������R���]��É2�����U�U���U��� �Ç´����]��ÒA�����]� �T´��U�U� �È��DÉ2���U�]�S�UÙ��2�]��ñTá[´��d´�É��]���U� �]�2�2���T´���È��2� �\´�ÒÓ�>�2�2��È��#1«���UÒ�´��U� �����U�]�����Ç´����]�S�T´��U�U� É����������]��Ò����c�H���c�]�����]�2����S����1/����� �2�SÈ�´�����È��2�-ÒA����� ����ç©�U���2�SÈ������]�2�.$>É2�2� � ´��Ç´þç�� �����]�����]�2�]���c�]���c�D�����%$W���-� �2���]�����]É2�2�-� È��Ï´�� �2��>�����HÒA� ����ç�´������]��Ù�����È����-��× ��ÒA�>���U�d´���É2�»È��2���%$W���]�w��� �2�-Ö��Ç´A�>�����]�U�����]�a�����Ç´ 1«´�ô2���©È����c����×Ü��ÒA� �]�U� ���È����]�2É��]�2�D��������1/�d´��]���������>����� �0�]�]��� �³�]���U���]���]�2�S�>�����w�2�U�U��Ò:���w��×Ø´�É��U��Îc���]� ��� ���T´�� �SÈ��SÉdÙT´�É������DÈW×Ü���c�U�]������ �2�Ïñ�ÝH�����ÓÎ ���U�]�����Ó�T´����¦ç���ÒA��� �,$<´���È�����ç�����Ò:� ÉdÙT´������U�]�,$<É2��ÒAÒ:���c�»� �2�»�����]���UÎ�´��U� ������ÛRÞ & á5ã#��>����Î ���c�[�������[�]�����]�����������Æ�������]����� ��Ò:���c�w�U���5� �-�d´���çûÒ�´�� �Æ�
� ´�� �0Ò:���³�w�U���5��×Ü�05�ÉÏ´�É����]�D���5� �2�ÆÈ���Î����]�Ò:�cÈ��2� È��wÈ��2É�� �0�TÉdÙ���Ò:���c�5È��Æ�Ç´#1/���UÒ�´��U� ���û�U�]�����Ç´����]��È�´������ �2��� ´��Ç´þç�� �2�Ïñ�Ý-���������U��È�� ���]����� �
� ´�� ��Ò:���c��Ç´qÉ2���c�U�U�������U� ��� È��2�û���ïå ´���çl´�É��U�21«� �c���£��×Ü��� �]����É2���c�U�]�©�U���2� 1¨�]� �c����ÒAÒ:���c��´��l�d�����lÈ��2� �]�����]É2�2�� �2�w�������Æ����ÒA���������d���»à¨�U�]��� �U����Ò:�aÉdÙT´������U�]�ïæ0ñTÝH���T�ÆÒ:���c�U�]���]����� � �4× ��� �wÒ:�0�]� �d�0�³�w���T�D´��U�]���c�U� �����]�����]��T´��U�U� É����������]� ���Z����1/�d´��]�������ûÒ:�ïå �������Z� ����������ç��>�����»�U���2�a�Ç´��#����Ò:���c�AÈ���ÒA��������É2�������[È��2�a�]�
��� �����È��01/���UÒ�´��U� ����ÈW×Ü���]����� �2�DÈ��Ó� ����� � ´��Ç´þç�� �%
�Ù����]��ñWâ'������$>���������������-���c�]���]�2�]�]���]������������������È����d´�����´���çÒ:�2�]���]�2� ÈW×Ü�0ç³�U����É��U� ���,Ö�É2�2�ûÒ ��Ò:�2� � �������������]� ÈW×Ü����È��(à�� �T´��U�U����Ò:��ÉdÙT´������U�]�ïæ%$[���û�������ûÒ:���c�U�]�%
�]������É2��ÒAÒ:���c�-��× ����1/�d´��]�������Ó�>���UÒ:���SÈW×Ø´���� �����]����È�����È��2�HÒA����� ����ç��>�Ï´���É2�������������-����1«����� �#�c���ÓÉ�����ç

���������d´�� ��Ò:���³�H�����d�0�]Î��2��Ö��T´��U�U����È���È���Ò�´������DÎc� �]����� ��ñ
ã���Îc��È��S��× ��ÒA�>���U�d´���É2�»È��2��� ´��Ç´þç³� �2�H� ��ÒA� �T�0�T�]�2�-ÖA��������ÙT´������]�2È��UÙ��21/�.$TÉ2���U�]�D���]��ÒA�����]�a�T´��U�U� �É2�����¦´�É��]�2�ûÖ � �����]�Ó´��T´�� �������2�ÓÈ��A��× � ����Î����]�D���]�cÉdÙ��:�T����� 1/���d´ ÒA� ����ç����]����È��]��É2�����]É�� ����É2�ûÈ��2�aÈ��21 


1«���]���c�]�-���Ç´�� � �c���*�>����Î ���c�D´ $F�2É��]�����Ç´ûÈ����]���UÒA���T´��U� ����È��Ó��×Ø´�É��U��Î³���]�»È��Ó�Ç´ 1«���UÒ�´��U� �����U�]�����Ç´����]��È�´������× � ����Î ���]��È�� �U�d´��³�Ïñ��4�2���]��� ��Î �2�w���]�"1«����È��H�%$W�2É��U���2�HÈ�´������ �aÈ���Ò�´������Ó�����U���c���a�]����$F�]���c�H���©�%$F���HÈ��
���d´ÏÎ �2�H�%$F���]�HÈW×Ü�0ç³�U����É��U� ������� �2�HÖA�Ç´A�>�����]�U�����]�,$\´�� ���]� �c���S� �2�H�]����È�´����2�HÉ2����È������]�-È�´�������× ����1¨�¦´��]����������c�����]���R��� �c�4×ØÖ����]�2�]���c���]���U� �����]��Ò:���c������ÒA���]�2��´��A����Î��Ï´��:È��5� �������]�����U�����������]��ñ�ã"���AÈW×Ü��Î³���]���'� �2�'�%$F���]�È��Æ�]��� �2É��U� ����È��2É2�����Ç´��c� È��[É2�2��È�� $W���]���c�]�'���Ç´�� �.$��������'�������'�]�����U�����]����� ´�� ���]�'Î ���]�<�����w´������]�cÉdÙ������U�2

�����T´�� �H���"�]�����5Ö 1�´�� �"������Î ����� �,$��\´��]�2���U������× ���U����� �d´��]����� È��2� �U���]�d´����]� � ´�ÒAÒ�´DÉ2���]Ò:��� ������� ���2�5É2��ÒAÒ:��U�d´�É2�����]�wÈW×Ü���]����� �2�ÆÒ�´��]�U��Î ���Æ´����]������È�� � ´��Ç´þç�� �2�ÆÈ�� �U�d´��c�]�2�Ïñ�á5�2�[��Ù�������Ò!�����2�w�d���c�[�����%$F���[�>���£´ 1 

1«�2É��]�2�<�T´��<�Ç´����]�2�]����É2�ÆÈ��5�Ç´H�>�����]�U�����]�,$����<�>���UÒ:���U�]���c� � � � 	 � � 	 �����[�]��� �2É��U� ���AÈW×Ü�����U���]�'È����]�2É��]��Ò:���c�
1«����É��U� ���ûÈ��Æ� �����5´�É��U��Î³���]��È�� 1«���UÒ�´��U� ���û�U�]�����Ç´����]�����"�����:�T´�� È����>����È�´��c�]�HÈW× �����w����ÒA���]�����!����ç ��ç��2�Ö£������É2���U�d´������û� ��������������ÈW×Ü����È���ñ ��×Ü���U��È�� � ���:�����T�aÒ!�������]�����AÖ��T´��U�U���»È��ûÉ2���U�]� ´������]�cÉdÙ�� 1/���d´��×Ü�����U���5È����Ç´DÈ�����ç�����Ò:���T´��U�U� �-È���É2���U�]�H�UÙ��2�]��ñ ãH�����2�"���û�d´����>���F�U���"� �2� ���d´��>�2�5È����Ç´aÈ��2É2����Î����U�]�-����Ç´HÉ2��ÒA���]��Ù������]� ����´�É��U������� �[È��2�<�U���]�d´����]��� ´�ÒAÒ�´�$���������Ò:���c�U�]���]�����'�>����� � ������É2�2�<È����U��� ���]�<�>����Î����c�
���U�]� ´����U�����]ÈW× Ùc���[É2�����U� È����]�2��É2��ÒAÒ:�ûÈ��2�»�����U��� �Ó�T´��U�U� É����������]��Ò:���³�»���d��Ò:�0�]�]�����]�»�>�����Ó� � 1¨���U���»È���Ç´©É2���UÒ:��� ����� �������]���UÎ�´��U� ����������� ��à/ÉdÙT´������U�]� ��æ0ñ�Ý-�����»���U��È�� ���]�����A�������(� �2�»ÉÏ´��d´�É��]���U� �]�U��� ���2�A���»� �2����]�����]�����]�2�DÒÓ�����U�2
�� �������������]�aÈW×Ü����È��AÈ��»� �����]� � ´��Ç´þç³� �2�4
�Ù����]�2�Ó´���ÉdÙT´������U�d� %�ñWÝH�����SÈ�� �dÉ0���]���]�����DÈ���Ç´£Ò�´��������]�ûÈ����c�»É2����� �2�4
%É��[´����>���U�]���c�»�>���]���c�U� ����� ��Ò:���c�����Z�2É��Ç´����d´����û������Î��Ï´��Z�������]����� ��Ò:���c�»�U���É2���U�d´������w´��U�>�2É��]�[È��H��×Ü��Î��������U� ����È��2��� ´��Ç´þç³� �2�ÆÖaÙT´����5�]�2È��UÙ��21/�5Ò�´�� �5�
� ´�� ��Ò:���c�w�U��� �Ç´a��Ùcå��U��� ���H��� �2�
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�4�2��\´�ÒÓ�>�2�2��È�� 1/���]Ò�´��U� ���®ÈW×Ü���]����� �2�:��� �>����Î ���c� ���U�]�£É2�����U� È����]�2�2��É2��ÒAÒ:�£È��2�A��Î ������Ò:���c�]�� �d��� �2�"´��û�]������È��2� � ´��Ç´þç����2�ïñ�â'��� �2� ����������È��]���c�5�����%$W���"È��2���U�d´����41«���UÒ�´��U� �����"���U�]��Î ���]�U����� �2� È��:ÒA����� ������cÎ³���]�����T´��c� È�´����"�]�2�����]�����U� ���]�2�"��Ùcå³�]� �c���2�.$�É2����� �2�4
%É��\�]�[�]�d´�È���� �d´��c� ���T´�� ��Ò:���c�"�T´��"È��2�"�U�����T´��U���]�2���� ���a�T´��U�U� É����������]�2�<È�´�����ÉdÙT´ �c���"È���Ò�´������"È��'� ��������������ÈW×Ü����È���ñ'�*´wÉÏ´��d´�É��]���U� �d´��U� ���»È��"É2�2���U�����T´��U���]�2�Ö£�\´��U�U����È���Ò:�cÈ���� �2�»�¯å³����� ���2�»È��2�»È�� $W���]���c�]�»�¯å³�>���»ÈW×Ü��ÒA� �d�U� ���(�����]���UÎ ��� à«��ñ ��ñ $ � ������� É����U��Ð.+,+�Ô�$Ð.+,+ �8#���´�È�´������w´���ñFÐ.+,+ �8#Tá5����È����qÐ.+,+�Ô�æ"�>���UÒ:���H´������d�ÆÈ���È��2È������]�,$�È��-Ò�´��������]� � �T´��c�U���d´��]� Î �,$�È��2��d´���ç�È�� 1«���UÒ�´��U� ����ÈW×Ü���]����� �2� �c���Ó��×Ü�����0ç����U��Ò:� ���������d´�� ��Ò:���c�D�T´����Ç´ � �T´��c�U���]�AÈ��ÓÒ�´��d�]�»�U�]�����Ç´����]�É��]�2�2�D�T´��Æ�������]�aÈ����]��ÒA���ïñ
á5�2���\´�ÒÓ�>�2�2�A�>�0��Î����c� ���U�]� � ��� 	 � � 	 È����]�2É��]��Ò:���c�:���T�]���UÎ��2�2��Îc�Ç´���×Ü��ÒA� �]�]� ���(��Ù����]���U��Ù����U���c���È��2�-���]����� �2� �R�������2�-����Ò�´��]�]��Î��2�Ïñ>á[´��d´�É��]���U� �]�2�2�-�T´��H���©�]�>�2É0�]�]�aÈ��aÉ2���U���H��������ÖA�������U� �����]�-È��
�ï´������2�È���ÒA������� ���]�[È���È��
���]�2�[�0�5È��2�5É2����� �����]� �T´��U�U� É����������]��Ò����c�[��� �����2�.$cÉ2����� �2�4
%É��F��Ò:���U�]���c�[�2�]�]���c�U� ����� ��Ò:���c�È�´����£� �2�£È���Ò�´������2�£�����U�d´ïÎc� ��� ���©����Î³� �U����� ��ñ �4�����£�d´Ïå ��������Ò:���c��� ����� �]�q´������U�S�������T´��U�U� ��È���� ´�����]�2�d���c�HÈ�´����w� �DÒA����� �������c�]���]�]�]�����Ç´����]�Ó���w� �2��Ò�´�� � ���2�HÈ��aÉ2���U�]�D� ����� �d´��U� ����$T�]����� �2� � ���D� �2�����Ç´�Ò:���c�]�È�� $F���AÈ����]�2É��]�2��È�´����A� � È���Ò�´������£È��2�A�d´Ïå������ 7����¥� �2���d´�� �2�:È�� �]�2É2��ÒÓ�����T´�� �]���
���T�]���UÎ��2�2�:È�´����� �£Î³���]����� �£����� �����]�cÉdÙ�������1¨�d´��]�������,$ �]���c� ´����d´��c�ûÈW× ����È�� ÉÏ´��]�����d� �U������� ��Ò:���c�d´����]�2�û�>���UÒ:���U�¦´��c� È���U�d´�É2���[��×Ø´�É��U��Î³���]�-�]�]�����Ç´�� �d�-È�´����5� �2��� ´��Ç´þç³� �2�Ïñ ��×Ø´����U�]�-�T´��U�.$³��� �>�����w´����]�U�\�����]��� � ���H� �2� �]�
��� �����ÆÈ��

1«���UÒ�´��U� ��� ÈW×Ü���]����� �2� �d�ÆÒ�´����21/�2�U�]���c�[´����U�d´ÏÎ ���]�"ÈW× ������ÒA�>���U�d´��³� �d´Ïå ��������Ò:���c�5�Uå³��ÉdÙ��]���U�]���ûÈ�´����"� �È���Ò�´������"�d´�È�� ��ñ�á5���U�]�"�]�����T´��U���]��������������È����]�2É��]�"���]�ïÎ³� ���c�*È�����×Ü��ÒA� �]�U� ���»È��2����� �2É��U�]�����<´�É2É2��� ���]�2��È�´����� �2���]�2�U�]�2�SÈ����U���>���U���ïÎ�´�� �c���»��×Ü���������]���UÎ �A´������2���Ç´ûÒ:���U�SÈ��2�S���]����� �2��Ò�´��d�U��Î��2�ïñWá5�2�����]����� �2�D�]���c�ÉÏ´��d´�É��]���U� �d�2�2���T´���È��2��È����]�2���SÈ��ÓÎ³� �Ó�U���2��É2�����U�]�2�DÖ���×Ü�2ÉdÙ��������AÈ����]��ÒA���SÈW×Ü��Î �������U� ����È��2� � ´��Ç´þç�� �2�.$����� �2���U�������2��È��û� �����AÈ��2�U�U�U��É��U� ���¥�U�d´�È���� �]���c�AÈ�����É�´����]�U�5�Ç´����]�2�]����É2� ÈW× ����� �]�2É2���c�]�£´�É��U��Îc���]� È��
1«���UÒ�´��U� ���©�U�]�����Ç´����]��ñ

â'���d´�� �]����È��a�Ç´ ���d´���È��A´�É2É2�2�]�U�����������]��È��Ó�Ç´ 1«�������U�]�»�����U���c����Ö��T´��U�U����È����]��� $\� �2�������]���UÎ�´��U� �����È��2È�� �2�2�DÖû��×Ü���U��È���È��»�Ç´ 1«���UÒ�´��U� ����ÈW×Ü���]����� �2�aÖ��T´��U�U���SÈ���È���Ò�´������»Î³� �U����� �»���c�S���]�A´��>����È�´�ÒAÒ:���c����U����� �d�2�2���R��� �c�4×ØÖÓ���]�2�]���c�ÏñTá5���>����È�´��c�.$TÉ2��ÒAÒ:���������Æ��×Ø´ÏÎ������wÈ�� �]ÖÓÒ:���c�U� �������a´��£ÉdÙT´������U�]�DÈW× ���c�U�]�"
È���É��U� ����$�� �2� ���d´�������È��û�>�����]�U�����]�2�»���]�2�]���c�]��È�´����»� �ûÒA����� �������c�]���]�]�]�����Ç´����]��´����]���U�>���c�AÈ��ûÒ�´��������]��d��� �2É0�]� Î �a�����U���2���05�ÉÏ´�É2�a� �2���d´Ïå���������Ò:���c�]�H�����U�d´ÏÎ³� ��� ���-���������U���c����ñ��4�2�H�����d�0�]Î�´��U� �����H�%$W�2É��U���2�2�-Ö
Ð.+



R � �<´��U�]���aÛ'ä�á ÙT´������U�]�4Ô�ñ ��×Ü�05�ÉÏ´�É����]�ÓÈ��#1«���UÒ�´��U� ���©�U�]�����Ç´����]�D���£����1¨�d´��]�������DÒ:�ïå ���

É2�2��� �������������]�-ÈW×Ü����È��D�>����Î ���c�HÈ�����É4���U�]�D�]���Ç´��U��Î ��Ò:���c�H���Ç´�� �]�2�2�HÈ�´������ �aÉÏ´���ÈW× ���©���cÎ³���]��������Ò:���c�
1«���U�]��Ò:���c� ����1/������ñ ��´���� É2�©É2���c�]�0ç��]�,$"����´q���]���]�2É2��ÒAÒ:���c� Ò:���c�U�]� �c���£��×Ü��ÒA� �]�]�����±È����Ç´��>�����4
�]�����]�DÉdÙT´���È��D��������1¨�d´��]�������DÒ:�ïå�����É2�����U�U���U���S�����U�d´�É2�����w�������w�����U�2É��U�21<È��S��×Ø´�É��U��Îc���]�DÈ��#1«���UÒ�´��U� ���ÈW×Ü���]����� �2�"È�´����<� �2� � ´��Ç´þç�� �2�wà/��ñ ��ñ $,�S´�� �Æ����´���ñ�Ô�Ñ�Ñ�Ð-#�øH�����]�]��������´���ñ�Ô�Ñ�Ñ�ÐÏ´8#�â'���T´��w���"´���ñ�Ô�Ñ�Ñ�Ô�´�$�Î �����<�Ç´�d��É��U� ����Ô�ñØÔ�ñ�Ðïæ0ñ �����d´Ïå������T�0Ò:���³�[�����]���UÎ ��È�´����5É2�HÈ���Ò�´������-�U�>�2É��U�d´��F�2�U�.$ È����������.$ �>�Ï´���É2����� Ò:��� �T�´ $W�2É��]�:�T´��a� �2�a��Ù�������Ò!�����2��ÈW×Ü�¦ç��U����É��U� ���4ñ�ã��ZÉ2�����]�ÓÈ���É2��ÉdÙT´������U�]�,$��������»´���� �����aÎ �����ÓÉ���ÒAÒ:���³���×Ü��ÒA� �]�]� ���ZÈ��2�����d´������Ó���c�U�]� � µ Ò ���ûÐ�� µ Ò �>�����Ó�������a�]�����]�����������»�U���a� ´ 1«���]É2��È��:��×Ø´�É��U��Îc���]�ûÈ��2�
�\´�ÒÓ�>�2�2���]�]�����Ç´����]�2�-È�´����-� �2� � ´��Ç´þç³� �2�S´�É��U��Î��2�ïñ\ÝH�����HÒ:���c�U�]���]����� � ���a� �2�-È�� �]�U�U�������U� �������U�>�2É��U�d´�� �2�ÈW×Ü�������#��� �������]���UÎ �2�2�ÓÖ É2�2�S� �������������]�ÓÈW×Ü����È��A�>���UÒ:���U�]���c�»�
� ´�� ��Ò:���c�ÓÈ�� � �T´��c�U� �T���a��×Ü�05�É2´�É����]�ûÈ��É2�2� �U���]�d´����]� Ö��U�d´����41«���UÒ:��� � ��É2��ÒA�>���d´��c� ���U����É����T´������û���2É2�2�]�d´����]��´��l���]�cÉ2���d�U��� È�� 1«���UÒ�´��U� ���ÈW×Ü���]����� �2�.$\Ö��¦´ÏÎ������Æ� � � ´��DÒ:��� �2É����Ç´����]�D���]�2�d���c��È�´����Æ� �2�"� ´��Ç´þç³� �2�Ïñ

ã�Î�´��c�©ÈW×Ü���c�U�]����È�´����©� �2��È����d´���� �.$H�������©�d´����>��� ���������U����Î���Ò:���c��É��2
%È��2�d�]�����©� �2�©È���Î ���]�©�¯åc�>�2�ÈW×Ü��ÒA� �]�]� �������������d´�� ��Ò:���c�-�����]���UÎ �2�wÈ�´����w��× ����1¨�d´��]��������è

� \ � $7$ � 460^./#8*+( ��461�$7$ � � [ #��

• ��´AÉ2��ÒA�>���¦´��c�]�aÈ��2�"���]�������d´������Óè�É�×Ü�2�U������� � �c���4È���ÒA�����D�Ç´AÈ�� �U�U�U�������U� �����U�>�2É��U�d´�� �DÈW×Ü�������#��� �È��2�"� ´��Ç´þç�� �2��È�´�������× ����1¨�d´��d�������D� �����c�d´����4ñ & ����×Ü´��]�U�U�������ÓÖ:È��2�"���d´������HÈ��S�>�����]�U�����]�2�HÈ��S�d´������ ��]���Ç´��U��Î ��Ò:���c� ��ÒA�>���U�d´��c�]�¥à ≥ Ñ�ñØÑ�Ð µ Òûæ%$5ÉdÙT´���$W�2� ÖZÈ��2�û�]��ÒA�>���d´��U���]�2� ����������� 1¨�]��� È��2� �T´��� � ÉdÙT´�ÒA�®È��û�¦´Ïå���������Ò:���c�A���³�]���]�U�]�����Ç´����]��È�� $F����à/ß ∼ Ô�Ñïä%> Ñ � æ%$'�����T´������T´��c�����(� �c�����������]��UÙ����UÒA���c���DÈ�´�����É2�SÒA����� ����à���´��UÙ�� �aÐ.+,+�Ñ�æ0ñ>Þ³�����U�>�2É��U�]�D�]�SÉÏ´��d´�É��]���U� �d�D�T´��w�����D��ÒA� �]�U� ����È��É2���U���w�������w����� �\´��c�w�����>���©´���
%È����ÇÖ:È��:ÐÏÑ�Ñ µ Ò£ñ
• ��´�É2��ÒA�>���d´��c�]�©È��2���U���2�:�>���U���]� ���d´�������à � Þ�/���è ��� � ��� � ������ � � ��	 � � Næ è"Ö���������É2�����U�]�2�� �������������]�wÈW×Ü����È��Aà¨��ñÜ��ñ $ λ ∼ ÐÏÑïä ��Ñ µ Òûæ%$����������]���UÎ �H�Ç´Ó���]�2�]����É2�SÈW× ������É2��ÒA�>���d´��c�]�S�U������� �%
Ò:���c�d´����]�,$��d�����5�Ç´ 1/���UÒ:��ÈW× ���£É2���c�U���c����Òù´��U�]�������T´��c���]��� Ò�´þç³��ÒÓ��Òù´����]�����wÈ�� > Ñ µ Ò£ñ�â'��� ����D�>�����"�0�]�]�D���]�cÈ������]�a�T´��HÈ��2�����d´������-���©� � �����������]�a�UÙ����UÒA���c����ñ-�4�2���]��ÒA�>���d´��U���]�2�-�¯å³����� ���2�É2���U�]�2�U�>����È�´��c�aÖ�É2�a�¯å³�>�ÓÈW×Ü��ÒA� �d�U� ����´��U�]�����������c�S�����%$F���-�������U� �����]��É2���c�d´������2��È��»È��
���]�2�.$>���É2����� �2�4
%É��5�]���c�a�>�Ï´���É2�����Z�U�]������� ��Î��2�2�a�>����� ���U�]�!���������]�2�2�Ó�T´��Ó� ���]����� ÉdÙT´�ÒA�ZÈ��:�d´�È��Ç´��U� ������c�]���]�U�]�����Ç´����]��ñ & �(�>�����]� � ��� É2���U�]� É2��ÒA�>���d´��c�]� ���]�ïÎ³� ���c�:´�� ���]�AÈW× ����� �>�������Ç´��U� ���®È�� �U���2��>���U���]� ���d´�������à ≤ ��Ñ��Sæ��>����Î�´��c� ���U�]�£�>���U�]�2� Ö�È��£�U���2�:ÙT´����]�2���]��ÒA�>���d´��U���]�Ï� ���dÚ�É2�©Ö����ÉdÙT´���$4´�����È��H�¯åc�>�H��ÒA����� �U� ���������W���]�ïÎ � � ���-�T´��5� �2�5��Ù����]����� ��� È��2�[���]����� �2�Sà��'�������<[ �4�
�����Ð.+ �,+�æ0ñ�ø���Ò�´�� �c���������c���ûÉ2�2�ÓÒ ��Ò:�2� ���d´������»È�����Î ���c� ���U�]� É2���>����È�´��c�:´��]�]��� ���]���Ó�>����� � ���� �����]��È������U���]�2��ÈW×Ü���d´���ÈW×Ü�������#��� �D����� �]�d���c�w�]���U�¦´�È������]�D�d�����Æ�Ç´01«���UÒ:�SÈW× �����a��ÒA� �]�U� ����È����Nåc�>�É2���c�U���c����Ò£ñ
• � �2���T´���È���� � Û ([�"èïÈ�´����*� �2�*�]�
��� ������È�� 1/���UÒ�´��U� ����ÈW×Ü���]����� �2�.$����ÓÈ����]�2É��]�5�
� ´�� ��Ò:���c���Ç´w���]�2�]����É2�È��5�T´���È��2�'ÈW×Ü��ÒA� �]�U� �����]���Ç´��U��Î ��Ò:���c�'�Ç´��#���2�wà ∆λ ∼ Ð µ Òûæ����'É2���c�U�]�2�2��Ö�Õ�ñØÕ�$-%�ñØÔ�$ )³ñ ) $ ��ñ %�$�Ð�Ð�ñØÕ���aÐÏÔ�ñ ) µ Ò£ñ��4�����H���U���������D�4×Ü�2�U�w�T´��w����É2���]�D��� �������d´������ �Ó´����R�����]ÈW× Ùc��� $\´����]�U�W� �2��� �T´���� �T�%
��4
%����]����Î ���c�DÈ�� �%�T´���È��2�D������� È����c�U� �T�2�2��*$���� � � Û ([�� à¨�>�������	� � 	 � � � � 	  � � � � � � � � � � ��� � ��� ����´������Ç´�� �¦æ0ñ & ���>�����]�»É2���>����È�´��c� �c�4×Ü��� � �2�-���]�ïÎ³� ���������c�SÈ��2�HÒ:�cÈ��2��È��aÎ³�����d´��U� ����´��]�d�cÉ����2�S´���ç���Ç´�� �]�����"á�ä �®����á = á-ñ"���2�����d´��������]�2�]�>�����d´���� �2�'È��5É2�2���T´���È��2� � Û (5�*�>�����U�d´�� ���c�"´������U���0ç�� �U�]����]�����w�Ç´�1«���UÒ:�DÈ��SÒ:��� �2É���� �2��´��]��Ò�´��U��� ���2�H�>����å³É�å�É������ ���2��Ùcå�È��]�cÉÏ´��U�>�����2�2��à/��� � �>ã"�H�	-�>�����
���;� � � � � � � 	 � � � � ���-� 	 � ( � � � � � � � . � � � *$ �4�
����� [ ���������£Ð.+ ��>�#'ãH��� ´�Ò�´��TÈ����Ç´�����´���ñ[Ð.+ � ��æ0ñá5��ÒAÒ:��� �2� � Þ�/��.$\��� ��È�����Î ���c�3���U�]�»���2É2�2�]�d´����]��Ò:���c�aÉdÙT´���$F�2�SÈ��»Ò�´��������]���U�d´����U���]�����]�:ÖûÈ��2��]��ÒA�>���d´��U���]�2�H�U���2�w��� ��Î �2�2�Ïñ
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��´a�U�>�2É��U�]���dÉ2����� �������HÈ�´���� ��× ����1¨�d´��]�������-�]��Î ��� ���Ç´D���]�2�]����É2�-È����U���2� ����ÒÓ���]�����]�2�5�d´�� �2�5��� ��ÒA� �4
�]� ����$T�>�Ï´���É2�����������������U�]�����]�2� �c���Ó� �2�H�T´���È��2� � Û ([�Ïñ\â'��� �2�-���]�ïÎ³� ���������c�SÈ��2�-�U�d´����U���U� �����SÈ��»�U�U�U��É%
�U���]�2� �����:���SÙ³åc�>��� �����,$*´��]�]�cÉ�� �2�2�aÖ�È��2�SÒ:���d´���ç����]�2�]���c�]�aÈ�´����S� � � ´��:� ����� �]��ñ��4�2�D�������DÉ2�����c���2��d���c�Æ� �2�w�d´�� �2��È���Ý-�2���qà/��ñ ��ñ $ �ÜÝ-��Û]Û �*Ö ÐÏÔ�ñ � µ Ò $ �ÜÝH�2Û]Û]Û �*Ö Ð���ñ % µ Ò $ �ÜÝH� � �*Ö�Ð?>�ñØÕ µ Òûæ%$TÈ��S��×Üã��#��������-È���Þ³� ��� É�����Ò à ó ����ÉdÙc�#���U���>���S����´���ñ*Ð.+,+ )�æ0ñ>â'��1«����É��U� ����È��a� �����H�>���]���c�U� ���'ÈW× � ����� �d´��U� ����$>�����>�0�������È��2È������]��È��a���]�2É�� �����]�2�-����1«���UÒ�´��U� �����S�U���H� �ÓÉdÙT´�ÒA��È��a�d´�È��Ç´��U� ����ÈW× ����ÒA����� ����È���������ñWá5���U�d´������È��Ç´��������]�U� É2�:���d´������ ��Ö��T´��U�U���:È���É2�2���d´�� �2�A�>���UÒ:���U�]���c��È�� È����]�2É��]���:�T´��:�0ç���ÒA��� � �Ç´©���]�2�d����É2��È�����ïåc´���ç£´�É��U�21«��´���É_c�����È��2��� ´��Ç´þç�� �2�Óà/��ñ ��ñ $-/������Ï�������H´���ñWÐ.+,+ ��æ�ñ
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��´ÆÉ2��ÒA�>���d´��c�]�"øH´Ïå³� ������Ù�
 	 �Ï´����*È��<��×Ü��ÒA� �d�U� ���aÈ��<�Ç´[��Ù����]���U��Ù����]�"È��2�4���]����� �2��1¨�]��� È��2� à/ß ∼ Õ�Ñ�Ñ�Ñ 

> Ñ�Ñ�Ñ � $W�¯å³�>�2� � ��� ��æ��>���������U�]�:�
� ´�� ��Ò:���c�aÈ����]�2É��]�2�:��������1/�d´��]�������,$WÒ�´�� �D�2�]�]���c�U� ����� ��Ò:���c�»´���ç�U���2�aÉ2�����U�]�2�D� �������������]�aÈW×Ü����È���à λ ≤ ÐÏÑ µ Òûæ0ñ*á-×Ü�2�]�D����� � � ����È���ÒA�����:�T´��a�0ç���ÒA��� �A� �:�U�>�2É��U�]�A����
1/�d´��]��������Ò:�ïå�����È��2�	� ´��Ç´þç³� �2���\´���Îc�]�2�S��� � ´��A���S�����>�����]�U�����]�2���]����� �2� �c���Ó� �2�S�����������U��� ���2��à/ãÆ�UÙ���å��� ´���ñ"Ô�Ñ�Ñ�Ô�æ0ñ[á5��ÒAÒ:�£����������× �0ç��������c�����]�����������������lÈ����d´����-´��lÉdÙT´������U�]���U����Î�´��c�.$�É2���U�]����ÒA� �d�U� ���ÈW×Ü���U���������H�����]��Ò:���c�[�U�]�����Ç´����]�H�>����� ���U�]��É2���>����È�´��³�5���
�����������-È�´���� � ��ÉÏ´��5È��2� � ´��Ç´þç³� �2�[´�É��U��Î �2�.$cÈ����c��Ç´ÓÈ�� �U�U�U�������U� �����U�>�2É��U�d´�� �-ÈW×Ü�������#��� ���2�U�5��� �%$W���5É2��ÒA�������]��Ò:���³�ÆÈ���ÒA�����2�-�T´�� ��×Ü��ÒA� �]�]����� È��2�����d´������ÖAÉ2�2�Æ� �������������]�HÈW×Ü����È���ñ

Þc���a� �2���������]�2��Ô�ñ�Ð�ñØ´����»Ô�ñ�Ð�ñ ��$��������»´ÏÎ �����a�]�����]�2�]���c�]��� �2�ÓÈ�� �U�U�U�������U� �������U�>�2É��U�d´�� �2�»ÈW×Ü�0�T�0��������¯å³�����c����Ò:���c�"�����d���UÎ��2�2� ÖSÈ��2���2ÉdÙ������ �2� È��Æ�������U� �����]�  c��� ���T´��]�]�2É2�"È�´������ �ÆÒA����� �������c�]���]�U�]�����Ç´����]�HÈ�� $>�������� �2�»�]�
��� �����AÈ�� 1«���UÒ�´��U� ���¥ÈW×Ü���]����� �2�Ïñ"á5�2�:Þ³â �������c���
���]���c�A� �2��È�� $F���]���c�]�����]�cÉ2�2�d�U����ÈW×Ü��ÒA� �]�U� ���È��A�Ç´ �>�����]�U�����]� �c�����������a´ÏÎ �����SÒ:���c�U� �������2�D�������SÙ\´����Ïñ�á5���>����È�´��c�.$4�Ç´ É2���c�]�U�������U� ���q�]�2�U�>�2É��U��Î��È��ûÉdÙT´�É������ È��ûÉ2�2�ÓÉ2��ÒA�>���¦´��c�]�2�»�>�����Ó��� ������Î³� È���ÒAÒ:���c�»Î�´��U� ���»��� 1«����É��U� ����È��Z�¯å³�>��È���ÒA����� ���É2�����]� È����]��ñ ��È��û�������»�>���U���]�2�A�2ÉdÙ������ �2�.$<����Ò:���c�U�]� �c����� �2�»�T´���È��2� � Û ([�»�]���c����� 1�´����»���U����É����T´ 
� ��Ò:���c�D´��]�]�cÉ�� �2�2��´���ç��]�
��� ������È��Ó��Ù����]�"
%È�� �]�]�cÉ��Ç´��U� ��� � à�á5�2�d´��]�# ³å£����´���ñ�Ð.+,+-%�É-# �-��� �������S´���ñ>Ô�Ñ�Ñ�Ñ�æ�]���U���2�2�aÖ �Ç´ �U�d´����U���U� ���q���c�U�]�A� �2�DÒA����� ����ç�� ����� �]�2�D�T´��D� ���d´Ïå ��������Ò:���c�ÓÈ��2�D���]����� �2�DÒ�´��]�U��Î �2�D���S� �ÒA����� ���¥�������U�]� �0ç³�]���U� �����AÉ2��ÒA�>���d� È�� � ´��£´��]��ÒA��� ����ñ �'´����0ç���ÒA��� �,$<����� �2����� �]���c�»�T´��������]���UÎ �2�2�´����]�����ZÈ��2�Ó�]�
��� ����� �-ÛUÛAà�á5�2�d´��]�# ³å�����´��«ñ Ð.+,+-%��\æ%$����a��×Ü���Z�>�����]� �c���:� �����]�a�>���U�]�����d�Óå��]���³�ÓÈ��%
�U�U�����]���T´���� �wÉdÙT´�ÒA��È��Æ�d´�È��Ç´��U� �����T´��U�U� É����������]��Ò:�2�c� ���c�]�����]� � ����åÓ���
������ñ �*´SÈ�� �U�U�U�������U� ���û�U�>�2É��U�d´�� �ÈW×Ü�������#��� �DÉÏ´��d´�É��]���U� �U�U���c���DÈ���É2�2�Æ���cÎ³���]��������Ò:���c�]���2�U�w´�� ���]�ÆÈ���ÒA�����2�S�T´��Æ���SÉ2���c�U���c����ÒùÈ��2� � Þ�/��È����c�w��× ���c�]�����U���]�D���[�Ç´»�]��ÒA�>���d´��U���]�aÉÏ´��d´�É��]���U� �U�U���c���S�>����Î����c������� �2�w´��T�]�U�FÎ�´��U� ���w�U����Î�´��c�Æ�Ç´01/���]É2�SÈ���d´Ïå ��������Ò:���c������É�� È����c�H���w� �2�wÉ2����È����U� �����HÈW× � ����� �d´��U� ���4ñ
���������������*È��"È����d´���� �*�U���4� �2�����]�����U� ���]�2��È��'��×Ü��ÒA� �]�U� ���»È��2�4�>�����]�U�����]�2�'$Ï���a�>�����U�d´��]�'�]���>���U�]���<´���ç�U�d´ÏÎ�´���çaÈ��"�UÙ��2�]�����]�2�]���c�]�2�*�T´���ß��d´�� àRÐ.+,+ ��æ%$�ã����]�d���\àRÐ.+,+,+�æ%$"��´����]���c�ÆàRÐ.+,+,+�æ4����ø������]�]���>à«Ô�Ñ�Ñ�Ðïæ0ñþÛ¯� �

1«���c�w���d´���ÈW×Ü���U��È��2�H´������]�"1«����È�� �2�.$��%$W�2É��U���2�2�HÖ»�T´��U�U����È�������ÒÓ���]�����d�2�������]���UÎ�´��U� �����wÛUÞ & á5ã#� $��U���È��2�'�]�
��� ������È��[�Ç´ /S´��Ç´þç³� �,$�È��2���]�����]É2�2��È��[��× � ����Î ���]�<� �cÉÏ´��*à � ´��Ç´þç³� �2�'�����UÒ�´�� �2�'$��U��� �¦´����2�'$������ ´��Ç´þç�� �2�´�É��U��Î �2�¦æH���SÈ��2�	� ´��Ç´þç³� �2�S�����d���UÎ��2�2�DÖ ���d´���È��d��È��UÙ��21¨�Ïñ ���2���]��Îc���2���T´��U�U� É����������]��Ò����c�D���c�]���]�2�]�d´��c�]�2��]���Ó��×Ü�0�T�]��ÒÓ��� � È��2�Ó�]�2�]�����d´��]�»�����]���c����È�´����»� �ûÈ���Ò�´������ �0ç³�U�d´�� ´��Ç´�É��U���c����Ö£�T´��U�U����È����Ç´�ÒA� �]�U� ���ÛUÞ & ���c�"�
� ´�� ��Ò:���c� ���]�[���]���>���]�2�2���T´�� /������Ï��� [,á[���¦´��]�# ³å à«Ô�Ñ�Ñ�Ñ�æ'��� á5�2�d´��]�# ³å6[,Þ�´���Î�´����aàRÐ.+,+,+�æ0ñ
3 � FRX@8W6D[Y=?LMFRAM6DP�FHG?8W<�� OHLM69[Y69GJIWLce OH:DP�FHG�
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�4�2�����]�����U� ���]�2�����c�U�U������� �c���2�£È���ÉdÙT´ � ��� � ´��Ç´þç³� �
à/È�� �U�d´���É2�,$w����ÒA�������U���]�,$Æ�d´���ç È�� 1«���UÒ�´��U� ���ÈW×Ü���]����� �2�.$[ñ�ñ�ñ æDÒ:���c�U� �������2�2�AÉ��2
¯´������2��1/���³�Ó��× Ùcå³�>���UÙ��2�]� ÈW× ��� � ����Î ���]�Ó���Ç´�������ÈW× ����� É2�����U�d´��c�]� È��
�H������� ���

0 = 75 km s
−1Mpc−1 ñ
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�4�2�-�����]���UÎ�´��U� �����-�����]���c���2�S´ÏÎ��2Éa�Ç´�ÉÏ´�Ò:���d´ûÛRÞ & á5ã#� ��� �c���a�������-´��T´���å��]���]�����H�]�����S´���� �����È��[É2���U�]�[���]��ÒA�����]�[�T´��U�]���Æ���c��ÈW×Ø´��>���]ÈA���]�5���]�2�]���c�]�2�2�'�T´�� ��´����]���³��àRÐ.+,+,+�æ0ñ,��´-�������T´��U��ÈW×Ü���c�U�]�Æ����� �2����c�»���]�������]���c���2�»ÈT´����a� �:Ò:�cÈ��ûÈ����]�>��É��U�d�"
�� Ò�´������]� � Ö��T´��d�]�A�]�2�d�������U� ����È��:��× �����U�U�U��Ò:���c�'$*É2��Ò 
ÒÓ������Ò:���c�Æ´����>��� �����wÒ:�cÈ��;�Rá �-ó aà¨�>�����$���$� � � 	 ��� � � � � � � � � 	 � . � � � 	�6� � � Næ0ñ ���ÆÒ�´��������]�����������d´�� �,$É2�û�¯åc�>�ûÈW×Ø´�É �c��� �U���U� ���(É2�����U� �]�]� Ö������]���UÎ ���Ó����ÉdÙT´�ÒA� ��ç�� Ö£�U�d´ÏÎ ���]�Ó�����û�]���U� � È��!�����U�]�2�»���U�]�����]�à ∆λ ∼ %�Ñ�Ö�ÐÏÑ�Ñ���Ò �U���DÛUÞ & á5ã ��æ-É2���c�U�]�2�aÖ È��2�S� �������������]�ÓÈW×Ü����È��A�]�
�����������]��Ò:���c�Ó�2�U�T´�É2�2�2�Ïñ4Û%��>���UÒ:����´������U�*È��S�]���U�d´�É2���H�����aÈ�� �U�U�U�������U� �����U�>�2É��U�d´�� �aÈW×Ü�������#��� �ÓÈ��©ÉdÙT´�ÒA�����U��È�� �a�U����ÉdÙ\´�É0���©È��2���� ç���� �wÈ��£È����]�2É��]�����Ïñ �S´����Æ� �SÉÏ´��wÈ��������Æ�����d�0�]Î�´��U� �����.$�É2��Ò:�cÈ��aá ��ó ´����]�����U����� �]�S���c�U�d� � µ Ò����Ð % µ Ò�´ÏÎ �2É������S�]�2�]�������U� ���©�U�>�2É��U�d´�� �DÎ�´��U�Ç´��c��È��aÕ�ÑAÖ > ÑA�U����Î�´��c�w�Ç´»� �������������HÈW×Ü����È���ñ
�������H���©É2���U�d´����©����ÒÓ���]�ÓÈ���� ´��Ç´þç�� �2�HÈ��D�����U�]�Ó�2ÉdÙT´��c�U����� ����$>È��2�HÈ��������2�2�HÈW× ��Ò�´������U� �»���c�H�
� ´ 
� ��Ò:���c�Æ���]�������]���c���2�wÖa�U�d´ÏÎ ���]�[È��2� �����U�]�2�5��� �T�5�Ç´��#���2�Æ´ ����ÈW×Ü�����]�������Æ��� Ò:������� �����[�d´����>���U�w�U�����T´��WÖ���U�����Ïñ��4�2�w�������wÉ2�����d´�ÒAÒ:���c�-��ÒA��� �ïå �2���]���c�Æ� �2�������U�]�2��� �±Ô£à �ïä ��ñ � µ ÒûæÆ��� � �±Õ£àRÐÏÔïä\Ð�� µ Òûæ0ñ
�-����ç£�¯å³�>�2�HÈ������d´���È�� �d�]��Ò:���c��È�� $F���]���c�]�.$T�>���UÒ:���U�d´��c�SÈ��2���d´������ �2�-È��D��� ç����*È��ûÐ�ñ ��a����Õ�*$\���c����]�����U��� � �d�2� �U����Î�´��c�û�Ç´qÈ���Ò:�����U� ��� ´��������Ç´����]��È��2� �����R���]� �����]���UÎ �2�Ïñ ��´��]�2�]�������U� ��� ���T´�� ��È�������������d�0�]Î�´��U� �����Ó�>����� ���U�]�ûÉÏ´��d´�É��]���U� �]�2�û�T´��Ó����� 1/����É��U� ���(ÈW×Ü���d´�� ��Ò:���c��È����>�����c� � ´ÏÎ��2É��������Ç´��#�������
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Ô�ñØÔ�ñ�Û%��È�� ÉÏ´��]�����]�HÈ�����×Ø´�É��U��Î³���]�DÈ�� 1/���UÒ�´��]�����©�U�]�����Ç´����]�a��������1/�d´��]������� R�=

Ö£ÒA�2
�ÙT´����]�����£à ó � �#� $ � � � ���� 	 � � / �-� ( � � � � ����	� � � NæSÎ�´��U�Ç´��c����� ���T´�� ��Ò:���c�:���c�U�]�'>�û��� %�*$����ÒA���]�2� �T´��»�Ç´©È�� $F�d´�É��U� ���¥È�� ��× �����U�U�U��Ò:���c�:��� 1«����É��U� ���(È�� �Ç´�� �������������:ÈW×Ü����È���ñ �-���UÒA� �»� �2������
�d���UÎ�´��U� �����ÓÈ��A�Ç´�� ´��Ç´þç�� ��Ý /aá�ÐÏÑ-% ��É2�����U�����c�]��Ò:���c��´��T´���å��]�2�2�D�T´��0�4� ó � �cÉ�× Ù àRÐ.+,+,+�æS��� �*´����]���c�àRÐ.+,+,+�æ%$ ��� 	 � ����� � � � 	 ��� � � � � � � � � � � � ��� 	�� ��� � � � � 	� 	 � � � 	 � 	 � � � � � � �*� � ��� � � � � � �0� ��� � . � � � � � � ����� �
' �
� � � � � 	 � � 1 � � � � � � � � � � . � � � � � � � � � � � � � � ����� + + +
	��

�©�2�'���]�����]�2�'�U�d´ÏÎ�´���çA�Ï× �����]É��U��Î����³��È�����ÉwÖ-�Ç´��U�����]�ÆÈ��[����ÒÓ���]�����]�2� ´��T´���å��]�2��È�� �UÖ-Ò:�����2�2� Ö-�T´��4
�U���"È��wÉ2�2�������]���UÎ�´��U� �����"ÛUÞ & á5ã ��ñ,�S´����"É2�[Ò�´��c���]É��U���.$���� ���d���]���c�'Î ��� ���c�d´����]��Ò:���c�5È����d´������ �2�"È�´������ �ÉÏ´�È��]�[ÈW× ����� �d�0Î³��� ��� ���T´�� �[È��2���]�2�U�����d´��]�<�����]���c���<�������]����� ��Ò:���c�<�T´��������U�]�[� � �����>� Ò�´�� �<�
� ´�� ��Ò:���c��T´��ÆÈ��2� ���]�����>�2�ÆÉ2����É����U�]���c�]�ÏñTá �2
%È��2�]�d�����.$ �U�H�]�2�U��Ò:��É2���>����È�´��c�Æ� �2�[È�� $W���]���c�]�2�ÆÉ2���c�U�U�������U� ���T� � ���Ò:�D�]���c��È����2�aè
• Ý /Dá�ÐÏÑ-% �£è�ãH�T´���å��]�SÈ����U�>�2É��U�]�aÈ��£���ïåc´��©´�É��U�21 $�È����]���UÒA���T´��U� ����È��2��É2���c�U�U�������]�����T���]�2�]�>��É%
�U��Î �2�HÈ��2���]�
��� �����-È�� 1«���UÒ�´��U� �����U�]�����Ç´����]�Ó���-È��D��×Üã /�Ý ÖA�Ç´A����ÒA�������]���]�ÓÈ��D��×Ü�����U���.$\���U��È��ÓÈ���Ç´ Ò:���U��Ù���� ����� ��È��2�S�]�
��� �����DÉ����]É���Ò 
��c��É�� �Ï´����]�2�.$�É2��ÒA�T´��d´�� �]���ZÈ����«×Ü��ÒA� �d�U� ������������1/�d´��]�������%
Ò:�ïå ���©´ÏÎ��2ÉS�Ç´AÈ�� �U�U�U�������U� ����È����Ç´��>�����d�U�����]� 1¨�]��� È��D����È���� ´��DÒ:��� �2É����Ç´����]� à��4� ó � �cÉ�× Ù����H´���ñÔ�Ñ�Ñ�Ðïæ0ñ
•
�#� Ð�Ð?>(è ��� �]�û���(��Îc� È�����É2� ÈW× ����� �0ÒA� �d�U� ����È�� $F���]����ÒA�>���U�d´��c�d� $'È����]�2É��U� ���¥ÈW× ���(��Î����c�U�����ã /�ÝÌ����1/����� $>���c�]���U���]���d´��U� ���qÈ��2�-���]�����U� ���]�2�SÈ��Ó��×Ü�����U���SÈ�´����-� �»ÉÏ´�È��]��È��2�-�]��� ��Î �2�-���]�"1«����È��à��4� ó � �cÉ�× Ù����H´���ñTÔ�Ñ�Ñ�Ô�´�æ0ñ

• ãH�T´���å³�d� È��"�Ç´��T´��U���]�5È�� ��×Ü��ÒA� �]�U� ���»����1/�d´��]�������5ÈT´����*� �5ÉÏ´���È�� �U�]��� ��� ´�� ´þç�� �2�������U�d´�����ÒA���������]�2�à�á ÙT´��UÒ�´���È�´��U�Ç�H���H´���ñ�Ô�Ñ�Ñ�Ô�æ0ñ
• â<ç��U����É��U� ���©È��2�w�>�����]�]�����]�2�aè�È���Î ��� �����>��Ò:���c�-ÈW× �����DÒ:���UÙ��cÈ��D�>���UÒ:���U�d´��c�-ÈW×Ü�2�U�U��Ò:���HÈ��2���0ç 
�U����É��U� �����-�]��� �2É��U��Î �2�H���c�U�]�D�Ç´:É2��ÒA�>���d´��³�]� � Û ( ����� �aÉ2���c�U���c����Òy�����]���UÎ �2�HÈ�´������ �2�H�U�>�2É��U�]�2�ÛUÞ & á5ã �tà¨Î �����wÉdÙT´������U�]� >cæ0ñ�ã���������ÉÏ´��U� ����´���ÉÏ´��wÈ��SãH�U��Ô,+,+£à /S´����Ç´�� �����H´���ñ�Ô�Ñ�Ñ�Õ�æ0ñ
• �©� �]�"���»�0Î³� È�����É2� ÈW× ����� 1/���U�]� È�� �U�>���]�U� ���»È��2��É2����� �����]� � � !"�©ÛNøq�>�����*� �2� � ´��Ç´þç�� �2�<´�É��U��Î��2�.$þ�����ÒA����� ÉÏ´��U� ����� È�´����'� �wÉÏ´�È��]�wÈ��2� 1¨���U���]�'�]��� ��Î �2� Þ³ÛNø<ß ó ���:����1¨�d´��]�������wÒ:�ïå����©à�á ÙT´��UÒ�´���È�´��U� �.$
�4� ó � �cÉ�× Ù [ �����d´��>��� $T�]����ÒA� ��Ö ��� � � � ���*� � � � Næ0ñ

• 9'Î �������U� ���©È��£�d´����>���U� ��Ð�� µ Ò !,) µ Ò���È�´����w�����D�]� � ������É2�DÈ��D�Uå��U����Ò:�2�w�������c�]���d´�É��U� ���4ñ
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�4�2�'�����d���UÎ�´��U� ������ÈW× ��� ���d´���È�����ÒÓ���]�ÆÈ�� � ´��Ç´þç³� �2��È��5��× � ����Î����]�'���cÉÏ´����%$W�2É��U���2�2�"´ÏÎ �2É5�Ç´-ÉÏ´�Ò:���d´ÛUÞ & á5ã#�ò���c�ÓÉ2�������UÒ:� �c���A��×Ü��ÒA� �]�U� ���ZÈ����]�2É��]�2�û���q����1/�d´��]�������:Ò:�ïå ���Z�2�U�D���Z�0ç�É2����� ���c�Ó�U�d´�É2�����
�c�T´��c�U���d´��U�214È�� 1«���UÒ�´��U� ����ÈW×Ü���]����� �2�'$��T�����]����� ��Ò:���c� È�´������ �wÉÏ´���È��2� � ´��Ç´þç�� ���"�����UÒ�´�� �2�-à/��ñ ��ñ $�ø����T�4
�d��������´��«ñ�Ô�Ñ�Ñ�ÐÏ´�æ*Ò�´�� �'�
� ´�� ��Ò:���c��È�´����'É2��������È��2�'�]�����]É2�2�<�������<� ��ÒA� �T�0�T�]�2�wà/��ñ ��ñ $�â'���T´��w���'´���ñ�Ô�Ñ�Ñ�Ô�´8#ó !��]�U�]���AÞ³ÉdÙ��]�����>���A����´��«ñ�Ô�Ñ�Ñ�Õ�æ0ñ�Ý-�����a���������U�U�]������É2�:�d���]�����d´��Ó�T´��U�U� É����������]��Ò����c����ÒA�>���U�d´��c���]���a�Ç´
�������]�aÔ�ñØÔ�$��c���FÒ:���³�U�]��� �2�wÉ2���U�]���Ç´��U� �����H�����]���c���2�Æ�>������È��2�w�2ÉdÙT´��c�U����� ������È��SÈ�� $W���]���c�]�Æ�¯å³�>�2�ÆÈW×Ü����

�U���]�.$�ÈW× �������T´��]�w���c�U�]��� �2�[���U�����Ç´���É2�2��È��S�U���41«´�É2��Ò:�2�U���]�2�2��Ö Ð�� µ Ò����wÈ�´����Æ�Ç´Ó�d´�� �3�

α
$����wÈW×Ø´����U�]��T´��U�����c�U�]�D��×Ü��ÒA���d�U� ���©Ö�Ð�� µ Òù���w�Ç´»����ÒA�������]���]�S����1/�d´��]�������D���c�]�
���]�2�D���c�U�d� � µ Òù���aÐÏÑ�Ñ�Ñ µ Ò£ñ

��×Ü���U���������a��Ùcå��U���c���DÈ��DÉ2�2��É2���U�d�0�Ç´��U� �����'$T�����d´�ÒAÒ:���c�-É2����� �a�����]���UÎ �2�D���³�U�]�D��× ����1¨�d´��]�������aÒ:�ïå ��������Ç´�����ÒA�������]���]������1¨�d´��]���������]���d´�� �,$"�4×Ü�2�U� �&��� 	 � � 	 �T´�� 1«���]É2��Ò:���c� ��Îc� È����c�]��Ö����d´��������Ïñ[á5��ÒAÒ:��������"��×Ø´ÏÎ������"È�� �]Ö�Ò:���c�U� �������,$ ��×Ü��ÒA� �]�U� ���ûÈ����]�2É��]�2�wÎ ���]�wÐ�� µ ÒJ���]�ïÎc� ���c�"���U����É����T´�� ��Ò:�2�c�5È��2� � Þ�/��ÉdÙT´���$W�2�a�U�d´����U���]�����]��Ò:���c�Ó�T´��a� �A�d´Ïå ��������Ò:���c� � � È��2�a���]����� �2�"�R�������2�Ó���DÒ�´��]�U��Î �2�Ïñ �"× ����1¨�d´��]�������� �����c�d´����û�2�U�����:�]��Î�´���ÉdÙ��wÈ���ÒA�����w�T´����«×Ü��ÒA� �d�U� ����È��2�����]�������¦´�� �T������� � �����������]�Æ�]Ù����UÒA��� ���,$ ����ÉdÙT´���13

1«�2�wÖ�È��2�Æ�]��ÒA�>���d´��U���]�2���>�Ï´���É2�������������Æ�T´��]�]�2�[�T´��w� ���d´Ïå���������Ò:�0�³�w���c�]���]�U�]�����Ç´����]�D�������wÈ�� $F���Ïñ��4�2�
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NGC 1068 (region extra-nucleaire)

µ µ15  m / 7  m = 0.9 (disque)

µ15  m / 7  m = 1.2µ
µ µ15  m / 7  m = 1.8
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Ò:���]� Ô�Õ-%:È��©ÉÏ´��d´�� �������ÓÈ��aãH�U�Zà/ãH�U�ZÐ.+-%-%�æ%$����*�2�U���]���Ç´��U��Î���Ò:���c�-�>���©É2�����c�©Ò�´�� ����������������´ÏÎ������É2���>����È�´��c�a�U�]����Î �AÈ��2�S���]�����U� ���]�2�a�]��Ò�´�� � �T´���� ��Ò:���³�a���c�]���]�2�]�d´��c�]�2�a��������1/�d´��]�������AÒ:�ïå �0�là/È����]�2É%
�U� ���qÈW× �����:��ÒA� �]�U� ���qÈ�� $>���d��èFÎ������D�]�2É��U� ���ZÔ�ñ >�ñØÔ<#W���]�2�]����É2�:ÈW× ���qã /�Ý_����1/������èFÎ������DÉdÙT´������U�]�ûÕ<#É2����� ����� ��� !þ����1/�d´��]���������0ç³�U����Ò:��ècÎ �����[ÉdÙT´������U�]� >cæ0ñ�Þc���5�Ç´��������]�SÔ�ñØÕ�ñÜÈ $³�������w´ÏÎ������5�]�����]�2�]���c�d�-� ��]�\�2É��U�]�»ÛUÞ & á5ã#� ÈW× �����Ó�]�
��� ����È�� 1«���UÒ�´��U� ����ÈW×Ü���]����� �2�SÈ��a�Ç´ �Ï�����»ÈW× ���c�]���d´�É��U� �����U���U���2�Ó���c�U�]�Ó� �2�È�����ç�� ´��Ç´þç�� �2�-È��aÉ2�Ó�Uå��U����Ò:�ûà��4� ó � �cÉ�× Ù�����´���ñ\Ô�Ñ�Ñ�Ô�´�æ0ñWá[´��d´�É��]���U� �]�Ó�T´��H��������È�� É2� ��Ð�� µ Ò !,) µ Ò��È���Ð�ñ ��$5���-�U�d´�È������ �Ç´q���]�2�]����É2��ÈW× ������´�É��U��Îc���]��È���1/���UÒ�´��]�����,�U�]�����Ç´����]������É2���]��������� �05�ÉÏ´�É2��� ���É2����� � �c���û�������:´ÏÎ �����»���¥�����]���UÎ ���AÈ�´����»��×Ø´������Ï´��®É����]É���Ò 
��c��É�� �ï´����]�£È�� Ý /aá�ÐÏÑ-% ��ñ<Û¯� �]��Î ��� � È��������� � ����� �2� �\´�ÒÓ�>�2�2�£È��2É�� ����ÉdÙ��2�2�£� ���]�£È��2� ���c�]���d´�É��U� ������È�� � ´��Ç´þç³� �2�������]���U�]����Î����c���T´������%
É2�2�]�¦´����]��Ò:���c�»É2���������2�2��È�´����Ó� �2�a�]�
��� ������É2�0�³�U�d´�� �2�»È��ûÉdÙT´ �c�������]���d´�������� �U�]��à¨Î �����Ó�]�2É��U� ������Ô�ñØÕ�ñØÔ����Ô�ñ >�ñ�Ðïæ%$[��� �c�4×Ü����� �2� �>����Î ���c�£´����]�U��´ïÎ������ ��� ��� È�´���� � �2� �]�
��� ����� ÈW× ���c�]���41�´�É2�����±�d���]�2É2����Î³�]���c�� �2��È�� � �c���2�:È��2�:�����U���]�:���
É2�����]��È�� 1¨�T�U� ���4ñ �����]��� �:ÉÏ´���È�� �������d� $������������®Ò:���������U��ÒA���Ç´����]�2�ûÖÉ2�������DÈ�� � � Ð�Ð?> $[���³�����]��´����]�U�S�����]���UÎ �2��È�´����£ÈW×Ø´����U�]�2�£�Uå��U����Ò:�2�����±���c�]���d´�É��U� ����$���� � �2� �¦´���
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� ��� � �S, )�$S� , �!$ � $S� 
��!$ ) .�� �!.%';$ ) � �  �!$ � 'E$  �	� &(.Y&(+ � �%$

� ������ ����J �	� � ���H� � 	)JK��� 	��)J � ��� ��� 	)J��)���-�f�SD ����� ��� �����
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Contours : 12.5   m
Image : 6cm

µ

Formation d’etoiles

�������$�M�u�#���! ?B+3$r;k:#N_l1$U4^$U5=Nql.N_5yN��^;=$ 
 m R d�c� n g ),H3-/$J+03$rN�K,$�(65yNW('N_:<9J2!NBA>POQSRUTWV $J+.-/2�$
9G &

µ
:Y$*- n G &

µ
: XZ"[$<\�5=)^(_7 ` $J-SN,5 G[b_c,cOd�e*G "�N &>)1032�(J$aLi),+O(*-/03$'5k5=$<N,0F(*$J+.-/2�$<4^$<5�7 ),H�/D$*-SLO2/)-

K;k$'+1-B4^$�5yN<(*),+.-/2�;kHO0^-/;=),+j4^0 +3)��1N_0 N,(*-/;k� g 5yN_2�l,$':�$'+1-�4^),:<;=+ON_+.-/$SE<(*$'&r5=),+3l103$J032!&r4�7 )1+O4^$#Xu5=$'&
(*)1+1-/)1032!&UK_N_2�;k$'+1-�$ �^Li),+3$J+.-/;=$J5=5=$J:<$J+1-W4^$ b E b,o� :('A�UN_2�(J&/$'(

−2
ehG�{  4 L35=0O&B`ON_0^-�$S2�9'&/),5=0^-/;=),+

N_+3l1035yN_;=2/$ g 03+O$�;=:#N_l,$ 4^0 /D$J-a2�N14^;=)jLO2/) K,$J+ON,+1-�4^0 +3)��1N_0 N1(h-�; ��)1H^-/$'+.03$ E � (J: X m N_5=5k;=:<),2�$
$*-<N_5 G d�z,z� N ehg &>03Li$'2/Li).&>9'$ N_0�� (J),+.-/),0O2�&�43$ 587 9':<;=&�&>;=),+}E d�b3G o

µ
: ),HO&/$J2�K,9J$�LON_2a5yN (JN_:<9'2�N

V�A21B"[A2
 4^0*)�$�(,+ X�CU)^(,+�$J-qN_5 GOb_c1c,c.ehG

[PbfI5WZMrp��|bfICQ���, +�,nM�)9N\HJb\U{M	;kHJN\U5ICQ]FfIC^`UCQ]NPK1^=Wg� EbXSM-�kQ � [�� � G,I gfQ ����� Vc�*�*��Q]NPKCICQ/.�,	� µ X Q]K��,	� µ X�,��aNpICQ]XSMOI]UPb\QWUPb-� �Sc`Q`UaWTHJN��|b\Q]bfICUeg���HJN\gfQ*)BWTQ�
\b�QsFfICH;kQ]N7MON	KegfQ�Wg�NG ��� gfHYXGEYN\Q=c`HYXGFfW��eJ
KCQ]XrQ]NPK?Wg��^]XGETUCULETHJN�gfQ`U{I1^0�|ETHJN\U?F9^]ILEYFF~\^]ILE�UPb\Q`Uc) Q]K�WZMwUCHJbfICc`QSc`HJILICQ`ULF9HJN\g\MONPKGMOb�N\H?_MOb�MJc]KLE"!DN-��Q`ULK
F7MJUeIC^`UCHJWYb\QULF7MOKLEZMOWTQ]XrQ]NPK{g7MON\U5N\H|U;gfHJNfN\^`Q`Uc,�L@M � [	�+g\Q?WZMVc�MzXr^]I1MVQ]KeWZM�K1MOEYWYWTQgfQ`U5FfEAQfQ]WTU5bfKLEYWYEAJ
U1^]U{F9HJbfI{N7H|U{HJ[7UCQ]I�;JMOKLETHJN\U�EbXGF9H|UCQ]NPK?Q]N�Qe^�Q]K{bfN\QGIC^`UCHJWYbfKLETHJN:XrH?kQ]NfN\QSgfQ ∼ 12 �GULbfI{N\H|U{EbXSM-�kQ`Uc)c`Q(U_bfE c`HJILICQ`ULF9HJN\gP�jWZMwgyETULK1MON\c`QSgfQGWg��HJ[�OLQ]K��wgfQ`U�gf^]K1MOEYWTU�FF~>?	UCE�U_b\Q`U�g���Q]N>;	E�I1HJN = �*�jF7MOICU1Q`c`Uc)�ULb�J
F9^]ILETQ]bfICUrMOb�Q�^`ch~\Q]WYWTQ`UGc�MOI1MJc]KC^]ILETULKLE�U_b\Q`UGgfQ`U?KLICHJb\U=N\HJEYICUULbfF9Q]IdXSMJUCULE"!RU=Q]K=gfQSWTQ]bfIQ]N>;	EYICHJNfN\Q]XrQ]NPK
FfICHPch~\Q t G-NPKCHJNPb7c]c]E�V!|�|^�mxa,[L�Q`UEbXSM-�kQ`Uw�2~7MObfKCQVIC^`UCHJWYbfKLETHJNlULF7MOKLEZMOWTQjHJ[fKCQ]NPb\Q`Uw�:Vc+�, 2 µ X F7MOIWZMc�MzXr^]I1M<I � �,L � � gyb��;Q`c ^ t �hHPc ^ Q]K-MOWg,=+*�*�*��)$;_HJEYIDMOb7UCULEvWZM$p��|bfICQ ��, +�, [�xiXrHJNPKLICQ]NPKag��nMOEYWYWTQXb\ICU�U_b\Qc`Q]KLKCQe^]XGETU1ULETHJNVEYN#!}I1MOICHJb��kQ XrH?_Q]NjFfICH;PETQ]NPKDg�� bfN\Q5IC^$�|ETHJNjKLI]�`U�c`HYXGF7MJc]KCQ t ∼ V��.x�!RHJIdXr^`Q5gybjKCHJICQegfQ
F9HJb\U1ULE��]ICQ`U{MJU1UCHPc]ET^Z�VWt�NG � � g�� bfN\QF7MOILK t ∼ �*��3�gfQWTMVWYb�XGEYN\H|ULEYKC^rI � ��xa)9Q]K;gfQWg��Q]N>;PEYICHJNfN7QaXrQ]N	K
gyb<OLQ]K�I1MJgyETHrQ]K-gybwc`�JN\Q{g�� ETHJNfETU1MOKCEYHJNogfQeWZM � L]�ug��nMObfKLICQ;F7MOICK t ∼ .Y��3 gfQeWg��^]XGETUCULETHJN�x],

L�Q�XrHPgfQeULF9Q`c]KLICHDJ�EbXSM-�kQ]ILETQ��{[7MJU1UCQ-IC^`U1HJWYbfKLETHJNjbfKLEYWYETUC^aF9HJbfI�N\H|U�gfHJNfN\^`Q`UhN7HJb\U�M�F9QXI�XGEYU�g���^]KLb�J
gyETQ]I�Q]NGgf^]K1MOEYWyWZM5gyETULKLILEY[fbfKLETHJNSULF9Q`c]KLI1MOWTQ�g���^]N\Q]I4�|ETQ�gfQ�c`Q]KLKCQ�UCHJb\ICc`QhF9HJN\c]KLb\Q]WYWTQ�Q]NPKLICQ 2 µ X(Q]KDVc� µ X�,



��, +�,2L�Q;N\H?_MObpMJc]KLE"!~gfQ � ��� Vc�*�*� ;PbmF7MOI � [�� ����� ���

� QwXSMONfE��]ICQ	�wUc�nM��vI1MON\ch~fEYI?gfQ`U?Q���QXK1U�gfQSgf^]ILE";_QSgyb�U1MOKCQ]WYWYEYKCQSF9Q]N\g\MONPK?Wg��HJ[\UCQ]I�;JMOKCEYHJN-) N\HJb\U=M	;kHJN\U
XrQ`UCbfIC^�c`Q]KLKCQ [	� � g\MON\U�bfN\Q�HJb<;_Q]ILKLbfICQSICQ]WZMOKLE";_Q]XrQ]NPK=WZMOI4�kQ t � × �wFfE�
yQ]WTU� |1� × |1�.xa) c`Q]NPKLIC^`QVULbfIWg� ��� � )�XSMOETU�~\Q]bfICQ]b\UCQ]XrQ]NPKeMJUCUCQ's{F9Q]KLEYKCQ;F9HJbfI-F9HJb<;kHJEYIa^�;PEYKCQ]IDbfN\Q�c`HJNPK1MzXGEYN7MOKLETHJNpF7MOIDWg��^]XGETUCULETHJN
gfQ`U�IC^$�|ETHJN\UjgfQ !}HJIdXSMOKLETHJN g���^XK1HJE�WTQ`Umc]EYICc]b�X���NPb\c]WT^�MOEYI1Q`U t ;kHJEYIjch~7MOFfEYKLICQpFfIC^`c`^`gfQ]NPKc)����|bfICQT+�, ==, [�xa,
� MrgyETULKLILEY[fbfKLETHJNog���^]N\Q]I4�|ETQ?Q`ULKLEbXr^`Q��KLI1M	;_Q]ICUac]Q]KLK1Q�HJb<;kQ]ILKLbfICQ=MGQ]N\ULbfEYKCQ�^]KC^�c`HJILILE �k^`Q?g�� bfN !�MJcXK1QXb\I
KCQ]N7MONPK�c`HYXGFfK1Q�gyb 
\b�
?I1Q��LQ]KC^�g\MON7U�WTQ`U�MOEYWTQ`U~gfQhWZM � [	��Q]K~gfQ�U1M�;|MOILEZMOKLETHJNSM	;kQ`chWZMaWTHJN��|b\Q]bfI g���HJN\gfQ*,

� Q�UCF9Q]c]KLI1Q��\N7MOW��_b\Q{N\HJb\U5M	;_HJN\U-HJ[fKCQ]NPboQ`ULK-FfIC^`UCQ]NPKC^h�GWZM����|bfICQ ��,	��,�M�, [yM*!RHJIdXrQ �|WTHJ[7MOWTQ?Q`ULK
KLI]�`U=UCEbXGEYWZMOEYICQ �wc`Q]WYWTQVgfQ`UMObfKLICQ`U �x� � U?HJ[\UCQ]I�;_^]U=Q]N�EYN#!}I1MOICHJb��kQ\XrH?_Q]N��}Q*, �=,b) � bfK��jQ]KMOWg,iV����*�� 
� EYI1MO[9Q]WiQ]K=MOWg,�V������"!a, � MOI1MJc]KC^]ILETU1^`QSF7MOI�bfN�c]HJN	KLEYNPbfb�X c]ICHJETUCU1MONPK=M	;_Q`cGWZMmWTHJN��|b\Q]bfI=g���HJN\gfQVMOEYN\ULE
�Pb-� bfN\Q?MO[\UCQ]N\c`Q{ICQ]XSMOI#�_b\^`Q?gfQ`UD[7MON\gfQ`U � � �hUf)fQXWYWTQ�c`HJNPKLI1MJULKCQ{KLI]�`U !}HJILKCQ]XrQ]NPK5M	;_Q`c;WZMGgyETUCKLILEY[fbfKLETHJN
UCF9Q`c]KLI1MOWTQag���^]N\Q]I4�|ETQagfQ`U IC^$�|ETHJN\U � � �-U$� � Q`U1MOICU ^ ?GQ]KhMOWg,NV����*�Jc%!a)	Q]K I1MOFfF9Q]WYWTQaQ]NSICQ�;|MON\ch~\Q-WTQ`UD[	� � U
�k^]N\^]I1MOWTQ]XrQ]N	K;MJUCU1HPc]ET^`Q`U5MOboc`debfI5gfQ`UaQ]N>;	EYICHJNfN\Q]XrQ]NPKCU'& ��� � � Q`U1MOICU ^ ?mQ]KeMOWg,?V����*�O[(!a, � Q]F9Q]N\g\MONPKc)U�MDF9Q]NPKCQ(XrH?kQ]NfN\Q�Q]NPKLICQ 2 µ X&Q]KDVc� µ X(MOFfF7MOI1M�)TK~[9Q�MOb\c`HJbfFFfWYb\U�FfWZMOKCQ*�_b\Qhc`Q]WYWTQhHJ[\UCQ]I�;_^`Qhg\MON\U�c`Q`UIC^$�|ETHJN\UagfQ !RHJIdXSMOKLETHJNsg���^]KCHJEYWTQ`Uc, � Q]KLKCQ;FfICHJFfILET^]KC^�Q`ULKDQ]NwF7MOILKLETQ{gyb\Q��=WZMFfIC^`UCQ]N\c`Q{g�� bfNwEbXGF9HJILK1MONPK
c`HJNPKLEYNPb\b�X gf^]KCQ`c]KC^��c`HJbfILKCQ`U-WTHJN��|b\Q]bfICU-g-� HJN7gfQ*)+�PbfE�UCQ]X?[fWTQ{g\HJN\c;EYN\gyE,�_b\Q]IagfQ`U�KCQ]XGF9^]I1MOKLbfICQ�UagfQ
F9HJb\U1ULE,-]ICQ`U�N\Q]KLKCQ]XrQ]NPKiFfWYb\U ^]WTQ�;_^`Q`Uc, � MON\U�WTQ-c�MJU gfQ`U�N\H?PMOb�
rMJc]KLE"!RU gfQ �_MOWZM�
yETQ`Uc)|WTQ`U��|I1MOEYN\Uic/.7MOb���^`U
F7MOI�WTQec/.7MzXGFwgfQ5I�MJgyEZMOKLETHJNwQ�
yKLI#0]XrQ]XrQ]NPKDEYNPKCQ]N\UCQeg\Q5Wg� �x��� F9Q]b<;kQ]NPK10]KLICQ;Q]NmQ���Q]K�F9HJILKC^`U���b\U#�Pb-� �
gfQ`USWYEbXGEYKCQ`USKLI#-`USFfICHPc/.\Q`U�gfQmWTQ]bfISKCQ]XGF9^]I1MOKLbfI1QpgfQsULbf[fWYEbXSMOKLETHJN2��_ ∼ Vc�*�*�3� F9HJbfISWTQ`USULEYWYETc�MOKCQ`Uf)
_ ∼ V 2 �*�3� F9HJbfI�WYQ`U �|I1MOF3.fEYKCQ`U4!a, � Q`U�c`HJN\gyEYKLETHJN\U�F3.>?yULE,�Pb\Q`U5�_bfE ?pI#-$�|N\Q]NPK?UCQGgyE���^]ICQ]N\c]ETQ]NPK?gfHJN\c
c]WZMOEYICQ]XrQ]NPKmgfQoc`Q]WYWTQ`UVg\Q]UVIC^$�|ETHJN\UjgfQ !RHJIdXSMOKLETHJNtULKCQ]WYWZMOEYICQoH� WTQ`U�KCQ]XGF9^]I1MOKLbfICQ`Umc�MOI1MJc]KC^]ILETULKLE,�Pb\Q`U
N-�nMOKLKCQ]E �|N\Q]NPK*�k^]N\^]I1MOWTQ]XrQ]N	K��Pb\Q6�Pb\Q]W,�Pb\Q`U?c`Q]NPK1MOEYN\Q`UgfQ\�;Q]W";PEYN\U=U1Q]bfWTQ]XrQ]NPK7�}Q*, �=,b) � MObfICQ]NPK V�������)
;_HJEYID^$�_MOWTQ]XrQ]NPKaWTQ;c/.7MOFfEYKLICQ�ULbfE";|MONPK4!a,
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� Q]KLKCQ;E XGF9HJICK1MON\c`Q�gybwc/.7MzXGFsgfQeI1MJgyEZMOKLETHJN �k^]N\^]IC^{F7MOI�WTQeN\H?PMObsMJc]KLE"!�Q`UCK�^$�_MOWTQ]XrQ]NPKaULb��
�k^]IC^`Q
F7MOI~WZM5FfIC^`UCQ]N\c`QDgfQ�c`Q]ILK1MOEYN\Q`U�I1MOETQ`U�g���^]XGETUCULETHJN�� !RHJILK�F9HJKCQ]NPKLETQ]W7g�� ETHJNfETU1MOKCEYHJN;�}Q*, �=,b)3< � Q>=@? �hV�==,	� µ X�)
Ep

�A��.�Q>=B 1< � Q>= � ?x� .�, � µ X�) Ep
�PVc+*��Q>=h) ;_HJEYI����|bfICQ}��,	��,nM"!a)iMOEYN\ULE1�Pb\QjWg�nMO[\UCQ]N\c`QwgfQ`UG[7MON\gfQ`U

� � �hU��_b\QaN\HJb\U�M	;	ETHJN\UiICQ]XSMOI#�Pb\^`Q5FfWYb\U�.7MObfKc, � HYXZXrQeg\MON\UhWTQ5c�MJUhgfQ`UhIC^$�|ETHJN\UC& ��� )_WZM?gyETULF7MOILEYKLETHJN
gfQmc`Q`U[7MON\gfQ`USQ`ULKGQ]NlQ��vQ]K/�k^]N\^]I1MOWTQ]XrQ]NPKSEYNPKCQ]ILFfIC^]KC^`Qwc`HYXZXrQmbfN\QmULE �|N7MOKLbfICQmgfQjWZMogfQ`UCKLILb\c]KLETHJN



� � � MOILKLETQ ��� � .7MOFfEYKLICQ6��, � MGc`HJNPKLILEY[fbfKLETHJNogfQ`U�N\H?PMOb�
wMJc]KLE"!}U

gfQ5WTQ]bfICU�F9HJILKCQ]bfICU�F7MOI�bfNVI1M	?_HJNfN\Q]XrQ]NPK�EYN\c]ETgfQ]NPK�KLI#-`U�EYNPKCQ]N\UCQ� � WYWZMOEYNmQ]KDMOWg,�V����*�"! � , � �nMOEYWYWTQ]bfICUc)yWTQ
I1MOFfF9HJILK�g�� EYNPKCQ]N\UCEYKC^�Q]NPKLICQhWTQ`U�I1MOETQ`U~gyb < � Q ����� ?yQ]K~gyb < � Q ��� ?5)Oc`HJbfI1MzXZXrQ]NPK�bfKLEYWYETUC^�c`HYXZXrQ�EYN\gyETc�MOKCQ]bfI
gfQsWZM�gybfICQ]KC^og�� bfN c/.7MzXGFtgfQsI1MJgyEZMOKLETHJN-)�MOKCKCQ]E�N	KVg\MON\U�N\HJKLI1QpULF9Q`c]KLICQogfQ`U ;|MOWTQ]bfICU�ICQ]WZMOKLE";kQ]XrQ]NPK
EbXGF9HJILK1MONPKCQ`U � < � Q ����� ?��	< � Q ��� ? ≥ +�, 2 !a)@[fETQ]N�UCbfF9^]ILETQ]bfICQ`UZ�pc`Q]WYWTQ`U �k^]N\^]I1MOWTQ]XrQ]NPKrHJ[7UCQ]I�;k^`Q`Ug\MON\U=WTQ`U
IC^$�|ETHJN\UagfQ !RHJIdXSMOKLETHJNsg���^]KCHJEYWTQ`U � < � Q ����� ?��	< � Q ��� ? ≤ V*)�_*.\HJILNfWTQ�?mQ]KaMOWg,N+*�*�*�"!a,

� H|U�gfHJNfN7^]Q`U � [�� ����� U1HJNPK�^$�_MOWTQ]XrQ]NPK-Q]Nj[9HJNwMJc`c`HJICgwM	;kQ`c5WTQeULF9Q`c]KLICQeHJ[fK1QXN	bjF7MOI � [��@��[�� [
Q]NPKLICQ�+�, 2 µ X Q]K = 2 µ X � � bfK��SQ]K�MOWg,-+*�*�*��) ;_HJEYIeWZM ���|bfICQ6��,	��, [(!a, � Q]WYbfE��zc]EiMj^]KC^�XrQ`ULbfIC^rg\MON\U;bfN\Q
HJb<;_Q]ILKLbfICQ FfWYb\U@WZMOI4�kQ��Pb\Q�WZM�N\�JKLICQ$��Eg,�Q*,b)uV�=� × +*�1� c`HJNPKLICQ��1� × �1� !a)fXSMOEYU�Q]N�I1MOETUCHJN=gfQ�Wg� EbXGF9HJILK1MON\c`Q�gfQWg��^]XGETUCUCETHJN�gyboN\HA?_MOb�MJc]KLE"!iF7MOI5I1MOF\F9HJILK{MOb 
\b�
ogfQ`UaI1^0�|ETHJN\U;c]EYICc]b�X���NPb\c]WT^ MOEYICQ`Uc)vWZM [	� � HJ[\UCQ]I�;_^`Q
F7MOI [�� [�ICQ`UCKCQm[fETQ]N�gfHYXGEYN\^`QsF7MOIrWZM�c`HJNPKLILEY[fbfKLETHJNtgfQmWg� �x��� , �aN ?�N\HJKCQwWZM�FfIC^`UCQ]N\c`QsgfQmKLI#-`U
N\HYX?[fICQ]b\U1Q`UI1MOETQ`U=ETHJNfE,�_b\Q`Uf)�c`HJN��\IdXSMONPKGF7MOIGMOEYWYWTQ]bfICUWTQ`Ugf^]KCQ`c]KLETHJN\UGHJ[fKCQ]NPb\Q`Uw�sF7MOILKLEYIGgfQ�N\HJKLICQ
UCFBQ`c]KLICQ � [�� ���$� ,
�aNTXrQ]NPKLETHJNfN\Q]I1MjQ]N��\N�WZMSFfIC^`UCQ]N\c`QGg�� bfN\Q=WT^$�"-]ICQ � c�MJUCULbfICQ��=gfQ=WZM [	� � MObfKCHJbfI{gfQ Vc� µ X�)�HJ[��

U1QXI�;_^`Q�MOb\UCULE [fETQ]N�g\MON\U�WTQ`U?gfHJNfN\^`Q`U � [�� �*��� �Pb\QSg\MON\U�WTQSUCF9Q`cXKCICQ	[�� [�, � Q]KLKCQ�gf^]FfICQ`UCULETHJN�Q`ULK
WZM�ULE �|N7MOKLbfICQ?K�?	FfE,�_b\Q?g�� bfN\Q=Q�
yKLEYN\c]KLETHJNoF7MOI5WTQ`U5ULEYWYETc�MOKCQ`U � ��, . µ X�, � HJb\U�XrHJNPKLICQ]ICHJN\U;MOb�c/.7MOFfEYKLICQ
UCbfE ;|MONPKDc`HYXZXrQ]NPK-bfN\Q XrQ`UCbfICQ;gfQ{c`Q]KLKCQ{Q�
	KLEYN\c]KLETHJNsF9Q]bfK10]KLICQ{HJ[fKCQ]NPb\Q��F7MOILKLEYI-gfQ`UDULF9Q`c]KLICQ`U � [��@�
���$� )BN\HJN�UCQ]bfWTQ]XrQ]NPK{g\MON\UeWTQc�MJU5F7MOILKLETc]bfWYETQ]I�gyb�N\H?_MObxMJc]KLE"!�gfQ ����� Vc�*�*�	XSMOEYU;^$�_MOWTQ]XrQ]NPK�gfQ
XSMONfE,-]ICQ{FfWYb\U �k^]N\^]I1MOWTQ{F9HJbfIDKCHJbfKCQ �_MOWZM�
yETQ{HJ[\UCQ]I�;k^`Q{Q]NwEYN#!�I1MOICHJb��kQ�XrH?_Q]N-,
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g\MzXrQ]NPK1MOWTQ`U;��IC^$�|ETHJN\U � � �-Uf)�IC^$�|ETHJN\U6& ��� Q]K �x��� U4!�F9HJb<;|MOEYK 0]KLICQwc�MOI1MJc]KC^]ILETUC^`QwF7MOIrgfQ`U@;|MOWTQ]bfICU
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FfIC^`U1Q]NPKC^`UZ�sWZMpUCQ`c]KLETHJN�FfIC^`c`^`gfQ]NPKCQjF9Q]IdXrQ]KLKCQ]NPKrgfQVc�MOI1MJc]KC^]ILETUCQ]IWg��HJILE �|EYN\QjgfQ�Wg��^]XGETUCUCETHJN�HJ[\UCQ]I�;_^`Q
g\MON\U5WTQ`U �_MOWZM�
yETQ`U5WYb�XGEYN\Q]b\UCQ`UegfQ�XSMONfE,-]ICQhXrHJEYN\U5[fEZMOETUC^`Q �Pb\Q�WTQ`U5HJbfKLEYWTU5bfKLEYWYETUC^`U;MOb�
sFfWYb\U5c`HJbfILKCQ`U
WTHJN��|b\Q]bfICUig���HJN\gfQ*, � WTU�!RHJbfILNfETUCUCQ]NPK�F7MOI Q�
yQ]XGFfWTQDgfQ`U c]WZMJUCULE��7c�MOKLETHJN\U FfWYb\U�U $fI1Q]U �_b7MONPKiMOb�
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	KLEYN\c]KLETHJNog\MON\UDc`Q`U-gfQ]b�
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.�/�� ��8D3a476vA �<{49AC8D3 :�� � # �G� �u:��D3 �
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 � � |���=layqF9HJb\IrWTQ`U �_MOWZM�
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HJNPK~FfbrU1^]F7MOICQ]I~WTQ`U~UCE �|N7MOKLbfICQ`U�gfQ`U~N\H?PMOb�
GMJc]KLE"!}U�gfQ�c`Q]WYWTQ`U�gfQ`U �_MOWZM�
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V 2 µ X�, � bfETU#�Pb\Q WTQ`U UCHJbfICc`Q`U�gf^]KCQ`c]KC^`Q`U�g\MON\U WTQ`U@ICQ]WTQ�;_^`U � [�� ����� UCQ]X?[fWTQ]NPK ICQ`ULF9HJN7U1MO[fWTQ`U�g�� bfN\Q KLI#-`U
�|ICH|U1UCQ !�I1MJc]KLETHJN�gfQDWZMeWYb�XGEYN\H|ULEYKC^-KCHJK1MOWTQ-gyb/!RHJN\gGEYN#!}I1MOICHJb��kQDEYNPKC^$�|IC^aQ]NPKLICQ 2 µ X�Q]KxVc�*�*� µ X � ��WY[7M �
Q]KDMOWg,�+*�*�*+|M"!a)fHJNjF9Q]bfKDgfHJN\ceQ]Nmgf^`gybfEYICQ��Pb\Q5c`Q !RHJN\gjQ�
	KLI1M-�_MOWZMJc]KLE,�Pb\Q;Q`UCKhFfILEYN\c]EYF7MOWTQ]XrQ]N	KDFfICHPgybfEYK
F7MOI?bfN\QSF9HJFfbfWZMOKLETHJNqgfQ �_MOWZM�
yETQ`U�� .7MObfK?ICQ`gfU#.fE"!�K=c�MOI1MJc]KC^]ILETUC^`Q`U=F7MOI?bfN\QSEbXGF9HJILK1MONPKCQjMJc]KLE";	EYKC^�gfQ
!RHJIdXSMOKLETHJNsUCKCQ]WYWZMOEYICQ{Q]N#!}HJb\EYQ�g\MON\U�WZMF9HJb\UCULE,-]ICQ*,

� MON7Ujc`Q�c`HJNPKCQ�
	KCQ*)�EYWeQ`UCKjc`Q]F9Q]N\g\MONPKmEbXGF9HJILK1MONPKsgfQpN\HJKCQ]ImWYQ�c�MOI1MJc]K#-]ICQ�[fETQ]NtF7MOICKLETcXb\W�ETQ]IsgfQ
Wg��HJ[��LQ]K ����� Vc�*�*�ogfHJN	KN\HJb\UrM	;_HJN\Ugf^ ���pgfEYU1c]bfKC^mMObqc`HJbfICUGgfQjc`Qjc/.7MOFfEYKLICQ*, � HJbfIGc`Q]KLKCQ �_MOWZM�
	ETQ
gfQ\[	Q�? !}Q]ILKc)�Wg� EYN\gyETc`QSULF9Q`c]KLI1MOW�' � � � � gf^��\NfE F7MOI��BMJgfg\MmQ]K?MOWg, �t+*�*�*+"!{MOFfF7MOI1M�)TK�N\HJNxF7MJU{K�?PF\E �Pb\Q
gfQ`U�UCHJbfICc`Q`U�c`HJNPKCQ]N7MONPK�bfNVN\H?PMObmMJc]KLE"! )uXSMOETUhFfWYbfKC�JK�c�MOI1MJc]KC^]ILETULKLE,�Pb\QegfQ`U �_MOWZM�
yETQ`U�gfHYXGEYN\^`Q`U�F7MOIhWZM
!RHJIdXSMOKLETHJN�UCKCQ]WYWZMOEYICQc`HYXZXrQ ����� + 2 �VQ]K � �*+;�(;_HJEYI5WTQ]bfI$���|bfICQ-�"!a, � ;kQ`c?bfN\QgfQ]N\ULEYKC^gfQc`HJWTHJNfN\Q�

H ≥ Vc� 25 c]X −2 � � MOKLKSQ]KVMOWt,xV�����.�!a) ����� Vc�*�*��ICQ]FfIC^`UCQ]NPKCQsQ]N+Q��vQ]KrWg�nMOICc/.\^]K�?	F9QqX 0]XrQsgfQmWZM
U1HOb7U �zc�MOKC^$�kHJILETQjgfQ`UZ[	Q�?�!RQ]ILKCUN+sF9H|UCUC^`g\MONPK=bfN�N\H?_MOb � HYXGFfKCHJN��z^]F7MOETUf, � MON\U=c`Q`U=HJ[��LQ]KCUc)@WTQ`UQ��vQ]KCU
g���Q�
yKLEYN\c]KLETHJNuUCHJNPKwULEeEbXGF9HJILK1MONPKCU �_b-� EYWTUsM��vQ`c]KCQ]NPK�X 0]XrQ�Wg��^]XGETUCULETHJN�gyb N\H?PMObB��b\U#�Pb\Qog7MON\UjWTQ`U
' XrHJb\Uc)7Q]K�[fEZMOETU1Q]NPKDWg� EYN\gyETc`Q�' � � � � ;kQ]ICU-gfQ`U&;JMOWTQ]bfICU-c`HJILICQ`ULF9HJN7g\MONPK �GgfQ`U-ULF9Q`c]KLICQ`UxXrHJE�N7U-gybfICU
c�MOI1MJc]KC^]ILETULKLE,�Pb\Q`UagfQ`U �_MOWZM�
yETQ`U�� !RHJIdXSMOKLETHJNsUCKCQ]WYWZMOEYICQ*,

� HYXZXrQwWg��HJNPK�g��nMOEYWYWTQ]bfICU�N\HJKC^s�BMJgfg\MxQ]K�MOWg,��t+*�*�*+"!a) WZM�FfIC^`UCQ]N\c`QW�A.7MObfKSICQ`gfU�.fE"!}KSg�� bfN\QsEbX��
F9HJILK1MONPKCQ{F9HJFfbfWZMOKLETHJNog�� �x��� UDULEbXGEYWZMOEYICQ`U��Gc]Q]WYbfE gfQ ����� Vc�*�*�N\Q{UCQ]I1MOEYK-gfHJN\c;FfICHJ[7MO[fWTQ]XrQ]NPKaF7MJU
gf^`c`Q]WT^`QGM	;_Q`c�Wg� EYN\gyETc`QULF9Q`c]KLI1MOW~c�MOI1MJc]KC^]ILETULKLE,�Pb\Q��_b?� EYWTUeHJNPKegf^��\NfEg)vc`Q �PbfE�MObfI1MOEYKeF9HJbfIec`HJN\UC^ �Pb\Q]N\c`Q
g��nM	;_HJEYI�U1HJb\U �zQ`ULKLEbXr^5WZM=c`HJNPKLILEY[fbfKLETHJNsgfQ`U�N\H?PMOb�
jMJc]KLE"!RUDMOb !}HJN\gjgyE��vb\U�E�N�!�I1MOICHJb��kQ*,3��NjF7MOILKLETc]bfWYETQ]Ic)
HJNpF9HJbfILI1MSICQ]XSMOI#�Pb\Q]I'�Pb\Q{WTQ`U5HJ[\UCQ]I�;|MOKLETHJN\U5FfICH-!}HJN\gfQ`UeQ��vQ`c]KLb\^`Q`U5F7MOI � .7MON\gyI�M�Q]K�' �;� HJNPKe^]KC^
WYEbXGEYKC^`Q`U��SgfQ`Ua[7MON\gfQ`UeULF9Q`c]KLI1MOWTQ`U;MOb��zgfQ`UCUCHJb\U5gfQ	Vc� ^ Q>=�MOWTHJICU$�_b\Q�WTQ !RHJN\gpQ�
	KLI�M �_MOWZMJc]KLE,�Pb\Qh'�MOK �KCQ]EYNPK5UCHJNqXSM�
yE X=b�X�g�� E�N	KCQ]N\ULEYKC^h�GFfWYb\U@.7MObfKCQ?^]N\Q]I4�|ETQ?Q]NPKLICQ �*�rQ]K = � ^ Q>=h, � b\UCULEg)\c`Q]ILK1MOEYN\U ��� � U
!RHJILKCQ]XrQ]NPK�HJ[\UCc]bfICc]ETUrF7MOIrWZM�F9HJb\UCULE,-]ICQmF9HJbfILI1MOETQ]NPKV^aXrQ]KLKCICQmWTQ �|ICH|USgfQmWTQXb\IrWYb�XGEYN\H|ULEYKC^w[9HJWTHYXr^��
KLILE,�Pb\Q�g\MON\UDWTQ`U'&KLI#-`U-gybfICU-Q]K-Wg� EYN#!�I1MOICHJb��kQ�XrH?_Q]NsU�MON\U@�_b\Q;WTQ]bfI-FfIC^`UCQ]N\c`Q{N\Q�UCHJEYKDKLI1M .fETQ�F7MOIDWTQ`U
gyEZM-�|N\H|UCKLETc]U-[7MJUC^`UDUCbfI�WTQ`UDHJ[\UCQ]I�;|MOKLETHJN\U��F7MOILKLEYI-gfQ`Uj' FfWYb\UjXrHJb\Uf,
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� b\Q=WTQ`U �|I1MOEYN\U{gfQ?F9HJb\U1ULE,-]ICQ`U;UCHJETQ]NPK;Q]N�^ �PbfEYWYEY[fICQK�.\Q]IdXGE,�_b\QGHJb�c/.7MOb��v^`U;gfQhXSMONfE,-]ICQEbXGFfbfW��
UCETHJNfN\Q]WYWTQ*)iWTQ]bfIV^]XGETU1ULETHJN g\MON\UVWTQpgfHYXSMOEYN\QpEYN#!}I1MOICHJb��kQoQ`ULKVQ]N !RMOEYK�bfN\Qoc`HJN\UC^ �_b7QXN7c]Q�gyEYICQ`c]KCQogfQ
Wg�nMO[\U1HJILFfKLETHJN�gfQ`UVI1M	?_HJNfN\Q]XrQ]NPKCUq��FfWYb\Umc`HJbfILKCQ`UjWTHJN��|b\Q]bfICUmg���HJN\g\Q�gfHJNPKjEYWTUjU1HJNPKVICQ`ULF9HJN\U1MO[fWTQ`Uc,
� HJbfI1MzXZXrQ]N	K�HJ[\U1Q]I�;k^`UrQ]N�HJFfKLE,�Pb\QwgfQ]FfbfETUSgf^ ���oFfWYb\UCETQXb\ICUSgyE � MOEYN\Q`USg��nMONfN\^`Q`U;��_@ILb�XGFfWTQ]I�V���*�"!a)
c`Q`U=F3.\^]N\HYX -]N\Q`UGg���Q�
	KLEYN\c]KLETHJNlHJNPK=g��nMOEYWYWTQ]bfICUGc`HJN\ULKLEYKLb\^�WTQ`U=FfICQ]XGE,-]ICQ`U=FfICQ]b<;_Q`UHJ[\UCQ]I�;JMOKLETHJNfN\Q]WYWTQ`U
gybpIC�JWTQ=c]ILb\c]EZMOW�gfQ�WZMSc`HYXGF9H|U1MONPK1Q?F9HJb\UCULET^]ICQ]b\UCQ=g\MON\UaWTQ`U �_MOWZM�
yETQ`Uc)7[fETQ]N�M	;|MONPKaWTQ`UaIC^�;k^]WZMOKLETHJN\Uegyb
U�MOKCQ]WYWYEYKCQ � � � [�,

� M{WTHJE7IC^$�|ETU1U1MONPKiWTQ`UiQ��vQ]KCUhg���Q�
	KLEYN\c]KLETHJNjQ`ULKibfN\Q !RHJN\c]KLETHJNVgfQ-WZM;WTHJN��|b\Q]bfI�g���HJN\gfQ*,��aNSWZM{KLI1MJgybfEYK
�k^]N\^]I1MOWTQ]XrQ]N	K�F7MOI�WZM��_b7MONPKLEYKC^ Aλ

N\HJIdXSMOWYETUC^`Qj�-U�M&;JMOWTQ]bfI�Q]N=[7MON\gfQ V � λ ∼ 0.55µ X !@HJb=I1MOFfF9HJILKC^`Q�sbfN\QVgfQ]N\ULEYKC^jgfQVc`HJWTHJNfN\Qjg�� .>?	gyICH �"-]N\Q NH
, � HJbfI=bfN�Q]N>;	EYICHJNfN\Q]XrQ]NPKrgfHJNfN\^*)�c`QXKCKCQ�WTHJE�gf^]F9Q]N\g

gyEYICQ`c]KCQ]XrQ]NPK�gfQjWZM�c`HYXGF9H|UCEYKLETHJN�gfQ`UGF9HJb\UCULE,-]ICQ`U@;	EZMoWTQ]bfICUrUCQ`c]KLETHJN\UrQ#"Sc�MJc`Q`USg��nMO[\UCHJILFfKCEYHJN+Q]KrgfQ
gyE��vb\ULETHJN-)�Q]K ;JMOILETQ�^$�_MOWTQ]XrQ]NPKsQ]N !}HJN7cXKCEYHJNugfQoWZM�gyETULKLILEY[fbfKLETHJNugfQ�WTQ]bfICUmK1MOEYWYWTQ`Uc,C�~WYWTQ�F9QXb\K 0]KLICQ
gf^]KCQ]IdXGEYN\^`Q �jF7MOICKLEYI?gfQSc`HJN\ULETgf^]I1MOKLETHJN\U?FfbfICQ]XrQ]NPK?K#.\^`HJILE,�_b\Q`U=ULbfI{WZMwc/.fEbXGETQSgfQ`U �|I1MOEYN\U �}Q*, �=,b) � E
� � I1MOEYN\Q�+*�*��V%!a)(XSMOETUjc`QpK�?	F9Qog��nMOFfFfICHPc/.\Q�N\^`c`Q`UCULEYKCQoQ]N ICQ]KCHJbfIjbfN\Qo[9HJNfN\Q�c`HJNfN7MOETUCU1MON\c`Q�gfQ`U
c�MOI1MJc]KC^]ILETUCKLE,�_b\Q`U{F3.>?	UCE,�_b\Q`U;gfQc/.7M:�Pb\QhXGEYWYETQ]b-, ��N !RHJN\c]KLETHJNxgyb�[fbfK;ICQ`c/.\Q]ICc/.\^*)vEYW~F9QXb\K�0]KLICQrMOWTHJICU
FfWYb\U=c`HYXZXrH_g\Q�g�� bfKLEYWYETUCQ]I=gyEYICQ`c]KCQ]XrQ]NPKWTQ`U�WTHJEYU=Q]XGFfEYILE,�_b\Q`U=gf^`gybfEYKCQ`U=gfQ`U?HJ[\U1Q]I�;JMOKLETHJN\U=gyb XGEYWYETQ]b
EYNPKCQ]ICUCKCQ]WYWZMOEYICQegfQaN\HJKLICQ � MOWZM�
yETQ��}Q*, �=,b) � MOK�.fETU V����*�"!iHJbjgfQ`U�MObfKLICQ`U�HJ[��LQ]KCU�gfQaWg� � NfE";_Q]ICUhWTHPc�MOW �}Q*, �=,b)
� I1MON\g � b7M-�kQsgfQ � M-�kQ]WYWZMON &��aHPHJILNfN\Q`Q0! � � HPgfQ:V��*��V� � HJICgfHJN+Q]KVMOWg,i+*�*���) � Q]KLEYK � b7M-�kQsgfQ
� M-�kQ]WYWZMON &��hHJb\c/.\Q]K-Q]K-MOWg,-V��*� 2 )#�_MOWZM�
yETQ`Ux� !RHJIdXSMOKLETHJNsg���^]KCHJEYWTQ`U�& � MOW ��Q]KLKLE Q]K-MOWg,�V����:=+ � b\gyWTQ�? �
� ?	NfN����+EYWYWYEZMzXrU�V�����.�!a,

� bwUCQ]EYNwgfQ;WZM � MOWZM�
yETQ*)yWTQ`U�WTHJETUDHJ[\U1Q]I�;k^`Q`U8;|MOILETQ]NPK-^$�_MOWTQ]XrQ]NPKaQ]NPKLICQ;WTQ`UjXGEYWYETQXb3
jFfWYb\UDHJb�XrHJEYN\U
gyE��vb\U-Q]KDWTQ`UDIC^$�|ETHJN\UDFfWYb\UagfQ]N\UCQ`U �(;kHJEYIDF7MOIaQ�
yQ]XGFfWTQ{WZMIC^`c`Q]NPKCQ{ICQ�;	b\Q{gfQ � I1MOEYN\Q�+*�*��"!a, � W�U1Q]X?[fWTQ
�Pb\Q�c`Q`U ;|MOILEZMOKLETHJN\U~FfbfETUCUCQ]NPK 0]KLICQ�F7MOI1MzXr^]KLIC^`Q`U��aWg�nMOETgfQ�gyb !RMJc]KCQ]bfI RV = AV /E(B−V )

KLI1MJgybfETU�MONPK
WTQ�I1MOFfF9HJILKQ]NPKLICQ�WTQ`U=Q�
yKLEYN\c]KLETHJN\U=KCHJK1MOWTQVQ]KUC^]WTQ`c]KLE";kQVQ]N�[7MON\g\Q V � � MOICgfQ]WYWYE�Q]KGMOWg,iV��*���"!a,0[PbfI=WZM
���|bfICQ ==,bV*)fN\HJb\U-M	;_HJN\U�ICQ]FfIC^`U1Q]NPKC^;WZMc`HJbfIL[9Q{g���Q�
	KLEYN\c]KLETHJN �w�Yn la~=~ lhgyb�XGEYW�ETQ]bsE�N	KCQ]ICULKCQ]WYWZMOEYICQ;WTHPc�MOW
� � MOK�.fETUWV����*�"!a, � � bfN+F9HJEYNPKjgfQ ;	b\Q �Pb7MOWYEYK1MOKLE"!d)iQ]WYWTQpF9Q]bfK 0]KLICQoc`HJN\ULETgf^]IC^`Qoc`HYXZXrQ �|WTHJ[7MOWTQ]XrQ]NPK
ICQ]FfIC^`U1Q]NPK1MOKLE";kQrgfQ`UeWTHJETU(�k^]N\^]I1MOWTQ]XrQ]N	K�HJ[\UCQ]I�;_^`Q`U;g\MON\U;WZM�FfWYbfF7MOILK�gfQ`U(�_MOWZM�
	ETQ`Uf, ��W�WTQGFfIC^`UCQ]NPKCQbfN
XSM�
yEbX?b�X MJUCU1Q �-[fETQ]NVFfICHJN\HJN\c`^;MOb�NfE";_Q�MObVgybjgfHYXSMOEYN\QabfWYKLI1M	;	ETHJWTQ]Kc)	Q]K�cY��Q`UCKhgfHJN\c ��c`Q`UiWTHJN��|b\Q]bfICU
g���HJN\gfQ �Pb\QjWg�nMO[\UCHJICFfKLETHJN+Q]KrWZM�gfE �vb\ULETHJN�gyblI1M	?_HJNfN\Q]XrQ]NPKSEYN\c]ETgfQ]NPKSF7MOISWYQ`UrF9HJb\UCULE,-]ICQ`USU1HJNPKGWTQ`U

2
2



��� � MOILKLETQ ��� � .7MOFfEYKLICQ ==, � ��Q�
yKLEYN\c]KLETHJNsF7MOIDWTQ`U�F9HJb\U1ULE,-]ICQ`U

Silicates (9.7 et 18   m)µ

o

Graphites (2175 A)

������� �6���a� "[),;^4�7 $��-/;=+O(*-/;=),+a:<)��,$J+3+O$U430a:<;=5k;=$J0�;k+.-/$'2�&>-/$'5k5yN_;=2/$U43$U5yN m N_5yN��^;k$�X�V�N -�`3;y& d�z,z,c.ehG
QW+�+3),-/$'2�Nr5=NB4^9'(J2/)1;=&�&/N,+O(*$|2!N_L3;y4^$64^$65yNU�u)1+O(h-�;k)1+

Aλ

N_0�- 4^$J5yE�4^$ d
µ
: g N,;=+O&>;1x.03$65=N�L32/9�&>$'+O(*$64^$

(*$'2>-!N_;=+O&�:#N��^;=:#NW5=)^(JN_0 ��43N,+O&|5�7 ? 7 $J-M587 ;k+^�u2!N_2�),03l1$ :<)��,$'+ g L32�),HON,H35=$J:<$J+.-M4^0O&6N_0 ��l,2!N_L3`3;k-/$�&
$*-qN_0 � l,2!N_;=+O&r4^$@&>;=5=;=('N -/$�& G

FfWYb\UQ#"Sc�MJc`Q`Uc, � Qjc`HYXGF9HJILKCQ]XrQ]NPKrgfQ�WZM !RHJN\c]KLETHJN Aλ
MsF7MOIQ�
fQ]XGFfWTQVbfN\QVc`HJN\UC^ �Pb\Q]N\c`Qjc�MOFfEYK1MOWTQ

F9HJbfI�Wg��HJ[\UCQ]I�;|MOKLETHJN�gfQGWg� � NfE";kQ]ICU�gyETUCK1MONPK�g\MON\U{WTQ ;PETULEY[fWTQ*)�FfbfETU/�_b\Qrc`QrU1HJNPK{WTQ`U{F3.\HJKCHJN\U � = ^]XGETU
g\MON\U�WTQaIC^0!R^]ICQ]NPKLETQ]W�gfQ`U �_MOWZM�
	ETQ`U� .7MObfK�ICQ`gfU�.fE"!}K�Q]KhICHJb��|EYU�F7MOI�Wg��Q�
yF7MON\ULETHJNmc`H|UdXrHJWTH �|E,�Pb\Q'�PbfEvUCHJNPK
MOWTHJICU�gf^]KCQ`c]KC^`UDg\MON\UhWZM !RQ]N+0]KLICQeHJFfKLE,�_b\Q*, � HYXZXrQ5N\HJb\U�WTQ�;kQ]ILICHJN7UhbfNjF9Q]bjFfWYb\UhWTHJEYNsMObjc`HJbfICU�gfQec`Q
c/.7MOFfEYKLICQ*)fWg� EbXGF9HJILK1MON\c`Q�gfQ5WZM=F9HJb\UCULE,-]ICQ;g\MON\U�Wg� � NfE";_Q]ICU�WTHJEYNPK1MOEYNwF9Q]bfKDgfHJN\c;Q]NPKLI1M�)TN\Q]I-gfQ`U�[fEZMOETUDgfQ
U1^XWTQ`c]KLETHJNsN\HJNwN\^$�|WYE �kQ�MO[fWTQ`Uag\MON\UDWTQ`U�ICQ]WTQ�;_^`U�FfICH-!RHJN\gfU-Q��vQ`c]KLb\^`U��Gc`Q`U�WTHJN��|b\Q]bfICUag���HJN\gfQ*,

� b��zgfQ]WS�gfQ 2 µ X�)yHJNjF9Q]bfK ;_HJEYIC�_b\Q5Wg� EbXGF9HJILK1MON\c`Q{gfQ`U�Q���Q]KCU�g���Q4
yKLEYN\c]KLETHJNsc`HYXZXrQ]N\c`Q��=c/.PbfKCQ]I
c`HJN\ULETgf^]I1MO[\WYQ]XrQ`NPKc, � Q]KLKCQogf^`c]ICHJETU1U1MON\c`Q�gfQsWZM !RHJN\c]KLETHJN Aλ

F9Q]IdXrQ]Kmg�� bfKLEYWYETUCQ]IVWg� EYN#!}I1MOICHJb��kQ�Q]KVWTQ
gfHYXSMOEYN\QrI�MJgyETHmF9HJbfI?MOWYWTQ]I?UCHJN\gfQ]I�gfQ`U�Q]N>;	E�I1HJNfN\Q]XrQ]NPKCU?Q]N#!RHJbfETU�UCHJb\U{g�� EbXGF9HJILK1MONPKCQ�U?c`HJWTHJNfN\Q`U?gfQ
�_M �{Q]KDgfQ5F9HJb\UCUCE,-]ICQ`Uc)yc`HYXGFfW,-]KCQ]XrQ]N	K-HJF7M:�Pb\Q`U-MOb�
�I1M?kHJNfN\Q]XrQ]NPKCU � = Q]K�HJFfKLE,�Pb\Q`U-MOWTHJICUDMO[\U1HJIL[9^`U
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gfQ{c`Q]ILK1MOEYN\Q`U-FfICHJFfILET^]KC^`U-F3.>?	ULE,�Pb\Q`UDgfQ`U �_MOWZM�
yETQ`UDWYb�XGEYN\Q]b\UCQ`Uc,
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µ
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µ
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	��5O:J�CGF �5M �tO C 	 ��� � 	 �`	�E��
� Q�KLI1MOEYKCQ]XrQ]NPK��_b7MONPKLEYK1MOKLE"!�gfQ`U Q��vQ]KCU g���Q�
	KLEYN\c]KLETHJNVg\MON\U�bfNZXGEYWYETQ]b�gfHJNfN\^DN\^`c`Q]U1ULEYKCQDQ]NrFfILEYN\c]EYF9Q

bfN\QpFfILETUCQpQ]N c`HYXGFfKCQpILE �kHJbfICQ]b\U1QogfQ`U�WTHJETUVgyb+KLI1MON\U�!RQ]ILKVgfQsI1M	?_HJNfN\Q]XrQ]NPKc, � QpK�?PF9Qpg��nMOFfFfICHPc/.\Q
gf^]F7MJU1UCQ{WTQ?c�MJgyICQ=gfQ�N\HJKLICQ?^]KLb\gfQ*, � HJb\UaN\HJb\U5c`HJNPKCQ]NPKCQ]ICHJN\U5ETc]E�gfQ`U�Xr^]K�.\HPgfQ`U5FfWYb\U5c]WZMJUCULE,�_b7Q]Uf)7Q]N
c`HJN\UCETgf^]I1MONPK�g�� bfN\QiF7MOILK bfN\QiFfICQ]XGE,-]ICQiF9HJFfbfWZMOKLETHJNGgfQiUCHJbfICc`Q`U3�DWg��HJILE �|EYN\Qhgyb?I1M	?_HJNfN\Q]XrQ]NPK�EYN\c]EYg\QXN	Kc)
Q]K�g��nMObfKLICQeF7MOILK�b\N\QegfQ]b�
	E,-]XrQ;c`HYXGF9H|U1MONPKCQeICQ`UCF9HJN\U1MO[fWTQ;gfQ5U1HJNmMO[\UCHJILFfKLETHJN-, � HJb\U�N\^$�|WYE"�kQ]ICHJN7UDgfQ



�N� � MOILKLETQ ��� � .7MOFfEYKLICQ ==, � ��Q�
yKLEYN\c]KLETHJNsF7MOIDWTQ`U�F9HJb\U1ULE,-]ICQ`U

FfWYb\UDWZM=I1^]^]XGETU1ULETHJNsgfQ{c`Q]KLKCQ{c`HYXGF9H|U1MONPKCQ?MO[\UCHJIL[7MONPKCQ?MOb�
jWTHJN��|b\Q]bfICUag���HJN\gfQ{c`HJN\ULETgf^]IC^`Q`Uf,
� MON7U;c`Qc�MJU{gfQ ���|bfICQ*)�Wg��^aXGETU1ULETHJNA�\N7MOWTQ]XrQ]NPK�HJ[\UCQ]I�;_^`QN\Qgf^]F9Q]N\g�MOWTHJICU��Pb\Qgyb �\b�
�^]XGEYU��

Wg��HJILE �|EYN\Q*)7gybjN\E ;_Q�MObwg���Q�
yKLEYN\c]KLETHJN AV
)fgfQeWZM?WTHJE Aλ/AV

c�MOI1MJc]KC^]ILETUCKLE,�_b\Q{gfQeWZMc`HYXGF9H|U1MONPKCQ�MO[\U1HJI �
[7MONPKCQ*)�MOEYN\ULE*�_b\Q�gfQ�U1MsgyETULKLILEY[fbfKLETHJNqULF7MOKLEZMOWTQSF7MOI=I1MOFfF9HJILKGMOb�
�U1HJbfICc`Q`U=g���^]XGETUCULETHJN-, � Q]F9Q]N\g\MONPKc)
c`QgfQ]ILNfETQ]I;F7MOI1MzX -]KLICQGICQ`ULKCQ=[fETQ]N�U1HJb<;kQ]NPKeEYN7MJc`c`Q`UCULEY[fWTQrMOb�
oHJ[\U1Q]I�;JMOKLETHJN\Uc,��aN�gfHJEYK;gfHJN\cG^]XrQ]KLKLICQ
c`Q]ILK1MOEYN\Q`U1.>?	F9HJK�.+-`UCQ`U8;_HJWTHJNPK1MOEYICQ]XrQ]NPK �|ICH|UCULE,-]ICQ`U1�Pb7MONPKx�=WZM �k^`HYXr^]KLILETQ�gyb XGEYWYETQ]bpMO[\UCHJIL[7MONPKc, � ^��
N\^]I1MOWTQ]XrQ]NPKc)Bc`Q]WYWTQ`U �zc]E@U1QeIC^`ULb�XrQ]NPK��GgfQ]b�
mc�MJUDQ�
yKLI#0]XrQ`U�&yWTQ�XrHPg3-]WTQ{g���^`c]I1MONpQ]K�WTQ�XrHPg3-]WTQ�XGE�
	KCQ*,

� MON7UrWTQpc�MJUSg\QwWZM �k^`HYXr^]KLILETQpgfE�K1Qsgyb �5XrHPg3-]WTQpg-� ^`c]I1MON �B�}Q]N\c`HJICQoMOFfF9Q]WT^`Q � �k^`HYXr^]KLILETQpFfWZMON��
F7MOI1MOWYW,-]WTQ � !a)_Wg��Q�
yKLEYN\c]KLETHJN�gybrI1M	?_HJNfN\Q]XrQ]NPK EYN\c]ETgfQ]NPKiQ`ULK�FfICHPgybfEYKCQDF7MOI�bfN\QDgyETULKLILEY[fbfKLETHJN�bfNfE"!}HJIdXrQ-gfQ
F9HJb\U1ULE,-]ICQ`U~ULEYKLb7^]Q`U�ULbfI�WZM5WYE �|N\Q�gfQ ;	ETUC^`Q�gfQhWg��HJ[\UCQ]I�;|MOKCQ]bfIc) la~ r�� rY~
����� {brY~ � l{�� l]~�y l	� �]{bl � loyDy � �um 
 lay
��� �	��|2y yo|t�Y~�� � Q]WYWTQ`U �zc]E�UCQ=KLICHJb<;_Q]NPK�MOWTHJICU�M��vQ`c]KC^`Q`U;F7MOI;bfN\Q�X 0]XrQGQ]KebfNfE,�Pb\QGgfQ]N\ULEYKC^GgfQGc`HJWTHJNfN\Q*)
�3
f^`QoF7MOIjWTQ`Umc�MOI1MJc]KC^]ILETUCKLE,�_b\Q`UwF3.>?	UCE,�_b\Q`UmgfQoWZM�c`HYXGF9H|U1MONPKCQ�MO[\UCHJIL[7MONPKCQ*, � HJN\c]I#-]KCQ]XrQ]NPKc)Dc`Q]KLKCQ
.>?	F9HJK�.+-`UCQeF9Q]bfKDUc�nMOFfFfWYE,�Pb\Q]I�F7MOI�Q�
fQ]XGFfWTQ{MOb�
 �_MOWZM�
	ETQ`UDULFfEYI1MOWTQ`UDHJ[\UCQ]I�;_^`Q`U�F7MOI�WZM?KLI1MON\c/.\Q*)\H��mgfQ`U
[7MON\gfQ`U gfQ�F9HJb\UCULE,-]ICQ`U !�ICHJETgfQ`U ULEYKLb\^`Q`U�g\MON\U�WZM5F9^]ILEYF3.\^]ILETQ-gybSgyETU#�_b\Q-MO[\UCHJIL[9Q]NPK�WTQ�I1M	?kHJNfN\Q]XrQ]NPKigfQ`U
IC^$�|ETHJN\U5c`Q]NPKLI�MOWYQ`Uf,(�~N !RHJN\c]KLETHJNogfQ{WZMrWTHJN��|b\Q]bfIeg���HJN\gfQ λ )7HJN�XrQ`ULbfICQ=MOWTHJICU-WTQ �\b�
sUCHJILK1MONPK Fλ,sor.�sF7MOILKLEYIGgyb �\b�
�EYN\c]ETgfQ]NPK Fλ,inc.

F7MOI=WZMsICQ]WZMOKLETHJN & Fλ,sor. = Fλ,inc. × exp
−τλ � τλ = Aλ/AV ×

AV /1.086
)\M	;_Q`c AV

Wg��Q�
	KLEYN\c]KLETHJNpQ]K Aλ/AV
WZM=WTHJE@c`HJN\ULETgf^]IC^`Q%!a,

� MON7U=g��nMObfKLICQ`UGULEYKLb7MOKLETHJN\Uc)�c`HYXZXrQVF9HJbfIc`Q]ILK1MOEYN\Q`UIC^$�|ETHJN\U=ETUCHJWT^`Q`UQ]K=F7MOILKLETc]bfWYE,-]ICQ]XrQ]N	KGc`HYX��
F7MJc]KCQ`Uc)eWZM c`HYXGF9H|U1MON	KCQlMO[\UCHJIL[7MONPK1Qqc`HPQ�
	ETULKCQqgfQPXSMONfE,-]ICQqFfWYb\U�HJb"XrHJEYN\U .\HYXrH �"-]N\QlM;kQ`c�WTQ`U
U1HOb\ICc`Q]Uj^]XrQXKCKLILETc`Q]UwMOb UCQ]EYN g�� bfN X 0]XrQ�XGEYWYETQ]b-)hQ]K�Wg� .>?	F9HJK�.+-`UCQogyb XrHPg3-]WTQog���^`c]I1MON N-��Q`ULK�FfWYb\U
MOFfFfWYETc�MO[fWTQ*, �~NoEYN#!�I1MOICHJb��kQhXrH?kQ]NoF7MOIeQ�
yQ]XGFfWTQ*)BWg��^]XGETU1ULETHJN�HJ[\UCQ]I�;_^`Q�F9Q]bfK5FfICH;_Q]NfEYIegfQ �|I1MOEYN\UegfQ
F9HJb\U1ULE,-]ICQ`Uec/.7MOb\gfQ`U;UCb\UCc`Q]FfKLEY[fWTQ`U;g�� 0]KLICQ^$�_MOWTQ]XrQ]NPK;ICQ`ULF9HJN\U�MO[fWTQ`U;gfQ?Wg��Q�
yKLEYN\c]KLETHJN-, � Q`UegfQ]b�
oc`HYX��
F9H|U1MON	KCQ`UD^]XrQ]KLKLICEYc`Q?Q]K-MO[\UCHJIL[7MONPKCQ{N\Q(!}HJIdXrQ]NPK5MOWTHJICU1�Pb-� bfN\Q{UCQ]bfWTQ{Q]KjX 0]XrQ�Q]NPKLEYKC^;F3.>?yULE,�_b\Q*,

�~Nxc`HJN\UCETgf^]I1MONPK�c`Q�Xr^]WZMON��kQSQ]NPKLICQWTQ`U{gfQ]b�
�F9HJFfbfWZMOKLETHJN\Uc)@HJN�F7MOILWTQSMOWTHJICU{gfQ �5XrH_g+-XWTQwXGE�
	KCQ � ,
� MON\Uec`Q=c�MJU5gfQ ���|bfICQ*)vc/.7M:�_b\QUCHJbfICc`Q=gfQ?I1M	?kHJNfN\Q]XrQ]NPK{Q`ULKeM���Q`c]KC^`Q?F7MOI5bfN\Q=gfQ]N\UCEYKC^=gfQ=c`HJWTHJNfN\Q
�PbfE�gf^]F9Q]N\gwgfQ;U�M?F9H|ULEYKLETHJNwICQ]WZMOKLE";kQ;F7MOI�I1MOFfF9HJILK��=Wg��Q]N\UCQ]X?[fWTQ{gfQ`U-MObfKLICQ`UDUCHJbfICc`Q`UDg���^]XGETU1ULETHJNwQ]Kx�
WZM;gyETUCKLILEY[fbfKLETHJN �|WTHJ[7MOWTQ-gfQDWTM{c`HYXGF9H|U1MONPKCQaMO[\UCHJIC[7MONPKCQ*, � MON\U�Wg� .>?PF9HJK�.+-`U1QDg�� bfN�Xr^]WZMON��kQDFfbfI1QaXrQ]N	K
.\HYXrH �"-]N\QSQ]K�Q]NxbfKLEYWYETU1MONPK{WTQ`U�X 0aXrQ`U�N\HJK1MOKLETHJN\U �Pb\QFfIC^`c`^`gfQ]XZXrQ]N	Kc)@WYQ �\b�
�UCHJILK1MONPK Fλ,sor.

ULbfEYK
MOWTHJICUDWZMICQ]WZMOKLETHJN & Fλ,sor. = Fλ,inc. × (1− exp

−τλ)/τλ , τλ = Aλ/1.086
,
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�~N�c/.\HJETUCETUCU1MONPKsMOIL[fEYKLI1MOEYICQ]XrQ]N	KsbfN�UCF9Q]c]KLI1Q�EYN\c]ETgfQ]NPKsc`HJN\UCK1MONPK ��Eg,�Q*,b) Fλ,inc.
� V%!a)�Q]KwQ]N�U1Q

�3
\MONPKebfN\Q=WTHJE Aλ/AV
gfHJNfN\^`Q*)vN\HJb\U{M	;_HJN\Uec`HYXGF7MOIC^GQ]NPKLICQ V µ X Q]K �*� µ X!WTQ`U �\b�
oUCHJICK1MONPKCU��_b\QWg��HJNjHJ[fKLETQ]N\gyI1MOEYK-MOFfI#-`U�Q�
yKLEYN\c]KLETHJN-)yULbfE";JMONPK�c/.7MJc]bfN\QegfQ`UhgfQ]b�
 �k^`HYXr^]KLILETQ`U�gf^`c]ILEYKCQ`UhFfIC^`c`^`gfQ]XZXrQ`NPK

��XrHPg3-]WTQpg���^`c]I1MON+Q]K�XrHPg3-]WTQ�XGE�
yKCQ%!a, � Q`UrIC^`UCbfWYK1MOKCU6�Pb\QmN\HJb\UVM	;kHJN\USHJ[fKCQ]NPb\U�U1HJNPKrICQ]F9HJILKC^`U�ULbfI
WZMB���|bfICQ�==, .�)DF9HJbfIsgyE��v^]ICQ]NPKCQ`UqXSM-�|NfEYKLb\gfQ`Upg���Q�
yKLEYN\c]KLETHJN g\MON\UwWTQ�c�MJUsgfQ�WZM�WTHJE�gfQ � b\gyWTQ�? �
� ?	NfN����+EYWYWYEZMzXrU � V�����.�!a, � � bfNoF9HJEYNPK;gfQ ;	b\Q�FfbfICQ]XrQ]NPK5�_b7MOWYEYK1MOKLE"!d)BWZM !RHJIdXrQ �|WTHJ[7MOWTQgfQ`U5UCF9Q`c]KLICQ`U
HJ[\U1QXI�;k^`UF9HJbfIrgfQ`UGQ�
	KLEYN\c]KLETHJN\USMOWYWZMONPK'��b\U#�Pb-� �sFfWYb\UCETQXb\ICUGgyE � MOEYN\Q`UrgfQ XSM-�|NfEYKLb\gfQ`UGICQ`ULKCQjFfWYb\UGHJb
XrHJEYN\U EYN\gf^]F9Q]N\g\MONPKCQ5gfQDWZM �k^]HYXr^]KLICEYQ5c/.\HJETULETQ*, � MOETU HJN�c`HJN\ULK1MOKCQ@�Pb\Q�F9HJbfI bfN\Q&;|MOWTQ]bfI AV

�3
y^`Q*)kWTQ
�\b�
jUCHJILK1MONPKDQ`ULK�c`Q]F9Q]N\g\MONPKDFfWYb\U�EbXGF9HJILK1MONPK-g\MON\U�WTQ;c�MJU�gyb XrHPg3-]WTQ�XGE�
	K1QY,N[	Q]WTHJNwc`Q]KLKCQ(�k^`HYXr^]KLILETQ
Q]NGQ���QXKf) WTQ`U�U1HJbfICc`Q`U�g���^]XGETUCUCETHJNWTQ`U�FfWYb\U�FfICHPc/.\Q`U~gfQhWg��HJ[\UCQ]I�;JMOKCQ]bfI~N\Q�UCHJNPK�F7MJU�MObfK1MONPK�M���Q`c]KC^`Q`U�F7MOI
Wg��Q�
yKLEYN\c]KLETHJN7�Pb\Q-c`Q]WYWTQ`UhULEYKLb\^`Q`Uhg\MON\UiWTQ`Uic`HJb\c/.\Q`UiWTQ`UiFfWYb\UiFfICH-!}HJN\gfQ`Uc, � HJNPKLI1MOEYICQ]XrQ]NPK�;Wg� .>?	F9HJK�.+-`UCQ
gybqXrHPg3-]WTQ?g���^`c]I1MONoH��wK1HJbfKCQ`U-WTQ`U-UCHJbfICc`Q`UagfQ{I1M	?_HJNfN\Q]XrQ]NPK5ULbf[fETUCUCQ]N	KDWg��Q��vQ]Kag�� bfN\Q�X 0]XrQ�gfQ]N\ULEYKC^
gfQac`HJWTHJNfN\Q*)	Wg��^]XGETUCULETHJNjQ]NVULbfI�!�MJc`Qag\MON\UiWTQac�MJUhgyb\XrHPg3-]WTQ�XGE�
yKCQac`HJNPKLILEY[fb\QegfHJN\c ��gfHJNfN\Q]IhbfN �\b�




==, ��, � Q`ULbfICQ{g���Q�
	KLEYN\c]KLETHJNpQ]NwEYN#!}I1MOICHJb��kQ�XrH?_Q]N � �

U1HJILK1MONPKDFfWYb\U�EbXGF9HJILK1MONPKc,
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Fλ,inc. �
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AV
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�-^`c]EYFfICH �Pb\Q]XrQ]NPKc)�WTQGc`HYXGF9HJILKCQ]XrQ]NPK?ULEbXGEYWZMOEYICQrgfQ`U{Q��vQ]KCU{HJ[\UCQ]I�;_^`U;ULbfE";|MONPK{c/.7MJc]bfN\QrgfQ`U;gfQ]b�

.>?	F9HJK�.+-`UCQ`U��Pb7MONPK��sWZM �k^`HYXr^]KLILETQjgybPXGEYWYETQ]bqMO[\U1HJIL[7MONPKQ]NPKLI1M�)TN\QVWZMwFfI1^]U1Q]N\c`QVg�� bfN\Q�F9HJKCQ]NPKLETQ]WYWTQ
gf^$�k^]N\^]ICQ`U1c`Q]N\c`Q?WTHJICUagfQ�WZMrgf^]KCQ]IdXGEYN7MOKLETHJN�g�� bfN\Q?Q�
	KCE�N7cXKCEYHJN�g\MON\U-bfNoULF9Q`c]KLICQ?HJ[\UCQ]I�;_^�gfHJNfN\^*, � MOI
Q�
fQ]XGFfWTQ*)PbfN AV

gfQ +*��XSM-�|NfEYKLb\gfQ`U�g\MON\UhWg� .>?PF9HJK�.+-`U1Q5gyb\XrHPg3-]WTQ5g���^`c]I1MONVF9Q]bfK*0]KLICQaF7MOI�!RMOEYKCQ]XrQ]NPK
EbXGEYKC^sF7MOISbfN\QsQ�
yKLEYN\c]KLETHJN+gfQ = ��XSM-��g\MON\USWTQsc�MJgyICQsgyb$XrHPg3-]WTQqXGE�
yKCQ �(;kHJEYI ���|bfICQ ==, ��) KLEYICQ]KCU
Q]KeF9HJEYNPKLEYWYWT^`U4!a, � HJICU;gfQ?Wg� EYNPKCQ]ILFfIC^]K1MOKCETHJN�gfQ=N\H|U5IC^`UCbfWYK1MOKCU;ULbfI5Wg��Q�
yKLEYN\c]KLETHJN�XrQ`ULbfIC^`QGQXN�EYN#!}I1MOICHJb��kQ
XrH?_Q]N-) EYWac`HJN>;	ETQ]N\gyI1M�gfHJN\cpgfQw[fETQ]N+FfIC^`c]ETUCQ]IVWTQ`U6.>?PF9HJK�.+-`U1Q`U�gfQpgf^]F7MOILK �Pb7MONPK ��WZM �k^`HYXr^]KLILETQ
c`HJN\UCETgf^]IC^`Q*,

� MOW �|IC^Sc`Q`U�ULEbXGEYWZMOILEYKC^`U?Q]NPKLICQrWTQ`U�gfQ]b�
 .>?	F9HJK�.+-`UCQ`Uc)@HJNxN\HJKCQ]I1Mwc`Q]F9Q]N\g\MONPK �Pb-�nMOb�
�KLI#-`U !}HJILKCQ`U
Q�
yKLEYN\c]KLETHJN\Uc)�WTQVc`HYXGF9HJILKCQ]XrQ`NPKSMJU�?�XGFfKCHJKLE,�Pb\QVgfQ`UGQ��vQ]KCUc�MOI1MJc]KC^]ILETULKLE,�Pb\Q`UGgyb`XrHPg3-]WTQjg���^`c]I1MONqU1Q
gyETUCKLEYN��|b\Q=ICQ]WZMOKLE";_Q]XrQXN	K;[fETQXN�gfQc`Q]WYbfE~HJ[\UCQ]I�;_^=g\MON\UeWTQ=c�MJgyICQgybTXrHPg3-]WTQhXGE�
yKCQ7�(;_HJEYI����|bfICQ ==, �"!a,
� MON\U�WTQ;FfICQ]XGETQ]I-c�MJUDQ]NsQ��vQ]Kc)fWg��Q�
	KLEYN\c]KLETHJNsICQ`ULKCQeKCHJb:�LHJbfICUDKLI#-`U !RHJILKCQ]XrQ]NPKXSMOI#�Pb\^`Q�MObmNfE";_Q`MObsgfQ`U
gfQ]b�
�[7MON\gfQ`U�gfQiULEYWYETc�MOKCQ`U0�@��, . µ X&Q]K(Vc� µ X�) Q]K~MOKLKCQ]EYNPK�KLI#-`U I1MOFfETgfQ]XrQ]NPK�bfN?IC^$�|EbXrQhgfQ � U1MOKCbfI1MOKLETHJN �
MObfKCHJbfI~gfQhc`Q`U�gfQ]b�
?WYHJN��|b\Q]bfICU�g���HJN\gfQ*, � MON\U�WTQic�MJgyICQ�gyb�XrHPg3-]WTQ(XGE�
yKCQhQ]N?ICQ�;|MON\c/.\Q*)OWTQ]U�KLI#-`U !}HJILKCQ`U
Q�
yKLEYN\c]KLETHJN\U{HJNPK;FfWYbfKC�JK;KCQ]N\g\MON\c`Q���WYETUCUCQ]IeWTQGULF9Q`c]KLICQEYNfEYKLEZMOW�gfQhXSMONfE,-]ICQGFfWYb\U;HJb�XrHJEYN\U;bfNfE"!}HJIdXrQ
UCbfI=bfN\Q �|I1MON\gfQjFfWZM-�kQjULF9Q`c]KLI1MOWTQ*, � HJb\U ;_Q]ILICHJN\U=FfWYb\UWTHJEYN �(;kHJEYIF7M-�kQ .�VVQ]K ���|bfICQ ==,bVc+"!�bfN�c�MJU
F7MOILKLETc]bfWYETQ]I�H��Vc`Q`UigyE���^]ICQ]N\c`Q`U�c`HJN\c]I#-]KCQ`UhF9Q]b<;kQ]NPK*0]KLICQxXGETU(�{FfICH �\KhF9HJbfI !�M	;kHJILETUCQ]IiWg� bfN\QaHJb�Wg�nMObfKLICQ
gfQ`U;gfQ]b�
 �k^`HYXr^]KLILETQ`Uc)�Q]K{MOEYN\ULE3XGETQ]b�
oc`HJNPKLI1MOEYN\gyICQGWg��HJILE �|EYN\QGQ]K5WZMVgyETULKLILEY[fbfKLETHJNxgfQ=WZM�c`HYXGF9H|U�MONPKCQ
ICQ`UCF9HJN\U1MO[fWTQ{gfQ;Wg��Q�
	KLEYN\c]KLETHJN-,
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U1Q]N\ULEY[fWTQ]XrQ]NPKiFfWYb\UiFfICHJN\HJN\c`^`U�g\MON\U WTQ`Ui[7MON\gfQ`Uhg��nMO[\UCHJILFfKLETHJNjgfQ`UhULEYWYETc�MOKCQ`UD� ��, . µ X Q]K Vc� µ X �(;_HJEYI
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���|bfICQ`U ==, .�Q]K ==, �"!a, � ��Q`ULKSgfHJN\cwFfILEYN\c]EYF7MOWTQ]XrQ`NPKjMOb\KCHJbfI�gfQsc]Q`U�gfQ]b�
qWTHJN��|b\Q]bfICU�g-� HJN7gfQ �Pb-� bfN\Q
Q`ULKLEbXSMOKLETHJN �_b7MON	KLEYK1MOKLE";kQ=gfQ�Wg��Q�
yKLEYN\c]KLETHJN�F9HJbfILI1M 0]KLICQ?HJ[fKCQ]NPb\QGM	;kQ`c�WZMrF\W�b7U �|I1MON\gfQ?FfIC^`c]ETULETHJN-, ��N
I1MOETUCHJN�gfQrWZMwc`HJb<;_QXICKLbfICQSUCF9Q`c]KLI1MOWTQSgfQrN\H|U�HJ[\U1Q]I�;JMOKLETHJN\U � [�� ���$� Q]NPKLICQ � µ X Q]K�Vc��, � µ X�)@N\HJb\U
MOWYWTHJN\U�g��nMOEYWYWTQ]bfICU�ICQ`ULKLICQ]EYN\gyICQig+-]U XSMOEYNPKCQ]N7MONPK�N\HJKLICQhMON7MOW"?yUCQi�Dc`Q FfWYb\U@F9Q]KLEYK�gfHYXSMOEYN\QhgfQ !}IC^ �Pb\Q]N\c`Q`Uc)
Q]KDN\HJb\U-c`HJN\c`Q]NPKLICQ]I-FfWYb\UDF7MOILKLETc]bfWYE,-]ICQ]XrQ]N	KaULbfIDWg��Q�
	KLEYN\c]KLETHJNqXrQ`ULbfIC^`Q �|I1�Jc`Q��=WZM[7MON\gfQ�� ��, . µ X�,
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� ICQ]N\HJN\UrKCHJbfKrg��nMO[9HJICg�WTQmc�MJUGg�� bfN\Qm^]XGETU1ULETHJNlgfQVK�?	F9Q � c`HJNPKLEYNPbfb�X � ) gyb\QjF7MOIrQ�
yQ]XGFfWTQq�pWZM
c`HYXGF9H|U1MON	KCQ1=�[ � g�� bfN\QDIC^$�|ETHJN & ��� HJb	�ebfNSKCHJICQ-gfQ�F9HJb\UCUCE -]ICQ`UhMObfKCHJbfIig-� b\NrN\H?PMObVMJc]KLE"! , � HYXZXrQ
Wg� EYWYWYb\ULKLICQ{WZM ���|bfICQ ==, ��,nM�)fWZM=FfIC^`UCQ]N\c`Q{g�� bfNs^]WT^]XrQ]NPKaMO[\U1HJIL[7MONPKDWTQeI1M	?_HJNfN\Q]XrQ]NPKag�� bfN\Q;KCQ]WYWTQ;U1HJbfICc`Q
M;F9HJbfIiQ���Q]KigfQ-c]ICQ]b\UCQ]I bfN\Q-EbXGF9HJILK1MONPKCQagf^]FfICQ`U1ULETHJNVMObfKCHJbfIhgfQ�Vc� µ X�g\MON\U WZM;FfICQ]XGE,-]ICQ-[7MON\gfQagfQ`UUCE�WYETc�MOKCQ`Uf, � MON\U�WTQSc�MJU?gfQ`U�KLI#-`U !}HJILKCQ`U?Q�
yKLEYN\c]KLETHJN\Uc) HJN�F9Q]bfK�X 0]XrQSN\HJKCQ]I�b\N�WT^$�kQ]I �7^`c/.fETU1UCQ]XrQ]NPK
gyb�ULF9Q`c]KLICQ=HJ[\UCQ]I�;_^=MOb�
 �|I1MON\gfQ`U5WTHJN��|b\Q]bfICU;g���HJN\gfQ��SWg��Q�
	KLIC^]XGEYKC^gfQ?N\HJKLICQ=gfHYXSMOEYN\Q=UCF9Q`c]KLI1MOWg)9Q]K
FfICH;_H �Pb\^eF7MOIDWZMFfICH�
	EbXGEYKC^�gfQ;WZMgfQ]b�
yE,-]XrQ;[7MON\gfQ�� Vc� µ X�,

� Q]F9Q]N\g\MONPKc)7WTQ`UaQ���Q]KCU-g���Q�
yKLEYN\c]KLETHJNoUCHJNPK-[9Q�MOb\c`HJbfF�XrHJEYN\U-EbXGF9HJILK1MONPK1U5Q]NpgfQ .\HJICUagfQ�c`Q`U-gfQ]b�

!RQ]N+0]KLICQ`UDF7MOILKLETc]bfWYE,-]ICQ`Uc)7Q]KDWZM !RHJIdXrQeEYNfEYKLEZMOWTQ�gybwc`HJNPKLEYNPbfb=X Q`ULK�ICQ]WZMOKLE";_Q]XrQ]NPK-[fETQ]Nsc`HJN\UCQ]I�;k^`Q{g�� bfN\Q
F7MOILKGQ]N��zgfQ`UCUCHJb\UGgfQ � µ X�)�QXKGg��nMObfKLICQVF7MOILKGQ]NPKLICQTV�= µ X*Q]K V � µ X�, �~N�FfI1MOKLE,�Pb\Q*)�c`Q]KLKCQjgfQ]ILNfE,-]ICQ
c�MOI1MJc]KC^]ILETULKLE,�Pb\Q?F9Q]IdXrQ]KegfQ�ICQ]KLICHJb<;kQ]I5WZMrgyETULKLILEY[fb\KLETHJN�ULF9Q`c]KLI1MOWTQ?g���^]N\Q]I4�|ETQ?EYNPKLILEYN\U/- �_b\Qh�rWZMrU1HJbfICc`Q
g���^]XGETUCUCETHJN-)�Q]N�M���b\ULK1MONPK{F7MOI�Q�
fQ]XGFfWTQGbfN\QGWTHJE gfQGFfbfETUCU�MON\c`QrHJbxbfN\QGWTHJE gfQGK�?PF9Q � c`HJILF\U{N\HJEYI �SMOb
c`HJNPKLEYNPbfb�X gf^]KCQ`c]KC^mQ]NlgfQ .\HJICUrgfQ`UGgfQ]b�
�[7MON\g\Q]USgfQjULEYWYETc�MOKCQ`Uc, � N\QjQ`ULKLEbXSMOKLETHJN�gybqNfE";kQ�MOblg���Q�
	�
KLEYN\c]KLETHJN�F9Q]bfK 0]KLICQVMOWTHJICU?HJ[fKCQ]NPb\Q�Q]N �zICHJb��|ETUCU�MONPK �rc`Q]KLKCQSWTHJEigfQwXSMONfE,-]ICQ �jICQ]FfI1H_gfbfEYICQSWTQSULF9Q`c]KLICQ
EYNfEYKLEZMOWTQ]XrQ]NPK5HJ[\UCQ]I�;_^*,

� WYWYb\ULKLI1HJN\Uc`Q]KLKCQ\Xr^]K�.\HPgfQmg\MON\U=WTQVc�MJUgyb�N\H?_MOblMJc]KLE"!agfQVWZM �_MOWZM�
	ETQ ����� Vc�*�*��, � QVULF9Q`c]KLICQ
gfQwc`Q]K ��� � Q`UCKrQ]N�Q���Q]Krc�MOI1MJc]KC^]ILETU1^wF7MOIrbfN\QsMO[\UCQ]N\c`Q�XSMOI#�_b\^`QsgfQ`Ur[7MON\gfQ`U � � ��U �(;kHJEYI�MOb\UCUCE
c/.7MOFfEYKLICQ�+"! Q]K�MOFfF7MOI1M�)TK !}HJILKCQ]XrQ]NPK�gfHYXGEYN\^5F7MOIhWZM�FfIC^`UCQ]N\c`Q5g�� bfNjc`HJN	KLE�N	bfb�X c]ICHJETUCU1MONPK�ULb\IiKCHJbfKhWTQ
gfHYXSMOEYN\Q�gfQiWTHJN��|b\Q]bfICU~g-� HJN7gfQ�Q]NPKLICQ � µ X(Q]KDVc� µ X�, � HYXZXrQ�WTQiXrHJNPKLICQhWZM1���|bfICQ ==, ��, [-)ON\HJb\U�M	;kHJN\U
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α λ
1.5

(modele mixte)

Loi de puissance Fν α λ
1.7

b)

νLoi de puissance F NGC 1068 (spectre du noyau actif)

rougie par 7 mag d’extinction
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Ffb�M�� b\UCKCQ]I{c`QGc`HJNPKLEYNPbfb�X �jWg�nMOETgfQrg�� bfN\QGWTHJE�gfQGFfbfETUCU1MON\c`Q Fν ∼ λ1.7 ICHJb��|ETQGF7MOI{bfN\QGQ�
yKLEYN\c]KLETHJN
AV ∼ . XSM-��g\MON\U=WTQ�c�MJgyI1QVgybPXrH_g+-XWTQ	XGE�
yKCQVQ]K?WZMsWTHJE�gfQ � b\gyWTQ�? � � ?PNfN���� EYWYWYEZMzXrU � V�����.�!a,� HJb\UiICQ�;	ETQ]N\gyICHJN\Uc)yQ]N �\NjgfQ5c/.7MOFfEYKLICQ*)yULbfIhWg� EYNPKCQ]ILFfIC^]K1MOKLETHJNmF3.>?yULE,�Pb\QagfQ5c`QaIC^`ULbfWYK1MOK�g\MON\UiWTQ5c�MJgyICQ
g�� bfN\Q�gyETUCc]b\UCULETHJN �k^]N\^]I1MOWTQ�ULbfI�WTQ`UDQ�
yKLEYN\c]KLETHJN\UXrQ`UCbfIC^`Q`U-Q]NmEYN#!}I1MOICHJb��kQ�XrH?kQ]N-,
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� KLb\gyETHJN\U?XSMOEYNPKCQ]N7MONPK@WTQ�c�MJU�g�� bfN\Q�^]XGETU1ULETHJN�gfQ�K�?	F9Q � � � �hU ��c`HYXZXrQ�c`Q]WYWTQ�HJ[\U1Q]I�;k^`Q�Q]N�gyEYICQ`c]KLETHJN
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Q]K=MOWg,�+*�*��V� �-HJb\UCUCQ]W Q]KMOWg, +*�*��V�M�)?XSMOETU ;_HJEYI��hHJbfWZMJgfQ�Q]K=MOWg,iV����*�mF9HJbfI=c`Q]ILK1MOEYN\Q`U=gyE";_Q]I4�kQ]N\c`Q`U4!a,
� MP[	� � gfQ`UVIC^$�|ETHJN\U � � �-U�N\HJN M��vQ`c]KC^`Q`UVF7MOIVbfN\QpQ�
yKLEYN\c]KLETHJN gfQ`U�F9HJb\UCULE,-]ICQ`U ��F7MOIjQ�
yQ]XGFfWTQP&
����� .Y�*+��) � Q`U1MOI1U ^ ?qQ]KjMOWg,xV����*�Jc  � ��V �}gyETU/�_b\Q%!a) � MObfICQ]NPKTV������"!GF9Q]bfKVgfHJN\c 0]KLICQpc`HJN\ULETgf^]IC^`Q
c`HYXZXrQ-bfN\QD[9HJNfN\Q-ICQ]FfIC^`UCQ]NPK1MOKLETHJNjgyb�ULF9Q`c]KLICQ-EYNPKLILEYN\U#- �_b\QagfQ-c`Q`U�[7MON7gfQ`U N\HJNSETgfQ]NPKLE��7^`Q`Uc, ��Kig\MON\U
c`Q=c�MJUc)BbfN\Q=Q`ULKLEbXSMOKLETHJN�gfQ?Wg��Q�
	KLEYN\c]KLETHJN�g\MON7UaWTQ`U XGEYWYETQ]b�
 � � �-UeMO[\UCHJIL[9^`U5F9Q]bfK�0]KLICQ=HJ[fKCQ]NPb\Q=F7MOI
WZM�X 0]XrQ�Xr^]K�.\HPgfQ'�Pb\Qac`Q]WYWTQeQ�
	F9H|UC^`QaFfIC^`c`^`gfQ]XZXrQ]NPKf)yQ]N �zICHJb��|ETUCU1MON	K �-FfICH �|ICQ`UCULE";_Q]XrQ]NPK�WTQaULF9Q`c]KLICQ
c�MON\HJNfE,�Pb\Q�gfQ`U � � ��U�gfQ�XSMONfE,-]ICQ��=ICQ]FfICHPgybfEYICQ{WZM�[	� � HJ[\UCQ]I�;_^`Q*,
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Vc� µ X c`HY�RN\c]ETgfQ5c`Q]F9Q]N\g\MONPKDM	;kQ`c-bfN\XGEYNfEbX?b�X g���^]XGETUCULETHJNjgfQ`U � � ��U UCEYKLb\^-Q]NPKLICQaWTQ`U I1MOETQ`UD����, � µ XQ]KxV*V*, � µ X �(;_HJEYI�Q]N\c�MOILK(�5WZM$���|bfICQ8==, �"!a, � Q]KLKCQ-c�MOI1MJc]KC^]ILETULKLE,�_b\Q-Q`UCK~EYNPKLILEYN\U#- �Pb\Qx�5WZM�[	� � gfQ`U � � �hU
EYN\gf^]F9Q]N\g\MzXwXrQ]NPK;gfQ{K1HJbfKaQ���Q]Kag-� Q�
yKLEYN\c]KLETHJN-, � HYXZXrQ?Wg��HJNPK !RMOEYKaICQ]XSMOI#�_b\Q]I��'��b\ULKCQ{KLEYKLICQ?�! JICULKCQ]I
[	c/.fICQ]EY[9Q]IQ]KMOWg,��t+*�*��"!]) U1MmFfIC^`UCQ]N\c`Q�g7MON\U�WTQ`U?ULF9Q`c]KLICQ`U=gfQ �_MOWZM�
	ETQ`U?F9Q]bfK=gfHJN\c 0]KLICQ !�MOb\UCUCQ]XrQ]NPK
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IC^`ULb\W�K�MOKCU�gfQ;�� JICUCKCQ]Ix[	c/.fICQ]EY[9Q]I-Q]KDMOWg, �t+*�*��"!a)3�PbfE�HJNPK�gf^`gybfEYKx�=F7MOILKLEYIDg�� bfN\Q'.>?PF9HJK�.+-`U1QegyE���^]ICQ]NPKCQ
UCbfI WZM !}HJIdXrQ�gybc`HJNPKLEYNPbfb�X gfQ`U�=�[ � U bfN\Q�Q�
	KLEYN\c]KLETHJN*�|WTHJ[7MOWTQ�gfQ ∼ ��XSM-�;M	;_Q`cibfNhXrHPg3-]WTQ�g���^`c]I1MONQ]KDWZM=WTHJE@gfQ � bfK�� � V������"!a,

� $'&)(+*�,.&)(0/:*2� 68=0�8,.&)( ���

%|b\U#�Pb-� �FfIC^`UCQ]NPKc)fN\HJb\UaM	;_HJN\UDc`HJN\ULETgf^]IC^ �_b-� bfN7Q{Q�
	KLEYN\c]KLETHJNsbfNfE,�Pb\Q�M��vQ`c]K1MOEYK �=WZM !}HJETU�WTQ{c`HJNPKLE��
NPbfb�X�FfICH;_Q]N7MONPKigfQ�Wg��^]XGETUCULETHJN�gfQ`U~KLI#-`U�F9Q]KLEYKCU �|I1MOEYN\U Q]K�WTQDULF9Q`c]KLICQ-c�MON\HJNfE,�_b\Q-gfQ`U � � �hUf, � Q �kQ]NfICQ
g�� .>?	F9HJK�.+-`UCQUc�nMOFfFfWYE,�Pb\Q?F7MOI�!RMOEYKCQ]XrQ]NPK;[fETQ]N�g\MON\U5WTQ=c`MJgfICQ=gfQ?WZM �k^`HYXr^XKCILETQgybWXrHPg3-]WTQg���^`c]I1MON�UCE
Wg��^]WT^]XrQ]NPKhMO[\UCHJIL[7MONPK Q]UCK~ULEYKLb\^�Q]NSM	;JMONPK ��FfWZMONSgfQ�Wg��Q]N\UCQ]X?[fWTQDgfQ`U�UCHJbfICc`Q`U�g���^]XGETUCULETHJNrQ]K M���Q`c]KCQDMOEYN\ULE
WTQ`U-gfQ]b�
mc`HYXGF9H|U1MONPKCQ`U � � � ��U �5Q]K � c`HJNPKLEYNPbfb�X �?M	;kQ`c;WZMhX 0]XrQ�gfQ]N\ULEYKC^{gfQ;c`HJWTHJNfN\Q*,

� MON7Uhg��nMObfKLICQ`U�ULEYKLbBMOKLETHJN\U�c`Q]F9QXN7g\MONPKc)yc`Q`UhgfQ]b�
SK�?	F9Q`Uhg���^]XGETUCULETHJNjF9Q]b<;kQ]NPK�MOb\U1ULEB[fETQ]NVFfICH;kQ]NfEYI
gfQ�IC^$�|ETHJN\U�c`HYXGFfW,-]KCQ]XrQ`NPKigyETULKLEYN\c]KCQ`Uc)|Q]K 0]KLICQDMOEYN\ULE\UCHJb�XGETU��egfQ`U~Q���Q]KCU~g���Q�
yKLEYN\c]KLETHJNrKLI#-`U�gyE��v^]ICQ]NPKCUc)
EYN\gf^]F9Q]N\g\MzXZXSQ]NPKigfQ�WZM �k^`HYXr^]KLILETQ-gybZXGEYWYETQXb�MO[\U1HJIL[7MONPKc, �aNGF9Q]bfK�Uc��Q]NGICQ]N\gyICQDc`HYXGFfKCQDgfQDXSMONfE,-]ICQ
�Pb7MOWYEYK1MOKLE";_QoQ]N HJ[\UCQ]I�;JMONPKjF7MOIjQ�
fQ]XGFfWTQoWTQoULF9Q`c]KLICQ�gfQpWZM�UCHJbfICc`Q � gybtU�?yULK#-]XrQoQ]N EYNPKCQ]I1MJc]KLETHJN
� ILFx+�����)vFfIC^`UCQ]NPKC^w��WZM6���|bfICQ ==,bVc+�,��aN�?sN\HJKCQQ]NxQ��vQ]KebfN7Q^]XGETUCULETHJN�ICQ]WZMOKLE";kQ]XrQ]NPK�c`HJN\UC^ �Pb\Q]NPKCQ
��V � µ X�)�M	;kQ`c=c]Q]F9Q]N\g\MON	KebfN\Q=U1MOKLbfI1MOKLETHJN�gfQ?Wg�nMO[\UCHJILFfKLETHJN�g\MON\U5WZMr[7MON\gfQgfQ`U5ULEYWYETc�MOKCQ`U�� ��, . µ X�,� Q]KLKCQ !RHJIdXrQigfQD[	� � EbXGFfWYE,�_b\Q �k^]N\^]I1MOWTQ]XrQ]N	K~gfQ`U�Q�
	KLEYN\c]KLETHJN\U�gfQ FfWYb\UCETQ]bfICU�gyE � MOEYN\Q`U�gfQ�XSM-�|NfEYKLb\gfQ`U
g\MON\U�WTQDc`HJNPKLEYNPbfb�X�, � MOETU�HJNrICQ]XSMOI#�_b\Q-^$�_MOWTQ]XrQ]NPK bfN\QDc`HJNPKLILEY[fbfKLETHJN�FfICHJN\HJN\c`^`Q-gfQ`U � � �hUf)JgfHJNPK�WZM
!RHJIdXrQ(�|WTHJ[7MOWTQ;gfQ�;	I1MOEYK�F9HJbfILK1MONPK@0]KLICQe[9Q�MOb\c`HJbfFsFfWYb\U�WYETUCU1^`QeULE�Q]WYWTQ`UD^]K1MOETQ]NPK-MObfK1MON	KDHJ[\UCc]bfICc]ETQ`U@�_b\Q
WTQ`U-KLI#-`UDF9Q]KLEYKCU �|I1MOEYN\U �(;_HJEYI1���|bfICQ ==,bVc�"!a, � Q]KLKCQ�FfIC^`UCQ]N\c`Q�XSMOI#�Pb\^`Q�gfQ`U-[7MON\gfQ`U-N\HJNsETgfQ]NPKLE��7^`Q`Uc)BQ]K
FfWYb\UaF7MOILKLETc]bfWYE,-]ICQ]XSQ]NPKeWZMSgf^]KCQ`c]KLETHJN�ULE �|NfE��7c�MOKLE";kQ=gfQ�WZMrI1MOETQ���V*V*, � µ X!ULE@F\ICHPc/.\Q?gfQ�WZMr[7MON\gfQ=gfQ`UUCE�WYETc�MOKCQ`Uf)OWZMOETUCUCQ�gfHJN\c�ULbfFfF9H|UCQ]I �_b\QhWg��Q�
yKLEYN\c]KLETHJNSgfQ�c`Q]KLKCQ�c`HYXGF9H|U1MONPKCQ � � � �hU��iQ`ULK~Q]N !RMOEYK�[9Q�MOb\c`HJbfF
FfWYb\U !RMOEY[fWTQ �_b\Q�c`Q]WYWTQVgyb�c]HJN	KLEYNPbfb�X*gfQ`U =�[ � Uc)@Q]K��_b-� EYWhQ`UCK=MOWTHJICU=N\^`c`Q`UCU1MOEYICQVgfQVc]HJN7ULETgf^]ICQ]IgfQ`U
;|MOWTQ]bfICU AV

gyE��v^]ICQ]NPKCQ`UaQ]N !RHJN\c]KLETHJNsgybwK�?PF9Q{g���^]XGETUCULETHJNsc`HJN\UCETgf^]IC^*,
� � bfNSF9HJEYNPK gfQ8;	b\Q�FfWYb\U �Pb7MONPKLEYK1MOKLE"! )_c`Q]KLKCQDgfQ]ILNfE,-]ICQDICQ]XSMOI#�Pb\Q-UCQ]X?[fWTQDg��nMOEYWYWTQ]bfICU KLICHJb<;_Q]IiMOFfFfbfE

g\MON\U=WTQ !�MOEYK �Pb\QSWZMsWYEY[fI1MOEYILETQjgfQ`UZ[	� � U=FfIC^`c`^`gfQ]XZXrQ]NPKrc]IC^`^`Q`U=F9HJbfI^]KLb\gyETQ]IWZM �_MOWZM�
yETQ � �*+wN\Q
N\HJb\UaM=F7MJU�F9Q]IdXGETU-g���HJ[fKCQ]NfEYIDbfNpM�� b\ULKCQ]XrQ]NPK-U1MOKCEYU4!RMOETU1MONPKDg\MON\UDWTQ;c�MJUDgfQeWZMU1HJbfICc`Q � gybsU�?	UCK#-]XrQ
� ILFx+�����, � HJb\I�KLI1MOEYKCQ]I~FfICHJFfICQ]XrQ]NPK c`QiFfICHJ[fW,-]XrQDg���Q�
	KLEYN\c]KLETHJNrU1^]WTQ`cXKCE ;_Q*)ON\HJb\U�M	;_HJN\U�gfHJN\c�c]HYXGF\WY^]KC^
N\HJKLICQh[fEY[fWYETHJK�.+- �Pb\Q�gfQhULF9Q`c]KLICQ`U~ULEbX?bfWT^`U~QXNrMOFfFfWYE,�_b7MON	K~c`Q]KLKCQ !RHJETU �zc]EygfQ]b�
?NfE";kQ�MOb�
=gfQiICHJb��|EYU1UCQ]XrQ]NPK
EYN\gf^]F9Q]N\g\MONPK1U g7MON\U~WZMec`HYXGF9H|U1MONPKCQ-gfQ`U~[7MON\gfQ`U Q]K�c`Q]WYWTQDgybrc`HJNPKLEYNPbfb�X �(;_HJEYI�^$�_MOWTQ]XrQ]NPKi_@I1MONSQ]K MOWg,
+*�*��V%!a, � MON7U5WTQ=c�MJU;gfQ`UegyE���^]ICQ]NPKCQ`U;UCHJbfICc`Q`U;gfQ � ILFx+�����)vc`Q]KLKCQN\HJb<;kQ]WYWTQGMOFfFfICHPc/.\QN\HJb\U{MSF9Q]IdXGETU
g���HJ[fKCQ]NfEYIVgfQ`U�M�� b\ULK1QaXrQ]N	KCUr[9Q�MOb\c`HJbfF�F\W�b7UrIC^�MOWYETULKCQ`U6�Pb\Qmc`Q]b�
 �_b7QjN\HJb\U�MObfILETHJN\U�gf^`gybfEYKCU�g\MON\U
Wg� .>?	F9HJK�.+-`UCQ�g�� bfN\Q�Q�
	KLEYN\c]KLETHJNrbfNfE"!}HJIdXrQ*, � H|U�IC^`ULbfWYK1MOKCUc)OEYWYWYb\UCKLIC^`U~ULbfI�WZM@���|bfICQ ==,bVc+�)|UCQ]ICHJNPK~gfEYU1c]bfKC^`U
FfWYb\U-Q]Nsgf^]K1MOEYW �=WZMGUCQ`c]KLETHJN ==, ==,



==, ��, � Q`ULbfICQ{g���Q�
	KLEYN\c]KLETHJNpQ]NwEYN#!}I1MOICHJb��kQ�XrH?_Q]N � �

Continuum :

Av ~ 40 mag (ecran)
70% du flux total

T ~ 230K

Continuum :

T ~ 300K
Av ~ 60 mag (mixte)
85% du flux total

Continuum :

T ~ 230K
Av ~ 10 mag (ecran)
55% du flux total

Source B1Source A

Source C
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AV
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� HYXZXrQVN\HJb\U=Wg�nM	;	ETHJN\Ugf^ ���sICQ]XSMOI#�_b\^ �|I��Jc]QmMOb�
 ���|bfICQ`U ==, .pQ]K ==, ��)�gfQ`UQ���Q]KCUg���Q�
	KLEYN\c]KLETHJN
UCEbXGEYWZMOE�I1Q]UaULbfI�WTQ;g\HYXSMOE�N7Q{ULF9Q`c]KLI1MOW � � Vc� µ X F9Q]b<;kQ]NPKac]HJN7gybfEYICQ � � b\U/�_b-� �=bfN\Q{c`Q]ILK1MOEYN\Q{WYE XGEYKCQ � �
gfQ`U&;JMOWTQ]bfICU AV

[fETQ]NsgyE���^]ICQ]NPKCQ`U-UCQ]WTHJN �_b\Q;Wg��HJNsUCQeFfWZMJc`Q{g\MON\UDWTQ;c�MJgyICQ{gyb�XrHPg3-]WTQ�g���^`c]I1MONsHJbsgyb
XrHPg3-]WTQ\XGE�
yKCQ*, � HJbfI=WZM�Xr^]K�.\HPgfQVgfQ�gf^`c`HYXGF9H|ULEYKLETHJNqgfQ`U=ULF9Q`c]KLICQ`U � [�� ����� XrQ]NPKLETHJNfN\^`QVFfIC^`c`^��
gfQ]XZXrQ]NPKc)7c`Q`c]E�c`HJN\gybfEYKDgfHJN\c��=WZM?FfIC^`U1Q]N\c`Q;g�� bfN\QeF9HJKCQ]NPKLETQ]WYWTQ�gf^$�k^]N\^]ICQ`UCc`Q]N\c`Q{WYEY^`Q��=Wg� EYN\c`Q]ILKLEYKLb\gfQ
UCbfI�WZM �k^`HYXr^]KLILETQ?gyb XGEYWYETQ]boMO[\UCHJIL[7MONPKc,

� QeK�?	F9Q;gfQ;gf^$�k^]N\^]ICQ`UCc`Q]N\c`Q?Q`ULK�EYWYWYb\ULKLIC^{ULbfI�WZM ���|bfICQ ==,bV���, � Q]WYWTQ��zc]E-XrHJNPKLICQ{Q]NsQ��vQ]K-c`HYXZXrQ]NPK
WTQ;ULF9Q`c]KLICQ � � Vc� µ X gfQeWZM=UCHJbfICc`Q � �fgfQ � ILFx+����=F9Q]bfK10]KLICQ{M���b\ULKC^;MOb\UCUCEv[fETQ]Nwg\MON\U�Wg� .>?PF9HJK�.+-`UCQ{gybXrHPg3-]WTQ;g���^`c]I1MON �Pb\Q5c`Q]WYWTQ;gyb XrHPg3-]WTQ XGE�
yKCQ*)�XSMOETUDM	;_Q`cabfN7Qegf^`c`HYXGF9H|ULEYKLETHJN � � � ��U � c`HJNPKLEYNPbfb�X �
Q]K�gfQ`U0;JMOWTQ]bfICU�g���Q�
yKLEYN\c]KLETHJN=[fETQ]N=gyE���^]ICQ]NPKCQ`U�g\MON\U WTQ`U gfQ]b�
?c�MJUc,f�qc`Q`U@WTHJN��|b\Q]bfICU�g���HJN\gfQ*) EYW	c`HJN>;PETQ]NPK
gfHJN\c;gfQ5[fETQ]NmFfICQ]N\gyICQ;Q]Nmc`HYXGFfKCQeWg� EYN �\b\Q]N\c`Q{c]ILb\c]EZMOWTQ;gfQeWZM �k^`HYXr^XKCILETQ;c/.\HJETULETQeF9HJbfI1�_b7MONPKLE��7Q]I�WTQ`U
F3.\^]N\HYX -]N\Q`UGg���Q�
yKLEYN\c]KLETHJN�HJ[\UCQ]I�;_^`U7�}HJN�N\HJKCQ]I1MsKCHJbfKCQ0!}HJETU��_b\QSWZMwFfICHJF9HJILKLETHJN�ICQ]WZMOKLE";kQVgfQ�c/.7M:�Pb\Q
c`HYXGF9H|U�MONPKCQ�MOb �\b�
+KCHJK1MOW;Q]NPKLICQ � µ X Q]KTVc� µ X$Q`ULK7�Pb7MJULEbXrQ]NPKjEYN\gf^]F9Q]N\g\MONPKCQ�gfQpWg� .>?	F9HJK�.+-`UCQ^]K1MO[fWYETQ%!a,



��� � MOILKLETQ ��� � .7MOFfEYKLICQ ==, � ��Q�
yKLEYN\c]KLETHJNsF7MOIDWTQ`U�F9HJb\U1ULE,-]ICQ`U

Av (UIBs) ~ 0 mag (ecran) Av (UIBs) ~ 50 mag (mixte)

Av ~ 50 mag (ecran)

Continuum : Continuum :

50% du flux total55% du flux total
Av ~ 140 mag (mixte)

T ~ 170KT ~ 230K
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� Q]KLKCQigf^$�k^]N\^]ICQ`UCc`Q]N\c`QhF9Q]bfK 0]KLICQic`Q]F9Q]N\g\MONPK�WTQ�;_^`Qig\MON\U WTQic�MJU gfQ`U KLI#-`U�!}HJILKCQ`U�Q�
	KLEYN\c]KLETHJN\Uf) H��?WTQ`U
Q���Q]KCU �|WTHJ[7MOb�
mgyb XrHPg3-]WTQ{g���^`c]I1MONsQ]KDgyb XrHPg3-]WTQ�XGE�
yKCQ;gfQ�;PETQ]NfN\Q]NPK-UCQ]N\UCEY[fWTQ]XrQ]NPKDgyE���^]ICQ]NPKCU �(;_HJEYI
���|bfICQ ==, �"!a, � MON\U-WTQ�c�MJUagfQ{WZMrUCHJbfICc`Q�� V�gfQ � ILFx+����GF7MOI5Q�
yQ]XGFfWTQ*)BUCQ]bfWTQ{Wg� .>?	F9HJK�.+-`UCQ?gybqXrHPg3-]WTQ
XGE�
yKCQsN\HJb\UjMxF9Q]IdXGETUVg���HJ[fKCQ]NfEYIjbfNtM�� b\ULKCQ]XrQ]NPKjU1MOKLETU�!�MOETU1MONPKA�(;kHJEYI6���|bfICQ ==,bVc+"!a)ic`HJNPKLI�MOE�I1QaXrQ`NPK
MOb�
pc�MJUegfQ`U;MObfKLICQ`UeUCHJbfICc`Q`Uegyb�U�?yULK#-]XrQ�F9HJbfI5WTQ`U/�_b\Q]WYWTQ`UegfQ`Uegf^`c`HYXGF9H|ULEYKLETHJN\U$�BMO[fWTQ`U;HJNPK5FfbA0]KLICQ
Q���Q`c]KLb\^`Q`UDEYN\gyE���^]ICQ]XZXrQ]NPK5M	;_Q`ceWg� bfN\Q�HJbmWg�nMObfKLICQ�gfQ`UDgfQ]b�
 �k^`HYXr^]KLILETQ`Uf,

� *�� �-�8*-,%� �-� =03?=0/�("�"!#�%$'&)(+*-,.&)( /:*

� Q?c/.\HJE�
pgfQ�WZMrWTHJE�g���Q�
yKLEYN\c]KLETHJNoF9Q]bfK'0]KLICQ?^$�_MOWTQ]XrQ]NPK;c]ILb\c]EZMOW�F9HJbfI5Q`ULKLEbXrQ]I'�_b7MONPKCE�K�MOKLE";kQ]XrQ]NPK
WTQ;ICHJb��|ETUCUCQ]XrQ]NPKag�� bfNsULF9Q`c]KLICQ�gfHJNfN\^6� �Pb\Q;c`Q{UCHJEYKDQ]NwEYN#!}I1MOICHJb��kQ�XrH?_Q]NsHJbpMOb�
wMObfKLICQ`UDWTHJN��|b\Q]bfICU
g���HJN\gfQ%!a, � HJbfIVWg�nMON7MOW"?	U1QsgfQ`UVULF9Q`c]KLICQ`U � [�� ���$� FfIC^`UCQ]NPKC^`U�FfWYb\U .7MObfKc) N\HJb\U�N-�nM	;kHJN\UVc`HJN\ULETgf^]IC^
��b\U#�Pb-� �GFfIC^`UCQ]NPK$�Pb\Q�WZMGWTHJE�gfQ � b\gyWTQ�? � ��?	NfN����+EYWYWYEZMzXrU� V�����.�!a, � Q]WYWTQ��zc]E~Mr^]KC^=QXNoQ���Q]K5gf^`gybfEYKCQ
gfQ5Wg��HJ[\UCQ]I�;|MOKLETHJNwgfQ`U�[7MON\gfQ`U�gfQeUCEYWYEYc�MOKCQ`UDg\MON\U�c`Q]ILK1MOEYN\Q`U �_MOWZM�
	ETQ`U�EYN#!�I1MOICHJb��kQ`Uc)fQ]K�Uc�nMOFfFfWYE,�Pb\QegfHJN\c
F7MOI�!�MOEYKCQ]XrQ]NPK-[fETQ]N��N\H|UDHJ[��LQ]KCUD^]KLb\gyET^`UDETc]Eg,

� W%!�MObfK{c`Q]F9QXN7g\MONPK{N\HJKCQ]I �_b\QWTQ`U{MObfKLICQ`U{WTHJETU;c`HJbfI1MzXZXrQ]NPK�bfKLEYWYETUC^`Q`U �}Q*, �=, ) � MOK�.fETUZV����*�� � bfK��
V������� � E � � I�MOE�N7Q(+*�*��V%!@c`HJN\gybfETUCQ]NPK~^0�_MOWTQ]XrQ]NPKL�-gfQ KLI#-`U [9HJN\U~M�� b\ULKCQ]XrQ]NPKCU�gfQ`U�ULF9Q`c]KLICQ`U��Pb\Q N\HJb\U
M	;_HJN\UeHJ[\UCQ]I�;_^`U�RMObTXrHJEYN\U���b\U#�Pb-� �qV�= µ X !a)�M	;kQ`cgfQ`Uegf^`c`HYXGF9H|ULEYKLETHJN\U��z[7MON\gfQ`U � c`HJNPKLEYN	bfb�X �Q]K
gfQ`U ;JMOWTQ]bfICU g���Q�
	KLEYN\c]KLETHJN�c`HYXGF7MOI1MO[fWTQ`UD�ec`Q]WYWTQ`U HJ[fKCQ]NPb\Q`U g\MON\U�WTQ�c�MJU�g\Q�WZM5WTHJE7gfQ � b\gyWTQ�? � � ?PNfN��
� EYWYWYEZMzXrU� V�����.�!a, � Q?N-��Q`ULK'�_b-�nMOb��zgfQ]WS�VgfQ ∼ V�= µ X�)9Q]Keg\MON\UaWTQ=c�MJU5gfQ`UaKLI#-`U !}HJILKCUaICHJb��|ETU1UCQ]XrQ]NPKCUc)
�Pb\QVgfQ`UgyE���^]ICQ]N\c`Q`UN\HJKCHJEYICQ`UF9Q]b<;_Q]NPK0]KLICQjHJ[\UCQ]I�;k^`Q`UGQ]NPKLICQVWTQ`UQ��vQ]KCU=FfI1H_gfbfEYKCUF7MOI=WTQ`UGgyE";kQ]ICUCQ`U
WTHJETUc)BN\HJK1MzXZXrQ]NPK{g\MON\U5WZM/!�M��`HJN�gfQ?KLI1MOEYKCQ]I5WZMSF7MOILKLETQ � c`HJbfILKCQ`U5WTHJN��|b\Q]bfICU;g���HJN\gfQ �=gfQ?WZMSgfQ]b�
yE,-]XrQ
MO[\U1HJILFfKLETHJNGF7MOI~WTQ`U~ULEYWYETc�MOKCQ`U��hVc� µ X �(;_HJEYI����|bfICQ ==,bV�= !a, � HJbfI�c`Q`U~c�MJU~F7MOILKLETc]bfWYETQ]ICUc)|WZMaWTHJE\gfQ � b\gyWTQ�?
� ��?	NfN���� EYWYWYETMzXrU7� V�����.�!eF7MOI1M�)TK=MOWTHJICU�WZMmFfWYb\U?MOFfFfICHJFfILET^`Q*) FfbfETU#�_b-��Q]WYWTQSU1Q]bfWTQrUCQ]X?[fWTQrF9Q]IdXrQ]KLKLICQ
bfN\Q;ICQ]FfICHPgyb\c]KLETHJN �7g3-]WTQ{gfQeWZM !RHJIdXrQ(�|WTHJ[7MOWTQ�gfQeN\H|UDULF9Q`c]KLICQ`U��=Wg��Q4
yKLIC^]XGEYKC^�gfQ`U � =5�7U ��Eg, Q*,b)\Q]NPKLICQ
V�= µ X Q]K�Vc��, � µ X !a,
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� HJbfI�cXWTHJICQ5c`Q]KLKCQaUCQ`c]KLETHJN-)PN\HJb\UiXrQ]NPKLETHJNfN\Q]ICHJN\U�Q]N��\N�bfN\Q-EYN\c`Q]ILKLEYKLb\gfQeULbfFfFfWT^]XrQ]NPK1MOEYICQ5WYET^`Q5MOb�

gyE���^]ICQ]NPKCU !}HJIdXSMOWYETUdXrQ`U �k^]N\^]I1MOWTQ]XrQ]NPK�bfKLEYWYETU1^]U{F9HJbfI{UCEbX?bfWTQ]I;Wg��^]XGETUCULETHJN�gybxc`HJNPKLEYNPbfb�X gfQ`U�=�[ � U
HJbqg�� bfN �x��� , � QXKCKCQj^]XGETUCULETHJN�F9Q]bfK0]KLICQjQ]NqQ4��Q]K=ICQ]FfICHPgybfEYKCQq�sWg�nMOETgfQjgfQVgyE���^]ICQ]NPKCQ`U !}HJN7cXKCEYHJN7U
c`HYXZXrQ=WTQ`U5WTHJETUegfQ?Ffb\EYU1U1MON\c`Q=HJb�WYQ`U5WTHJETUegfQc`HJILF\U5N\HJEYI� ;kHJEYIe^$�_MOWTQ]XrQ]NPK;F7M-�kQZ�*�"!a, � MOETUaWTQ=c/.\HJE�

gfQmc`Q`UrgyE";kQ]ICU1Q`UICQ]FfIC^`UCQ]NPK1MOKLETHJN\U�Q`ULKGQ]N !�MOEYKrMJUCUCQ �sMOIL[fEYKLI1MOEYICQ*, � MON\UGWTQjc�MJUrgfQ`UIC^$�|ETHJN\U6& ��� F7MOI
Q�
fQ]XGFfWTQ*)vWTQ`U �|I1MOEYN\UeICQ`UCF9HJN\U1MO[fWTQ`U;gyb�c`HJNPKLEYNPbfb�X UCHJNPK;c/.7MOb��v^`UeKLI1MON\UCEYKCHJEYICQ]XrQ]NPK;FBMOIeWTQ`U5F3.\HJKCHJN\U
� =&Q]K�N-�nMOKLK1QXE �|N\Q]N	K �LMzXSMOETUDbfNs^ �PbfEYWYEY[fICQ;K�.7QXI�XGE �Pb\Q*, � M�XrHPgf^]WYETU1MOKLETHJNogybsc`HJNPKLEYNPbfb�X F7MOI-bfN\Q;WTHJE
gfQ?c`HJILF\U-N\HJEYI �GKCQ]XGF9^]I1MOKLbfICQ?bfNfE,�_b7QY)7F9HJbfILK1MONPKeQ#"Sc�MJc`Q?ULbfI-WTQ{FfWZMONpFfI1MOKLE,�_b\Q*)7N-�nMSgfHJN\c�F7MJU-KLICHJF
gfQ;IC^�MOWYEYKC^;F+.>?	ULE,�Pb\Q;g\MON\U-c`Q;c�MJUDFfIC^`c]ETUc,

�~Nwc`Q��_bfE�c`HJN\c`Q]ILN\Q;Wg��^]KLb\gfQ;gfQeN\H|UDULF9Q`c]KLICQ`U � =e�\Uf)PEYW�UCQ]X?[fWTQ;gfQeFfWYb\U1�_b\QeWTQ5I1MOFfF9HJILK-ULE �|N7MOW?�
[fILbfEYKaN\Q�UCHJEYKDF7MJUaULb�"SU�MzXZXrQ]NPKa^]WTQ�;_^{F9HJbfI-F9Q]IdXrQ]KLKLICQ=gfQ;IC^`Q]WYWTQ]XrQ]NPKec`HJNPKLI1MOEYN\gyICQ?WTQ{K�?PF9Q�gfQ !}HJI �
XSMOWYETU�XrQ{c�MOI1MJc]KC^]ILETU�MONPK5MObqXGETQ]b�
mWZM !}HJIdXrQ{EYNPKLILEYN\U#- �Pb\Q{gybpc`HJNPKLEYNPbfb�X ��WZMGUCQ]bfWTQ�.>?	F9HJK�.+-`UCQ�UCHJWYETgfQ
c`HJN\c`Q]ILN\QeU1M{c`HJNPKLEYNPbfEYKC^ec]ICHJETUCU1MONPKCQeM	;kQ`c-WZM{WTHJN��|b\Q]bfI�g���HJN\gfQ*)	c`Q��_bfEBF9Q]IdXrQ]K�g��nMOEYWYWTQ]bfICUhbfN\QaQ`ULKLEbXSM��
KLETHJN�c]IC^`gyEY[fWTQgfQ�Wg��Q�
	KLEYN\c]KLETHJN ;	EZMrWZMSgf^]FfICQ`UCULETHJNWXrQ`ULbfIC^`Q=g\MON\U5WTMS[7MON\gfQ=gfQ`U5ULEYWYETc�MOKCQ`U4!a, � b\UCULEg)\WTQ`U
M���b\ULKCQ]XrQ]NPKCU5gfQ`U5c`HJNPKLEYNPbfb�XrU'�Pb\Q�N\HJb\UeM	;kHJN\U5HJ[fKCQ]NPb\UaFfIC^`c`^`gfQ]XZXrQ]N	KeN\Q�g\HJE ;_Q]NPK$0]KLICQ?EYNPKCQ]ILFfIC^��
KC^`Uf)\gfQ(!RM��`HJNoMO[\UCHJWYb\Q*) �_b?��M;kQ`c;[9Q�MOb\c`HJbfFogfQ;FfILb\gfQ]N\c`Q*, � Q`U-c`HYXGF7MOI1MOETUCHJN\U$�_b7MOWYEYK1MOKLE";_Q`U-Q]NPKLICQ{WTQ`U
gyE���^]ICQ]NPKCQ`U=gf^`c`HYXGF9H|UCE�KCEYHJN7UHJ[\UCQ]I�;_^`Q`U�F9Q]b<;_Q]NPK?F7MOI=Q�
yQ]XGFfWTQ�N\HJb\U�ICQ]N\UCQ]E �|N\Q]IULbfI�WTQ`U ;JMOILEZMOKLETHJN\U
gfQ`U c`HJN\gyEYKLETHJN\UiF3.>?	UCE,�_b\Q`U g�� bfNSQ]N>;	EYICHJNfN\Q]XrQ]NPKD�eWg�nMObfKLICQ*) XSMOETU�[9Q�MOb\c`HJbfF�FfWYb\U gyE "Sc]EYWTQ]XrQ]NPKhULbfI�WZM
F3.>?yULE,�Pb\Q�X 0]XrQegfQ`UhFfICHPc`Q`UCULb\U�g-� ^]XGETU1ULETHJN���Wg��deb<;PICQeg\MON\U�c`Q`U(XGEYWYETQ]b�
A�(;_HJEYI�gyETUCc]b\UCUCETHJNjc]E�� MOFfI#-`U4!a,



��� � MOILKLETQ ��� � .7MOFfEYKLICQ ==, � ��Q�
yKLEYN\c]KLETHJNsF7MOIDWTQ`U�F9HJb\U1ULE,-]ICQ`U

�BMJc]Qi�hWg� EbXGF9H|U1ULEY[fEYWYEYKC^ gfQ ��b\ULKLE��7Q]I�Wg��HJILE �|EYN\Q�F3.>?yULE,�Pb\Q~g�� bfN�K�?PF9Q�gfQ�!RHJN\c]KLETHJN?gfHJNfN\^~FfWYbfKC�JK �Pb-� bfN
MObfKLICQ*)�N\HJKCHJN7U �Pb\Qrc`Q]ILK1MOEYN\U=MObfKCQ]bfICU?HJNPK�FfIC^0!}^]IC^rICQ�;_Q]NfEYI��wgfQ`U{ICQ]FfIC^`UCQ]NPK1MOKLETHJN\U !RHJIdXrQ]WYWTQ`U{KCHJb\KCQ`U
UCE XGFfWTQ`Uf)_c`HYXZXrQ5gfQ`UiWTHJETUigfQ-FfbfETUCU�MON\c`QxXrHPgyE��7^`Q`Uhgyb�K�?	F9Q Fν ∝ (λµm− 8.5)

1.5 F9HJbfI λµm ≥ 8.5
Q]K

Fν = 0
F9HJbfI λµm ≤ 8.5

�g[PKLbfIdX Q]KiMOWg,u+*�*�*�"!a, � Q �kQ]NfICQ-gfQ !RHJIdXSMOWYETUdXrQaM{gf^ �d�;F9Q]IdXGETUig���HJ[fKCQ]NfEYIhgfQ
KLI#-`U~[9HJN\U�M���b\ULKCQ]XrQ]NPKCU MOb�
ULF9Q`c]KLICQ`U�gfQ�c`Q]ILK1MOEYN\Q`U��_MOWZM�
	ETQ`U�HJ[\UCQ]I�;_^`Q`U~Q]NEYN#!}I1MOICHJb��kQjXrH?kQ]Nrc`HYXZXrQ
� �*+ �}�! JICULKCQ]I�[	c/.fICQ]EY[9Q]I;Q]KeMOWg,�+*�*��"!a, � MON\UaWTQ?c�MJU5gfQ�WZM �_MOWZM�
yEYQ?N7MOEYN\QZ[��[q������� ���*+�)BEYW�U1Q]X?[fWTQ
F7MOIhc`HJNPKLICQ��Pb-��HJNVM�)TKiFfbVQ�
yc]WYbfICQ-bfNjM�� b\ULKCQ]XrQ]NPKhgfb�c`HJNPKLEYNPbfb�X F7MOIibfN\Q-FfbfICQ-WTHJEBgfQ-FfbfETUCU1MON\c`Q*)	MOb
FfICH �\KDg�� bfNmc`HJILF\U�N\HJEYIDXrHPgyE��7^eF7MOI�bfN\Q5WTHJE�g���^]XGETUCULE";	EYKC^��_*.Pb7MONwQXKDMOWg, V������"!a, � Q �kQ]NfICQ;g��nMON7MOW"?	U1Q
N\^`c`Q`UCUCEYKCQ{c]Q]F9Q]N\g\MON	K-bfN !}HJILKDUCE �|N7MOW�UCbfI�[fILbfEYK-ULbfI�KCHJbfK-WYQ{gfHYXSMOEYN\Q�ULF9Q`c]KLI1MOW@gyb � =e�(,
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� HYXZXrQ{N\HJb\U-Wg�nM	;_HJN\U-gf^ ���GUCHJbfWYE �|N\^h�FfWYb\ULETQ]bfICU-ICQ]FfILETUCQ`U5MObpc`HJbfICUagfQ{c`Q�c/.7MOFfEYKLICQ*)7WZMGgf^`c]ICHJETU �
U�M N7c]QgfQ=Wg��Q�
yKLEYN\c]KLETHJN�M	;_Q`c?WZM�WTHJN��|b\Q]bfI{g���HJN\gfQF9Q]IdXrQ]K�MOb�
oHJ[\UCQ]I�;|MOKLETHJN\UeEYN#!�I1MOI1HJb��kQ`U;gfQhXrQ]KLKLICQ
Q]N�^�;	ETgfQ]N\c`QSgfQ`U?Q]N>;PEYICHJNfN\Q]XrQ]NPKCUQ]N#!}HJbfETU?UCHJb7U�g�� EbXGF9HJILK1MONPKCQ`U=c`HJWTHJNfN\Q`U=gfQ �_M � )@Q]K?gyE "Sc]EYWTQ]XrQ]NPK
HJ[\U1QXI�;JMO[fWTQ`U � HJbwF7MOI�!RHJETUjX 0]XrQ�c`HYXGFfW,-]KCQ]XrQ]NPKaEYN>;PETULEY[fWTQ`U � �KLI1M	;_QXI1U�WZM !}Q]N+0]KLICQ{HJFfKLE,�Pb\Q*,

� HJICU#�Pb\Q{FfWYb\ULETQ]bfICUaQ`ULKLEbXSMOKLETHJN\UaF9Q]b<;kQ]NPK$0]KLICQ�HJ[fKCQ]NPb\Q`U �GF7MOILKLEYIagfQ�gyE���^]ICQ]NPKCUagfHYXSMOEYN\Q`U5ULF9Q`c��
KLI1MOb�
wF9HJbfIabfN\Q�X 0]XrQ�IC^$�|ETHJNogfHJNfN\^`Q*)BHJNpc`HJN\UCK1MOKCQ?g��nMOE�WYWTQ]bfICU'�_b\Q{WTQ`UaQ�
yKLEYN\c]KLETHJN\U�XrQ`ULbfIC^`Q`U5UCHJNPK
FfWYb\Uh^]WTQ�;_^`Q`UD��XrQ`ULbfICQ$�_b\Q-WZM{WTHJN��|b\Q]bfI�g���HJN\gfQeMOb��*XrQ]NPKCQ*, � MON\UiWTQac�MJUhgybVU�?	ULK#-]XrQaQ]N�EYNPKCQ]I1MJc]KLETHJN
� ILFx+�����F7MOIhQ�
fQ]XGFfWTQ*)PWTQ`UhQ�
	KLEYN\c]KLETHJN\UC�_b\Q-N\HJb\U�M	;kHJN\UhQ`ULKLEbXr^`Q`U �|I1�Jc`Q �{Wg�nMON7MOW"?	U1QagfQ-N\H|UhUCF9Q`c]KLICQ`U
� [�� ���$� MOKLKCQ]E �|N\Q]NPK�UCHJb<;_Q]NPKGWg��^ �_bfE";|MOWTQ]NPKSHJFfKLE,�Pb\QmgfQmFfWYb\ULETQ]bfICUrgyE � MOEYN\Q`USgfQ XSM-�|NfEYKLb\gfQ`UrF9HJbfI
WZM�c`HYXGF9H|U1MONPKCQwgyblc`HJNPKLEYNPbfb�X �(;_HJE�I����|bfICQ ==,bVc+"!a) MOWTHJICU�Pb\QVWTQ`U�XrQ`UCbfICQ`UGQ���Q`c]KLb\^`Q`UrQ]NlHJFfKLE,�_b\Q
Q]KSQ]NlEYN#!}I1MOICHJb��kQwFfICHPc/.\QwF9HJbfISWTQ`UZX 0]XrQ`U�UCHJbfICc`Q`USc`HJN\gybfETUCQ]N	K	��gfQ`USQ`UCKLEbXSMOKLETHJN\U�UCQ]N\ULEY[fWTQ]XrQ]NPK
FfWYb\U !RMOEY[fWTQ`U � � WTHJN\UCH �>&5Q]ILICQ]ICHrQ]K-MOWg,=+*�*�*�"!a, � Q XSMON+�_b\Q�MOFfF7MOICQ]NPKagfQ;c`H:.\^]ICQ]N\c`Q�Q]NPKLICQ;WTQ`UDgyE";kQ]ICUCQ`U
XrQ`ULbfI1Q]U5Uf��Q�
	FfWYE,�Pb\Q{F7MOIaWTQ !RMOEYK$�_b\Q?gfQ`UxXGEYWYETQ]b�
sKLI#-`U5gyE��v^]ICQ]NPKCUeUCHJNPKaHJ[\UCQ]I�;_^`U �Sc/.7M:�Pb\Q�WTHJN��|b\Q]bfI
g���HJN\gfQ*)9Q]K$�Pb\Q{Wg��^]XGETUCULETHJN�gf^]KCQ`c]KC^`Q=Q]NpEYN#!�I1MOICHJb��kQ?FfICH;	ETQ]NPK5gfQ?UCHJbfICc`Q`U5gfQ�I1M	?_HJNfN\Q]XrQ]NPK5FfWYb\U5Q]N��
!RHJbfETQ`Uc)@Q]K?g\HJN\crFfWYb\UMO[\UCHJIL[9^`Q`Uc) �Pb\QSc`Q]WYWTQ`U�IC^�;_^]WT^`Q`U�FBMOI�Wg��HJFfKLE,�Pb\Q*, � Q �kQ]NfICQVgfQrFfICHJFfILET^]KC^�N-��Q`ULK
g��nMOEYWYWTQ]bfICU~F7MJU~HJ[\UCQ]I�;_^ibfNfE,�Pb\Q]XrQ]NPK�g\MON\U�WTQ`U��_MOWZM�
	ETQ`U�WYb�XGEYN\Q]b\U1Q`Uc, � Q`U3XrQ]UCbfICQ`U~g���Q�
	KLEYN\c]KLETHJNSc]ICHJETU �
U�M N	KCQ`UaM	;_Q`c{WZMGWTHJN��|b\Q]bfI5g���HJN\gfQ?HJNPKaQ]NoQ4��Q]Ka^]KC^�HJ[fKCQ]NPb\Q`UaF9HJbfI5gfQ`Uac�MJUxXrHJE�N\U5Q�
yKLI#0]XrQ`Uac`HYXZXrQ
WZM*�_MOWZM�
	ETQ;NBMOE�N7Q�[��[ ������� ���*+ ��_*.Pb7MONpQ]KaMOWt,-V������� += MON3�`E@Q]K-MOWg,N+*�*�*�"!a,

� Q`U?gf^`c`HYXGF9H|UCEYKLETHJN\UgfQ`U?ULF9Q`c]KLICQ`U � [�� ���$� �_b\QrN\HJb\UM	;kHJN\U=HJ[fKCQ]NPb\Q`U?FfIC^`c`^`gfQ]XZXrQ]NPKN\HJb\U
HJNPK;^$�_MOWTQ]XrQ]NPK{F9Q]IdXGETU;gfQgf^`gybfEYICQ*)�Q]N�FfWYb\U;gfQ`U XrQ`ULbfICQ`U;g���Q�
	KLEYN\c]KLETHJN-)�gfQ`UeEYN#!}HJIdXSMOKLETHJN\U{ULbfFfF\WY^��
XrQ]NPK1MOEYICQ`U�ULbfIrWZM !RHJIdXrQwUCHJb\U � �CMJc`Q]NPKCQwgfQjWg��^]XGETUCUCETHJN � c`HJNPKLEYNPbfb�X �sQ]KrULbfIrWZMoFfICHJF9HJILKLETHJN+ICQ]WZMOKLE";kQ
gfQ`Ua[7MON\gfQ`UaN\HJNpETgfQ]NPKLE��7^`Q`U5F7MOIaI1MOFfF9HJILK �rWZMrc`HJNPKLILEY[fbfKLETHJN�gfQ`U@=�[ � UaHJbogfQ`U-F9HJb\UCUCE -]ICQ`U5c/.7MOb\gfQ`U
FfIC^`U1QXN	KCQ`Uag\MON\UaWg��Q]N>;PEYICHJNfN\Q]XrQ]N	KegfQ`U ��� � Uc, � MON\U-WTQ�c�MJUag�� bfN�M���b\ULKCQ]XrQ]NPK5gfQ�c`Q]KLKCQ?c`HYXGF9H|U1MON	KCQ
� c`HJNPKLEYNPbfb�X �mF7MOIrbfN\QjWTHJEDgfQmc`HJILF\UGN\HJEYIc)�N\HJb7USM	;kHJN\Ur^$�_MOWTQ]XrQ]NPKwXrQ]NPKLETHJNfN\^ �Pb-� EYW�c`HJN>;_Q]N7MOEYKSgfQ
ICQ`ULK1QXIrMJUCU1Q ��FfILb\g\QXN	KGg\MON\UWg� EYNPKCQ]ILFfIC^]K1MOKLETHJNlF3.>?yULE,�_b\QVgfQVWZMsKCQ]XGF9^]I1MOKLbfICQwHJ[fKCQ]NPb\Q*)~g\MON\U=WZM�XrQ��
UCbfICQ5H��jWTQ`U�=�[ � UiN7Q5UCHJNPK �k^]N\^]I1MOWTQ]XrQ]NPKDF7MJU�Q]Nm^ �_bfEYWYEY[fICQeK�.\Q]IdXGE,�_b\Q �(;_HJEYIhICQ]XSMOI#�Pb\Q��?WZM?UCQ`c]KLETHJN
FfIC^`c`^`gfQ]NPKCQ%!a, � Q]F9Q]N\g\MONPKc)�N\HJb\USMOWYWTHJN\U@;_HJEYI�Pb\QmgfQ`UGc`HYXGF7MOI1MOETU1HJN\U6�_b7MOWYEYK1MOKLE";_Q`UrQ]NPKLICQwc`Q`UGgyE���^��
ICQ]NPKCQ`Uegf^`c`HYXGF9H|ULEYKLETHJN7UeF9Q]b<;kQ]NPK;MOFfF9HJILKCQ]I;c`Q]ILK1MOEYN\Q`UeEYN#!}HJIdXSMOKLETHJN\Ue[fETQ]NoIC^`Q]WYWTQ`UeULbfIaWTQ`Uec`HJN\gyEYKLETHJN\U
F3.>?yULE,�Pb\Q`U5gfQ`U XGEYWYETQ]b�
oHJ[\U1Q]I�;k^`Uc, � ICQ]N\HJN\U��rKCE�KCICQ=g���Q�
fQ]XGFfWTQ=WTQ=c�MJUegfQ?WZM�UCHJbfICc`Q�� V=gyb�U�?	UCK#-]XrQ
Q]N�EYNPKCQ]I1MJc]KLETHJN � ILFx+�����,-[	HJN�ULF9Q`c]KLICQQ]NPKLICQ � µ X!Q]KZVc� µ X UCQ=gyETULKLEYN��|b\Q=KLI#-`UeN\Q]KLKCQ]XrQ]NPK{gfQ=c`Q]WYbfEgfQ`U{MObfKLICQ`UeU1HJbfICc`Q`U�(;_HJEYI����|bfICQ`U ==,bVc+VQ]K�==,bV��"!a, � HYXZXrQWt� EYN\gyE,�Pb\Q]NPK{gfQ�XSMONfE,-]ICQ�_b7MONPKLEYK1MOKLE";_Q=WTQ`U
gf^`c`HYXGF9H|ULEYKLETHJN7U$�Pb\Q;N\HJb\U5M	;_HJN\U-HJ[fKCQ]NPb\Q`Uc)BU1MKCQ]XGF9^]I1MOKLbfICQ=c�MOI1MJc]KC^]ILETULKLE,�Pb\Q?Q`ULKaQ]NpQ��vQ]K-FfWYb\U-EbX��
F9HJILK1MONPKCQ7�Pb\Q�c`Q]WYWTQVgfQ`UGMObfKLICQ`UULF9Q`c]KLICQ`Uc)�Q]K=WZMpc`HJNPKLILEY[fbfKLETHJN�MOFfF7MOICQ]NPKCQjgfQVUCQ`U?[7MON\gfQ`U � � ��U?Q`ULK



==, ==, � ETUCc]b\U1ULETHJN � �

^$�_MOWTQ]XrQ]NPK-[9Q�MOb\c`HJbfFsFfWYb\U !�MOE�[\WYQ*, � Q]KLKCQ;KCQ]XGF9^]I1MOKLbfICQ{FfWYb\UD^]WTQ�;_^`QeKLI1MJgybfEYK-Q]N !�MOEYK�bfNwc/.7MON��kQ]XrQ]NPK
�|WTHJ[7MOW�gfQ?WZM�F9Q]NPKCQgyb�c`HJNPKLEYNPbfb�X�Q]NPKLICQ � µ X!Q]KZVc� µ X�) �_bfE~MOFfFBMOI1M�)TK XrHJEYN\UeFfICHJN\HJN\c`^`QGg\MON\UeWTQ
c�MJU�gfQw� V�Pb\QGg\MON\U{WTQ`U?MObfKLICQ`U�UCHJbfICc`Q`Uc, � b�
�c`HJbfILKCQ`U�WTHJN��|b\Q]bfICU?g���HJN\gfQrgyb � =e� � � µ X ≤ λ ≤� µ X !a)�HJNxc`HJN\ULK1MOKCQrg��nMOEYWYWTQ]bfICU;bfN\QG^]XGETU1ULETHJN�ICQ]WZMOKLE";kQ]XrQ]NPK !RHJILKCQGgfQc`QGc`HJNPKLEYNPbfb�X�F7MOI;I1MOFfF9HJILK��U�M@;JMOWTQ]bfI�;_Q]ICU�V � µ X�, � �nMOFfI#-`U � MObfI1QXN	KeQ]K5MOWg,��t+*�*�*�"!a)9c`Q]KLKCQ=ULE �|N7MOKLbfICQ?HJ[\U1Q]I�;JMOKLETHJNfN\Q]WYWTQ=F9HJbfILI1MOEYK
KLI1M .fEYI{WTMVFfIC^`UCQ]N\c`QGg�� bfN�N\H?PMObxMJc]KLE"!�H���WTQ`UeF9HJb\U1ULE,-]ICQ`Uc)vc`Q]KLKCQ !RHJETU �zc]E~Q]N�^ �PbfEYWYEY[fICQK�.\Q]IdXGE,�Pb\Q*)�UCQ��
I1MOETQ]NPKVc/.7MOb��v^`Q`U5��b\U#�_b?� ��gfQ`USW�EbXGEYKCQ`U�FfICHPc/.\Q`U�gfQmWTQ]bfI�ULbf[fWYEbXSMOKLETHJN Q]NPKLICQ ∼ Vc�*�*� K Q]K�V �*�*� K
�(;_HJEYI{c/.7MOFfEYKLICQGFfIC^`c`^`gfQ]NPK4!a,%�aN�;kHJEYK{gfHJN\c�Pb\QWTQ]U ;|MOILEZMOKLETHJN\U{gfQKCQ]XGF9^]I1MOKLbfICQwXGETUCQ`U{Q]Nx^�;PETgfQ]N\c`Q
F7MOI?N\HJKLICQ�Xr^]K�.\HPgfQVgfQ�gf^`c`HYXGF9H|ULEYKLETHJN�I1Q �(-XK1QXN	K?bfN\QSIC^�MOWYEYKC^�[fETQ]N�F3.>?	UCE,�_b\Q�MOb�UCQ]EYN�gfQ`U=UCHJbfICc`Q`U
HJ[\U1Q]I�;k^`Q`Uc) �_bfE~UCQ?KLI1MJgybfEYK{MOWTHJICUeF7MOIebfN�c/.7MON��kQ]XrQ]NPK�gfQ=WTM !RHJIdXrQ=UCHJb\U�� �LMJc`Q]NPKCQgyb�c`HJNPKLEYNPbfb�X�gfQ
WZM�[	� � HJ[\UCQ]I�;_^`Q{QXNwEYN#!}I1MOICHJb��kQ�XrHA?kQ]N-,

� HJb\UmKCQ]IdXGEYN\Q]ICHJN\Usc`Q�c/.7MOFfEYKLICQxULbfImWTQ`U XrQ`ULbfI1Q]Usg���Q4
yKLEYN\c]KLETHJNuQ]N EYN#!}I1MOICHJb��kQxQ]N�UCHJbfWYE �|N7MONPK
Wg� EbXGF9HJILK1MON\c`Q �_b-� EYW�F9Q]bfK@?�M	;_HJEYIc)�g\MON\UWTQjc�MJUGgfQjc`Q]ILK1MOEYN\UrHJ[��LQ]KCUc)0�oc`HJN\ULETgf^]ICQ]ISgfQ`UQ�
yKLEYN\c]KLETHJN\U
gyE���^]ICQ]NPKCQ`UjULbfE";|MONPK�WTQsK�?	F9Qpg���^]XGETUCUCETHJNt^XKCb\gyET^ ��Eg,�Q*,b)i[7MON\gfQoHJb c`HJNPKLEYNPbfb�X�) ;_HJEYI�F7M-�kQ .Y�* ;kHJEYI
^$�_MOWTQ]XrQ]NPKD_ I1MON�Q]K�MOWg,u+*�*��V-F9HJbfIibfN\Q5MON7MOW"?yUCQ-ULEbXGEYWZMOEYICQ%!a, � Q]KLKCQ-N\^`c`Q`UCULEYKC^aQ`ULKiQ`U1UCQ]NPKLETQ]WYWTQ]XrQ]NPK�gyb\Q
�pWZMpgyEYWYbfKLETHJNlgybqULE �|N7MOW�HJ[\U1Q]I�;k^jg\MON\U=WTQjc�MJUg�� bfN\Q �_MOWZM�
yETQjgfHJNfN\^`Q*)�WZMsIC^`UCHJWYbfKLETHJN�MON��|bfWZMOEYICQmgfQ
N\H|U=HJ[\U1Q]I�;JMOKLETHJN\U=N\HJb\U=HJ[fWYE �kQ�MONPKWTQSFfWYb\U=UCHJb<;_Q]NPK��wEYNPKC^$�|ICQ]I=Wg��^]XGETUCUCEYHJN�g�� bfN �|I1MON\g�N\HYX?[fICQVgfQ
IC^$�|ETHJN\U-gyETULKLEYN\c]KCQ`U-MObmU1QXEYNwg�� bfN X 0]XrQ;HJ[��LQ]Kc, � Q XrQ]EYWYWTQ]bfI-Q�
fQ]XGFfWTQ;c`HJN\c`Q]ILN7MONPK-c`QeF3.\^]N\HYX -]N\Q{gfQ
gyEYWYbfKLETHJNxQ`ULK��SN\HJb<;_Q�MOb�EYWYW�b7ULKLIC^g\MON\U5WTQ=c�MJUegyb�U�?	UCK#-]XrQ � ILFx+�����, � Q`U XrQ`ULbfICQ`Ueg���Q�
yKLEYN\c]KLETHJN �_b\Q
N\HJb\U�M	;_HJN\U~HJ[fKCQ]NPb\Q`U~F9HJbfI�WZM5c`HYXGF9H|U1MON	KCQ�gfQ`U�[7MON\gfQ`U�N\HJNGETgfQ]NPKLE��7^`Q`U�UCHJNPK~Q]NGQ���QXK�[9Q�MOb\c`HJbfFrFfWYb\U
!�MOEY[fWTQ`U �_b\QhWTQ`U ;|MOWTQXb\ICU�HJ[\U1QXI�;k^`Q`U�F9HJbfI�WTQ�c]HJN	KLEYNPbfb�X�, � Q`c]EyWZMOETUCU1QhgfHJN\c�ULbfFfF9H|UCQ]I �Pb\QiWTQ`U � � ��U�UCHJNPK
^]XGETU1Q`U��DF7MOILKLEYI�gfQ IC^$�|ETHJN\U�gyE��9b\UCQ`U�Q]K�^]KCQ]N\gyb\Q`Uc)OgyETULKLILEY[fb\^`Q`U�XSM��LHJILEYK1MOEYICQ]XrQXN	K~Q]N=ULbfI�!�MJc`Q*)OMOWTHJICU��_b\Q
Wg��^]XGETUCUCETHJNpgfQ`U@=�[ � UDFfICH;PETQ]NPKaFfICHJ[7MO[fWTQ]XrQ]NPKeg���Q]N>;	EYICHJNfN\Q]XrQ]NPKCU5FfWYb\Uac`HYXGF7MJc]KCU5Q]KaQ�
	KLI#0]XrQ]XrQ]NPK
gfQ]N\U1Q`Uc)_K1MOFfETU�MObVc`debfI�gfQ`UiFfILEYN\c]EYF7MOWTQ`U�UCHJbfICc`Q`U�gybVU�?yULK#-]XrQ*, � Q]KLKCQ�.>?	F9HJK�.+-`UCQ5ULbfIiWg��HJILE �|EYN\Q5gyE��vb\UCQ
gfQ`UG[BMON\gfQ`Urg\MON\U � ILF�+�����UCQ]X?[fWTQwg��nMOEYWYWTQ]bfICUSU1HJbfKCQ]NPb\QmF7MOIGWZMoFfIC^`U1Q]N\c`QwgfQmULKLILb\c]KLbfICQ`US^]KCQ]N\gyb\Q`U
�\WZMzXrQ]NPKCQ]b\U1Q`U��PbfE�HJNPKa^]KC^{HJ[\UCQ]I�;_^`Q`U-Q]NsHJFfKLE,�_b7Q{Q]K-Q]NwEYN#!}I1MOICHJb��kQ{FfICHPc/.\Q�ULbfIDKCHJbfKDWg��Q]N\U1Q]X?[fWTQ�gyb
U�?	ULK#-]XrQ � � WTHJN\U1H �>&aQ]ILICQ]ICHrQ]K-MOWg,N+*�*�*�"!a, � Q`UDUCKLILb\c]KLbfICQ`UDHJNPK-gfQeFfWYb\UD^]KC^eKLI1MJc`^`Q`UDF7MOI�Wg��^]XGETUCULETHJNsgyb
�_M � XrHJWT^]c]bfWZMOEYICQ �g[yMOI4�kQ]NPK � [	c`H;	EYWYWTQWV�����V� � MJUCHJWYE�Q]KGMOWg,(V������"! �_bfEg)�gfQ\XSMONfE,-]ICQVKLI#-`U �k^]N\^]I1MOWTQY)
FfIC^`U1Q]NPKCQ;bfNw[9HJNpMJc`c]HJI1gsM	;_Q`ceWZMGgyETULKLILEY[fbfKLETHJNpgfQ`U � � �hU �(;kHJEYI-c/.7MOFfEYKLICQ�V%!a,

� HJKCHJN\U?QXN3�\N �Pb\Qrc`Q`U�X 0]XrQ`U�Q���Q]KCU�gfQrgyEYWYbfKLETHJN�U1HJNPK�^0�_MOWTQ]XrQ]NPK?ICQ`UCF9HJN\U1MO[fWTQ`U�gyb�ULF9Q`c]KLICQrUCE
F9Q]b�MO[\UCHJIL[9^�Pb\Q=N\HJb\U�M	;kHJN\U;HJ[fKCQ]NPb�g\MON\UeWTQGc�MJU;gfQ=Wg� ��� � gfQWZM �_MOWZM�
yETQ � ��� Vc�*�*��)vF9HJbfILK1MONPK
c`HJN\UCETgf^]IC^`Q-c`HYXZXrQ-bfNrFfI1HJKCHJK�?PF9QagfQ`U([	Q�? !}Q]ILKCU +��_b\QDWg��HJNSF9Q]N\UCQ@0XKCICQ-MJU1UCHPc]ET^`Q`Ui�{gfQ`U�N\H?PMOb�
SMJc]KLE"!}U
;	b\UGF7MOIrWZMoKLI1MON\c/.\QsQ]KSgfHJN\c !}HJILKCQ]XrQ]NPK�HJ[\UCc]bfICc]ETUc, � HYXGF\KCQmKCQ]NPb�gfQmWg�nM	;|MONPK1M-�kQwgfQmWg� EYN#!�I�MOICHJb��kQ
XrH?_Q]N��SUCHJN\gfQ]IegfQ`UaIC^$�|ETHJN\U5F7MOILKLETc]bfWYE,-]ICQ]XrQ`NPKeICHJb��|ETQ`Uf)BWg� Q�
yKLEYN\c]KLETHJN �_b\Q?N\HJb\UeM	;_HJN\U�XrQ`ULbfIC^`Q=Q]N
gyEYICQ`c]KLETHJN�gfQ�c`Q]K ��� � �rF7MOILKLEYI5gfQ�N\HJKLICQ=ULF9Q`c]KLICQ � [�� ����� � AV ∼

.�XSM-� !DF7MOI1M�)TK5Q]NoQ���Q]Ka^]KCHJN��
N7MzXZXrQ]NPK !RMOEY[fWTQ-c`HYXGF7MOIC^`QaMOb�
@;JMOWTQ]bfICU g\^]gfbfEYKCQ`U g\Q�WZM;ULF9Q`c]KLICH ��F9HJWZMOILEbXr^]KCILETQaQ]NrEYN#!}I1MOICHJb��kQDFfICHPc/.\Q
� AV ≥

= �hXSM-�=) � HJbfN��rQ]KDMOWg,�V������"!hHJbmgfQeWg� EbXSM-�kQ]ILETQ;F9HJWZMOILEbXr^]KLILE,�Pb\Q�� .7MObfKCQeIC^`U1HJWYbfKLETHJNwULF7MOKLEZMOWTQ
Q]NoEYN#!}I1MOICHJb��kQ�XrH?_Q]N � AV ∼

+*� � = ��XSM-�=) � b=XrUCgfQ]N�Q]K;MOWg,�V������"!a, � Q`U�;JMOILEZMOKLETHJN\U;Uc��Q�
	FfWYE,�Pb\Q]NPKeQ]N
!�MOEYKeF7MOI{WTQ]U{gyE���^]ICQ]NPKCQ`U;IC^`UCHJWYbfKLETHJN\U�ULF7MOKLEZMOWTQ`U{Q�
yFfWTHJIC^`Q`U�M	;_Q`cGc/.7MJc]bfN\QrgfQ`U;HJ[\UCQ]I�;|MOKLETHJN\Uc, � MON\U;WTQ
c�MJU=gfQrN\HJKLICQVULF9Q`c]KLICQ � [�� �*��� F7MOI=Q�
yQ]XGFfWTQ*) WTQ �\b�
�gf^]KCQ`c]KC^�FfICH;PETQ]NPKZ� .Y��3�gfQSWg� ^]XGETU1ULETHJN�gfQ
WZMmF9HJb\UCULE,-]ICQSHJFfKLE,�Pb\Q]XrQ]NPK �\N\QrFfIC^`UCQ]NPK1QSg\MON\U�WZM � � � MObfKCHJbfI?gyb�N\H?PMOb�MJc]KLE"! � � QS��WTHPc*� .�Q]K=MOWg,
+*�*��V%!a, � Mjc`HJNPKLILEY[fbfKLETHJN�gyb�KCHJICQ�XrHJWT^`c]bfWZMOEYICQ*)�F9HJbfILK1MONPK{[9Q�MOb\c`HJbfFxFfWYb\U�M���Q`c]KC^`QF7MOI;Wg��Q�
yKLEYN\c]KLETHJN
c`HYXZXrQjWg��HJNPKZXrHJNPKLIC^jWTQ]UEbXSM-�kQ`UrHJ[fKCQ]NPb\Q`UF7MOIw�hHPc ^ QXKrMOWg,C�t+*�*�*�"!MObfKCHJbfIrgfQTVc� µ X�)�Q`ULKrMOWTHJICU
c`HYXGFfW,-]KCQ]XrQ]N	K?gyEYWYb\^`QF7MOI�c`QXKCKCQGc`HYXGF9H|U1MONPKCQSgfQ=WZM _bvjm��cr � p0|2~ l��lgsY|t�Y~@b , � Q`c]E�Q�
yFfWYE,�Pb\QGgfHJN\cWTQ
!�MOEY[fWTQjICHJb��|ETUCU1Q]XrQ]NPKwXrQ`ULbfIC^��oF7MOILKLEYISgfQjN\H|UrgfHJNfN\^`Q`Uc)�c`HYXGF7MOIC^q��c`Q]WYbfE-HJ[fKCQ]NPblF7MOIGWTQ`USMObfKLICQ`U
HJ[\U1Q]I�;JMOKLETHJN\U��FfWYb\UC.7MObfKCQ{IC^`UCHJWYbfKLETHJNoMON��|bfWZMOEYICQ*,



� � � MOILKLETQ ��� � .7MOFfEYKLICQ ==, � ��Q�
yKLEYN\c]KLETHJNsF7MOIDWTQ`U�F9HJb\U1ULE,-]ICQ`U
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� QmKLI1M	;JMOEYW@�_b\QjN\HJb\U�M	;kHJN\UrQ���Q`c]KLb\^q�oF7MOILKLEYISgfQ`UrHJ[\UCQ]I�;|MOKLETHJN\U � [�� ���$� Q�
	F9H|U1^`Q`Urg\MON\UGWZM
F7MOILKLETQmFfIC^`c`^`gfQ]NPKCQwN\HJb\USMoF9Q]IdXGETUSgfQ XGETQ]b�
qc`HYXGFfICQ]N\gyICQwWg��HJILE �|EYN\QwgfQ`UrgyE���^]ICQ]NPKCUG[fEZMOETU �PbfEDHJNPK
M���Q`c]KC^*��b\U#�_b-� �=FfIC^`UCQ]NPKDWTQ`UDICQ]WTQ�;k^`UDFfICH-!RHJN\gfU-gf^`gyET^`U��=Wg��^]KLb\gfQ�gfQeWg� � NfE";kQ]ICUDWTHJEYNPK1MOEYN-,

� HJb\U�M	;kHJN\U@;	bqF7MOISQ�
fQ]XGFfWTQ �Pb\QjWTQ`UrUCHJN\g\M-�kQ`USQ���Q`c]KLb\^`USg\MON\UrWTQmgfHYXSMOEYN\QsHJFfKLE,�Pb\Q*)�Q]K6�_bfE
KLI1MJc`Q]NPKhF7MOIic`HJN\UC^ �Pb\Q]NPKiWg��^]XGETUCULETHJN � = gfQ`UiHJ[��LQ]KCUigyETULK1MONPKCUc)PUCHJNPK KLI#-`Uigf^]F9Q]N\g\MONPKCU�gfQ`UiQ��vQ]KCUig���Q�
	�
KLEYN\c]KLETHJNpF7MOIDWZMGF9HJb\UCULE,-]ICQ*, �~Np^]KLb\gyEZMONPKagfQ`U-U�?yULK#-]XrQ`U-Q]NwEYNPKCQ]I1MJc]KLETHJNoc`HYXZXrQ5=$=`V*V�=SQ]K � ILFx+�����)
KCHJb\UigfQ]b�
Gc�MOI1MJc]KC^]ILETU1^`U F7MOI gfQ`UiUCHJbfICc`Q`U g���^]XGETUCULETHJNSEYN#!}I1MOICHJb��kQ-Q�
yKLI#0]XrQ]XrQ]NPKi[fILEYWYWZMONPKCQ`U�XSMOETU c`HYX��
FfW,-]KCQ]XrQ]NPK�^]KCQ]EYNPKCQ`U�Q]N � =�)kN\HJb\U�M	;kHJN\Uhg��nMOEYWYWTQ]bfICU�c]HJN7ULK1MOKC^$�_b\Qac`Q`UiF3.\^]N\HYX -]N\Q`U�gfQaICHJb��|ETUCUCQ]XrQ]NPK
N-��^]K1MOETQ]NPKDF7MJU�KCHJb:�LHJbfICUC�Pb7MONPKLE��BMO[fWTQ`U��?F7MOILKLEYIDgfQ`U�HJ[\UCQ]I�;|MOKLETHJN\U-MOb�
�WTHJN��|b\Q]bfICU-g���HJN\gfQ;gyb ;	ETULEY[fWTQ*,
��NVQ���Q]Kc) X 0]XrQ5UCE7WTQ`UiXrQ`ULbfI1Q]U�gfQ-WZM�F9Q]NPKCQ5gybVc`HJNPKLEYNPbfb�X � =�HJbVgfQ`Uhgf^`c]IC^]XrQ]NPKCU�Q]NPKLICQ5c`Q]ILK1MOEYN\Q`U
I1MOETQ`U�gfQaICQ`c`HYX?[fEYN7MOETUCHJNwF9Q]IdXrQ]KLKCQ]NPKDg���Q`ULKLEbXrQ]I�FfWYbfKC�JK�c`HJILICQ`c]KCQ]XrQ]N	K�WTQ5gfQ$�|IC^eg���Q�
yKLEYN\c]KLETHJNwg\MON\UhWTQ
c�MJU�g�� bfN=I1M	?_HJNfN\Q]XrQ]NPK~HJFfKLE,�_b\Q]XrQ]NPK �\N-) c`Q`U�KCQ`c/.fNfE,�Pb\Q`U�N\QhUCQ]X?[fWTQ]NPK�Q]N=ICQ�;JMON\c/.7QiFfWYb\U~MOFfFfWYETc`MO[\WYQ`U
F9HJbfI?WTQ`U?Q]N>;PEYICHJNfN\Q]XrQ]NPKCU=FfWYb\U?Q]N#!RHJbfETUc)@H���WZM �Pb7MJULE���EYNPKC^$�|I1MOWYEYKC^VgfQrWg��^]XGETUCULETHJN � =!�OHJFfKLE,�_b\QSF9QXb\K
0]KLICQ�MOWTHJICUaMO[\UCHJIL[9^`Q�Q]K�IC^��z^]XGETUCQ�g\MON\U�Wg� EYN#!}I1MOICHJb��kQ{K�.\Q]IdXGE,�Pb\Q*,

� Q`U5ICQ]WTQ�;_^`UeQ��vQ`c]KLb\^`U��SFfWYb\U �|I1MON\gfQ=WTHJN��|b\Q]bfI;g���HJN\gfQ*) �Pb7MONPK���Q]b�
�)BFfIC^`UCQ]NPKCQ]NPK;^�;	EYg\QaXZXrQ]N	K
bfN\Q{EbXGF9HJILK1MON\c`Q=c�MOFfEYK1MOWTQ{F9HJbfI5UCHJN\gfQ]I-Wg�nMJc]KLE";PEYKC^?gfQ(!RHJIdXSMOKLETHJNog���^XK1HJE�WTQ`U ��b\ULKCQ]XrQ]NPKac�MJc/.\^`Q{F7MOI-WZM
F9HJb\U1ULE,-]ICQ*, � MOETU�g\MON\U g\Q]U gfHYXSMOEYN\Q`Uic`HYXZXrQDWg� EYN#!}I1MOICHJb��kQXrHA?kQ]N-)kN\HJb\UiM	;kHJN\U ^$�_MOWTQ]XrQ]NPK ;Pb6�_b\Q�WZM
c`HJNPKLILEY[fb\KLETHJNpgfQ`UDN\H?PMOb�
wMJc]KLE"!}UaMObsUCQ]EYNsgfQ;WTQ]bfI �_MOWZM�
	ETQ�� .\�JKCQ?gfQ�;kQ]N7MOEYK-WZMOI4�kQ]XrQ]NPK-FfIC^]F9HJN\g\^XI�MONPKCQ
Q]NGKCQ]IdXrQ�gfQ�W�b=XGE�N7H|ULEYKC^*, � Q`c]EfF9Q]bfK~gfHJN\c�Q]NPKLI1M�)TN\Q]Ic)|FfIC^`c]ETUC^]XrQ]NPK�g\MON\U�c`Q]KLKCQ !RQ]N+0]KLICQ�UCF9Q`c]KLI1MOWTQ*)JbfN\Q
;	ETULETHJN !RHJILKCQ]XrQ]NPK�Q]ILICHJN\^`Q;gfQ5Wt��^�;_HJWYbfKLETHJNwgfQ`U �_MOWZM�
yETQ`Uj� .7MObfK�ICQ`gfU�.fE"!}K�g\MON\U�WTQ5c�MJU�g�� bfN\Q;c`HJNPK1MzXGE��
N7MOKLETHJNGF7MOI~WTQ`U �x��� U�N\HJNrc]HJICICQ`cXK1QaXrQ]N	K�FfILETUCQ�Q]NGc`HYXGFfK1QY, � �nMObfKLICQ�F7MOILKc)OEYW�!�MObfK�MOb\UCULEyN\HJKCQ]I �_b\QhWTQ`U
U1Q]N\ULEY[fEYWYEYKC^`U�gfQ`U{EYN\ULKLILb=XrQXN	KCU�bfKLEYWYETUC^`UC��b\U#�Pb-� �mMOb:�LHJbfICg�� .PbfE F9HJbfI?c`HJN\gybfEYICQrWTQ`U�UCHJN\g\M-�kQ`U�FfICH-!RHJN\gfU
Q]NVEYN#!}I1MOICHJb��kQ XrH?kQ]NjHJbjg\MON\UhWTQ`UhgfHYXSMOEYN\Q`U�ULbf[�XGEYWYWYEbXr^]KLILE,�Pb\QeQ]KhI1MJgyETH?N-��HJNPK�F9Q]IdXGETU�gfQ5gf^]KCQ`c]KCQ]Ic)
g\MON\U;Wg� � NfE";_Q]ICU;gyETULK1MONPK6��Eg,�Q*,b) z ≥ 0.5 !a) �Pb\Q=WTQ`UeFfWYb\UeWYb�XGEYN\Q]b\UCQ`U{gfQ`U(�_MOWZM�
yETQ`U � , � �nMON7MOW"?yUCQGgfQc`Q`UHJ[\U1Q]I�;JMOKLETHJN\U g7MON\U~WTQDc�MJgyICQDgfQ`ULXrHPg3-]WTQ`UigyETUCc]bfK1MONPK gfQ�WZM;c`HJNPKLILEY[fbfKLETHJNVgfQ`U�gyE���^]ICQ]NPKCQ`U�F9HJFfbfWZMOKLETHJN\U
g���HJ[��LQ]KCU �rc`Q`U-WTHJN��|b\Q]bfICUeg���HJN\gfQ�ICQ �PbfE,-]ICQ=MOWTHJICUabfN\Q !RHJILKCQ�Q�
yKLI1MOF9HJWZMOKLETHJN�gfQ�WZM*!RHJN\c]KLETHJNogfQ{WYb�XGE��
N\H|UCEYKC^SE�N�!�I1MOICHJb��kQ*, �aN ;_HJEYK?gfHJN\c �Pb\QrWTQ`U?IC^`ULbfWYK1MOKCU=HJ[fKCQ]NPb\U��wF7MOILKLEYI=gfQ`U?ICQ]WTQ�;_^]U=Q���Q`c]KLb\^`U=g\MON\U
c`Q=gfHYXSMOEYN\Q=ULF9Q`c]KLI1MOW�F9Q]b<;_Q]NPK5Q]b�
oMOb\UCULE FfIC^`UCQ]NPKCQ]Iec`Q]ILK1MOEYN\Q`UegyE "Sc]bfWYKC^`U��_b7MONPK��rWTQ]bfIaEYNPKC^$�|I1MOKLETHJN
g\MON\UDWTQ{c`HJNPKCQ�
	KCQ �|WTHJ[7MOW@gfQ;WZMc`H|UdXrHJWTH �|ETQ�HJ[\UCQ]I�;|MOKLETHJNfN\Q]WYWTQ*,

� MON\UWTQj[fbfKrgfQjc`HJNPKCHJbfILN\Q]ISKCHJb\UGc`Q`UrgyE���^]ICQ]NPKCUG[fEZMOETUc)�N\HJb\UN\HJb\UrUCHYXZXrQ`UGEYNPKC^]ICQ`UCU1^`Uw�obfN\Q
N\HJb<;_Q]WYWTQoMOFfFfICHPc/.\QoM�F\ILETHJILE-EYN\U1Q]N\ULEY[fWTQpMOb�
�Q���Q]KCUSg���Q�
yKLEYN\c]KLETHJN-)hQ]KSF9Q]IdXrQ]KLK1MONPKjgfQsU1^XWTQ`c]KLETHJNfN\Q]I
gfQ`U/�_MOWZM�
	ETQ`UGN\HJN�FBMJUGQ]N !RHJN\c]KLETHJNlgfQVWTQ]bfI �\b�
��pbfN\Qmc`Q]ILK1MOEYN\QjWTHJN��|b\Q]bfISg���HJN\gfQ �}c`HYXZXrQwc*��Q`ULK
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� � � ;JMONPK ��FfICHJF9H|U

�k^]N\^]I1MOWTQ]XrQ]N	K�WTQGc�MJU;F9HJbfI{WTQ`U;ICQ]WTQ�;_^`U;FfICH-!}HJN\gfU�!a) XSMOETU�gyEYICQ`c]KCQ]XrQ]NPK�F7MOI{WTQXb\I;K1MOb�
�gfQ !RHJIdXSMOKLETHJN
g���^]KCHJEYWTQ`UGQ]K=EYN\gf^]F9Q]N\g\MzXZXrQ]N	KrgfQSWZMpc`HJNPKLILEY[fbfKLETHJNlg��nMObfKLICQ`UG^]WT^]XrQ]NPKCUc`HYXZXrQVWTQ`U=N\H?_MOb�
�MJc]KLE"!RUc,
� Q]KLKCQ�Xr^]K�.\HPgfQQ`ULKa[7MJUC^`Q?ULbfIaWg� bfKLEYWYETU1MOKLETHJN�gfQ`U5ULbfICU1MObfKCU �_MzXZXSM�c`H|UdXrHJWTH �|E,�Pb\Q`Uec`HYXZXrQ?KLI1MJc`Q]bfICU
gfQ;WZM !}HJIdXSMOKLETHJNpg���^]KCHJEYWTQ`UXSMJUCUCE";kQ`Uc,

� M�gyETUCc]EYFfWYEYN\Q=WYET^`QZ�rWZMSF3.>?yULE,�Pb\Q?gfQ`UeULbfICU�MObfKCU �_MzXZXSMVQ]K5Wg� bfKLEYWYETU1MOKLETHJNxgfQ=c`Q`UeUCHJbfICc`Q`Uec`HYXZXrQ
HJbfKLEYWTU=c`H|UdXrHJWTH �|E,�Pb\Q`U?I1QXF\IC^`UCQ]NPKCQ]NPK=bfN�gfHYXSMOEYN\Q�KLI#-`U?IC^`c`Q]NPK=gfQSWg�nMJULKLICHJF3.>?yULE,�_b\Q�XrHPgfQ]ILN\Q*, � MON\U
bfN FfI1QaXGETQ]Ipc/.7MOFfEYKLICQ*) �LQoFfIC^`UCQ]N	KCQ]I1MOE{KCHJbfKwg��nMO[9HJICg�bfN [fICQ0!GMOF9Q]I �]b .fETULK1HJILE,�_b\QxgfQ`UwgyE��v^]ICQ]NPKCQ`U
^]K1MOF9Q`U@�_bfE�N\HJb\UDHJNPK�F9Q]IdXGETU-gfQ XGETQ]b�
mc`HYXGFfICQ]N\gyICQ�c`Q]UDUCbfICU1MObfKCUc)yg\QXF\bfETU�WTQ]bfIDgf^`c`HJb<;_Q]ILKCQ��=WZM �\N
gfQ`UGMONfN\^`Q`UZ�*� � b\U#�Pb-�nMOb�
xFfICQ]XGE,-]ICQ`UGgf^]KCQ`c]KLETHJN\UGgfQ�WTQ]bfICU=c`HJNPKLI1QXFBMOILKLETQ`Uw�wFfWYb\U �|I1MON\gfQVWTHJN��|b\Q]bfI
g���HJN\gfQ*, %kQLXrQ]NPKCEYHJN\N\Q]I1MOE	Q]N\UCbfEYKCQ�WTQLXrHPg3-]WTQ c`HJbfI1MzXZXrQ]NPK~MJc`c`Q]FfKC^ F9HJbfI Q�
yFfWYE,�Pb\Q]I c`Q`U�F3.\^]N\HYX -]XrQ`U
F7MOILKLETc]bfWYETQ]ICUc) Q]KrWTQ`UrgyE��v^]ICQ]NPKCUSQ]N:�LQ]b�
 �_b-� EYWTUGICQ]FfIC^`UCQ]NPKCQ]N	KrF9HJbfIrWZM�c`H|U�XrHJWTH �|ETQwHJ[\UCQ]I�;|MOKLETHJNfN\Q]WYWTQ*,
� MON\UjbfN UCQ`c`HJN\gtc/.7MOFfEYKLICQ*)�� �nMO[9HJICgfQ]I1MOE;Wg��^]KLb\gfQ�gfQ`Umc�MOI1MJc]KC^]ILETULKLE,�Pb\Q`UwgfQoWTQ]bfICU �_MOWZM�
	ETQ`U � .\�JKCQ`Uq�
F7MOILKLEYImg���HJ[\U1Q]I�;JMOKLETHJN\U X?bfWYKLE���WTHJN��|b\Q`bfICUwg���HJN\gfQA�Pb\QpN\HJb\UmM	;_HJN\UjQ���Q`cXKCb\^]Q`UmQ]N �|I1MON\gfQoF7MOILKLETQ��
Wg� �a[\UCQ]I�;|MOKCHJEYICQ �~bfICHJF9^`Q]N � b\ULKCI1MOWg,
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Abstract. We report on Mid-Infrared (MIR) observations of the Seyfert 2 galaxy NGC 1068, obtained with
ISOCAM in low-resolution spectro-imaging mode. The spatial resolution (∼5′′) allows us to disentangle the
circumnuclear starburst regions from the emission of the active galactic nucleus (AGN). The global spatial dis-
tribution of the Unidentified Infrared Bands (UIBs) is similar to the cold dust component, traced by the 450 µm
emission and the gaseous component obtained from the 12CO(1–0) map. However, a shift between the maximum
of the UIB and 450 µm emission is clearly seen in our maps. The UIBs in the MIR (5–16 µm) originate almost
exclusively from the starburst regions in the galactic disk with an emission peaking at the extremity of the stel-
lar/gaseous bar at a distance of 1 kpc from the AGN. The spectrum of the nucleus is characterized over the whole

5–16 µm range by a strong continuum which can be fitted with a power law of index α = −1.7. Moreover, the high
[NeIII]/[NeII] ratio (>∼ 2.5) in the nuclear region argues for a hard radiation field from the AGN. Observations
indicate that the AGN in NGC 1068 contributes less than ∼5% to the total integrated UIB emission even though
its hot dust continuum contributes as much as 75% to the total MIR flux. On the contrary, the nuclear contribu-
tion to the cold dust emission decreases considerably at submillimeter wavelengths and does not represent more
than 25% of the total integrated emission at 450 µm.

Key words. galaxies: active – galaxies: individual: NGC 1068 – galaxies: seyfert – galaxies: ISM – infrared: galaxies

1. Introduction

Due to its proximity (D = 14.4 Mpc, 1′′ on the sky corre-
sponds to a physical separation of only 72 pc, Tully 1988),
NGC 1068 has become one of the best known active galax-
ies. It harbors the closest Seyfert 2 nucleus, it has been
extensively observed from UV to radio wavelengths, and
therefore it is regarded as a favorite target for high resolu-
tion observations. As a result, NGC 1068 is now the pro-
totypical galaxy where one can test both models of emis-
sion due the presence of a central black hole (especially in

Send offprint requests to: E. Le Floc’h,
e-mail: elefloch@cea.fr

? Based on observations with the ISO satellite, an ESA
project with instruments funded by ESA Member States (es-
pecially the PI countries: France, Germany, the Netherlands
and the United Kingdom) and with the participation of ISAS
and NASA.

the MIR; see Pier & Krolik 1992; Efstathiou et al. 1995;
Granato et al. 1997), as well as models describing the
kinematics of circumnuclear starbursts associated with a
bar, which are often encountered around active nuclei (e.g.
Schinnerer et al. 2000 and references therein).

The presence of a massive black hole in the cen-
tral region of this galaxy is supported by the observa-
tion of a radio jet which originates from an unresolved
region of 60mas (Muxlow et al. 1996). Moreover, X-ray
observations of the central region suggest large obscura-
tion (e.g. Iwasawa et al. 1997; Matt et al. 1997) presum-
ably due to a thick torus invoked in the unified scheme
(Antonucci 1993). Evidence for such a dusty torus and
obscuring material around the nucleus have been recently
reported in the Near-Infrared (NIR) using adaptive op-
tics (e.g. Rouan et al. 1998) and in the radio using VLBA
observations (Gallimore et al. 1997). The precise localiza-
tion of the central black hole is now accurately defined,
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in particular by the spatial coincidence of 1) the peak of
the 12.4 µm intensity (Braatz et al. 1993), 2) the OH and
H2O maser emission (Gallimore et al. 1996), 3) the center
of the UV-optical polarization map (Capetti et al. 1995),
and 4) the apex of the conical shape of the narrow line
region (NLR) observed by HST (Macchetto et al. 1994).

Besides the contribution of the Seyfert nucleus, an im-
portant fraction of the bolometric luminosity of NGC 1068
(Lbol = 3 1011 L�, Telesco et al. 1984) is also attributed
to a circumnuclear star-forming ring of 3 kpc in diam-
eter (Telesco & Decher 1988). Using the CO rotational
line transitions as tracers of the cold molecular gas,
the ring can be resolved into two distinct spiral
arms (Helfer & Blitz 1995) along which a string of
several massive and clumpy HII regions is observed
(Bland-Hawthorn & Sokolowski 1991a, 1991b). These spi-
ral arms originate from the ends of a gaseous and stel-
lar bar observed at NIR wavelengths (Scoville et al. 1988;
Thronson et al. 1989). The same overall structure can
also be seen in the cold/dense molecular gas via the
HCN(1-0) emission (Tacconi et al. 1994) as well as in
more recent high resolution CO imaging of the galaxy
(Schinnerer et al. 2000). A study of the kinematics of the
gas suggests that the molecular gas motions are explained
in terms of Lindblad resonances associated with a barred
potential, in combination with a warp of the gaseous disk
in the ring (Schinnerer et al. 2000). The bar as well as
other gaseous features associated with cold dust emission
in the spiral arms are also revealed in the Far-Infrared
(FIR; Papadopoulos & Seaquist 1999).

MIR observations appear to be particularly enlight-
ening in studying NGC 1068 since the UV photons from
the starburst and AGN activity are absorbed by dust and
re-emitted in the MIR. Moreover, the lower extinction
(A15 µm ∼ AV/70, Mathis 1990) allows us to probe deeper
into the regions which are obscured by large amounts of
dust. After describing the ISO observations and data re-
duction in Sect. 2, we present, in Sect. 3, the details on
the MIR morphology of the circumnuclear environment as
well as the AGN/starburst spectral properties. We discuss
the impact of these new data in Sect. 4.

2. Observations and data reduction

NGC 1068 was observed with the ISOCAM camera
(Cesarsky et al. 1996a) on-board the Infrared Space
Observatory (Kessler et al. 1996). The data were ob-
tained in low-resolution spectro-imaging mode, using the
Continuously Variable Filter (CVF), resulting in a full
coverage of the 5.1–16.3µm wavelength range with a spec-
tral resolution between 30 and 40. The pixel size is 3′′ pro-
viding a total field of view of 96′′×96′′ (see Fig. 1) with a
full-width at half-maximum (FWHM) for the point spread
function (PSF) between 4′′ and 6′′ from 5.2 to 16.3µm.
The data reduction and analysis were performed using the
CAM Interactive Analysis (CIA1) following the standard

1 CIA is a joint development by the ESA astrophysics
division and the ISOCAM consortium.

N

E
30 arcsecs

2 arcmin

Fig. 1. An optical V -band image of the central region of
NGC 1068 taken with HST. The field of view observed by
ISOCAM is marked with the dashed square. One should note
that even though it is not obvious from the above low contrast
picture, the disk of the galaxy extends to 7.1 by 6.0 arcmin. The
inset at the upper right corner shows a Digitized Sky Survey
image of the same band with the footprint of the HST/WFPC2
marked on it

techniques described in Starck et al. (1999) which include
the correction for the dark current, the cosmic-rays and
the memory effect of the detector. We also corrected the
frames from the jitter effects which are due to the combi-
nation of 1) the satellite motion, 2) the continuous trans-
lation of the source on the detector as a function of the
observed wavelength, which is an intrinsic feature of the
ISOCAM CVF, and 3) the discontinuous shift of the tar-
get when changing from one CVF sector to another. This
correction was performed by translating each resampled
frame with respect to a common astrometric reference.

Several ghost images produced by multiple reflections
between the detector and the filter plane are particularly
present in CVF observations containing a bright point-like
source (Okumura et al. 1998). The primary ghost which
results from the first reflection is clearly observed in our
CVF images (see Fig. 2a). Its overall shape is characterized
by a ring structure corresponding to the defocussed pupil
image. Nevertheless, the surface brightness of the most
luminous ghost is weak and represents only ∼7% of the
average surface brightness of the central region (40′′ in di-
ameter). Moreover, as seen in Figs. 5–16 in Okumura et al.
(1998) which presents a ghost pattern similar to that
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Fig. 2. a) A Mid-Infrared image of NGC 1068 covering the wavelength range of 7.3–8.3 µm with exponential contours at the
same wavelength. North is up and east is to the left. The contour levels are 2, 4, 8, 16, 32, 64, 128 and 256 mJy arcsec−2. Note
the strength of the continuum emission of the unresolved nucleus, and the ghost effect which can be seen to the south. b) An
ISOCAM image of the circumnuclear star-forming regions, obtained by mapping the UIB feature at 7.7 µm after the removal
of the underlying continuum with contours at the same wavelength. The contour levels are 0.75, 1, 1.25, 1.5, 1.75, 2, 2.25, 2.50,
2.75, 3 and 3.25 mJy arcsec−2. We indicate the location of the nucleus with a cross (+), as well as the position angle of the
stellar and gaseous bar (solid line). c) A SCUBA map at 450 µm of the cold dust distribution (Papadopoulos & Seaquist 1999)
with contours of the MIR image presented in b). d) Same ISOCAM contours as in b), superimposed on the molecular gas
distribution traced by the 12CO(1-0) emission line convolved to the ISOCAM spatial resolution of ∼5′′ (Schinnerer et al. 2000).
The FWHM of the PSF for each image as well as the image scale indicated by a bar of 720 pc (10′′) in length, are respectively
included at the right and left corners at the bottom of each panel

of our observation, the ghost image is located essentially
outside of the strong point-like source. Thus we conclude
that the ghost did not affect significantly the photome-
try of the central region and therefore did not introduce
a systematic bias in our analysis of the data.

The surface brightness of the PSF of the nucleus av-
eraged over a region of 15′′ × 15′′ is one order of magni-
tude greater than the surrounding starburst regions (see
Fig. 2a), so special care had to be taken in order to study
the MIR spectral properties of the whole galaxy, and to
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Fig. 3. Spectrum of the starburst regions after removing the
AGN contribution. It has been obtained over a region of 15′′ in
diameter, centered on the MIR peak of emission located South-
West of the nucleus (α = 02h42m39.9s, δ = −00◦00′55.3′′,
J2000) and it is very similar to the MIR spectra of the other
circumnuclear star forming regions of NGC 1068. A proper re-
moval of the AGN contribution could not be performed beyond
14 µm (grey part of the plot, see details in Sect. 2). The flux
of the UIB at 7.7 µm is estimated by integrating the hatched
area between 7.3 and 8.3 µm

correctly interpret the morphology of the environment sur-
rounding the nucleus. The first method used was to sub-
tract the contribution of the bright unresolved nucleus.
This was done using a set of experimental PSFs created
by observing stars during the calibration phase of the cam-
era. An iterative method, which selected the best available
PSF fit, was applied and the nuclear emission was sub-
sequently removed. This subtraction of the central unre-
solved point source revealed two areas of strong MIR emis-
sion located in the circumnuclear ring which correspond to
massive star-forming regions. Extensive tests showed that
the use of experimental PSFs resulted in images with no
observable artifacts up to 14µm. Beyond this limit, proper
removal of the nuclear contribution was problematic since
the experimental PSFs were obtained with various broad-
band filters, and their large profiles beyond 14µm could
not reproduce anymore that of the AGN observed with
the CVF. The use of theoretically calculated PSFs was
also envisionned but the results were of lower quality and
consequently this method was not followed.

A second approach was to isolate the emission from
MIR spectral features such as the various Unidentified
Infrared Bands (UIBs) and to produce images of the spa-
tial distribution of those features across the galaxy. This
was done by identifying the spectral band of interest,
which for the brighter UIB at 7.7µm was between 7.3 and
8.3µm, in all observed positions (pixels) on the galaxy
and subtracting the underlying continuum emission (see
Fig. 3 for an illustration of the method). We have com-
puted the flux density between 7.3 and 8.3µm in order
to facilitate the comparison between the surface bright-
ness of the UIB map and the original map including the
continuum (see Figs. 2a and 2b). Since it has now been

widely demonstrated (see e.g. Laurent et al. 2000a, and
references therein) that UIB emission is preferentially as-
sociated with regions of star formation and is markedly
depleted in regions where a very hard radiation field is
present such as those near an AGN, the spatial distribu-
tion of the UIB emission should trace the starburst regions
of NGC 1068 quite accurately. Indeed, a picture similar to
the one given by the PSF subtraction was obtained with
this method, providing confidence on the reliability of the
results. Consequently, this mapping of the spatial distri-
bution of the UIB emission was used to produce the final
picture of the starburst regions (cf. Fig. 2b) and to analyze
their morphology. In the central region (15′′

× 15′′), the
flux variation between each individual pixel resulting from
the non-perfect correction of the jitter effect creates artifi-
cial noise and prevents us from estimating accurately the
UIB emission. Furthermore, the [NeVI] emission line at
7.7µm does contaminate the UIB emission at that wave-
length (Lutz et al. 2000). To address this problem in a
region of 15′′ × 15′′ around the nucleus, where no UIBs
were detected, we used as a template the starburst spec-
trum of Fig. 3 in order to estimate an upper limit for
the 7.7µm UIB emission based on the detectability of the
6.2 µm feature. The structures we detect applying this
method are consistent with the 10.8µm observations of
Telesco & Decher (1988). In particular, the agreement be-
tween the position angles of the different MIR spots sug-
gests that the orientation angle of the ISOCAM data is
well defined. This is also supported by the fact that no
such angular uncertainties were ever reported in ISOCAM
deep surveys where they would have been easily observed,
because of the large number of detections on large spatial
scales.

Due to their good spatial resolution, our observations
also allowed us to analyze the different spectral energy
distributions (SEDs) of the nuclear environment as well
as the MIR emission in the ring surrounding it. Whereas
the spectrum of the star-forming regions was obtained af-
ter the removal of the contribution from the unresolved
point source, via the PSF subtraction method described
earlier, the spectrum of the nucleus was directly measured
in the CVF data and estimated over a central region of
700pc in diameter. The only correction applied was to
account for the varying size of the PSF at different wave-
lengths. The ISO-SWS spectrum of the nuclear region over
an aperture of 14′′ × 20′′ for 2.5–12µm and 14′′ × 27′′

for 12–27.5µm presented by Lutz et al. (2000) is similar
in shape and intensity to the ISOCAM spectrum of the
AGN in Fig. 4, while the intensity offset between the two
spectra is less than 20%. Our observations are also consis-
tent to a 20% level with the 8–13µm spectrum published
by Roche et al. (1984). Ground based observations with
broad band filters obtained by Rieke & Low (1975) and
more recently by Bock et al. (2000) show also a general
agreement with our data since the differences are lower
than 30% and 15% respectively.

The relative photometric uncertainty on the AGN
spectrum is mainly produced by 1) the non-perfect
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Fig. 4. Top: Decomposition of the total MIR spectrum of
NGC 1068 integrated over a region 40′′ in diameter (dashed
line) into the emission from the nucleus, which is dominated
by the AGN continuum (solid line) and the one originating
from the circumnuclear starburst regions (dotted line). An es-
timate of the total integrated emission of NGC 1068 based on
a comparison with B-band photometry (dashed-dotted line, cf.
Sect. 4.1). Bottom: Fraction, in percent, of the unresolved nu-
clear flux to the ISOCAM MIR emission within 40′′ in diame-
ter (dashed line) and to the total MIR emission (dashed-dotted
line)

correction of the detector memory effect, estimated at 10%
and 2) by the error on the PSF aperture correction which
can reach 10% at longer wavelengths. The relative uncer-
tainty varies from 10% at 5 µm up to 15% at 16µm. We
estimate that the absolute uncertainty of our photometric
measurements is 20% for the AGN spectrum. This value is
fully consistent with the different MIR observations of the
central region of NGC 1068 obtained using a large vari-
ety of instruments. For the starburst spectrum presented
in Fig. 3, the photometry can be strongly affected by a
residual AGN contribution at wavelengths above 14µm.
Nevertheless, the shape of the UIBs is very similar to
that observed in other starburst galaxies (Laurent et al.
2000a). Based on our experience with ISOCAM data we
estimate that an uncertainty of 30% for the absolute pho-
tometry constitutes a conservative upper limit for the

starburst contribution, which is typical for well detected
extended sources.

3. The central region of NGC 1068

in the Mid-Infrared

3.1. Morphology of the circumnuclear environment

The images obtained by mapping the different UIB fea-
tures at 6.2, 7.7, 8.6 and 11.3µm are consistent with one
another. In Fig. 2b, we map the spatial distribution of the
7.7µm feature, which is one of the strongest UIBs. One
of the main advantages in using the 7.7µm feature is that
contrary to the UIBs at 8.6 and 11.3µm, its intensity is
not affected by the silicate absorption at 9.7µm (see the
MIR spectrum of Arp 220 in Charmandaris et al. 1999).
It is also preferred to the feature at 6.2µm because of
its higher flux, providing a better signal to noise ratio
when subtracting the underlying continuum emission. As
we discuss in the following section, the 7.7µm feature is
considered as a powerful indicator of star forming environ-
ments (e.g. Genzel et al. 1998; Rigopoulou et al. 1999).
The two starburst regions detected with ISOCAM are
located North-East and South-West of the nucleus, in
agreement with the spots of MIR emission observed at
10.8µm by Telesco & Decher (1988). They are roughly
extending on both sides of the extremities of the stel-
lar bar (R ∼ 1.5 kpc, PA ∼ 48◦, Scoville et al. 1988).
This concentration near the ends of the bar may be
the result of density waves that compress and shock the
gas present in the spiral structure, which in turn trig-
gers the star-forming activity (Telesco & Decher 1988;
Tacconi et al. 1994; Schinnerer et al. 2000).

While the MIR observations allow us to map the hot
dust and the UIB emission, the FIR emission reveals the
distribution of the cold dust in the galaxy. FIR observa-
tions of NGC 1068 show that, in general, the cold dust
is spatially correlated with the emission of the CO/HI
gas (Papadopoulos & Seaquist 1999). The extended FIR
emission, which is attributed to a dust component with
temperature of T ∼ 10 K, seems to be associated with
regions of high HI column density. More concentrated and
warmer dust (T ∼ 30 K) though, is found in the inner star-
burst and it follows the distribution of the molecular gas.
In Fig. 2c, the ISOCAM 7.7µm image is overlaid on the
cold dust distribution traced by the 450µm FIR image
obtained with SCUBA (Papadopoulos & Seaquist 1999).
The two images have been translated with respect to each
other, so that the positions of the unresolved nucleus coin-
cide. Comparing the ISOCAM and SCUBA data, a strik-
ing shift between the dominant peaks of emission in the
Mid and Far-Infrared is apparent. This shift can not be a
residual in the MIR data due to the contamination from
the AGN continuum since the same morphology is also
observed in the other UIB maps at 6.2, 8.6 and 11.3µm,
even though the point-like emission of the AGN is differ-
ent at these different wavelengths. A systematic error in
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the orientation angles of either the ISOCAM or SCUBA
maps given the observed performance of both instruments
over the years is highly unlikely. Furthermore, it does not
seem possible to exactly overlay all the features of both
maps with a simple rotation.

Since the inner regions of NGC 1068 rotate coun-
terclockwise, the shift may indicate that the main fea-
tures of the circumnuclear ring detected with ISOCAM
lead by ∼5′′ (∼360 pc) those observed by SCUBA.
We mentioned already that the spots of emission re-
vealed at submillimeter wavelengths could be attributed
to large amounts of cold dust heated by the local inter-
stellar radiation field. On the contrary, the UIB emis-
sion traces recent star-forming regions located at the ex-
tremities of the bar. This type of ISM morphology and
formation of shocks in spiral arms have been predicted
by theoretical models (e.g. Athanassoula & Bureau 1999),
where one observes that density enhancements in the
gas coincide with the leading edges of rotating primary
bars. Strong UIB emission along the leading edges of
barred structures has also been observed by ISOCAM
in other galaxies such as NGC 1097 (Roussel et al. 1999)
and CentaurusA (Mirabel et al. 1999). Finally, we note
that the UIB emission observed in NGC 1068 corre-
lates well with the star formation spots revealed in Hα
(Bland-Hawthorn & Sokolowski 1991a, 1991b), as well as
the Brγ emission which also peaks at the extremities of
the stellar bar (Davies et al. 1998).

The comparison between the UIB emission detected by
ISOCAM and the distribution of molecular gas obtained
with the IRAM interferometer (Schinnerer et al. 2000) is
presented in Fig. 2d. The 12CO(1-0) emission clearly re-
solves the central region into two spiral arms extending
from a molecular bar. In the South-Western knot, the
molecular gas correlates well with the cold dust (see Fig. 2
of Papadopoulos & Seaquist 1999), and therefore slightly
follows behind the MIR peak observed with ISOCAM. In
the northern spiral structure, we also observe the same
configuration with the MIR emission remaining enclosed
near the extremity of the bar whereas the molecular gas
and the cold dust are more extended along the arm. This
implies that a large fraction of the molecular gas available
for the star-formation process has not yet been converted
into stars. The shift between the MIR and CO/FIR emis-
sion observed in both spiral arms may indicate, again,
that the formation of young stars which heat the UIB
emitting grains requires the presence of shocks and den-
sity enhancements rather than merely large amounts of
gas. It is unclear from our data whether a bar of hot dust
is present since the PSF of the AGN contaminates the
central field of view where such a bar would be expected.
Nevertheless, the comparison with the CO and FIR obser-
vations presented earlier, suggests that a possible hot dust
bar could lead the stellar/FIR bar and it would appear at
the place where shocks are being formed in the leading
edge of the gaseous bar.

3.2. Spectral properties

3.2.1. The starburst energy distribution

The MIR SEDs of the circumnuclear starburst regions
show no spatial variation and the spectrum of the South-
West peak is presented in Fig. 3. It is typical of MIR
spectra detected in star forming regions and can be de-
composed into two main components (e.g. Tran 1998;
Laurent et al. 2000a):

1) A very steeply rising continuum as a function of
wavelength, which becomes important at 10–16µm. This
is the most prominent characteristic of MIR spectra ob-
served in galaxies showing evidence of intense starburst
activity (Laurent et al. 2000a). It is attributed to the Very
Small Grains (VSG, Désert et al. 1990) and is produced in
H ii regions, where dust is heated by massive hot young
stars. It is thus considered as a good indicator to trace re-
gions of massive star formation activity usually obscured
in the visible (Mirabel et al. 1998). An example of a MIR
spectrum from a pure HII Galactic region can be seen in
Cesarsky et al. 1996b.

2) The family of the Unidentified Infrared Bands,
which are centered at 6.2, 7.7, 8.6, 11.3 and 12.7µm, and
are clearly visible in our spectra. They are attributed
to C=C and C–H vibrations in Polycyclic Aromatic
Hydrocarbon molecules (PAH, Léger & Puget 1984;
Alamandola et al. 1985). These molecules are transiently
heated by the stellar radiation field of massive stars and
they are found in photo-dissociation regions (PDRs)
surrounding HII regions. As a result, these UIB features
are associated with star formation activity and they
are typically found in MIR spectra of galaxies which
form stars in either quiescent or more active manner
(Helou et al. 2000).

Often, several ionic emission lines are also observed in
the MIR spectra. The most ubiquitous one is the 12.8µm
[NeII] line (Ep = 22 eV) which is present in almost all
spectra of star forming regions, even though at the spec-
tral resolution of ISOCAM (λ/∆λ = 40), it is blended
with a UIB feature at 12.7µm. It has been noted that in
most ISOCAM spectra of regions with low level of star
formation activity, the intensity in the 12.7µm feature is
smaller than the one at 11.3µm (Boulanger et al. 1996;
Cesarsky et al. 1996c). The fact that in NGC 1068 we ob-
serve the opposite is a strong indication that despite the
blending the ionic line provides most of the flux. Another
line, detected at 7µm, is attributed to the emission of the
[ArII] line at 6.99µm which has been clearly identified
in starburst galaxies with ISO-SWS (Sturm et al. 2000;
Förster Schreiber et al. 2000). It has a rather low ioniz-
ing potential (Ep = 16 eV) and as a consequence is pro-
duced essentially in starburst environments. The [ArII]
line is seen only at weak levels in NGC 1068 by Lutz et al.
(2000), possibly because of the dilution of the starburst
spectral signature by the AGN, due to the extended size
of the SWS aperture.
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3.2.2. The nuclear Mid-Infrared spectrum

The 5–16µm spectrum of the nuclear region is displayed
in Fig. 4. The difference, compared to the MIR SED found
in the starburst regions, is striking and its overall spectral
shape is consistent with that found in other AGNs ob-
served in the MIR (Lutz et al. 1998). It is characterized
by a strong continuum commonly attributed to the very
hot dust which is present in the torus of molecular gas sur-
rounding the nucleus as described in the unified scheme
(see Krolik 1999, and references therein). Similarly rising
continua can also be observed in nearby resolved HII re-
gions (Contursi et al. 2000). The MIR spectra of AGNs
though are much flatter, and show an important contin-
uum emission even at short wavelengths (3–6µm), because
of dust particles heated to nearly their evaporation tem-
perature (T ∼ 1000 K for silicates and T ∼ 1500 K for
graphites) by the AGN. Since we know that NGC 1068
hosts an AGN, our spectrum thus confirms that a telltale
sign of its presence is the high continuum level between 5
and 6µm (Laurent et al. 2000a).

Highly ionized emission lines such as [NeV] at 14.3µm
(Ep = 97 eV) and [NeVI] at 7.6µm (Ep = 126 eV)
are seen in our spectrum. These lines are clearly vis-
ible in the high spectral resolution spectrum obtained
by ISO-SWS (Lutz et al. 2000), which provides confi-
dence that our detections are not due to other faint
UIBs, often observed very close to these forbidden lines
(Förster Schreiber et al. 2000). Although the [NeV] and
[NeVI] emission lines are also observed in supernova rem-
nants (SNRs), the very weak MIR continuum associ-
ated with SNRs (Oliva et al. 1999) can not account for
the MIR spectrum of the nucleus of NGC 1068. The
[NeIII] line is also clearly visible at 15.6µm, contrary
to [NeII] at 12.8µm which is hardly detected. An effort
was made to measure the [NeIII]/[NeII] ratio, which is
often used to quantify the strength of a radiative field.
However, subtracting the underlying continuum was not
straightforward and only an upper limit could be esti-
mated for the [NeII] intensity. We obtained a rather high
[NeIII]/[NeII] ratio (>

∼
2.5), compared to what has been

generally found in starburst galaxies ([NeIII]/[NeII] <
∼

1,
Thornley et al. 2000). This ratio is consistent with the
value of 2.3 obtained with the ISO-SWS spectroscopic ob-
servations (Lutz et al. 2000) and argues for a harder radi-
ation field in the nucleus.

Other than the continuum and the Neon forbidden
lines, we also note the absence of the family of UIBs in the
nuclear MIR spectrum. This depletion is often interpreted
as the destruction of PAH molecules by the extremely
intense X-ray radiation field of the AGN (Voit 1991;
Allain et al. 1996). In principle, a comparison between the
surface brightness of the starburst and the AGN can be
carried out in order to estimate the level of the UIB contri-
bution in the nuclear spectrum. However, as seen earlier,
the noise associated with the AGN continuum is already
higher than the average surface brightness of the star for-
mation regions observed in the disk around the circum-

nuclear starburst (see Fig. 2b). This prevents us from ex-
amining whether the lack of UIBs in the AGN spectrum
is really due to a physical absence of the PAHs, or rather
to a very low emission from the UIBs in the central re-
gions which could originate from 1) foreground emission
from the disk, 2) weak star formation or 3) the AGN.
Nevertheless, even if the UIBs are present in the AGN
spectrum at a faint level, their intensity is much lower
than the UIB emission from the circumnuclear starburst
presented in Fig. 2b. Measuring the upper limit for UIB
emission from a region of 15′′ × 15′′ centered on the nu-
cleus of the galaxy, we estimate that at least ∼ 95% of
the UIB emission of NGC 1068 originates outside the nu-
cleus. Thus the UIB features provide a reliable tracer of
star formation unrelated to the AGN activity. This issue,
regarding the possible destruction of UIBs in the central
regions of the AGNs could be addressed in the future us-
ing more sensitive infrared spectrographs, such as the IRS
on board SIRTF (Houck et al. 2000).

4. Discussion

4.1. NGC1068: A key object to distinguish an AGN
from a starburst

The proximity of NGC 1068 coupled with the good spa-
tial and spectral resolution of our data allows us to clearly
disentangle both the spatial distribution and the spectral
properties of the AGN from the emission of the surround-
ing starburst regions. Similar differences in spectral char-
acteristics have already been reported in other nearby pro-
totypes such as CentaurusA (Mirabel et al. 1999) which,
at a distance of 3.5Mpc, is the closest radio galaxy to
Earth. Such objects may be used as templates to distin-
guish AGN from starburst emission and evaluate the frac-
tion of their respective contribution in spectra of more
distant galaxies where the angular resolution is not suf-
ficient to spatially separate the sources of the two com-
ponents. Diagnostics based on this approach have been
developed recently in the MIR by Genzel et al. (1998)
and Laurent et al. (2000a). As we have already mentioned,
the striking difference of the relative strength of UIBs ob-
served in various radiation fields appears to be a canonical
feature in the MIR SED in nearby objects: UIB emission
is not detected in AGNs whereas it is very pronounced in
regions of massive star formation. This is clearly demon-
strated by the very distinct spatial separation between
starburst regions and AGN visible in our 7.7µm map of
NGC 1068 (see Fig. 2).

The spatial resolution of ISOCAM does not allow
us to study the distribution of the MIR emission near
the extended NLR observed with high resolution MIR
imaging (Braatz et al. 1993; Bock et al. 1998; Bock et al.
2000; Alloin et al. 2000). Nevertheless, those high reso-
lution images have shown that nearly 70% of the MIR
flux originates from within a region of 1′′ around the nu-
cleus, which spatially coincides with the ionization cone.
This implies that the integrated nuclear emission observed
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by ISOCAM in Fig. 4 is produced essentially by hot
dust located in the ionization cone and not in the torus.
Hence one would expect that UIBs are also absent in
those regions extending up to 70pc (1′′) from the nucleus.
Moreover, the MIR SEDs of these regions rise from 7.9 to
10µm (Bock et al. 2000). This further suggests that in the
range of 6–9µm no strong UIBs are present, since if they
were the spectrum would have been flatter. Consequently,
the radiation field produced by the AGN must be able to
heat the dust at T >

∼
150 K (Lumsden et al. 1999) and

to destroy UIBs at distances of several tens of parsecs
from the nucleus as predicted by Voit (1992). Recently,
MIR observations at 11 and 20µm of the central 6′′

× 6′′

region of NGC 1068 revealed even more extended emis-
sion 4′′ away from the AGN which follows the radio jet
structure (Alloin et al. 2000). This resolved MIR emission
which extends up to ∼300 pc from the central region in-
cluding the NLR and the torus (0.6′′ × 0.9′′) contributes
about 5% of the total MIR emission at 11.2µm and should
contribute to the ISOCAM spectrum of the AGN, but only
at faint levels. The observed MIR spectral differences be-
tween star forming regions and the NLR could be used in
combination with the NLR emission line ratio proposed
by Genzel et al. (1998) to identify AGNs with optically
thick tori in MIR.

Another noticeable feature in the nuclear spectrum
of NGC 1068 spectrum is the weak silicate absorption
at 9.7µm. Based on a screen model (dust absorp-
tion law of Dudley & Wynn-Williams 1997) applied to
a power law of spectral index α = −1.7, the best fit
of the nuclear spectrum leads to a visual extinction of
only Av = 7 mag (see also Fig. 10 of Laurent et al.
2000a). This is consistent with the value (τ9.7 = 0.51;
Av ∼ 7.5 mag) inferred by Roche et al. (1984). One
may wonder why the silicate absorption at 9.7µm is
fairly weak in our spectrum (Av = 7 mag) which
is in rather sharp contrast with the strong extinction,
Av ∼ 40 mag, derived for the very hot dust (∼1000 K)
seen through the obscuring torus using polarimetry tech-
niques on NIR emission lines (Young et al. 1995) and on
Near and Mid-Infrared imaging (Lumsden et al. 1999).
This apparent contradiction already mentioned by several
authors (e.g. Braatz et al. 1993; Efstathiou et al. 1995;
Bock et al. 1998) can be explained by the fact that we ob-
serve an extended MIR emission. High resolution images
have shown that ∼70% of the MIR flux originates from
optically thin dust in this region which is unaffected by ex-
tinction and also dilutes the more obscured MIR emission
from the torus. Recently, Bock et al. (2000) have clearly
confirmed the absence of silicate absorption in the regions
of the ionization cone whereas the unresolved nuclear re-
gion presents a clear dip at 10µm. Furthermore, Maiolino
et al. (2001) have shown observational evidence that dust
in the environment of the AGN should have different prop-
erties from the dust found in the Galactic diffuse interstel-
lar medium. This dust would be characterized by a defi-
ciency of small dust grains less than 3µm in size, such as
the silicate particles responsible for the absorption feature

at 9.7µm. The weakness of silicate absorption could then
be explained in terms of both a small intrinsic absorption
in the ionization cone, from where a large fraction of the
MIR emission originates, as well as a smaller fraction of
silicates in the dusty torus.

Since in NGC 1068 our data allow the separation of the
starburst and AGN components, we can investigate the re-
liability of MIR activity diagnostic tools as a function of
the amount of extinction affecting the AGN component.
To do so, we apply an increasing extinction (in a screen
model and assuming a standard Galactic extinction law)
to the AGN component before combining it to the star-
burst component. As the extinction increases, one notes
that not only does the silicate feature at 9.7µm become
deeper, but also the continuum at shorter wavelengths
(5–10µm) decreases significantly, becoming less important
than the UIB emission (Laurent et al. 2000b). According
to the recent discovery by Maiolino et al. (2001), the de-
pletion of silicate particles in the AGN torus will produce
the same extinction to the continuum but without a deep
silicate absorption feature. Since, as we mentioned in the
previous section, this hot continuum is used as an AGN
indicator, the total spectrum of the galaxy integrated over
a region 40′′ in diameter would show prominent UIB fea-
tures, leading to an “apparent” starburst-classified galaxy.
We note however that in the case of NGC 1068, the ad-
ditional extinction should be applied only to the torus
emission which contributes only 30% to the MIR nuclear
emission. Therefore in this galaxy the hot dust emission
would never be completely suppressed by a strong absorp-
tion in the torus.

A point which should be noted is that only the inner
part of the galaxy (96′′ × 96′′) has been observed with
ISOCAM and that the MIR contribution of the outer disk
is not taken properly into account (see Fig. 1). If one were
to use a B-band image of the galaxy (Schild et al. 1985)
as a tracer of star formation in the galaxy, nearly 60%
of it occurs outside the area of 40′′ in diameter, where
the strong circumnuclear starburst revealed by the MIR
band emission and the CO barred spiral pattern are found.
Even though the radial scale length of the dust should be
smaller than that of the blue light, since the MIR emission
of the disk is very likely UIB rich (see Roussel et al. 1999,
2000), one would expect that the starburst characteris-
tics in the MIR will increase if we take the whole galaxy
into account. This is an important effect which should be
considered when one extrapolates these results to distant
galaxies (Laurent et al. 1999). Only 20% of the total blue
light is emitted from regions outside the area mapped by
ISOCAM. Using the UIB map (Fig. 2b) we compute that
the fraction of 7.7µm emission from the region outside the
inner starburst ring (40′′ in diameter) compared to the to-
tal integrated UIB emission on the ISOCAM field of view
is 53%. A photometric calculation over the same areas
on a B-band image gives 55% suggesting that the B-band
light and the UIB emission have similar scale lengths in the
disk of NGC 1068. Consequently we can use the blue light
and the high signal to noise UIB measurements within
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the inner 40′′ of the galaxy to apply a correction for the
unaccounted 60% of the MIR flux from the spatially ex-
tented UIB emission (see Fig. 4). Doing so, we have implic-
itly assumed that the extended disk emission of quiescent
star formation does not differ strongly from the starburst
emission along the ring observed with ISOCAM. Helou
et al. (2000) have recently shown that among 28 galax-
ies with diverse properties (R(60/100) ∼ 0.28–0.88), the
MIR spectral shape from 5.7 to 11.6µm varies only weakly.
Hence, our proportional correction factor applied to the
starburst spectrum should give us a consistent result in
the UIB region under 12µm even though some uncertain-
ties are still present at longer wavelengths (12–16µm).
One can further check the consistency of this photometric
correction for the extended size of NGC 1068, by compar-
ing the observed IRAS 12 µm flux density of the galaxy to
the one we can calculate using the ISOCAM SED and the
transmission of the IRAS 12 µm filter. The value we find
using our CVF data is 36.8 Jy for the integrated emission
before correction (40′′ in diameter), and 43.6Jy for the to-
tal integrated emission after correction (200′′ in diameter).
One notes that even though the correction of the starburst
UIB emission is important (60%), the overall MIR flux at
12 µm is largely dominated by the AGN and as result does
not change by a large factor (see Fig. 4). The value we find
for the equivalent IRAS 12 µm filter after the correction is
slightly more than the observed 12 µm IRAS flux density,
which was quoted as 39.7mJy in Moshir et al. (1990) and
36.1 Jy in Soifer et al. (1989) assuming 10% of flux un-
certainty. This suggests that the correction of 60% (20%
of the MIR flux is outside of the ISOCAM field of view)
cannot be much larger at 8–15 µm and therefore the spec-
trum shown in Fig. 4 represents a good estimate of the
total MIR emission of NGC 1068.

4.2. AGN/starburst flux ratio

In NGC 1068, the total MIR spectrum integrated over a re-
gion of 40′′ in diameter has been decomposed into the con-
tribution of the unresolved AGN, and the residual which
is attributed to the circumnuclear starburst emission. In
Fig. 4, we present the fraction of the MIR flux coming
from the nuclear region with respect to the total MIR
emission detected from that galaxy as a function of wave-
length. One can notice that the nuclear region contributes

∼85–95% over most of the ISOCAM MIR spectrum but
it decreases to ∼70–80% at the wavelengths correspond-
ing to the PAH emission (note how the 6.2, 7.7, 8.6, 11.3
and 12.7µm features anti-correlate with the UIB emis-
sion of the startburst spectrum of Fig. 3). Of course this
fraction must be viewed as an upper limit since the disk
of NGC 1068 is larger than the field we imaged in the
MIR. However, in the spectrum corrected for this effect
the AGN contribution still dominates the total emission
but at a lower level. The highest starburst contribution to
the continuum flux density (50%) occurs at 7.7µm. It is
interesting to note that we can use this spectral behaviour

to disentangle the AGN from the starburst contribution
using only broad band imaging since the contrast of the
AGN is enhanced at 5µm and 10µm compared to the star-
burst regions. Recently, Krabbe et al. (2000) have shown
that ground-based MIR observations at 10.5µm (N -band)
are reliable in identifying obscured AGNs previously only
detected in hard X-rays (2–10 keV). The N -band filter is
rather wide though (8 to 13µm) and integrates the UIBs
at 8.6, 11.3 and part of the 7.7µm feature. If one is to find
obscured AGNs using their MIR spectral properties, then
using the M band filter (4.2–5.5µm) would be a better
choice since at these wavelengths both the UIB contami-
nation is relatively faint and the extinction caused by sili-
cate particles is negligible. This dominance of the nucleus
in the MIR contrasts strongly with what is observed in
the optical and FIR wavelengths. Using the SCUBA data,
we have estimated that the contribution of the nucleus
does not represent more than 25% of the total emission at
450µm. Moreover, the spatial distribution of the SCUBA
image shows that the cold dust emission is mainly associ-
ated with the starburst regions.

Finally, considerable efforts have been recently devoted
to examine whether luminous infrared galaxies (LIGs)
are mainly powered by AGN or starburst activity (see
Sanders & Mirabel 1996 for a review). A recent spectro-
scopic MIR survey (Lutz et al. 1998) has shown that star-
bursts dominate the energy budget in 85% of the objects
below 3 1012 L�, whereas AGNs seem to be always present
in ultraluminous galaxies with LIR > 3 1012 L�. At
z = 0.1, 3 kpc corresponds to approximately 2′′ (q0 = 0.5,
H0 = 75 km s−1 Mpc−1), and represents the typical scale
of the circumnuclear starburst in NGC 1068. Thus, at
higher redshifts, the angular resolution of ISO (as well
as the one of SIRTF in the future) is not sufficient for
a spatial AGN/starburst discrimination. However, deep
ISOCAM imaging surveys of distant galaxies have re-
vealed a significantly higher detection rate in the LW3
band (15µm) than in LW2 (6.75µm) and the nature of
those objects resembles more that of starburst galaxies
(Aussel et al. 1999; Elbaz et al. 1999). It has been sug-
gested though that this result may also be due to an ex-
treme absorption since recent X-ray observations indicate
that a large number of high redshift objects harbor active
nuclei (Mushotzky et al. 2000). As such, our MIR spec-
tral imaging of the nearby prototypical Seyfert 2 galaxy
NGC 1068, may be used as a template to investigate the
observational bias on LIG deep counts at cosmological
distances.

5. Conclusions

Based on the ISOCAM data presented in the previous
sections we conclude that:

1) The MIR emission of the Seyfert 2 galaxy NGC 1068
is dominated at ∼75% by an unresolved point source,
probably arising from hot dust heated by the radiation
field from the AGN. The MIR spectrum associated with
the AGN is characterized by a strong continuum and by
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a non-detection of Unidentified Infrared Bands (UIBs).
Recent MIR high resolution imaging suggests that the in-
tense and hard radiation from the AGN is probably able to
heat the dust and destroy the PAHs not only in the inner
torus but also at large distance in the narrow line region.
The AGN MIR spectrum also exhibits [NeV] and [NeVI]
emission lines, indicative of the hard radiation field.

2) More than 95% of the UIBs and at least 75% of the
FIR emission at 450µm originate from a circumnuclear
starburst ring of 3 kpc diameter and from the disk of the
galaxy.

3) The UIB map, which traces the young massive stars,
shows a spatial distribution which is in general agree-
ment with the molecular gas and the cold dust emission.
However, the two peaks of UIB emission observed in the
circumnuclear arms of NGC 1068 display a small spatial
shift of ∼5′′ (∼360pc) towards the leading edge of the
arms at the extremity of the gaseous/stellar bar where
shocks and density enhancements have been predicted by
theoretical models of barred spiral galaxies.
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Abstract. We present our 5–16 µm spectro-imaging observations of VV 114, an infrared luminous early-stage merger of two
galaxies VV 114E and VV 114W, taken with the ISOCAM camera on-board the Infrared Space Observatory. We find that
only 40% of the mid-infrared (MIR) flux is associated with a compact nuclear region of VV 114E, while the rest of the emission
originates from a rather diffuse component extended over several kpc in the regions between VV 114E and VV 114W. This is in
stark contrast with the very compact MIR starbursts usually seen in luminous and ultraluminous infrared galaxies. A secondary
peak of MIR emission is associated with an extra-nuclear star forming region of VV 114W which displays the largest Hα
equivalent width in the whole system. Comparing our data with the distribution of the molecular gas and cold dust, as well as
with radio observations, it becomes evident that the conversion of molecular gas into stars can be triggered over large areas at the
very first stages of an interaction. This extended star formation along with the extreme nuclear starburst observed in VV 114E
can easily lead to the heating of dust grains found in the tidally disturbed disks of the progenitor galaxies and subsequently
traced via their MIR emission. The presence of a very strong continuum at the 5–6.5 µm range in the spectrum of VV 114E
indicates that an enshrouded active galactic nucleus (AGN) may contribute to ∼40% of its MIR flux. We finally note that the
relative variations in the UV to radio spectral properties between VV 114E and VV 114W provide evidence that the extinction-
corrected star formation rate of similar objects at high z, such as those detected in optical deep surveys, cannot be accurately
derived from their rest-frame UV properties.

Key words. galaxies: active – galaxies: starburst – galaxies: ISM – galaxies: individual: ARP 236 –
galaxies: individual: VV 114 – infrared: galaxies

1. Introduction

The first all-sky survey at far-infrared (FIR) wavelengths per-
formed by IRAS in 1983 led to the discovery of a large num-
ber of galaxies with LIR ≥ 1011 L�, the so-called luminous in-
frared galaxies (see Rieke & Low 1972; Soifer et al. 1989).
Ever since, extensive work has been devoted to better under-
stand the nature of these objects that emit the bulk of their
energy in the 8–1000µm domain, and it is now widely ac-
cepted that the brightest of these sources are formed during the
collisions of massive gas-rich late type galaxies (see Sanders
& Mirabel 1996, and references therein). In such galactic

Send offprint requests to: E. Le Floc’h, e-mail: elefloch@cea.fr
? Based on observations with the ISO satellite, an ESA project with

instruments funded by ESA Member States (especially the PI coun-
tries: France, Germany, the Netherlands and the United Kingdom) and
with the participation of ISAS and NASA.

encounters, as the tidal interactions strip angular momentum
from the interstellar matter, large concentrations of molecular
gas are indeed driven by viscous accretion to the few central
100 pc of the merging galaxies (Solomon et al. 1997; Combes
2001), feeding at high rates powerful circumnuclear starbursts
and/or supermassive black holes (Sanders et al. 1988). The
huge amounts of dust accumulated into the central regions
lead to a significant absorption of the UV and optical radiation
which in turn is thermally reprocessed at longer wavelengths,
and is thus responsible for the luminous phase in the infrared.
Several key problems though, such as the time evolution and
duration of the infrared burst during the merger event, as well
as the identification of the dominant sources heating the dust
(stars, AGN) are still not fully answered. Observations of col-
liding galaxies at different merging stages are therefore of a
prime importance to better understand how the AGN and star-
burst phenomena are related (see Mihos & Hernquist 1996).
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The interest in the study of these objects was further in-
creased over the past few years when it became evident that
they also played a critical role in galaxy evolution over cos-

mological look-back times. Luminous infrared galaxies of the
local Universe are indeed excellent analogs to the high-redshift
dusty objects recently discovered in deep mid-infrared and sub-
millimeter surveys (e.g. Elbaz et al. 1999; Hughes et al. 1998).
They are thus considered as the low-z counterparts of a popula-
tion of dust-enshrouded sources that were formed at an epoch
when interactions and mergers among galaxies were much
more frequent than today (Le Fèvre et al. 2000). Consequently,
investigating the properties of colliding galaxies and the for-
mation mechanisms of sources luminous in the infrared (IR) at
low redshift can provide valuable insights on the evolution of
galaxies in the distant Universe.

VV 114 (= Arp 236 = IC 1623), located at a distance of
80 Mpc1(1′′ = 390 pc), is one of such interacting systems un-
dergoing vigorous starburst activity. Its infrared luminosity is
LIR = 1011.6 L� (Soifer et al. 1987), making it a LIRG2 and one
of the brightest objects of the IRAS Bright Galaxy Sample. It
appears to be an early-stage merger of two galaxies (see Fig. 1)
that are aligned east-west with a projected nuclear separation
of ∼6 kpc and therefore referred in the literature as VV 114E
and VV 114W (Knop et al. 1994). The global properties of
the system are summarized in Table 1. At optical wavelengths,
VV 114 shows a highly disturbed morphology with very faint
tidal tails extending over 25 kpc from the center (Arp 1966).
The western component, VV 114 W, is more extended than the
eastern one, and dominates the emission in the visible. Three
peaks of intensity are clearly visible in the V band and their
optical spectrum indicates an emission typical of H  regions
with an average visual extinction Av = 1.7 mag (Knop et al.
1994). While the brightest peak to the North (knot 1) probably
coincides with the dynamical center of VV 114W (Doyon et al.
1995), the maximum of star formation traced by the Hα line is
displaced and it occurs in the secondary peak (knot 2) which
has an Hα equivalent width six times larger than knot 1, and
is located 5′′ to the southeast in the overlap region of the two
galactic disks (Knop et al. 1994).

The near-infrared (NIR) morphology and spectral prop-
erties of VV 114 present a remarkable contrast with what is
observed in the visible. Medium resolution NIR spectra of both
components display strong recombination lines of hydrogen
and helium as well as deep CO bands at 2.3 µm, indicating vig-
orous and widespread star formation in both galaxies (Doyon
et al. 1995). However, whereas the JHK colors of VV 114W
are still consistent with the presence of numerous H  regions,
the continuum emission from VV 114E which is nearly invisi-
ble at 0.44 µm (B band), becomes brighter as the wavelength
increases. Its red colors indicate large concentrations of dust
(Av ∼ 4 mag, Doyon et al. 1995) obscuring a luminous source

1 Throughout the paper, we adopt H0 = 75 km s−1 Mpc−1 and qo =

0.5 to facilitate comparison with earlier work.
2 We define LIRGs as galaxies with 1011 L� ≤ LIR ≤ 1012 L�, and

ULIRGs as ultraluminous sources with LIR ≥ 1012 L�. We keep the
more general expression of “luminous infrared galaxies” for those
with LIR ≥ 1011 L�.

which is unveiled at 2 µm and dominates the whole emission
of the system in the near-infrared (Knop et al. 1994). High
resolution K-band images of this eastern core taken with
HST/NICMOS reveal a double-nucleus (see Fig. 2 in Scoville
et al. 2000) with the two near-infrared sources separated
by 1.6′′ (∼630 pc). The NICMOS data clearly show numerous
compact H  regions and star clusters distributed along a spiral
arm in the overlap of the merger, which suggests an enhance-
ment of the starburst activity in this area (Scoville et al. 2000),
in agreement with the Hα observations (Knop et al. 1994).

The presence of a powerful starburst in VV 114 is also sug-
gested by its huge amount of molecular gas (5.1 × 1010 M�,
see Yun et al. 1994), which makes this merger one of the most
gas-rich systems in the local Universe. The CO emission is
distributed along a bar-shaped structure joining VV 114E and
VV 114W, with a peak of intensity centered between the two
merging galaxies and its irregular kinematics suggest that the
gas has not yet settled (Yun et al. 1994). Submillimeter obser-
vations performed with SCUBA on the JCMT have also de-
tected an extended dust emission over 30′′ (12 kpc), which cor-
relates well with the spatial distribution of the CO emission
(Frayer et al. 1999) and peaks just 5′′ southwest of VV 114E.
The flux observed at 450 and 850 µm is in excess of that ex-
pected from the IRAS data and suggests the presence of a cool
(T ∼ 20–25 K) and massive (108 M�) dust component (Frayer
et al. 1999). Finally, VV 114 also exhibits a strong radio con-
tinuum emission, with a ratio of FIR to radio radiation typical
of that observed in the IRAS Bright Galaxy Sample (Condon
et al. 1990). Its 1.49 GHz emission globally follows the dis-
tribution seen in the visible and it extends along the overlap
region between the east and western components. A local max-
imum of the radio emission is seen to coincide with the bright-
est Hα emission in the overlap region, while VV 114E dis-
plays a double-peak radio morphology similar to that observed
at 2.2 µm (Condon et al. 1990, 1991). The spatial coincidence
of these two sources at NIR and radio wavelengths combined
with the similarity of the two nuclei in terms of the NIR/radio
flux ratio and the CO kinematics suggest that VV 114E itself
may have experienced an earlier merger.

Since observations in the mid-infrared (MIR) are less af-
fected by absorption than in the visible (A15µm ∼ AV /70, see
Mathis 1990), they provide a powerful tool to probe deeper
into the dust-enshrouded regions of galaxies, and allow one
to trace the reprocessed emission of dust heated by UV radi-
ation. Recent high resolution MIR images of VV 114 obtained
at Keck by Soifer et al. (2001) led to a significant improvement
in our understanding of that system – discussed in detail in the
following sections – despite the fact that ground-based obser-
vations generally suffer from the low transparency of the atmo-
sphere at these wavelengths. We thus used the high sensitivity
and the good spatial and spectral resolution of the ISOCAM
camera to gain a new insight in the mid-infrared properties of
VV 114. After describing the ISO observations and data reduc-
tion in Sect. 2, we present our analysis on the distribution of
the MIR emission in Sect. 3.1 and the spectral properties
of VV 114 in Sect. 3.2. We discuss our results in Sect. 4 and
summarize our conclusions in Sect. 5.
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Table 1. Global properties of VV 114.

Parameter Value
α (J2000.0) VV 114Ea 01h07m47.s5
δ (J2000.0) VV 114Ea −17◦30′25′′

Distanceb 80 Mpc
LIR

c 1011.6 L�

f25µm/ f60µm
c 0.18

MH2
d 5.1 × 1010 M�

LIR/MH2 (L�/M�)d 7.8

a Coordinates refer to the northeastern nucleus of VV 114E.
b We use H0 = 75 km s−1 Mpc−1, qo = 0.5
c From Soifer et al. (1987).
d Based on Yun et al. (1994).

2. Observations, reduction and analysis

2.1. The data

VV 114 was observed with the ISOCAM camera (Cesarsky
et al. 1996), a 32×32 pixel array on-board the Infrared Space
Observatory (Kessler et al. 1996). The data were obtained on
6 January 1998 in low-resolution spectro-imaging mode with
the Continuously Variable Filter (CVF) covering the full 5.1–
16.3µm wavelength range with a spectral resolution between
30 and 40. We used a 2.1 s integration per CVF frame spending
a total of 2.5 hrs on source. The pixel size was 1.5′′ creating a
field of view of 48′′×48′′, and the full-width at half-maximum
(FWHM) of the point spread function (PSF) varied between 4′′

and 5′′. In order to better study the low surface brightness of
the MIR emission with a better signal to noise ratio than what
can be achieved with the CVF, we also retrieved from the ISO
archive3 a 15 µm ISOCAM image of the galaxy obtained us-
ing the wide LW3 (12–18µm) filter. This 3×3 raster map was
also obtained using a pixel size of 1.5′′, a 6′′ step in both axes,
and as a result it covered a 1′×1′ field encompassing the whole
optical extent of the galaxy (see Fig. 1).

The data were reduced using the CAM Interactive Analysis
(CIA4) software following the standard procedure described in
detail by Starck et al. (1999). In brief we performed: 1) the
subtraction of the dark current, taking into account the observ-
ing time parameters, 2) the cosmic-ray removal by applying
a wavelet transform method, and 3) the correction of detector
memory effects using the Fouks-Schubert’s method (Coulais
& Abergel 2000). The sky was subtracted using the emission-
free regions of the detector outside the galaxy. The differential
pixel-to-pixel response of the array was corrected using flat-
field images taken as part of the ISOCAM calibration. Finally,
the effects of jitter were also corrected. These effects result
from the combination of the satellite tracking motion (∼1′′

in amplitude), the continuous translation of the source on the
detector as a function of the observed wavelength, which is

3 The ISO archive is available at www.iso.vilspa.esa.es/ida/
4 CIA is a joint development by the ESA astrophysics division and

the ISOCAM consortium.

VV 114W

VV 114E
knot 2

knot 1

10"

N

E
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Fig. 1. An I-band image of VV 114 obtained from the CFHT archive.
The two interacting galaxies, as well as the regions knot 1 and 2 of
Knop et al. (1994) are marked. The field of view of the ISOCAM
15 µm LW3 image is shown with the dotted square, while the two
NICMOS pointings by Scoville et al. (2000) which were used to con-
struct the mosaic presented in Fig. 2 are indicated with the dashed line.
The scale and orientation of the frame are also displayed.

an intrinsic feature of the ISOCAM CVF optics, and the dis-
continuous shift of the target when changing from one CVF
sector to another. To perform the jitter correction, all frames
were resampled with a smaller pixel size and aligned with one
another using the brightest peak of MIR emission observed in
each frame.

2.2. Astrometry

Due to the absolute pointing uncertainty of the satellite, the
rather small field of view of our MIR images and the lack of
bright stars in the field, special care had to be taken to define
the proper astrometry of our observations. For this purpose,
we used the diffraction-limited images of VV 114 recently ob-
tained by Soifer et al. (2001) with the MIRLIN mid-infrared
camera (Ressler et al. 1994) on the Keck II telescope. These
high resolution data indicate that 1) the maximum of inten-
sity detected at 12.5µm originates from the core of VV 114E,
2) the double-nucleus morphology of VV 114E observed at
NIR and radio wavelengths is also present in the mid-infrared,
and 3) both nuclei (referred as VV 114ENE and VV 114ESW)
have approximately the same flux at 12.5µm (see Fig. 1a of
Soifer et al. 2001). Given their small angular separation of 1.6′′,
these two sources can not be directly resolved in our data and
therefore we set the peak observed in the ISOCAM images be-
tween the two (see Fig. 2b). We note that Soifer et al. (2001)
reported sub-arcsec scale discrepancies regarding the spatial
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coincidence of these two nuclei as seen at NIR, MIR and radio
wavelengths. These potential misalignments though are much
smaller than the FWHM of the ISOCAM PSF and do not signif-
icantly affect our astrometry and analysis. We did not make any
modification to the roll angle of our maps since it is unlikely to
suffer from systematic errors given its observed performance
over the ISO mission. In fact no uncertainties in the rotation
angle were ever reported in ISOCAM deep surveys where they
would have been easily observed due to the large number of
detections over large spatial scales. We estimate that our final
absolute astrometry is accurate to ∼0.5′′.

2.3. Photometry

The 15µm image of VV 114 (see Figs. 2a and 2b), taken with
the LW3 filter, shows that the MIR emission can be roughly de-
composed into a bright peak at the nuclear region of VV 114E
and a more extended component towards VV 114W. This dif-
fuse emission, which was not detected in the MIRLIN im-
ages of Soifer et al. (2001), has an average surface bright-
ness of 1.3 mJy arcsec−2. It is not particularly pronounced at
the optical center of the western galaxy, but it presents a peak
of 2.2 mJy arcsec−2 along the interacting region between the
two galaxies (marked as knot 2 by Knop et al. 1994, see also
Fig. 1). Even though the authors set a slightly higher upper limit
of 1 mJy arcsec−2 for it, this difference can be understood as due
to the higher sensitivity and larger pixel size of our ISOCAM
maps.

In the analysis of our data on VV 114E, a substantial ef-
fort was devoted to determine whether the MIR ISOCAM pro-
file can be attributed only to the double nucleus at its center,
or if emission from an additional component associated with
an extended circumnuclear region is also present. For this pur-
pose, we modeled the observed profile with a combination of
two point sources simulating the two nuclei of VV 114E ob-
served by Soifer et al. (2001). As a basis for our model we
used a series of theoretical PSFs calculated for the specific
configuration of ISOCAM and for various offsets of the PSF
maximum relative to the pixel centers on the grid of the de-
tector (Okumura 1999). Taking into account 1) the pixel scale,
2) the orientation angle of our maps, and 3) the position angle
of the two nuclei as well as their angular separation of 1.6′′,
we thus obtained a collection of simulated profiles for each
wavelength of the CVF. We then applied an iterative fitting
method using a χ2 test to select the best simulation available.
Since the relative contribution of VV 114ENE and VV 114ESW

is not accurately known over the entire wavelength range of
the CVF, we assumed that the two sources contribute the same
level of emission throughout the 5–16µm range, and compared
the result with the extreme situation where all emission orig-
inates from VV 114ESW. In both cases we found that for the
best simulated profile, the fit can not account for all emission
from VV 114E. The observed MIR excess is present over the
whole 5–16µm range and can be attributed to the contribu-
tion from an extended component surrounding the two nuclei
over an area of a few 100 pc. Before attempting to quantita-
tively separate this extended emission from the one originating

from the two nuclei, we wanted to ensure that the former is
not artificially produced by a wrong correction of the jitter ef-
fect in our data. To achieve this, we used the recorded teleme-
try information of the telescope, and simulated how the pro-
file of a single PSF would widen if no jitter correction was
applied. We found that the effect is noticeable only at short
wavelengths, and that the error on the measured flux is negli-
gible (less than 1%) provided that an aperture of at least 3×3
pixel is used. We therefore chose to measure the intensity from
the double nucleus by integrating the flux over a fixed aperture
of 3×3 pixels (4.5′′ × 4.5′′). Using the best simulated profiles
obtained with the χ2 method described earlier, we found that
the excess due to the extended emission around the nucleus of
VV 114E in the aforementioned aperture is very small at long
wavelengths (∼10% beyond 12µm), but varies between 30 and
60% at 5µm depending on the assumed relative contribution of
the two nuclei. Finally, we restituted the spectral energy distri-
bution of the double nucleus by applying an aperture correction
to take account of the spatial extent of the PSF. This correc-
tion was computed assuming a 4.5′′×4.5′′aperture and a single

point source at the center of VV 114E. Using our simulations
described above, it can be shown indeed that the fraction of flux
found outside of the above apertures is only weakly sensitive to
the fact that VV 114E has two nuclei separated by ∼1.6′′.

We also compared our observed spectral energy distribu-
tion (SED) with the broad-band photometry of the central re-
gion of VV 114E as derived by Soifer et al. (2001). This was
performed by integrating our spectrum over the appropriate
wavelength ranges, using the profile of the MIRLIN filters. Our
“MIRLIN equivalent” broad band fluxes in all five bands are
in good agreement with those observed by Soifer et al. (2001)
with an averaged uncertainty of 10%. This consistency indi-
cates that our assumptions and analysis resulted in a reliable
MIR spectrum from the nucleus of VV 114E. Furthermore, our
data indicate that VV 114E accounts for only 40% of the total
MIR flux of VV 114 detected by ISOCAM. This also follows
the observation by Soifer et al. (2001) that a substantial frac-
tion of the IRAS 12 µm flux5 is not detected in their data, and
may originate from a more diffuse component, which is in fact
detected by ISOCAM. Integrating over the full spatial extent of
VV 114E we find that the total extended emission in VV 114E
accounts for 35% of the flux beyond 12 µm, and reaches 50
to 70% at shorter wavelengths. To examine the spatial distri-
bution of that diffuse component, we used the high signal to
noise 15 µm image and removed the contribution of the double
nucleus by subtracting the best simulations selected with our
χ2 test as mentioned above. This revealed a secondary peak of
emission 3′′ west of the double nucleus of VV 114E, which is
totally inconspicuous in the images dominated by the strong
flux emitted by the core of the eastern galaxy. The maximum
of its surface brightness is ∼2 mJy arcsec−2, and interestingly
it coincides spatially with the peak of CO emission (Yun et al.
1994). Yet, the reality of this feature remains somewhat un-
certain since it depends on the simulated profile used for the
removal of the double nucleus. Moreover, it does not have any

5 See Appendix A for a discussion on the IRAS measurements.
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counterpart at NIR or radio wavelengths, and may likely result
from an artifact in our PSF subtraction.

Finally using our MIR spectrum, we calculated the equiv-
alent flux densities corresponding to the typical ISOCAM
broad-band filters for several components of VV 114. Taking
account of the filter transmission curves, we integrated the SED
from the CVF to obtain energy fluxes in W m−2. The conversion
to derive the flux densities in mJy was performed assuming an
intrinsic spectral shape fν = cte. The total intensity for the two
galaxies was obtained by integrating the MIR emission over
the full spatial extent of the galactic disks as seen in our data.
We note that within 1σ of our photometric uncertainty, the flux
measured by the LW10 filter, an equivalent to the 12µm IRAS
filter, accounts for nearly 100% of the IRAS flux, the exact
value of which we discussed in Appendix A. The flux from
the central region of VV 114E was derived as explained earlier,
and the one from the peak of the extended emission located
southeast of VV 114W was measured over a region of 5′′ in di-
ameter centered on knot 2 (α = 01h07m46.7s, δ = −17◦30′27′′,
J2000). Our results are presented in Table 2. The 1σ–rms noise
in our images created from the CVF by integrating over the
5–8.5µm (equivalent LW2 filter) and 12–16µm wavelength
range are 150 and 230µJy arcsec−2 respectively. Clearly, these
images are not as deep as the one obtained directly with the
broad-band LW3 filter in which we measured a noise level of
70µJy arcsec−2. This was to be expected since the bandpass
of the CVF is much narrower than the width of the broad-
band filters. The relative photometric uncertainty on the MIR
SED varies from 10% at 5µm up to 15% at 16µm. The major
sources of errors are due to the non-perfect correction of the de-
tector memory effect. Based on our experience with ISOCAM
data, we estimate that an uncertainty of 25 % for the absolute
photometry constitutes a conservative upper limit, which is typ-
ical for well detected extended sources.

2.4. Mapping of the UIB emission

As we will discuss in more detail in Sect. 3.2, it is widely
accepted that the various Unidentified Infrared Bands (UIBs)
detected in MIR spectra of galaxies are produced in photo-
dissociation regions (PDRs) and consequently are directly as-
sociated with the regions of star formation in galaxies (see
Rigopoulou et al. 1999; Laurent et al. 2000; Helou et al. 2000).
Their spatial distribution could then be used to depict more ac-
curately the regions undergoing star forming activity even in
areas where extinction from dust is high. We thus extracted the
UIB emission from our CVF spectral cube and produced im-
ages of their spatial distribution across VV 114, following the
same method as in Le Floc’h et al. (2001). We identified the 6.2,
7.7 and 11.3µm bands in all observed positions (pixels) on the
galaxy and subtracted the underlying continuum emission (see
Fig. 3 for an illustration of the method). Since on galactic scales
the relative strength of the different UIBs does not vary sub-
stantially, we co-added the corresponding images to produce a
single higher signal to noise map of the integrated UIB emis-
sion. We decided not to include the 8.6µm feature which is
highly sensitive to the strength of the 9.7µm silicate absorption

band. The 12.7µm feature was also excluded since it is contam-
inated by the [NeII] line at 12.8µm (see Sect. 3.2.1).

3. Results

3.1. Spatial distribution of the MIR emission

In Fig. 2a, we overlay in contours this UIB map on a 15µm
image of VV 114 obtained with the LW3 filter while in Figs. 2b
and c, we present a mosaic of the two 1.1µm J-band images
of VV 114 taken with HST/NICMOS6 superimposed with the
contours of the 15µm and UIB emission respectively. One can
see that the UIB emission seems to be more closely restricted to
the active regions of the galaxy than the widespread distribution
of hot dust seen in the 15µm image. This apparent lack of UIB
features in the outskirts of VV 114 is most probably due to a
lower sensitivity of our UIB maps.

The power of infrared to probe deeper into the embedded
regions of galaxies is particularly enlightening in the case of
VV 114E, the activity of which becomes apparent in the ther-
mal MIR even though it is rather inconspicuous in the optical.
We clearly see that this source dominates the MIR emission of
VV 114 (see Fig. 2a), and roughly accounts for 40% of the to-
tal flux observed. The fact that VV 114E has an LW3 to K-band
ratio of ∼16 which is larger than the 1–10 range of values found
in late type galaxies (Boselli et al. 1997), suggests a higher than
average hot dust content compared to its stellar mass. Strong
UIB features are also seen in its spectrum (see Fig. 2c) further
confirming that an important fraction of the flux coming from
the central regions of the eastern galaxy originates from a pow-
erful circumnuclear starburst (see also Sect. 3.2.2). Our find-
ings support similar conclusions derived by Doyon et al. (1995)
based on NIR spectroscopic observations. Note that the intense
star forming activity in the inner core of VV 114E had also
been inferred from the strong 8.4 GHz radio emission (Condon
et al. 1991), which coincides with the bright NIR peaks
(Knop et al. 1994), as well as the large quantity of molecular
gas in the vicinity of VV 114E (Yun et al. 1994).

Contrary to VV 114E, the MIR emission from VV 114W
is weaker and more diffuse. Surprisingly, there is no enhance-
ment of the MIR flux near its nucleus. Instead, the dust emis-
sion seen with ISOCAM peaks 5′′ to the southeast, close to
the bright H  region denoted as knot 2 by Knop et al. (1994).
This secondary peak at knot 2 is even more pronounced in
our UIB map and is also visible in the 3.2µm image of Soifer
et al. (2001) which sampled emission from the weaker 3.3µm
UIB feature. Knot 2 also coincides with a local maximum
of the radio emission at 1.49 GHz (Condon et al. 1990), and
has an Hα equivalent width of 430 Å, six times wider than
what is observed in the nucleus of VV 114W, a clear evidence
of massive extranuclear star formation activity (Knop et al.
1994). A large number of young star clusters and compact H 
regions were also detected in the NIR throughout the same

6 Individual frames are available at the NASA Extragalactic
Database hosted in the web server of IPAC, see also Scoville et al.
(2000).
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Table 2. ISOCAM broad-band photometry of VV 114.

ISOCAM flux in broad-band filters (mJy)

LW2 LW3 LW4 LW6 LW7 LW9 LW10a

Source (5–8.5 µm) (12–18 µm) (5.5–6.5 µm) (7–8.5 µm) (8.5–10.7 µm) (14–16 µm) (8–15 µm)
VV 114E (nucleus) 136 351 96 242 105 379 198
VV 114W (knot 2) 28 88 13 62 35 85 58
VV 114 (diffuse) 256 241 111 296 180 186 264
VV 114 (total) 420 680 220 600 320 650 520

a equivalent to IRAS 12 µm filter.
Note: Fluxes in the LW3 filter were measured directly in the LW3 broad-band image retrieved from the ISO archive. Equivalent fluxes in
the other filters were obtained from the CVF data, those of VV 114E (nucleus) and VV 114W (knot 2) being derived from their MIR SED
respectively presented in Figs. 3 and 4. The diffuse emission was deduced after subtracting the contributions of VV 114E (nucleus) and knot 2
to the total fluxes measured over the full spatial extent of the merger.

�� �������
	 ����

�������� ����� � 	 �������

�������� ����� � 	 �����

� ����� ����� � 	 !�"$#&% '$� ( �

������� ����� � 	 !�"�#)% '*� ( � �� �������
	 ��+ �,�

�� �������
	 ��+ �,��� �-�����&	 �.+ �,�

/

0

132 4
576 8�9�:<;

=

Fig. 2. a) The ISOCAM 15 µm image of VV 114 taken with LW3 (12–18 µm) filter with an overlay of the integrated UIB emission at 6.2, 7.7
and 11.3 µm (see Sect. 2.4). The image scale is displayed with a bar of 1.2 kpc (3 ′′) at the top-right corner. b) The HST/NICMOS J-band image
of VV 114 from Scoville et al. (2000) with the overlay of the LW3 15 µm image presented in a). The contour levels are 0.45, 0.65, 0.90, 1.35,
2.10, 4.45 and 8.45 mJy arcsec−2. We have also indicated the FWHM of the ISOCAM PSF at 12 µm. Note that the warm dust emission is much
more extended than the nuclei of the galaxies. c) The same J-band image presented in b) but overlayed with the UIB contours of a). Note how
the secondary UIB peak is not found in VV 114W but instead it coincides with knot 2 of Knop et al. (1994). d) An overlay of the SCUBA
450 µm emission detected by Frayer et al. (1999) onto the NICMOS image presented in b) and c). The contours are 150, 225, 338, 450, 525,
600 and 675 mJy beam−1 while the beam size is ∼6′′ . We observe that, similar to the CO emission, most of the cold dust is found in the area
between the galaxies suggesting that there is a considerable reservoir of gas to fuel the star formation activity in the system.
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area (Scoville et al. 2000). As a whole though, VV 114W has
an LW3/K ratio ∼11 slightly higher than that of normal galax-
ies, and accounts for ∼35% of our observed total MIR flux.

Another striking feature in our maps is the spatial extent
of the diffuse MIR emission. This is clearly noticeable in the
15µm image of VV 114 (see Fig. 2b). Its distribution is rather
smooth with an elliptical shape surrounding the central regions
of the two merging galaxies over more than 10 kpc. This is in
stark contrast to what is observed in most LIRGs and ULIRGs
which typically harbor very compact circumnuclear starbursts
responsible for nearly 80–100% of the energy emitted in the
mid-infrared (i.e. Soifer et al. 2000, 2001; Charmandaris et al.
2002b). As was already noted by Soifer et al. (2001) though,
VV 114 is an exception to this trend since its 12µm and NIR
curves-of-growth are quite similar. We explore the implications
of this finding in Sect. 4.

At kpc scales, the diffuse and extended emission from hot
dust particles as seen in our data closely follows the distribu-
tion of the molecular gas detected in the CO interferometric
map of Yun et al. (1994). The CO emission reveals a fairly
extended and massive molecular gas complex at the center
of the merger, distributed along a bar joining the two galax-
ies. Two tail-like features extend from the extremities of this
bar, one to the North of VV 114W, and the other to the South
of VV 114E. This morphological correspondence between CO
and MIR emission in tails or spiral arms has already been ob-
served both in normal and in interacting galaxies and AGN
(Mirabel et al. 1999; Wilson et al. 2000; Le Floc’h et al. 2001)
and is to be expected as the molecular gas is the fuel of star
formation which in turn heats the dust to emit in the MIR.

Recently, submillimeter observations of VV 114 by Frayer
et al. (1999) at 450µm and 850µm with SCUBA have also
revealed a cold dust emission centered in the overlap re-
gions between the two interacting components and extended
over 12 kpc. As we can see from Fig. 2d, despite the large
SCUBA beam (6′′ at 450µm) the cold dust follows the same
overall distribution as our ISOCAM maps, but the two peaks of
the 450µm emission are slightly displaced relative to the MIR.
This can be interpreted by temperature gradients within the
dust reservoir which is heated by both the nucleus of VV 114E
and the star-forming source at knot 2. The distribution of the
cold dust seen at 850µm also correlates well with the CO
emission given the uncertainty (±2′′) of the SCUBA map, and
seems to peak in the overlap region of the merging galaxies
just to the southwest of VV 114E. However, determining the
location where the bolometric luminosity of VV 114 mainly
originates is not straight forward. According to the models of
the FIR emission presented in Fig. 2 of Frayer et al. (1999),
most of the energy output in this merger is radiated between
60 and 200µm. We note that the emission probed by SCUBA
only accounts for less than one tenth of the total luminosity
and is similar to the contribution of the MIR emission traced
by ISO at 15µm. This suggests that the 60–200µm emission
is probably concentrated between the peaks of the MIR and
submillimeter emission, and thus the bolometric luminosity of
the system should be more closely associated with the eastern
component of VV 114.

3.2. Spectral properties

3.2.1. The Mid-infrared SED of VV 114W

The spectral shape of the MIR emission throughout the extent
of VV 114W was found rather constant across the entire disk
as well as on the overlap region towards the eastern compo-
nent, varying only in intensity. In Fig. 3 we present the spec-
trum of a 5′′-diameter aperture centered on the brightest peak
of emission in VV 114W. As mentioned earlier, this is the loca-
tion of the so-called knot 2, which has the widest Hα equivalent
width of the galaxy. The MIR spectrum is typical of what is ob-
served in other galaxies which are actively forming stars (i.e.
Laurent et al. 2000 and references therein). As it is known, the
spectrum can be decomposed mainly into the contribution of
the Unidentified Infrared Bands (UIBs) clearly detected at 6.2,
7.7, 8.6, 11.3 and 12.7µm, and that of a steeply rising contin-
uum longward of 10µm. The UIBs are generally attributed to
C=C and C–H vibrations in Polycyclic Aromatic Hydrocarbon
molecules (PAHs, see Léger & Puget 1984; Li & Draine 2001)
which are stochastically heated by UV and optical radiation,
and since they are typically found in PDRs they are often used
to trace quiescent or more active star formation (Helou et al.
2000). The rising continuum on the other hand, is the most
prominent feature detected in MIR spectra of galactic H  re-
gions and galaxies harboring intense star forming activity. It
is thought to be produced by small dust particles with radius
less than 10 nm (Very Small Grains – VSGs – see Désert et al.
1990), which are heated up to temperatures ∼200–1000K by
the strong radiation field from hot young stars, and therefore it
is considered as a good tracer of massive star formation activ-
ity. The presence of this continuum in our spectrum – though as
we will see rather weak compared to VV 114E – confirms that
vigorous star formation is underway in the overlap region of
the merger, where the streaming motions and shocking of gas
clouds due to the interaction are probably the strongest. This
is in contrast to what one observed in the MIR spectra of qui-
escent spiral galaxies where the contribution from the VSGs is
generally much lower (Roussel et al. 2001). The overall extinc-
tion in the area, as measured by the relative strength of the 6.2
and 11.3µm UIB features (see Sect. 3.2.2 for a description of
the method used), is small and the ISOCAM star formation ac-
tivity indicator as traced by the LW3/LW2 color ratio is just
above ∼1.4 (see Laurent et al. 2000).

Several ionic emission lines are also visible in the spec-
trum. At 7µm, we detect [ArII], which has a rather low ioniza-
tion potential (Ep = 16 eV) and is typically found in starburst
environments (Sturm et al. 2000). Given our low spectral res-
olution, the 12.8µm [NeII] line (Ep = 22 eV) is blended with
the 12.7µm UIB feature and its strength can not be accurately
determined. However, ISOCAM CVF observations of many re-
gions with moderate star forming activity and low extinction
(i.e. Boulanger et al. 1996) indicate that the 12.7 and 11.3µm
UIB features scale with one another. The fact that the 12.7µm
emission in VV 114W is fairly strong suggests that a consid-
erable fraction of the feature flux is due to the [NeII] line.
This would be expected given the high Hα flux of knot 2, a
clear evidence of massive extranuclear star formation activity.
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UIB 12.7 + [NeII] 12.8

[ArII] 7.0

[NeIII] 15.6

Fig. 3. Mid-infrared spectrum of knot 2 in VV 114W obtained with
an aperture of 5′′ in diameter, centered on the peak of emission lo-
cated near the bright H  region southeast of the nucleus of VV 114W
(α = 01h07m46.7s, δ = −17◦30′27′′ , J2000). The flux of the UIB fea-
ture at 7.7 µm used to create the UIB map presented in Fig. 2b was
measured integrating the hatched area as illustrated in the figure. A
similar technique was applied to the other features at 6.2 and 11.3 µm.

The [NeII] line has also been clearly observed with the larger
aperture of ISO-SWS (Thornley et al. 2000), which provides
further confidence on the reliability of our detection. We fi-
nally observe an apparent bright feature at 15.6µm, which we
attribute to [NeIII]. The profile of that feature as well as the
fact that this line was also observed with ISO-SWS, lead us to
believe that our detection is reliable, even though the obvious
memory effects of the detector make a determination of its flux
problematic.

3.2.2. The MIR spectrum of the nuclear region

in VV 114E

As discussed in Sect. 2.3, the MIR emission from the cen-
tral region of the eastern galaxy is dominated by the contribu-
tion of its nucleus over the full wavelength range of the CVF.
In Fig. 4 we present the spectrum of the central 4.5′′ × 4.5′′

(1.7 kpc × 1.7 kpc) region of VV 114E, after correcting it via a
scaling factor that takes into account the extended flux of the
PSF lying outside the aperture. As in VV 114W, we clearly de-
tect the presence of the UIB features as well as the [NeII] and
[NeIII] lines. However, comparing the spectra of the two galax-
ies, we note that in VV 114E the relative strength of the 8.6
and 11.3µm features compared to the UIBs at 6.2, 7.7 and
12.7µm is much lower, which implies a higher silicate absorp-
tion at 9.7µm in the eastern galaxy. The latter is also sug-
gested by the 15µm to 9.7µm flux ratio, which for VV 114E
is ∼8, nearly 4 times that of normal galaxies (see Xu et al.
2000). The increased extinction towards VV 114E is also ap-
parent as the fraction of the total flux originating from VV 114E
reaches 65% of the total shortward of 9 µm and longward of
12µm, but falls to only 50% near the silicate band (see Table 2
and Fig. 5). To estimate the extinction in the central region
of VV 114E, we reproduced the relative strength of the UIB

Table 3. Extinction in the central region of VV 114E.

Extinction law Av τ at 10 µm
Draine (1989) 4 mag 0.33
Mathis (1990) 11 mag 0.60
Dudley & Wynn-Williams (1997) 5 mag 0.28
Lutz (1999) 6 mag 0.83
Li & Draine (2001) 5 mag 0.41

Fig. 4. The mid-infrared spectrum of the central region of VV 114E
using an aperture of 4.5′′×4.5′′, taking into account the variable size
of the PSF. For comparison, we have reproduced the spectrum of
VV 114W (dashed-line) normalized to the rest frame 14–15 µm con-
tinuum. Note the difference in the slope of spectra as well as the higher
extinction in VV 114E.

features at 6.2 and 11.3µm using the observed spectrum of the
M 51 disk extinguished by a screen model with different extinc-
tion laws. This approach is justified since in unobscured star
forming regions, UIB features in the 5–13µm range are known
to present canonical spectral properties between one another
(Dale et al. 2001; Roussel et al. 2001). The various extinction
laws were chosen to explore the effects of a variable strength
in the 9.7µm silicate band, and they also differ in their level of
extinction between 4 and 8µm. The results obtained are sum-
marized in Table 3. In spite of the apparent variations between
the different measurements, all values of τ are lower than 1,
which is consistent with an optically thin medium and making
the screen model a raisonable assumption.

We note that we measure a lower extinction than Soifer
et al. (2001) who derived τ ∼ 0.7 for the southwestern nucleus
of VV 114E and τ ∼ 2–3 for the northeastern nucleus using the
extinction law of Li & Draine (2001) at 10µm. Our lower mea-
surements are expected since our larger ISOCAM beam sam-
ples a more diffuse optically thin dust component surrounding
the two nuclei of VV 114E.

More intriguing is that VV 114E displays a rather sig-
nificant continuum at short MIR wavelengths (5–6µm). This
“bump” is absent in pure starburst spectra, but has already been
observed between 3–6µm in the SEDs of active galactic nu-
clei (Lutz et al. 1998; Mirabel et al. 1999; Laurent et al. 2000;
Le Floc’h et al. 2001) and it has been proposed as a MIR di-
agnostic for an AGN (Laurent et al. 2000). According to the
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VV114E (nucleus+disk)

VV114 (total)

VV114E (nucleus)

Fig. 5. The total MIR spectrum of VV 114 (solid line) integrated over
the full spatial extent of the merger. The 5–16 µm SED of the nu-
cleus of VV 114E (dashed-line) and the spectrum of the whole eastern
galaxy (disk+nucleus, dashed-dotted line) are also reproduced to show
their relative contribution to the total emission.

unified scheme of AGNs, such a continuum is thought to be
produced by very hot dust particles heated to nearly their sub-
limation temperature (T ∼ 1000 K for silicate and T ∼ 1500 K
for graphite) within the torus of molecular gas surrounding
the nucleus (Krolik 1999). The elevated continuum at 5µm in
our spectrum would be consistent with emission from an en-
shrouded AGN. One should note however, that no other telltale
signs of an active nucleus such as the [NeVI] and [NeV] lines
have been detected on that galaxy, despite the rather modest nu-
clear extinction of the nucleus. Could it be that this “bump” is
due to an ultracompact starburst instead? We discuss this pos-
sibility in the following section.

4. Discussion

4.1. VV 114: The early stage of a future ULIRG

As we mentioned earlier, ULIRGs are formed when gravi-
tational instabilities occuring during galactic collisions, force
large concentrations of gas to the central regions of the merg-
ing disks, fueling circumnuclear starbursts or enshrouded ac-
tive nuclei (see Mihos & Hernquist 1996). Observations of
ULIRGs in the near and mid-infrared have revealed that a large
fraction (30–100%) of the infrared energy emitted by these ob-
jects is often contained in very compact nuclear regions with
linear scales of a few 100 pc (Scoville et al. 2000; Soifer et al.
2000, 2001). Moreover, Gao & Solomon (1999) have shown a
strong correlation between the CO luminosity and the nuclear
separation of merging galaxies, as well as an anti-correlation
between that distance of the nuclei and the LIR/MH2 ratio. In
this context, one would expect that the ultraluminous phase
would appear as the final result of the merging, once the two
progenitors have nearly formed a single object. However, it has
been recently reported that a population of ULIRGs may con-
sist of widely separated (>∼10 kpc) pairs of galaxies in a rather
early phase of interaction (Murphy et al. 2001; Dinh et al.
2001; Meusinger et al. 2001). This finding implies that our

interpretation on the mechanisms stimulating star formation
during interactions needs to be re-examined. More specifi-
cally, Murphy et al. (2001) have suggested that galaxies which
have sufficiently large reservoirs of molecular gas and experi-
ence more than one close encounter before their final merger,
may undergo multiple stages of ultraluminous activity (LIR >∼
1012 L�) triggered at each encounter of their disks while re-
maining in the LIRG stage during the in-between periods.

Several observational evidence lead us to believe that
VV 114 is in fact in such a “quiescent LIRG” phase. The first
one is the moderate separation (∼6 kpc in projection) between
the two interacting galaxies, and the very extended molecular
gas distribution as revealed by the CO observations. The gas
kinematics are also characterized by large velocity gradients
and non-rotational signatures dominated by inflow/outflow ra-
dial motions, and even the distribution of the stellar light in
the central regions has not yet settled into an r1/4 profile (Yun
et al. 1994; Scoville et al. 2000). Yet, despite the early stage
of its evolution, VV 114 is already one of the brightest infrared
objects in the local Universe (Soifer et al. 1987), and harbors
compact nuclear and extranuclear starbursts with strong MIR
emission. We note that such spots of star formation in the over-
lap region of interacting galaxies are not uncommon when the
progenitors are late type galaxies (Mirabel et al. 1998; Gallais
et al. 1999; Xu et al. 2000). Another characteristic of VV 114,
yet unusual in LIRGs, is the similar curves-of-growth at 2.2
and 12.5µm in the central 1 kpc region of VV 114E (Soifer
et al. 2001). What could be the cause for this behavior? A possi-
ble explanation might be related to the fact that even though the
system is highly IR luminous, it is dynamically young with its
two gas rich components still violently interacting. This would
imply that not only the old stellar population but large quanti-
ties of dust grains coupled to the gas originally associated with
the disks of VV 114E and VV 114W before their interaction,
have not yet relaxed and they are distributed around the galax-
ies following loops and tails in the gaseous component. The
strong ionization field resulting mainly from the massive star-
bursts in VV 114E as well as in the overlap region, would then
permeate this extended volume of gas and dust, and could cause
the dust grains of smaller size to be heated sufficiently in order
to emit in the thermal MIR.

The large-scale spatial coincidence between the CO and
MIR emission shows that the conversion of molecular gas into
stars is still ongoing, not only in compact regions where the
gravitation potential is responsible for fueling the starburst with
gas, but also in more extended areas where shocks and den-
sity enhancements induced by the dynamical perturbations of
the collision may also trigger a star forming activity. Taking
into account the estimated age of the collision (∼3–4× 108 yrs,
Yun et al. 1994) and the huge reservoir of gas still available
(5.1× 1010 M�), it is very likely that the star formation process
will continue for a least a few 108 yrs before the two galax-
ies finally coalesce. As suggested by Yun & Scoville (1995) to
illustrate how the gas density and IR luminosity efficiency anti-
correlate with nuclear separation in merging systems, VV 114
could evolve into a more advanced merger like Mrk 273, to fi-
nally terminate in a ULIRG similar to Arp 220.
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4.2. Is there a buried AGN in VV 114E?

The question of whether AGN or compact starbursts are re-
sponsible for the production of the bulk of the luminosity of
LIRGs/ULIRGs is a pertinent one. The fact that both phenom-
ena usually co-exist makes quantifying their contribution rather
problematic (see Laurent et al. 2000 for a discussion). Recently,
large scale surveys conducted at MIR wavelengths with ISO
(Lutz et al. 1998) have provided evidence that roughly 70% of
the energy budget in the Universe would originate from star
forming activity, though it has been suggested from submil-
limeter surveys that the contribution from AGNs could be ac-
tually more important (McMahon et al. 1999).

The colors of VV 114E are very red indicating a signifi-
cant absorption of UV and optical light by large concentrations
of dust and thus one may wonder whether or not an active
nucleus, hidden in the visible, could be lurking in it. Apriori
though, several observational evidence argue against it. Not
only the cold IRAS color of VV 114 ( f25 µm/ f60 µm = 0.18) in-
dicates a predominant star formation activity, but also the two
nuclei of VV 114E show extended emission at both NIR (Knop
et al. 1994; Doyon et al. 1995) and radio (Condon et al. 1991)
wavelengths, which suggests that the observed continuum has a
stellar origin. Moreover, the NIR spectroscopy of VV 114E in-
dicates that the gas is photo-ionized by young OB stars rather
than an AGN-like engine (Doyon et al. 1995), which reinforces
the idea that the bulk of the infrared emission from the galaxy
may be attributed to an episode a vigorous star formation.

However, using a J–H vs. H–K color diagram, it can
be shown that the very central region of VV 114E exhibits
near-infrared colors similar to that observed in warm LIRGs
(Scoville et al. 2000). Furthermore, models fitting the NIR
SED of VV 114E indicate that 50% of the K-band contin-
uum observed in the two nuclei originates from hot dust
emission heated to temperature ∼800 K (Doyon et al. 1995).
Unfortunately, even the radio data of Condon et al. (1991) are
not conclusive for the two nuclei of VV 114E as no high reso-
lution radio spectral indexes which could be used to identify a
synchrotron or a flat thermal origin of their emission are avail-
able. Finally, as it was shown by Soifer et al. (2001) as well
as from ISOCAM data, only a fraction of the MIR emission
seen by IRAS is associated with the nuclear region of VV 114.
Consequently the IRAS colors do not characterize the nuclear
activity in this galaxy and can not be used to exclude a dust-
enshrouded active nucleus in VV 114E.

In fact, our MIR spectra of VV 114E do reveal a strong
emission at 5µm, and a rather flat 5–16µm continuum com-
pared to typical template ISOCAM spectra of H  regions
(Laurent et al. 2000). The specific signatures of PDRs, H  re-
gions and AGNs in the mid-infrared have been thoroughly stud-
ied by Genzel et al. (1998) and Laurent et al. (2000) who, using
the UIB to continuum flux ratio of MIR templates to character-
ize each of the different types of activity, have both developed
diagnostics to distinguish between starbursts and active nuclei
in galaxies. Up to now, the type of MIR spectrum seen from
VV 114E has only been found in AGNs and it is thus consid-
ered as a solid indicator for the presence of an active nucleus
which is dominant in the MIR. Using the classification scheme

of Laurent et al. (2000) it appears that an AGN could be con-
tributing up to 40% of the MIR flux in the eastern galaxy of
VV 114. Such a result supports the strength of MIR observa-
tions to unveil dusty and hidden AGNs which can not be de-
tected at other wavelengths.

Recently, it has been proposed to combine the 3.3µm
PAH emission with the 3.4µm carbonaceous dust absorption
to distinguish between AGN and starburst activity in luminous
galaxies (Imanishi & Dudley 2000; Imanishi 2002). This tech-
nique could be particularly powerful in detecting buried ac-
tive nuclei in LINER- or starburst-classified LIRGs/ULIRGs. It
would be of great benefit if this new diagnostic could be applied
to VV 114E so that we obtain a better view on the 2–5µm win-
dow properties of that merger. Establishing the link between
what is observed in the K and L band and the short (4–6µm)
MIR wavelengths, which were observed by ISO and will also
be covered by SIRTF in the near future, is clearly essential in
order to better constrain the origin of the different contributions
and processes at work in this system.

4.3. Implications for high redshift surveys

Characterizing the physical properties of sources in the distant
Universe is one of the key issues to discriminate between var-
ious models of galaxy formation. It has become increasingly
accepted that understanding the properties of galaxies such as
VV 114 may provide a valuable insight for this goal. As dis-
cussed earlier, this system consists indeed of two galaxies for
which the presence of dust is the cause of their dramatically
different SEDs. Most of the bolometric luminosity originates
from VV 114E which also dominates the FIR emission from
the system but is completely obscured by dust in the far- and
near-UV (Goldader et al. 2002). On the other hand, the west-
ern galaxy, VV 114W, is bright in the UV and visible and con-
tributes only modestly to the global infrared emission. These
“antagonistic” features have important consequences for the
detection as well as the apparent morphology of high redshift
galaxies. If we were to place VV 114 at z ≥ 1, the spatial res-
olution of the deep surveys at optical wavelengths (e.g. HDF,
Williams et al. 1996) would not allow us to disentangle the two
components involved. One therefore would have to rely only
on its integrated properties. Goldader et al. (2002) have shown
that VV 114 could be easily observed at z ∼ 1.5 in the optical
window, unlike the more luminous ULIRGs such as Arp 220
which are too faint in the UV. Due to the strong UV emission
of VV 114W it would be detected even at z ∼ 3 with color,
luminosity and size closely resembling those of Lyman-break
galaxies. Yet, the eastern component, which as we have seen
is the most energetically active, would be invisible since its
UV emission is completely absorbed and re-emitted at longer
wavelengths due to its high dust content (see Figs. 3 and 4
of Goldader et al. 2002). Obviously this will provide a highly
distorted and unrealistic view of the system since we will be
clearly unaware of the component which is responsible for the
bulk of its bolometric luminosity. This would be similar to what
has been observed by Ivison et al. (2001) in the SCUBA source
SMMJ14011+0252, which is located at z = 2.56 and harbors
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faint unobscured companions within an otherwise large and
opaque star-forming system.

What evidence do we have though that VV 114 is repre-
sentative of the high redshift galaxies? Firstly we do know
that mergers and interactions were more frequent in the early
Universe (Le Fèvre et al. 2000). Secondly the sources detected
at 15µm in ISOCAM deep MIR surveys (Aussel et al. 1999;
Elbaz et al. 1999) are mostly LIRGs rather than ULIRGs (Elbaz
et al. 2002). Finally, similarly to what is observed in VV 114,
in most of the luminous infrared mergers at low-z the MIR flux
– and possibly the FIR as well – is found to originate mostly
from one component of the merging system (Dinh et al. 2001;
Charmandaris et al. 2002a,b). The above observations suggest
that indeed galaxies such as VV 114 could be very relevant in
probing galaxy evolution at high redshift.

5. Conclusions

Using our ISOCAM MIR observations of the luminous infrared
merger VV 114, we conclude that:

1) Nearly 65% of the MIR emission detected in VV 114 is
associated with its eastern component VV 114E. Even though
most of the flux from VV 114E seems to originate from the
central 1 kpc region, we also observe a diffuse and extended
component associated with the galactic disk which is not de-
tected in the ground-based MIR images of the system. This
is in stark contrast with other LIRGs/ULIRGs which typically
show a compact MIR emission. The global 5–16µm SED of
the eastern component suggests that most of its mid-infrared
luminosity is powered by vigorous starburst activity.

2) Almost 100% of the IRAS 12µm flux of the merger has
been retrieved by ISOCAM and can be found within an area of
6 kpc in diameter.

3) The MIR emission from the western component
VV 114W is more diffuse and does not peak at its nucleus.
Rather, it displays a local maximum near knot 2, a bright H 
region located in the overlap area of VV 114E and VV 114W.

4) The spectrum of VV 114E displays an elevated contin-
uum at 5µm which is typically observed in MIR spectra of
active nuclei as it is thought to originate from very hot dust
(∼1000–1500 K) heated by the intense radiation field encoun-
tered in the vicinity of AGNs. It could therefore reveal the pres-
ence of an AGN which, inconspicuous even at optical and radio
wavelengths, contributes up to 40% of the MIR emission from
the nucleus of VV 114E.

5) At kpc scales, we note a generally good agreement be-
tween the spatial distributions of the hot dust as seen in the
MIR, the cold dust observed at submillimeter wavelengths as
well as the molecular gas traced with the CO line. The dis-
placement among their peaks of emission may result from tem-
perature gradients of the dust in the overlap region of the two
galaxies.

6) A LIRG similar to VV 114 placed at high-z would be
easily detected in optical deep surveys. Yet, the derived prop-
erties, and especially its estimated extinction, would be those
of VV 114W since the eastern galaxy, which dominates the
FIR/bolometric luminosity is obscured in the UV and visible.
Consequently, any correlation between the rest-frame UV slope

of its continuum and its bolometric luminosity would be inac-
curate as they would trace different components of the system.
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Appendix A: What is the IRAS 12 µm flux

of VV 114?

Since the analysis of our data revealed an extended MIR emis-
sion surrounding VV 114 we were very interested in compar-
ing our measurements with the IRAS 12 µm flux of the galaxy.
Our goal was to accurately calculate what fraction of the IRAS
flux was also detected by ISOCAM. The two most commonly
quoted values for the 12 µm IRAS flux are 0.98±0.041 Jy, from
the BGS sample presented by Soifer et al. (1989), and the more
recent 0.6782±10% Jy, based on the Faint Source Catalogue of
Moshir et al. (1990). Recently though, Soifer et al. (2001) using
the SCANPI utility provided by IPAC re-measured the 12 µm
IRAS flux of the galaxy over an aperture of 2 arcmin in diam-
eter and found that it was 1.1 Jy.

Since the IRAS Si:As detectors used for the 12µm survey
were 0.75×4.5 arcmin in size, we felt that it was quite likely
that the measured emission from VV 114 could be contami-
nated by another companion galaxy. Indeed, observing the field
around VV 114 we noticed that there were several sources in its
proximity with one of them, IC 1622, being just 3.1 arcmin to
the southwest, and having a recession velocity of 6343 km s−1

just 300 km s−1 higher than VV 114 (see Fig. 107 of Hibbard
et al. 2002). IC 1622 has integrated B and V magnitudes which
are just 1 mag fainter than VV 114 and since its 1.4 GHz ra-
dio continuum flux is 7.4 mJy (Condon et al. 1998) it should
clearly form stars and emit in the MIR. The possible MIR/FIR
contribution of IC 1622 was also noted by Condon et al. (1990)
due to the observed offset of the IRAS centroid from the radio
position of VV 114.

We proceeded by reexamine in detail the five individual
IRAS scans passing near VV 114. All scans were running from
the southeast to northwest direction. We noticed that the pro-
files of the spectra for 4 of the scans display a “bump” approx-
imately 2.5 arcmin from the nominal position of VV 114. The
only scan which does not display this feature is scan #3 and
this is the nearest scan to the galaxy, reaching to a minimum
angular distance of less than 0.5 arcmin. Integrating the line
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profile for only this scan we find that the zero crossing flux
value is 0.63 Jy. The above evidence lead us to believe that the
“real” 12µm flux of the galaxy, as seen by IRAS, is better rep-
resented by the point source profile fit to it as measured by
the Faint Source Catalogue and hence ISOCAM has indeed de-
tected, within our photometric uncertainties, nearly 100% of
the IRAS flux.
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Léger, A., & Puget, J.-L. 1984, A&A, 137, L5
Li, A., & Draine, B. T. 2001, ApJ, 554, 778
Lutz, D., Spoon, H. W. W., Rigopoulou, D., Moorwood, A. F. M., &

Genzel, R. 1998, A&A, 505, L103
Lutz, D. 1999, in The Universe as seen by ISO, ESA SP-427, p. 623
Mathis, J. S. 1990, ARA&A, 28, 37
McMahon, R. G., Priddey, R. S., Omont, A., Snellen, I., & Withington,

S. 1999, MNRAS, 309, 1
Meusinger, H., Stecklum, B., Theis, C., & Brunzendorf, J. 2001,

A&A, 379, 845
Mihos, J. C., & Hernquist, L. 1996, ApJ, 464, 641
Mirabel, I. F., Vigroux, L., Charmandaris, V., et al. 1998, A&A, 333,

L1
Mirabel, I. F., Laurent, O., Sanders, D. B., et al. 1999, A&A, 341, 667
Moshir, M., Kopar, G., Conrow, T., et al. 1990, IRAS Faint Source

Catalogue, ver. 2.0.
Murphy, T. W, Soifer, B. T., Matthews, K., & Armus, L. 2001, ApJ,

559, 201
Okumura, K. 1999, in ISO beyond point sources: Studies of extended

infrared emission, ESA SP-455, 47
Ressler, M. E., Werner, M. W., van, Cleve, J., & Choa, H. 1994, Exp.

Astron., 3, 277
Rieke, G. H., & Low, F. J. 1972, ApJ, 176, L95
Rigopoulou, D., Spoon, H. W. W., Genzel, R., et al. 1999, AJ, 118,

2625
Roussel, H., Sauvage, M., Vigroux, L., & Bosma, A. 2001, A&A, 372,

427
Sanders, D. B., & Mirabel, I. F. 1996, ARA&A, 34, 749
Sanders, D. B., Soifer, B. T., & Helias, J. H. 1988, ApJ, 325, 74
Scoville, N. Z., Evans, A. S., Thompson, R., et al. 2000, AJ, 119, 991
Soifer, B. T., Sanders, D. B., Madore, B. F., Neugebauer, G., &

Danielson, G. E. 1987, ApJ, 320, 238
Soifer, B. T., Boehmer, L., Neugebauer, G., & Sanders, D. B. 1989,

AJ, 98, 766
Soifer, B. T., Neugebauer, G., Matthews, K., et al. 2000, AJ, 119, 509
Soifer, B. T., Neugebauer, G., Matthews, K., et al. 2001, AJ, 122, 1213
Solomon, P. M., Downes, D., Radford, S. J. E., & Barrett, J. W. 1997,

ApJ, 478, 144
Starck, J. L., Abergel, A., Aussel, H., et al. 1999, A&AS, 134, 135
Sturm, E., Lutz, D., Tran, D., et al. 2000, A&A, 358, 481
Thornley, M. D., Förster Schreiber, N. M., Lutz, D., et al. 2000, ApJ,

539, 641
Williams, R. E., Brett, B., Dickinson, M., et al. 1996, AJ, 112, 1335
Wilson, C. D., Scoville, N. Z., Madden, S. C., & Charmandaris, V.

2000, ApJ, 542, 120
Xu, C., Gao, Y., & Mazzarella, J., et al. 2000, ApJ, 541, 644
Yun, M. S., Scoville, N. Z., & Knop, R. A. 1994, ApJ, 430, L109
Yun, M. S., & Scoville, N. Z. 1995, ApJ, 451, L45



�-�1� � D=DFM��=M , J=Z=`=G_NSU�B)QRNSY7DFE &

L81

The Astrophysical Journal, 581:L81–L84, 2002 December 20
� 2002. The American Astronomical Society. All rights reserved. Printed in U.S.A.

VERY LARGE TELESCOPE AND HUBBLE SPACE TELESCOPE OBSERVATIONS OF
THE HOST GALAXY OF GRB 9907051,2

E. Le Floc’h,3 P.-A. Duc,3 I. F. Mirabel,3,4 D. B. Sanders,5,6 G. Bosch,7 I. Rodrigues,3

T. J.-L. Courvoisier,8,9 S. Mereghetti,10 and J. Melnick11

Received 2002 September 6; accepted 2002 November 11; published 2002 November 27

ABSTRACT

We present Very Large Telescope spectroscopic observations of the GRB 990705 host galaxy and highlight
the benefits provided by the prompt phase features of gamma-ray bursts (GRBs) to derive the redshifts of the
latter. In the host spectrum, we indeed detect an emission feature that we attribute to the [O ii] ll3726, 3729
doublet and derive an unambiguous redshift for this galaxy. This is in full agreement withz p 0.8424 � 0.0002
the value previously derived using a transient absorption edge discovered in the X-ray spectrumz ∼ 0.86 � 0.17
of GRB 990705. This burst is therefore the first GRB for which a reliable redshift was derived from the prompt
phase emission itself, as opposed to redshift determinations performed using putative host galaxy emission lines
or interstellar absorption lines in the GRB afterglows. Deep and high-resolution images of the host of GRB
990705 with the Space Telescope Imaging Spectrograph camera on board the Hubble Space Telescope reveal
that the burst occurred in a nearly face-on Sc spiral galaxy typical of disk-dominated systems at .0.75 ≤ z ≤ 1
Assuming a cosmology with km s�1 Mpc�1, , and , we derive an absolute B magnitudeH p 65 Q p 0.3 Q p 0.70 m l

for this galaxy and a star formation rate yr�1. Finally, we discuss the implicationsM p �21.75 SFR ≈ 5–8 MB ,

of using X-ray transient features to derive GRB redshifts with larger burst samples and especially examine the
case of short and dark long GRBs.

Subject headings: galaxies: individual (GRB 990705 host) — galaxies: spiral — galaxies: starburst —
gamma rays: bursts

1. INTRODUCTION

Since the discovery of their X-ray, optical, and radio transient
counterparts, the cosmic gamma-ray bursts (GRBs) have been
regarded as one of the most promising tools to probe the star
formation in the early universe (Totani 1997; Wijers et al. 1998;
Mirabel, Sanders, & Le Floc’h 2000; Blain & Natarajan 2000).
There is indeed increasing evidence that the long and soft GRBs
originate from the core collapse of massive stars within star-
burst regions of distant galaxies (e.g., Bloom, Kulkarni, &
Djorgovski 2002). Since they are likely detectable up to very
high redshifts (Lamb & Reichart 2000), GRBs could soon open

1 Based on observations with the Very Large Telescope, obtained at the
European Southern Observatory in Chile under proposal 68.B-0250(B).

2 Based on observations with the NASA/ESA Hubble Space Telescope,
obtained at the Space Telescope Science Institute, which is operated by the
Association of Universities for Research in Astronomy, Inc., under NASA
contract NAS5-26555.

3 CEA/DSM/DAPNIA, Service d’Astrophysique, Orme des Merisiers, Ba-
timent 709, F-91191 Gif-sur-Yvette, France; elefloch@cea.fr, paduc@cea.fr,
fmirabel@cea.fr, irapuan@cea.fr.

4 Instituto de Astronomı́a y Fı́sica del Espacio, Casilla de Correo 67, Sucursal
28, 1428 Buenos Aires, Argentina.

5 Institute for Astronomy, University of Hawaii, 2680 Woodlawn Drive,
Honolulu, HI 96822; sanders@ifa.hawaii.edu.

6 Max-Planck-Institut für extraterrestriche Physik, Giessenbachstrasse Post-
fach 1603, D-85740 Garching, Germany.

7 Facultad de Ciencias Astronómicas y Geofı́sica, Universidad Nacional de
La Plata, Paseo del Bosque s/n, La Plata 1900, Argentina; guille@lahuan
.fcaglp.unlp.edu.ar.

8 International Gamma-Ray Astrophysical Laboratory Science Data Center,
Chemin d’Ecogia 16, CH-1290 Versoix, Switzerland; thierry.courvoisier@
obs.unige.ch.

9 Observatoire de Genève, Chemin des Maillettes 11, 1290 Sauverny,
Switzerland.

10 Istituto di Astrofisica Spaziale e Fisica Cosmica, Sezione di Milano “G.
Occhialini,” via Bassini 15, I-20133 Milan, Italy; sandro@mi.iasf.cnr.it.

11 European Southern Observatory, Alonso de Cordova 3107, Vitacura, Cas-
illa 19001, Santiago 19, Chile; jmelnick@eso.org.

a new window to sample the star-forming activity at cosmo-
logical look-back times and ultimately provide a new glimpse
of galaxy evolution.

The possibility to detect emission and/or absorption features
in the spectra of GRBs and their afterglows is among the most
outstanding benefits of the high-z galaxy selection by these
events. Such detections can indeed be done independently of
the GRB host luminosities and have already enabled spectro-
scopic redshifts of very faint galaxies to be derived (e.g., Vrees-
wijk et al. 2001). This perspective strongly contrasts with the
deep survey observations, which can only provide photometric
redshifts for the faintest sources. Nonetheless, the correct GRB
redshift identifications from the lines detected in afterglow
spectra are not always straightforward. Absorption features ob-
served in the optical continuum of GRB counterparts may in-
deed originate from foreground absorbers (e.g., Metzger et al.
1997), while the interpretation of the emission lines detected
in the X-ray afterglows has already led to some misidentifi-
cations of host redshifts (i.e., GRB 970828; Yoshida et al. 1999;
Djorgovski et al. 2001).

In this context, the GRB 990705 event is of remarkable
interest. Using data from the BeppoSAX satellite, Amati et al.
(2000) reported the discovery of a transient absorption edge at
∼3.8 keV in the prompt X-ray emission of this burst, which
they interpreted as the GRB intrinsic signature of an iron-
enriched absorbing medium at (see also Lazzati et al.z ∼ 0.86
2001). This has been so far the only GRB for which a feature
allowing a possible redshift determination was observed during
the prompt emission of the burst itself. Following this event,
an optical and near-infrared follow-up by Masetti et al. (2000)
led to the discovery of a red and rapidly decaying afterglow
localized behind the Large Magellanic Cloud (LMC), while
deep optical images of the burst location performed with the
Hubble Space Telescope (HST; Holland et al. 2000b) and the
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Fig. 1.— Top: Dereddened VLT spectrum smoothed by 5 pixels (dotted line),
overlaid with the template of a local Sc galaxy shifted to (solidz p 0.8424
line). Bottom: Zoom of the ∼6800–7300 Å range (dotted line), with the
smoothed continuum (solid line) superposed to emphasize the possible detec-
tion of several stellar absorption lines as indicated.

Very Large Telescope (VLT; Saracco et al. 2001) revealed an
mag underlying host galaxy.R ∼ 22.2

In this Letter, we report on VLT observations carried out to
derive the spectroscopic redshift of this host galaxy and which
allowed us to confirm the redshift of GRB 990705 derived by
Amati et al. (2000). We also analyze public HST data of the
host.

2. OBSERVATIONS AND DATA REDUCTION

The spectroscopic observations of the GRB 990705 host
galaxy were performed on 2001 December 21 and 22 (burst
trigger � ∼900 days) with the FORS2 instrument installed on
the VLT UT4/Yepun at ESO. Spectra were obtained under
moderate seeing conditions (∼1�) using a medium-resolution
grism (600RI) in combination with a 1� width slit and totalizing
an integration time of 1.5 hr. We thus covered an effective
wavelength range ∼5600–8000 Å with an instrumental reso-
lution ∼4.5 Å. The slit was positioned on the sky so as to cover
the outer region of the galaxy where the burst occurred. The
galaxy spectra were flux-calibrated using spectroscopic stan-
dard stars.

The HST observations of the GRB 990705 host galaxy12 were
taken and reduced by Holland et al. (2000a, 2000b) as part of
the Survey of the Host Galaxies of Gamma-Ray Bursts using
the Space Telescope Imaging Spectrograph (STIS) camera. Im-
ages were obtained with the 50 CCD (clear [CL], pivot

Å) and F28X50LP (long-pass [LP], pivotl p 5835 l p0 0

Å) apertures, respectively, on 2000 July 25 and 20007208
August 25 (i.e., ∼400 days after the burst). The respective total
exposure times were 8851 and 8202 s in the CL and LP ap-
ertures. We deconvolved the images following a multiresolution
wavelet decomposition (Starck, Murtagh, & Bijaoui 1998) and
the use of point-spread functions (PSFs) obtained from the
combination of foreground stars in the images.

The photometry measurements were performed on the data
before deconvolution to preserve reliable flux and noise esti-
mates. We corrected the CL and LP aperture data from ab-
sorptions mag and mag assuming theA p 0.36 A p 0.28CL LP

extinction curve of Cardelli, Clayton, & Mathis (1989) and the
Galactic�LMC extinction E(B� obtained by DutraV ) p 0.12
et al. (2001). Moreover, we carried out a careful analysis using
a multiresolution transform method to subtract from the images
the multiple LMC foreground stars superposed on the plane of
the galaxy.

3. RESULTS

3.1. Redshift of the GRB 990705 Host Galaxy

The final VLT spectrum is shown in Figure 1. An emission
feature is clearly detected at ∼6868 Å in a region of the spectrum
where the residuals from the sky line subtraction are negligible.
Attributing this feature, respectively, to Ha or Lya would imply
redshifts and , which is inconsistent with thez p 0.05 z p 4.66
spiral morphology and the angular size of the galaxy (see § 3.2).
The line can thus only be due to [O ii] ll3726, 3729. It is
actually not resolved in our spectrum, but its width is in fact
consistent with that of the [O ii] doublet. Note that the low signal-
to-noise ratio longward of 7300 Å does not allow us to detect
Hd and Hg. From the [O ii] line, we derive a secure heliocentric
redshift for the host galaxy and GRBz p 0.8424 � 0.0002
990705. This is in full agreement with the value z ∼ 0.86 �

obtained by Amati et al. (2000) from the transient feature0.17

12 See also http://www.ifa.au.dk/∼hst/grb_hosts/data/grb990705/index.html.

observed in the GRB prompt emission and also appears consis-
tent with the redshift already mentioned by Lazzatiz p 0.843
et al. (2001). Assuming a standard cosmology with kmH p 650

s�1 Mpc�1, , and , we thus measure for theQ p 0.3 Q p 0.7m l

host of GRB 990705 a luminosity distance Gpc and ad p 5.8l

projected scale of 8.2 proper kpc (or 15.2 comoving kpc) per
arcsecond on the sky. Because of the extended and rather diffuse
emission of the galaxy (see § 3.2), we did not obtain a secure
estimate of the [O ii] integrated flux lying outside of the slit,
and thus we could not derive its [O ii] total luminosity. We
roughly measured, although with large uncertainties, an observed
[O ii] equivalent width Å, i.e., ≈20 Å in the rest frame.EW ≈ 40

In addition to the [O ii] emission doublet, we tentatively detect
several stellar absorption features at a similar redshift such as
H12 (l3750), H10 (l3798), H9 (l3835), and Ca ii K (l3934).
The reliability of these features is yet questionable given the low
signal-to-noise ratio in the continuum. Finally, in spite of the
poor sky subtraction longward of 7300 Å, there is a hint for a
break in the continuum around 7400 Å (see Fig. 1). This suggests
the presence of the rest-frame 4000 Å break, as indicated by the
comparison of our spectrum with the template of an Sc galaxy
(Mannucci et al. 2001) shifted to , and provides furtherz p 0.84
support to our redshift determination.

3.2. Structural Parameters of the Galaxy

High-resolution HST images reveal that the host is a face-on
Sc spiral galaxy. In Figure 2, we show a pseudo–true-color image
of that source, constructed by registering the deconvolved CL
and LP data. Two primary spiral arms following an “ ”m p 2
wave density mode clearly extend from the northern and southern
sides of the central bulge, while other secondary arms are also
observable. The disk spreads over a region of ∼3� in diameter,
with a half-light radius kpc (0�.9) in the range of thoseR ∼ 7.50.5

characterizing the disk-dominated galaxies at (Lilly0.75 ≤ z ≤ 1
et al. 1998).
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Fig. 2.—Pseudo–true-color image of the GRB 990705 host galaxy, resulting
from the combination of the drizzled and deconvolved images taken through
the CL and LP apertures. The 3 j error location of the GRB 990705 event as
derived by Bloom et al. (2002) is indicated by the dashed circle. Note that
the GRB occurred in the outskirts of a star-forming region within one of the
primary spiral arms.

TABLE 1
Properties of the GRB 990705 Host Galaxy

Parameter Measure

a (J2000.0) (host nucleus) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 05h09m54s.8
d (J2000.0) (host nucleus) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . �72�07�54�

Foreground extinction E(B�V) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.12
Spectroscopic redshift . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.8424 � 0.0002
CL aperture (dereddened) magnitude (l0 p 5835 Å) . . . . . . . . . . . 22.45 � 0.10
LP aperture (dereddened) magnitude (l0 p 7208 Å) . . . . . . . . . . . 22.00 � 0.10
Half-light radius R 0.5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ∼7.5 kpc
Central surface brightness m0(BAB) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ∼20.8
Absolute MB magnitude (H0 p 65, Qm p 0.3, Ql p 0.7) . . . . . . ≈�21.75
UV-unobscured star formation rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . ∼5–8 M, yr�1

After subtracting the foreground stars, we performed pho-
tometry within a 2� radius aperture centered on the host nucleus
using the STIS zero points of Gardner et al. (2000). Dereddened
AB magnitudes andM (CL) p 22.45 � 0.10 M (LP) pAB AB

were respectively derived from the CL and LP im-22.0 � 0.1
ages, the uncertainties being dominated by the subtraction re-
siduals of the stars projected ahead of the galaxy.

An attempt was made to fit the surface brightness profile of
the galaxy using a “bulge�exponential disk” decomposition.
Disentangling between the two contributions in distant sources
requires not only a proper correction from the PSF effects (e.g.,
Moth & Elston 2002) but also a sufficient sensitivity up to
∼10–15 kpc in the averaged profile of the disk to reliably con-
strain the scale length of the exponential component (see, e.g.,
Fig. 1 of Rigopoulou et al. 2002). Because of the diffuse and
extended emission of the galaxy and the presence of the fore-
ground stars, this was hardly achieved in our data. With large
uncertainties, we suggest, however, that the host galaxy is dom-
inated by a large exponential disk (scale length ∼5–6 kpc), with
a rather small bulge contribution leading to a bulge-to-total light
ratio . We also estimated the central surfaceB/T ≈ 0.10–0.15
brightness of the disk component in the dereddened LP data

m0(LP), which was then converted into a rest-frame BAB mag-
nitude by applying a cosmological dimming term and a k-
correction color factor as follows:

3m (B ) p m (LP ) � 2.5 log (1 � z) � (B � LP) .0 AB 0 AB obs AB

Since the LP aperture samples the almost rest-frame B emis-
sion at the redshift of the host, the color term should be rather
small. Using the spectral energy distribution (SED) of a local
Sc spiral galaxy shifted to (see § 3.3), we derive az p 0.84
k-correction ∼0.1 mag and finally obtain a value m (B ) ≈0 AB

. This is actually less than the canonical Freeman (1970)20.8
value observed in local disks but is consistentm (B ) p 21.60 AB

with those found in higher z spirals (Lilly et al. 1998). It is
therefore in agreement with the observed global trend for the
disk central surface brightness to significantly increase with
redshift up to ∼1 (Lilly et al. 1998).

3.3. Absolute B Magnitude and Star Formation Rate

At , the rest-frame B emission of the galaxy isz p 0.84
shifted to ∼8100 Å. The dereddened continuum of the host of
GRB 990705 and the CL�LP color derived from the STIS
images are, however, consistent with the SED of a local Sc
spiral galaxy (Mannucci et al. 2001) shifted to as-z p 0.84
suming no evolution. To estimate the luminosity at Brest, we
thus extrapolated the continuum of our spectrum using the
template of Mannucci et al. (2001) and found a flux density

mJy. Given the assumed cosmology and˚F (l p 8100 A) ≈ 12n

the luminosity distance of the galaxy, this implies a rest-frame
absolute B-band magnitude , corresponding to aM ≈ �21.75B

galaxy at (Lilly et al. 1995).2L z ∼ 1
∗

Using a similar method, we also measured the continuum
luminosity at Å to estimate the level of UV-unob-l p 2800rest

scured star formation activity. From the Sc template SED, we
estimate a flux ∼1.8 mJy at the corresponding Ål p 5152obs

and deduce a UV luminosity ergs s�1 Hz�1 at the redshiftL ∼ 4UV

of the host. Following the calibration of Madau, Pozzetti, &
Dickinson (1998) and assuming a Salpeter (1955) or Scalo (1986)
initial mass function, we finally derive star formation rates

yr�1 or yr�1, which are fairly commonSFR ≈ 5 M SFR ≈ 8 M, ,

values for star-forming galaxies at (Lilly et al. 1995).z ∼ 1

4. DISCUSSION AND CONCLUSION

The general properties of the GRB 990705 host have been
summarized in Table 1. According to its morphology, star for-
mation activity, and absolute luminosity, we find that it is typ-
ical of the (disk) galaxies in the field at similar redshifts.

Taking account of the cumulative surface density distribution
of sources with , Masetti et al. (2000) had estimatedR ≤ 22.8
a probability of only 0.006 for the burst and the underlying
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galaxy being hazardously superposed on the sky by projection
effect and had thus suggested a secure identification of this
galaxy with the host of GRB 990705. Our spectroscopic ob-
servations reveal that the redshift of the spiral is consistent with
the one derived by Amati et al. (2000) for the GRB itself,
providing further convincing evidence for a true association
between the two. Among the current sample of GRB host gal-
axies, the host of GRB 990705 has been so far the only case
clearly identified with a large disk-dominated spiral structure
at high redshift, the others being classified as either compact,
irregular, or interacting systems (see, e.g., Fig. 2 of Bloom et
al. 2002). With an absolute magnitude (M ≈ �21.75 H pB 0

, , ), it lies furthermore within the bright-65 Q p 0.3 Q p 0.7m l

est sources of the GRB host sample, which is mostly charac-
terized by subluminous systems.

With a larger sample of GRB hosts, the redshift-dependent
proportion of large disks similar to the host of GRB 990705
relative to subluminous blue galaxies could provide indications
of the fraction of star formation taking place in massive spirals
and thus inform us of the cosmological evolution of the disk-
dominated systems. This perspective appears promising since
such massive and spiral objects are believed to be responsible
for an important fraction of the extragalactic infrared back-
ground (Rigopoulou et al. 2002). They could thus harbor star-
forming regions enshrouded in dusty environments, which are
not sampled by the blue faint galaxy population.

We finally stress the remarkable result obtained by Amati et
al. (2000), who derived a reliable estimation of the burst red-
shift interpreting a transient edge observed in the GRB X-ray
spectrum as an iron absorption at . Theyz p 0.86 � 0.17
showed that intrinsic GRB properties, such as the redshift and
the physical conditions of the GRB-surrounding medium, can
be derived from the burst detection itself, without the need of
any afterglow to be detected and followed up.

Even though GRB 990705 is the only burst in which such
a transient edge has been observed so far, which raises the
question of whether particular ionizing states of the circumburst
environment are required to detect these absorptions, this burst
lies among the brightest GRBs ever detected with the

BeppoSAX satellite (Amati et al. 2000). This suggests that these
transient edges could be a more common feature of GRB spec-
tra. Future satellites equipped with more sensitive X-ray de-
tectors, such as the ECLAIRs experiment (Barret 2002), could
be entirely dedicated to studying the GRB prompt emission
and may provide a systematic detection of these absorption
lines. Larger samples of GRB redshifts could be derived, an
achievement indeed required to estimate the star formation his-
tory in the universe from the GRB occurrence rate.

Furthermore, compelling key results could be obtained toward
the class of short GRBs or specific subclasses of long GRBs,
such as the so-called dark bursts. The latter, exhibiting X-ray
and radio afterglows without any detected optical counterparts,
could pinpoint not only GRBs with optical afterglows either
locally absorbed by dust or characterized by steep and rapid
decays with time but also very high redshift GRBs whose optical
emission may be suppressed by the Gunn-Peterson H i trough
along their line of sight. The use of transient features in X-ray
spectra to derive GRB redshifts could thus provide a new ap-
proach to probe very distant GRBs in the early universe. In the
case of short GRBs, their distance scale and physical origin are
simply still unknown since no detailed follow-up of their after-
glows has been possible so far (but see Castro-Tirado et al. 2002).
The clues of their formation mechanism directly observed in the
GRB prompt emission would undoubtedly improve our current
understanding of these particular events.

This work largely benefited from the input of publicHST data
taken as part of the Survey of the Host Galaxies of Gamma-Ray
Bursts by Holland et al. (2000a). We wish to thank especially
J. Greiner for his careful reading of the manuscript as well as
F. Masset, P. Goldoni, and F. Daigne for fruitful discussions on
this work. We also acknowledge the referee for his/her useful
comments. We made extensive use of publicly available software
with material credited to the Space Telescope Science Institute
and prepared for NASA under contract NAS5-26555. This work
was partially supported by CONICET/Argentina and Fundacion
Antorchas.
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Abstract. We present K-band imaging observations of ten gamma-ray burst (GRB) host galaxies for which an optical and/or
radio afterglow associated with the GRB event was clearly identified. Data were obtained with the Very Large Telescope and
New Technology Telescope at ESO (Chile), and with the Gemini-North telescope at Mauna Kea (Hawaii). Adding to our sample
nine other GRB hosts with K-band photometry and determined redshifts published in the literature, we compare their observed
and absolute K magnitudes as well as their R − K colours with those of other distant sources detected in various optical, near-
infrared, mid-infrared and submillimeter deep surveys. We find that the GRB host galaxies, most of them lying at 0.5 <∼ z <∼ 1.5,
exhibit very blue colours, comparable to those of the faint blue star-forming sources at high redshift. They are sub-luminous in
the K-band, suggesting a low stellar mass content. We do not find any GRB hosts harbouring R- and K-band properties similar
to those characterizing the luminous infrared/submillimeter sources and the extremely red starbursts. Should GRBs be regarded
as an unbiased probe of star-forming activity, this lack of luminous and/or reddened objects among the GRB host sample might
reveal that the detection of GRB optical afterglows is likely biased toward unobscured galaxies. It would moreover support the
idea that a large fraction of the optically-dark GRBs occur within dust-enshrouded regions of star formation. On the other hand,
our result might also simply reflect intrinsic properties of GRB host galaxies experiencing a first episode of very massive star
formation and characterized by a rather weak underlying stellar population. Finally, we compute the absolute B magnitudes
for the whole sample of GRB host galaxies with known redshifts and detected at optical wavelengths. We find that the latter
appear statistically even less luminous than the faint blue sources which mostly contributed to the B-band light emitted at high
redshift. This indicates that the formation of GRBs could be favoured in particular systems with very low luminosities and,
therefore, low metallicities. Such an intrinsic bias toward metal-poor environments would be actually consistent with what can
be expected from the currently-favoured scenario of the “collapsar”. The forthcoming launch of the SWIFT mission at the end
of 2003 will provide a dramatic increase of the number of GRB-selected sources. A detailed study of the chemical composition
of the gas within this sample of galaxies will thus allow us to further analyse the potential effect of metallicity in the formation
of GRB events.
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1. Introduction

In the past few years, a variety of high redshift star-forming
sources such as the Lyman- and Balmer-break galaxies (e.g.
Steidel et al. 1999) or the SCUBA and ISO dusty starbursts
(Barger et al. 1998; Aussel et al. 1999; Elbaz et al. 1999) were
discovered at different wavelengths from a broad range of ob-
serving techniques. However, each of these methods of detec-
tion strongly suffers from its own selection effects (e.g., dust
extinction, flux limitation or colour selection at the observed
wavelength), and the connection between the various popula-
tions of distant objects currently known is still poorly under-
stood (e.g., Webb et al. 2003).

In the goal to trace the star-forming activity and the evolu-
tion of high redshift galaxies with reduced biases, an alternative
approach using the cosmological gamma-ray bursts (GRBs) as
probes of star formation was recently proposed (e.g., Wijers
et al. 1998; Mirabel et al. 2000; Blain & Natarajan 2000).
Since the discovery of X-ray/optical/radio transient counter-
parts to long-duration GRBs, the “collapsar” model (Woosley
1993; MacFadyen & Woosley 1999) linking these events to the
cataclysmic destruction of massive stars has indeed received
a strong support from a growing number of evidence. These
include the presence of dust extinction in the X-ray and op-
tical transients (e.g., Galama & Wijers 2001), the spectral en-
ergy distribution and morphology of GRB hosts consistent with
compact, irregular or merger-driven starbursts (e.g., Hjorth
et al. 2002; Sokolov et al. 2001; Djorgovski et al. 1998), and the
GRB localizations within their hosts suggesting a population of
disk-residing progenitors (Bloom et al. 2002b). Moreover, the
iron emission lines detected in their X-ray afterglows (e.g., Piro
et al. 2000) and the late-time brightenings observed in the light-
curves of several GRB optical transients (e.g., Galama et al.
2000) have been interpreted as the signature for the presence
of an underlying supernova occuring with the GRB explosion,
and thus provided further clues for the “collapsar” scenario.
Because of the short-lived nature of massive stars, and because
gamma-rays do not suffer from intervening columns of gas and
dust, GRBs could thus be used to sign-post the instantaneous
star formation in the Universe independently of the effects of
dust extinction.

In this perspective, it is especially crucial to establish
whether GRB-selected galaxies are really representative of the
star-forming sources in the field at similar redshifts (Schaefer
2000), or whether they may form a particular category of new
objects or any sub-sample of an already-known population
of galaxies. Physical properties of the circum-burst environ-
ment could play a crucial role in the formation of these cata-
clysmic events. For example, GRBs could be favoured in low-
metallicity regions of star formation (MacFadyen & Woosley
1999), and we would expect to detect these phenomena prefer-
entially in dwarf and sub-luminous galaxies. On the other hand,
their association with the destruction of massive stars may im-
ply that GRBs are mostly observed in environments experienc-
ing powerful episodes of star formation such as the luminous
starburst galaxies.

Here we report on our GRB host imaging program car-
ried out in the near-infrared (NIR) at European Southern

Observatory (ESO) and Gemini Observatory. This program
complements the K-band data of GRB host galaxies already
obtained in the northern hemisphere (e.g., Chary et al. 2002).
Observations performed in the NIR present multiple interests.
They first allow to probe the light emitted by the old star pop-
ulations, which provides a good indication of the stellar mass
of galaxies. For high redshift sources, the relative importance
of the NIR versus optical emission can moreover be used to
roughly estimate the level of dust obscuration. Finally, the se-
lection of distant objects in the NIR is nearly insensitive to the
spectral energy distribution (SED) of galaxies up to very high
redshift (z ∼ 2) because of an invariant k-correction along the
Hubble sequence.

We describe our observations and data reduction in Sect. 2,
and present our results in Sect. 3. We discuss these new
data in Sect. 4 and finally conclude in Sect. 5. Additional
information on the GRB host optical properties are men-
tioned in Appendix A (only available in electronic form at
http://www.edpsciences.org).

2. Observations, reduction and analysis

Observations were performed using the ESO facilities in Chile
and the Gemini-North telescope in Hawaii. Ten GRB host
galaxies, most of them located in the southern hemisphere
and selected for having had an optical and/or radio bright af-
terglow, were imaged at near-infrared wavelengths. Our sam-
ple of sources is listed in Table 1 together with a log of the
observations.

2.1. Near-infrared observations

The NIR data were obtained with the Infrared Spectrometer
And Array Camera (ISAAC) on the Very Large Telescope
(VLT) at Paranal, the Son OF ISAAC (SOFI) installed on
the New Technology Telescope (NTT) at La Silla, and with
the Adaptive Optics Hokupa’a /QUIRC instrument on Gemini-
North at Mauna Kea. Observations were carried out between
March 2000 and September 2001 under photometric condi-
tions. A Ks filter (2.0–2.3 µm) was used for the ISAAC and
SOFI data, while the observations on Gemini were performed
with a K′ filter (1.9–2.3 µm). The focal lens configurations
resulted in a respective pixel size of 0.′′148, 0.′′297 and 0.′′02
for the ISAAC, SOFI and Hokupa’a images. The seeing re-
mained rather stable during the observations of one given
source, though it varied between 0.′′6 and 1.′′5 from one night
to another. Individual frames were obtained as a co-addition
of 12 single exposures of 10 seconds each. The series of ac-
quisition for each object were then carried out in a jitter mode,
with a dither of the frames following either a random pattern
characterized by typical offsets ∼30′′ on the sky for the ISAAC
and SOFI images, or a regular grid with shifts of 5′′ for the
Hokupa’a data. For the ISAAC observations, we reached a
total on-source integration time of 1 hour per object.

Data reduction was performed following the standard tech-
niques of NIR image processing. To estimate the thermal back-
ground contribution of each frame, a “sky” map was gener-
ated using a median-average of the 9 jittered images directly
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Table 1. Summary of observations.

Tobs–Tgrb (†) On-Source Seeing
Source ¶ GRB q (days) Time (s) (′′)

ISAAC observations

GRB J115450.1–264035 990506 701 3600 1.05
GRB J182304.6–505416 001011 173 3600 0.70
GRB J122519.3+200611 000418 422 3600 1.50
GRB J015915.5–403933 000210 509 3600 1.20
GRB J232937.2–235554 981226 893 3600 0.85
GRB J061331.1–515642 000131 599 3600 0.75
GRB J133807.1–802948 990510 697 3600 1.05

SOFI observations

GRB J223153.1–732429 990712 403 5520 0.60
GRB J122311.4+064405 990308 362 4200 0.75

Hokupa’a/QUIRC observations

GRB J070238.0+385044 980329 1000 4320 0.15‡

Notes:

¶ Host galaxies, named after their selection criteria (GRB) and their equatorial coordinates given in the standard equinox of J2000.0.
q Official designation of the gamma-ray burst which led to the selection of the corresponding host galaxy.
† Number of days between the GRB event and the date of our observations of the host galaxy.
‡ Resulting from the Hokupa’a Adaptive Optics correction.

preceding and following a given acquisition. The correspond-
ing “sky” was then scaled to the mode of the object frame and
subsequently subtracted. This method allowed us to remove in
the meantime the contributions of the bias and dark current.
Finally, the differential pixel-to-pixel response of the arrays
was corrected using flat-field images taken as part of the
instrument calibration plans. For the ISAAC and Hokupa’a
data, these flat-fields were obtained by observing a blank-field
of the sky during twilights, while a white screen within the
dome of the NTT was used for the SOFI observations. For the
latter, we noticed that the low spatial frequencies of the detector
sensitivity were not properly taken into account with the dome
images. They were therefore corrected using a low-order poly-
nomial 2D-fit of the array response, a method often refered as
the “illumination correction technique”. Photometric calibra-
tions were performed using the NICMOS standard stars from
Persson et al. (1998).

2.2. Photometry

Each galaxy was observed more than 150 days after the date
of its hosted GRB event (see Col. 3 of Table 1). Assuming
the least favourable case of a bright GRB optical transient
(R mag ∼ 20 at GRB+ 2 days) with a break in the light-curve
occuring ∼2 days after the burst and a slow decay with time
(temporal index β ∼ −1.5), we estimate that all GRB coun-
terparts should have been fainter than R mag ∼ 35 at the time
of the observations. Taking account of a power law spectrum
Fν ∝ ν−1 for the modelling of the afterglow emission, we set
a lower limit K mag ≈ 33. In our data, the flux contribution
of any extra light from the fading afterglows should therefore
be completely negligible relative to the emission of the host
galaxies.

Our final images are presented in Fig. 1. For each obser-
vation, the astrometry was performed using foreground stars
of the USNO catalog, and the GRB hosts were identified
within 1′′ of the positions of the GRB transients. Among the
ten sources of our sample, six host galaxies are clearly de-
tected in our Ks-band data. Using the task phot within the
IRAF package1, we measured their total magnitude in an
aperture of 5′′ in diameter centered on the source, with the
exception of GRB 990506 host which lies only ∼1.8′′ from an-
other extended object. Since this host galaxy has a very com-
pact morphology at optical wavelengths (FWHM ∼ 0.14′′),
as revealed by the high resolution HST images (Holland et al.
2000c), we assumed that we get a good estimation of its over-
all emission within an aperture of ∼1.5′′ in diameter, inside
which ∼95% of the total flux would be included if the light
profile is Gaussian. Given our typical uncertainty on the pho-
tometry (∼0.2 mag) and taking account of the prescriptions
mentioned in the ISAAC Data Reduction Guide2, we found the
K − Ks colour terms to be negligible in the final conversions to
K magnitudes.

The foreground Galactic extinctions in the direction of
our targets were derived from the DIRBE/IRAS dust maps of
Schlegel et al. (1998) assuming the RV = 3.1 extinction curve
of Cardelli et al. (1989). The final dereddened magnitudes of
our sources are given in Table 2, together with their redshifts
obtained from various papers of the literature. To increase the
size of our sample, we also added in our analysis nine other
GRB hosts with a determined K-band photometry already pub-
lished by other authors (see caption of Table 2 for references).
Including our results, the number of GRB host galaxies

1 http://iraf.noao.edu/iraf/web/
2 http://www.eso.org/instruments/isaac/drg/html/

drg.html
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GRB J1225+2006 (000418, z = 1.12)

GRB J0613-5156 (000131, z = 4.5)

GRB J1823-5054 (001011, 0.7 < z < 1.4 ??)GRB J1154-2640 (990506, z = 1.31) GRB J2329-2355 (981226, 0.7 < z < 1.4 ??)

GRB J1338-8029 (990510, z = 1.62) GRB J1223+0644 (990308, z ??)

GRB J0702+3850 (980329, z ??)

GRB J2231-7324 (990712, z = 0.43) GRB J0159-4039 (000210, z = 0.85)

Fig. 1. Near-infrared images of the gamma-ray burst host galaxies listed in Table 1. Observations were performed with a Ks filter, except in the
case of the GRB 980329 host for which a K′ filter was used. Each frame has a field of view of 45′′× 45′′ and an orientation with the North to
the top and the East to the left. From the top to the bottom and the left to the right, they were tentatively ordered with increasing distance of the
host from Earth. The GRB 981226 and GRB 001011 host galaxies have been assigned a plausible redshift range as described in Sect. 3.1, while
references for the other redshifts are given in Table 2. In the last four images, the targets were not detected.
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Table 2. Properties of GRB host galaxies.

Redshift Photometry

Source GRB z Ref. K mag References R − K colour ‡ Abs. K mag. ¶

GRB J225559.9+405553 010921 0.45 1 19.05 ± 0.1 1 2.40 ± 0.25 −22.50

GRB J145212.5+430106 010222 1.48 2 23.5 ± 0.0† 3 2.20 ± 0.30 −21.25

GRB J182304.6–505416 001011 21.45 ± 0.2 this work 3.75 ± 0.45

GRB J122519.3+200611 000418 1.12 4 21.3 ± 0.2 this work 2.50 ± 0.40 −22.65

GRB J015915.5–403933 000210 0.85 5 20.95 ± 0.2 this work 2.50 ± 0.30 −22.25

GRB J061331.1–515642 000131 4.5 6 ≥22.5 this work

GRB J163353.5+462721 991208 0.71 7 21.7 ± 0.2 8 2.60 ± 0.40 −21.00

GRB J223153.1–732429 990712 0.43 9 20.05 ± 0.1 this work 1.80 ± 0.30 −21.40

GRB J133807.1–802948 990510 1.62 9 ≥22.5 this work

GRB J115450.1–264035 990506 1.31 4 21.45 ± 0.2 this work 4.05 ± 0.35 −22.90

GRB J122311.4+064405 990308 ≥21.5 this work

GRB J152530.3+444559 990123 1.60 10 21.9 ± 0.4 8, 11 2.40 ± 0.80 −23.10

GRB J232937.2–235554 981226 21.1 ± 0.2 this work 3.40 ± 0.50

GRB J235906.7+083507 980703 0.97 12 19.6 ± 0.1 8 2.80 ± 0.30 −23.95

GRB J070238.0+385044 980329 ≥23.0 this work

GRB J115626.4+651200 971214 3.42 13 22.4 ± 0.2 8 3.20 ± 0.40 −24.45

GRB J180831.6+591851 970828 0.96 14 21.5 ± 0.3 14 3.60 ± 0.60 −22.05

GRB J065349.4+791619 970508 0.83 15 22.7 ± 0.2 8 2.40 ± 0.40 −20.45

GRB J050146.7+114654 970228 0.69 16 22.6 ± 0.3 8, 17 2.00 ± 0.50 −20.05

Notes:

‡ For all sources except the GRB 981226 and GRB 001011 hosts, the R−K colours were estimated using the R magnitudes given in Table A.1
of Appendix A. The R-band photometry for the host galaxy of GRB 981226 has been derived from Saracco et al. (2001b), Frail et al. (1999)
and Holland et al. (2000b), while that of the GRB 001011 host is taken from Gorosabel et al. (2002).
¶ Defined as MK + 5 log10 h65 assuming a ΛCDM Universe with Ωm = 0.3 and Ωλ = 0.7 (h65 =H0 (km s−1 Mpc−1) / 65).
† Estimated from an extrapolation of the afterglow K-band light curve (Frail et al. 2002).

References: (1) Price et al. (2002c); (2) Jha et al. (2001); (3) Frail et al. (2002); (4) Bloom et al. (2002a); (5) Piro et al. (2002); (6) Andersen
et al. (2000); (7) Castro-Tirado et al. (2001); (8) Chary et al. (2002); (9) Vreeswijk et al. (2001); (10) Kulkarni et al. (1999); (11) Bloom et al.
(1999); (12) Djorgovski et al. (1998); (13) Kulkarni et al. (1998); (14) Djorgovski et al. (2001); (15) Bloom et al. (1998a); (16) Bloom et al.
(2001); (17) Fruchter et al. (1999a).

detected in the NIR by October 2002 thus amounts to
15 sources3 out of the ∼35 GRBs which were so far localized
with a sub-arcsecond error box (Greiner 2002).

3. Results

The GRB host galaxies span a broad range of redshifts (see
Table A.1 of Appendix A), but the current sample of these
GRB-selected sources is actually too small to study the evolu-
tion of their characteristics with different lookback times. On
the other hand, it can be particularly interesting to consider
these objects as a whole sample of high-z sources, and com-
pare their properties with other field galaxies selected by dif-
ferent observing techniques. In this section, we compare the
observed and absolute magnitudes of the GRB host galaxies
at different wavelengths (e.g., B-, R-, K-band) as well as their

3 We did not consider the case of GRB 980613. In spite of the K-
band detection of its complex host-environment by Djorgovski et al.
(2000), the K magnitude of its true host (component H, see Hjorth
et al. 2002) has not been determined so far.

R − K colours, with those of high redshift sources detected in
the optical, NIR, mid-infrared and submillimeter deep surveys.

3.1. “K–z” and “R–z” diagrams

The Hubble “K–z” diagram of the GRB host galaxies is illus-
trated in Fig. 2. The spectroscopic redshifts of the GRB 981226
and GRB 001011 hosts have not been so far determined. Based
on their K magnitude and R − K colour (see Sect. 3.2),
we estimate that these objects could be located in the 0.7 <∼ z <∼
1.4 redshift range. To allow comparisons with other sources
in the field, we overplotted the K magnitudes of galaxies re-
ported from various surveys. Nearby sources were taken from
the Hawaii K-band galaxy survey (z̄ = 0.35, Cowie et al. 1994;
Songaila et al. 1994), while galaxies at intermediate redshift
(z̄ = 0.8) were derived from the Hawaii Deep Surveys by
Cowie et al. (1996). Those at higher z (z̄ = 1.5) were taken
from the catalog of photometric redshifts in the Hubble Deep
Field (HDF, Fernández-Soto et al. 1999). We also indicated
the K magnitudes of the ISO sources observed in the CFRS
and HDF with flanking fields as given by Flores et al. (1999),



� D=DFM��=M , J=Z=`=G_NSU�B)QRNSY7D+E & ��� �

504 E. Le Floc’h et al.: Are the GRB hosts sub-luminous and blue galaxies?

Fig. 2. Observed K magnitudes of the GRB host galaxies versus
redshift (filled diamonds) derived from Table 2. The GRB 001011
and GRB 981226 hosts are indicated assuming an arbitrary redshift
z = 1. Photometric uncertainties are reported with vertical solid lines.
The K magnitudes of NIR-selected field sources with spectroscopic
(crosses) and photometric (dots) redshifts are given for comparison
(see Sect. 3.1 for references). We also indicate the K-band photometry
of the NIR counterparts to high redshift ISO galaxies (open squares)
and SCUBA sources with determined spectroscopic redshifts (filled

squares).

Hogg et al. (2000) and Cohen et al. (2000), as well as those
of the NIR counterparts to the SCUBA sources with confirmed
spectroscopic redshifts, obtained by Smail et al. (2002a) and
Dey et al. (1999). The K-band luminosities of these SCUBA
galaxies were de-magnified from gravitational amplification
for the lensed cases.

The comparison suggests that in the NIR, the GRB
host galaxies do not particularly distinguish themselves from
the field sources selected in optical/NIR deep surveys. No
particular bias of detection toward the luminous sources is in
fact apparent. There is however a significant contrast between
their K magnitudes and those of the ISO and SCUBA sources
which, like the GRB hosts, are birthplaces of massive star for-
mation. These differences of magnitudes and the implications
on their absolute luminosities will be more firmly established
in Sect. 3.3 and discussed in Sect. 4.

To further address the nature of galaxies selected by GRBs
relative to other field sources at high redshift, we also present
in Fig. 3 the Hubble “R–z” diagram for the sample of GRB
hosts detected at optical wavelengths. Their R magnitudes are
given in Table A.1. They were obtained from various papers
of the literature and homogenized following the method de-
scribed in Appendix A. This sample is significantly larger than
the one selected in the K-band. In addition to the hosts which
have not been imaged in the NIR yet, there is indeed a num-
ber of GRB host galaxies which were both observed at op-
tical and NIR wavelengths, but only detected in the visible.
This can be explained from the fact that the GRB hosts display

Fig. 3. Observed R magnitudes of the GRB host galaxies versus red-
shift (filled diamonds) derived from Table A.1. The uncertainties are
indicated with vertical solid lines. The largest ones reflect, for a given
object, the scatter of the various magnitudes given in the literature (see
Appendix A). The R magnitudes of optically-selected field sources
with spectroscopic (crosses) and photometric (dots) redshifts are given
for comparison (see Sect. 3.1 for references).

blue colours (see Sect. 3.2) and that, for the faintest sources at
R ∼ 26–29, optical deep observations are generally more sensi-
tive than NIR images to detect blue objects. It is also the reason
why the scatter in the optical magnitudes appears larger than in
the K-band.

In this “R–z” diagram, we have also indicated the R mag-
nitudes of optically-selected galaxies from the Caltech Faint
Galaxy Redshift Survey (Hogg et al. 2000) and the Hubble
Deep Field (Fernández-Soto et al. 1999). For the latter, the
R-band photometry was derived from the V and I magnitudes
of the catalog assuming a linear interpolation between the mean
wavelengths of the V-band (F606 WFPC filter, 6031 Å) and the
I-band (F801 WFPC filter, 8011 Å). The conversion from the
standard AB magnitudes to the Vega system used throughout
this paper was obtained using the calibrations of Fukugita et al.
(1995) and Allen (2000).

Again, the GRB hosts in the visible appear just typical
of the other optically-selected galaxies at high redshift (see
Fig. 3). Yet, it is worth mentioning a particular feature of the
GRB host sample, which is clearly apparent in this “R–z” di-
agram. Whereas most of field sources at R mag >∼ 25 have
a redshift only determined with photometric techniques, the
GRB hosts have an accurate spectroscopic redshift identifica-
tion. These redshifts were derived using the emission and/or ab-
sorption features detected in the X-ray/optical spectra of GRBs
and their afterglows. Such a method is independent of the GRB
host luminosities, and only depends on the possibility to rapidly
perform spectroscopy of the GRB transient before it has begun
to fade. This advantage of GRBs for the selection of high-z
sources lies in stark opposition with the deep survey approach.
Note that it is particularly apparent in the “R–z” diagram, but
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it is not that exceptional at NIR wavelengths (see Fig. 2). As
mentioned previously, it is due to the blue colours of GRB
hosts, which thus allow the faintest of these hosts detected in
the K-band to be spectroscopically observed in the visible.

3.2. Colours

So far, the various works related to the understanding of the
high redshift Universe have made an extensive use of the
integrated R − K colours of galaxies as an indicator of their
nature. These colours provide indeed a crucial information on
the importance of the old stellar populations – as traced by
the NIR emission – relative to the contribution of young stars
dominating the optical light. For example, unobscured star-
forming galaxies are typically blue objects (R−K ∼ 2–3) while
old elliptical sources at z >∼ 1 exhibit extremely red colours
(R−K >∼ 5). Furthermore, large R−K colours in distant sources
can also suggest dust obscuration, and may thus sign-post pow-
erful dust-enshrouded starburst galaxies.

In Table 2, we indicate the observed R − K colours for the
K-selected sub-sample of GRB host galaxies. The correspond-
ing diagram showing these colours versus redshift is presented
in Fig. 4. As in the “K–z” relation displayed in Fig. 2, we also
plotted the R − K colours of optically-selected sources taken
from the HDF (Fernández-Soto et al. 1999), and those of the
ISO and SCUBA sources already considered in the previous
section. The R magnitudes of the ISO galaxies from the CFRS
were derived using an interpolation between the V and I magni-
tudes of Flores et al. (1999). Those of the HDF ISO detections
and SCUBA sources were taken from the papers mentioned in
Sect. 3.1.

In this diagram, we also indicate the hypothetical colours of
typical present-day galaxies if they were moved to higher red-
shift assuming no evolution of their physical properties. These
galactic templates were chosen to be mostly representative of
the local Hubble sequence, and include both early-type (E/Sc)
and late-type (Scd/Irr) sources. To compute the evolution of
their R−K colours with redshift, we used the optical/NIR tem-
plates of Mannucci et al. (2001) for the E and Sc types, and
the optical Scd and Irr SEDs of Coleman et al. (1980). For
the latter, the extrapolation to the near-infrared was derived us-
ing the NIR portion of the Mannucci et al. Sc template. This
decision was justified from the prescriptions of Pozzetti et al.
(1996), which show that the NIR continuum emission of dust-

free galaxies longward of 1 µm always appears dominated by
the same stellar populations, and therefore does not vary much
from one type to another.

As it can be seen in Fig. 4, the GRB hosts exhibit rather blue
colours that are typical of the faint blue galaxy population in the
field at z ∼ 1. Besides, we note that most of them appear even
bluer than the colours predicted from the SED of local irreg-
ular galaxies. This is similar to what has been already noticed
for a large fraction of blue sources detected in the optical deep
surveys (Volonteri et al. 2000). Such blue colours originate
from the redshifted blue continuum of the OB stars found in
HII regions. They are characteristic of unobscured star-forming
galaxies, which is not surprising in the scenario linking GRBs

Fig. 4. Observed R− K colours versus redshift for the sample of GRB
host galaxies listed in Table 2 (filled diamonds). The estimated uncer-
tainties are indicated with vertical solid lines. The colours and red-
shifts for optically-selected field sources (dots) were derived from the
HDF source catalog of Fernández-Soto et al. (1999). Solid curves in-
dicate the observed colours of local E, Sc, Scd and Irr galaxies if they
were moved back to increasing redshifts (see text for explanations).
We also indicated the colours of the ISO sources from the HDF (open

squares) and those of SCUBA galaxies with confirmed redshifts (filled

squares). See Sect. 3.2 for references.

to massive star formation. It is moreover in full agreement with
the results of Sokolov et al. (2001) who found that the optical
SEDs of the GRB host galaxies are consistent with those of the
blue starbursts observed in the nearby Universe.

3.3. Absolute K magnitudes

We computed the absolute K magnitudes for the sample
listed in Table 2, using the optical and NIR galaxy templates
described in Sect. 3.2 to derive the k-corrections. For all but
two sources, the latter were obtained assuming an SED typ-
ical of Irr-type objects as suggested by their blue R − K

colours (see Sect. 3.2). In the case of the GRB 990506 and
GRB 970828 hosts, we rather used an Scd-type template as in-
dicated by their redder SEDs (see Fig. 4). Luminosity distances
were computed assuming a ΛCDM Universe with Ωm = 0.3
and Ωλ = 0.7. We parametrized the Hubble constant using
h65 = H0 (km s−1 Mpc−1) / 65.

The absolute K magnitudes are reported in Table 2 and il-
lustrated in the Hubble diagram of Fig. 5. Again, we also com-
pared the GRB host galaxies with other field sources quoted
from the catalogs mentioned in Sect. 3.1. For the galaxies of
the HDF, the k-corrections used to compute these magnitudes
were derived assuming the best spectral type estimations of
Fernández-Soto et al. (1999). For the lower-redshift samples
taken from the NIR Hawaii Surveys and for the ISO sources,
we arbitrarily assumed an Irr galaxy template relying on the
fact that k-corrections are hardly type-dependent up to z ∼ 1.5
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Fig. 5. Absolute K magnitudes of the GRB host galaxies listed
in Table 2, compared to optically/NIR-selected field sources and
ISO/SCUBA galaxies in a ΛCDM Universe (Ωm = 0.3 and Ωλ = 0.7).
Legend, photometry and redshift catalogs are similar to those used for
Fig. 2, except for the NIR-selected objects with spectroscopic redshifts
which are also indicated by dots in this plot. Horizontal lines indicate
the magnitudes of 0.1 L∗, L∗ and 3 L∗ galaxies assuming M∗ = −25.

in K. The absolute K magnitudes of the SCUBA galaxies were
determined assuming the SED suggested by their R − K colour
(see Fig. 4).

We also indicated the absolute magnitudes of galaxies with
luminosities of 0.1 L∗ (M = −22.5), L∗ (M = −25) and 3 L∗
(M = −26.2), assuming M∗ = −25. This value was roughly
estimated from the Schechter parametrizations of the K-band
luminosity function for high redshift galaxies, taken from
Cowie et al. (1996)4 and Kashikawa et al. (2003)5. Both were
determined assuming a matter-dominated Universe with Ωm =

1. Nevertheless, the differences in comoving distance between
a Universe with H0 = 50 ;Ωm = 1 and one characterized by
H0 = 65 ;Ωm = 0.3; Ωλ = 0.7 imply absolute magnitude vari-
ations of only ∆m = 0.4 on the 0.7 ≤ z ≤ 3 redshift range.
Therefore, it should not significantly affect our qualitative com-
parison.

With a median–averaged MK = −22.25 (corresponding to
L ∼ 0.08 L∗), the GRB host galaxies are significantly sub-
luminous in the K-band. We also note a large difference with
the luminosities of massive starbursts probed with ISO and
SCUBA, as it was already noticed in Sect. 3.1. Since the NIR
emission of galaxies gives a good indication on their mass, the
low K-band luminosities of GRB hosts indicate that GRBs, so
far, were not observed toward massive objects.

4 M∗ = −25 + 5 log10 [H0 (km s−1 Mpc−1) / 50], α = −1.3.
5 M∗ = −25.9 + 5 log10 [H0 (km s−1 Mpc−1) / 50], α = −1.35.

4. Discussion

Our analysis described in Sect. 3 indicates that the GRB host
galaxies are characterized by rather blue colours (see Fig. 4),
sub-L∗ luminosities in the K band and low masses (see Fig. 5).
Their morphology is moreover consistent with that of com-
pact, irregular or merging systems (Bloom et al. 2002b). Their
spectra clearly exhibit prominent emission lines such as [OII],
[NeIII] and the Balmer hydrogen lines (e.g., Djorgovski et al.
1998; Le Floc’h et al. 2002), and their optical SED is simi-
lar to that of starburst galaxies observed in the local Universe
(Sokolov et al. 2001). All together, our results and those al-
ready published in the literature are therefore in agreement with
GRBs tracing star-forming sources at cosmological distances.

We may now wonder whether the GRB-selected objects
are actually representative of the whole ensemble of starburst
galaxies at high redshift, or in other words, whether GRBs can
really be used as unbiased probes of star formation.

4.1. Is there any bias in the current sample of GRB

hosts?

Our results indicate that the GRB host galaxies significantly
differ from the luminous and dusty starbursts which were dis-
covered in the infrared and submillimeter deep surveys with
ISO and SCUBA. This is clearly illustrated in Fig. 5 which
shows that, contrary to the GRB hosts, these dusty star-forming
objects are also luminous at optical and NIR wavelengths. As
can be seen in Fig. 4, they moreover appear statistically much
redder, indicating either the presence of underlying old stellar
populations or an evidence for dust obscuration. Is this distinc-
tion between these galaxies and the GRB hosts simply due to
the limited size of our sample, or does it reveal other biases
affecting the GRB-selection?

The ISO starbursts have been shown to resolve ∼50% of
the total energy produced by the Cosmic Infrared Background
(CIRB, Elbaz et al. 2002). They trace therefore a significant
fraction of the global activity of star formation which occured
in the Universe. Within the 0.5 <∼ z <∼ 1.5 redshift range where
the ISO sources and most of the GRB host galaxies are located,
we estimated the fraction of GRBs which should be observed
toward these dusty galaxies assuming GRBs trace the star for-
mation. To this purpose, we assumed that the respective contri-
butions to the CIRB and the Optical Extragalactic Background
(OEB) produced at this epoch roughly originate from two dis-
tinct populations of star-forming sources, namely the faint blue
galaxies and the luminous dusty starbursts (e.g., Rigopoulou
et al. 2002). Given that the CIRB and the OEB are more or
less equivalent in terms of bolometric luminosity (e.g., Hauser
& Dwek 2001), and taking into account the contribution of the
ISO sources to the CIRB, we found that approximately 25 %
of the GRB host galaxies should belong to the class of infrared
dusty starbursts such as those detected with ISO. Within the
sub-sample of GRB hosts observed in the K-band and located
at 0.5 <∼ z <∼ 1.5, ∼5–6 sources would thus be expected to ex-
hibit K luminosities >∼0.5 L∗, while none of them actually sat-
isfies this criterion.
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Further evidence supporting the lack of GRB-detections in
reddened dusty starbursts is suggested by the very blue colours
of GRB hosts. It has been recently shown that a significant frac-
tion of the Extremely Red Objects (EROs, R − K >∼ 5) should
be composed of dust-reddened sources responsible for a star
formation density greater than the estimates from UV–selected
galaxies at z ∼ 1 (Smail et al. 2002b). With a similar argu-
ment as aforementioned, we would expect to find several EROs
among the GRB host sample, while all of the GRB host galax-
ies display R − K colours bluer than ∼4.

This lack of luminous (L >∼ L∗) and red (R − K >∼ 4)
galaxies among the GRB hosts could be explained by the ex-
istence of the so-called “dark” bursts. Lacking counterparts at
optical/NIR wavelengths in spite of a rapid and deep search
of afterglows during the few hours following their detection
at high energy, a fraction of these bursts could be hidden be-
hind optically-thick columns of dust and gas, and thus would
be obscured in the visible. Indeed, the spatial scale of dust-
enshrouded regions of star formation in luminous infrared
galaxies can easily reach∼1 kpc (Soifer et al. 2001). Even if the
beamed emission of GRBs can destroy dust grains on distances
up to ∼100 pc from the burst location (Fruchter et al. 2001b),
the resulting column density on the GRB line of sight would
still be high enough to prevent the production of a detectable af-
terglow in the visible. Such GRBs could thus only be observed
via the emission of their afterglows in the X-rays and, possi-
bly, through their synchrotron emission at radio wavelengths.
Since most of the currently known GRB hosts were selected
using GRB optical transients, it may therefore indicate that the
sample is likely biased toward galaxies harbouring unobscured
star-forming activity.

In this hypothesis, we would have the rough picture in
which most of GRBs with detectable optical transients mainly
probe the dust-free starbursts hosted in sub-luminous blue
galaxies, while the bursts occuring within the most dusty
sources appear optically dark. Naturally, intermediate cases
should also exist, as illustrated by the VLA detection of the
GRB 980703 host galaxy (Berger et al. 2001b). Assuming that
the radio/far-infrared correlation still holds for high redshift
sources, this host pinpointed by an optical transient of a GRB
occuring at z = 0.97 could be indeed a dusty galaxy luminous
in the infrared. In fact, we note that its R − K colour ∼2.8 and
its absolute K magnitude ∼−24.0 would be consistent with this
source being similar to the NIR counterparts of the ISO dusty
starbursts (see Figs. 4 and 5). Other intermediate examples of
dusty galaxies probed with optically bright GRB afterglows
were also reported from the faint detections of the GRB 000418
and GRB 010222 hosts at submillimeter wavelengths (Berger
et al. 2001a; Frail et al. 2002).

A possible method to reliably probe the dusty star for-
mation with GRBs could be the use of optically-dark bursts
yet harbouring detectable afterglows at radio wavelengths.
However, the observations of four sources pinpointed with such
optically-dark and radio-bright GRBs by Barnard et al. (2003)
have not revealed these galaxies to be especially bright in the
submillimeter. These particular bursts do not seem therefore
to preferentially select obscured sources. This indicates that
GRBs occuring within dust-enshrouded star-forming regions

could probably be dark at both optical/NIR and radio wave-
lengths, which might be understood if GRB radio transients
can not be easily generated within the densest environments of
dusty galaxies (Barnard et al. 2003).

It is therefore likely that the census of dust-enshrouded star
formation with GRBs will require a follow-up of the bursts
characterized by both optically- and radio-dark transients. The
use of their X-ray afterglows will thus be needed to correctly
localize these GRBs on the sky. To this purpose, the forthcom-
ing GRB-dedicated SWIFT mission will enable to derive the
positions of hundreds of GRBs with a sub-arcsecond error box
from the sole detections of their afterglows in the X-rays. This
should ultimately provide a statistically-significant sample of
star-forming galaxies selected from high energy transients of
GRBs, thus less affected by dust extinction than the current
sample of GRB hosts. The study of these sources with the
Space InfraRed Telescope Facility (SIRTF) will moreover al-
low to characterize their dust content by directly observing the
thermal emission of these galaxies in the mid-infrared. Since
the SIRTF instruments will be able to detect the rest-frame in-
frared emission of dusty starbursts up to z ∼ 2.5, the parallel
use of SWIFT and SIRTF will therefore open new perspectives
to use GRBs as probes of the dusty star formation at high red-
shift.

On the other hand, we note that this apparent selection ef-
fect toward blue and sub-luminous sources may simply reflect
an intrinsic property of the GRB host galaxies themselves. For
example, GRBs could be preferentially produced within young
systems experiencing their first episode of massive star forma-
tion, thus explaining the low mass of their underlying stellar
populations and their apparent blue colors. A larger statistics
and a better understanding of the possible observational bias
associated with the GRB selection, as previously mentioned,
will be however required to further investigate this hypothesis.

4.2. Are GRB hosts representative of the faint blue

galaxy population at high redshift?

In the previous section, we have argued that the current sample
of GRB hosts could be biased toward unobscured star-forming
galaxies, and that such a bias could be related to the existence
of the dark bursts. Since the long-duration GRBs are believed
to trace the star-forming activity at high redshift, this sample
of dust-free GRB-selected sources should be therefore more
or less representative of the population of faint blue galaxies
which were discovered in the optical deep surveys.

These faint blue sources in the field are indeed believed to
produce the bulk of the OEB (Madau & Pozzetti 2000) and to
be responsible for most of the unobscured star formation in the
early Universe. Since the B-band emission is a good tracer of
star-forming activity in dust-free sources, the absolute B mag-
nitude histogram of the GRB host sample, in this case, should
closely follow the function of the B-band luminosity weighted

by luminosity for blue galaxies at high redshift. The latter may
indicate indeed, for a given bin of magnitude, the relative frac-
tion of total star formation to which galaxies in this range of
luminosity contributed as a whole. It should be therefore
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Fig. 6. Histogram of the absolute B magnitudes for the sample of
GRB host galaxies, estimated following the method described in
Appendix A and assuming a ΛCDM Universe with Ωm = 0.3 and
Ωλ = 0.7. Various functions of the B-band luminosity weighted by

luminosity at high redshift have been overplotted in arbitrary units
for comparison. They were taken from Wolf et al. (2003) for the
0.8 <∼ z <∼ 1.2 redshift range (dashed line), and Kashikawa et al. (2003)
for sources at 1 <∼ z <∼ 1.5 (dotted line) and 1.5 <∼ z <∼ 2 (dashed-dotted

line). The thick solid line is also taken from Wolf et al. (2003) but
restricted to galaxies bluer than Sbc type objects. The vertical dashed
line depicts the M∗ parameter of this last Schechter parametrization.

proportional to the fraction of GRB occurence emerging from
such galaxies.

Such a comparison is shown in Fig. 6. We computed the ab-
solute magnitudes of the GRB host galaxies in the rest-frame

B-band following the method described in Appendix A. To es-
timate the contribution of distant sources to the overall star-
forming activity at similar redshifts, we used the results of the
COMBO-17 Survey by Wolf et al. (2003), who derived the
Schechter-parametrized luminosity functions for various types
of galaxies up to z ∼ 1.2, in a ΛCDM Universe with Ωm = 0.3
and Ωλ = 0.7. We also used the observations of Kashikawa
et al. (2003) from the Subaru Deep Survey who constrained
the global function of the B-band luminosity for sources up
to z ∼ 3.5, in a flat Universe with Ωm = 1. As explained
in Sect. 3.3, the comoving distance variations between the two
different cosmologies do not affect that much our comparisons.
Assuming MB∗ ∼ −21 + 5 log10 h65 for the blue galaxies at
z ∼ 1 (Wolf et al. 2003), it is clear that the GRB host galaxies
are sub-luminous sources in the B-band. There is however an
apparent and surprising trend for the GRB hosts to be, on av-
erage, even less luminous than the blue galaxies which mostly
contributed to the energy density in the rest-frame B-band at
z ∼ 1. This apparent shift is unlikely due to the weak constraint
which has been obtained so far on the faint end slope (usually
refered to as the parameter α in the Schechter parametrization)
of the B-band luminosity function at high redshift. There are in-
deed noticeable discrepancies in this slope between the results

of Kashikawa et al. (−1.2 <∼ α <∼ −0.9) and those by Wolf et al.
(−1.5 <∼ α <∼ −1.3), but the implied variations on the B-band
luminosity function weighted by luminosity are not that signifi-
cant (see Fig. 6). To quantify the observed shift, we performed
a Kolmogorov-Smirnov test on the data sets of GRB hosts and
high redshift sources bluer than Sbc type objects. We obtained
only a rather small probability (∼17%) that the two distribu-
tions originate from the same population of galaxies. Could
this shift be due to intrinsic properties of GRB host galaxies,
and reveal that only particular environments favour the forma-
tion of GRB events?

In the “collapsar” scenario, GRBs are produced by the ac-
cretion of a helium core onto a black hole resulting from the
collapse of a rapidly-rotating iron core. Since a low metallicity
in the stellar enveloppe reduces the mass loss and inhibits the
loss of angular momentum by the star, the formation of GRBs
could be favoured in metal-poor environments (MacFadyen &
Woosley 1999). As such, we could expect GRBs to be pref-
erentially observed toward starbursts with very low luminosi-
ties. Interestingly, evidence for a low-metallicity host galaxy
has been in fact recently reported toward the X-Ray Flash
XRF 020903 (Chornock & Filippenko 2002). The influence of
such intrinsic parameters could therefore not only explain the
trend observed in Fig. 6, but it would also provide further ar-
guments for the lack of GRB host detections toward luminous
reddened starbursts as discussed in the previous section.

Of course, one must remain very cautious regarding this in-
terpretation, because of the small size of our sample. Moreover,
the influence of metallicity in the formation of a GRB should
be only localized in the close vicinity of the burst, whereas
important gradients in the chemical composition of galaxies
are commonly observed. However, we note that such gradi-
ents of metallicity are not present in local dwarfs (see Hidalgo-
Gámez et al. 2001 and references therein), which suggests that
the average metallicity observed toward the sub-luminous GRB
hosts should give a good estimation of the chemical properties
characterizing the environments where the GRBs occured. A
detailed investigation of the gas metallicity within GRB host
galaxies compared to other optically-selected sources has never
been performed so far. Such a study will be definitely required
to better address this issue.

5. Conclusions

Using our K-band observations of GRB host galaxies in com-
bination with other optical and NIR data of the literature, we
conclude that:

1) Most of the GRB hosts discovered so far belong to the
population of faint and blue star-forming galaxies at high red-
shift. They have low masses as suggested by their faint lumi-
nosity in the near-infrared. They are also sub-luminous sources
at optical wavelengths. Most of them are characterized by in-
trinsic R − K colours even bluer than those displayed by the
starburst galaxies observed in the nearby Universe.

2) The lack of GRB detection toward luminous starbursts
and/or reddened sources such as those observed in the infrared
and submillimeter deep surveys seems to indicate a possible
bias of the currently-known GRB host sample against this
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type of objects. This could be explained by the fact that the
selection of GRB host galaxies, so far, had to rely on the
identification of optical GRB afterglows likely probing unob-
scured star-forming galaxies. The follow-up of optically-dark
and radio-dark GRBs, and the use of their X–ray afterglows to
obtain their localization with a sub-arcsecond error box will be
likely necessary to probe dust-enshrouded star-forming galax-
ies in the early Universe with these particular phenomena. On
the other hand, the hypothesis that such a bias of selection
is purely intrinsic to the GRB host properties can not be re-
jected, assuming that GRBs preferentially occur within young
and blue starbursts.

3) The observed GRB host galaxies seem to be statisti-
cally less luminous than the faint blue sources which mostly
contributed to the B-band light emitted at high redshift. This
could reveal an intrinsic bias of the GRB selection toward star-
forming regions with very low luminosities, and might be ex-
plained taking account of particular environmental properties
(e.g., metallicity) favouring the formation of gamma-ray burst
events. In this context, this could also indicate that GRBs can
not be used as unbiased probes of star formation. A larger
statistics of the GRB host absolute B magnitudes and a detailed
study of the chemical composition of the gas within GRB host
galaxies will be however required to further confirm this result.

Note added in proof: A mistake in Table A.1 of Appendix A has
been brought to our attention regarding the R magnitude quoted
for the host galaxy of GRB 011121. The value in our table does
not reflect the total emission of this source, but its contribu-
tion to the flux measured in a small aperture of 1′′ in diameter
centered on the position of the optical transient. The correct
magnitude of the galaxy should be revised to R = 18.95 mag
(dereddened from foreground Galactic extinction, Greiner et al.
2003, A&A, submitted). We found that this new value does not
modify the general conclusions of our work.
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]�^`_ba�_�c�_�a9a�_�d9_�afehg�iXj d9k l�m�a�_�n�oqprl�^9_bsrt"uS^`o-n�lvj-iXwNiXx-y
k _�n{z|k l�^}a�_2l~_�c�g<k d9_�a�c~_�a`n~^9k p�l�n1iqc�_�j k �q_�d<k dv]WiX�9w _=��� �q�-]�^9_2�
z�_2c�_�_�n�l�k gvi�l�_�a<k d4l�^9_|�{_�j-irn~��n�l�_2g�l�iq�-k d9j/i ���7o m`d-l1oqp{�������
�~��l�^9_v�`m9�9w kNn~^`_�a%��iq��_�c�n�iXd�a�s/t|u���o-o c�a�k d9iXl�_�n��|_2l�z�o c~�
�2k c��2m9w iqc�n�a`k c~_��7l~w �Go c�k d�a�k c�_���l�w �Gc�_2�Jo c�l�k d`j�oqd�oq�`l~kN��iqw	o �9n~_�c�y
�XiXl~k o d9nroXp�p�i a`k d9j�s/t|u�iXp�l~_�c�jqw oXz|nriXd�a�l�^`_�k c/^9o n�l�n��J�Q^9_2d
n~_��q_�c�iXw{e�g�iqjqd9k l�m9a`_�nroXp�iGj k �q_�dUn~oqm9c��7_4z�_�c~_<i���iqk w iq�9w _4k d
l�^9_bw k l�_�c�iXl�m`c�_ �1l�^`_U��iqc�k o m�n�g<_�i n�m9c�_2g�_2d-l�nvz�_�c�_�z�_�k jq^-l�_�a
i ���7o c�a�k d`jfl~o�l~^9_�k cU�`^9oXl�o g<_2l~c�kN�%m9d9�2_�c�l�iqk d-l��q�riXd�a�n~m`��n~_7y
� m`_�d-l~w ��i�� _�c�iqjq_�a|l~o�jq_2l?i| 9d�iqwq^9oqg�oqj _�d`k ¡�_�a/��iqw m`_ ��¢'d4n�o g<_
��i n�_�n���z�_|iqwNn�o/c~_�w k _�a<oqd<l~^9_|^9o n�l��7o d l�c�k �`m`l~k o d�a`_2c�k � _�a�p�c�o g
l�^9_v `l<oXp|l�^`_£e"¤-�9iqd9a%oq�`l~kN��iqw�l�c�iqd�n�k _�d l4w k j ^ l~y��2m`c��q_vz�^9_2d
l�^9_�wNi�l~l�_2c|z�i n|�2w _�iqc�w �vz�_�w wC�2o d9n�l�c�iqk d`_�a	�9]�^9_�e¥g�iqjqd9k l~m�a�_
oqp	l�^9_rs/t|u}¦ ¦ § ¨q§q©r^`o-n�l�j-iXwNiXx��4z�i n1g�_�i n~m`c�_�a<p�c~o g�iqdve"¤
��iXd�abk g�iqj _4l�^9iXl�z�_<o ��l�iqk d9_�abm�n�k d9j}l�^`_Gª�«{¬r9��®vk d�n�l�c�m�y
g�_2d-l|o dGl�^9_�ª��¬°¯9� ©�y'g�l�_2w _�n��7o ��_�i�l"±Civ-k w wNi`�

]�^`_4c~_�a`n~^9k pNl�n|j k �q_�d£k db]Wiq�`w _C��� ��^�i�� _�iqwNn�ov��_�_�d£l�iX� _2d
p�c�oqg²l�^9_4w k l~_�c�i�l�m9c~_ �J¢�dbg�o n�l��2i n~_�n��9l�^9_2��z�_�c~_�a�_2l�_2c�g<k d9_�a
p�c�oqg�_2g�k n�n~k o d�w k d9_�n�a�k c�_��7l�w �<o �9n~_2c�� _�a<k dvl�^`_rn��J_���l�c�i/oqp	l�^`_
^9o n�l�n�� «9oqc1l�^`_�oXl�^`_�c�n�o m`c��2_�n��Xl~^9_��<z�_�c�_|a`_2c�k � _�a�iqn1l~^9_|c�_�a-y
n~^9k p�l�n�oqp�l�^9_vp�m`c~l�^`_�n�l<iq�9n~oqc��9k d9j�g�_�a`k m`g³o �9n~_�c��q_�aUk d´iq��y
n~o c~�`l�k o d4z|k l~^9k d<l�^`_�n��J_���l�c�i�oqpJl�^9_"srt"u´o ��l�kN�2iqw`l~c�iqd9n~k _2d-l�n2�
�%_1g�i a`_{l�^`_�iqn�n~m`g���l�k oqdrl�^9iXl=l�^9_{ �c�n�l?k d-l�_2c�n�l~_�w wNiXc=g<_�a�k m9g
k w w m`g�k d�iXl~_�av���4l�^`_��9i ���-j c�oqm9d9avi�p�l�_�c~j w o�zµkNn�k d�a`_2_�a<l�^�i�l�oXp
k l�n�^9o n�lGj-iqw iXx`�Ek l�n~_�w p����U_�d9oXl�_£l�^�i�lGl~^9kNn�^��-�JoXl�^9_�n~kNn�^�iqn
�J_�_2d}�7o d� �c�g<_�a4k dGn~_2� _�c�iqw9�2i n~_�n1z�^9_2c�_|l~^9_"a`_2c�k � _�a�c~_�a`n~^9k pNl
�2o m`wNaE^�i�� _G�J_�_2dµ�2o d� �c�g<_�aEz�k l�^´_�g<kNn~n~k o d�w k d9_�n�p�c~o g¶l�^`_
^9o n�l��

]�^`_�n~_<c�_�a9n~^`k p�l�n�iXd�aUe�gviXj d`k l�m�a�_�n�z�_2c�_<n~m9�9n~_ � m9_2d-l�w �
m�n~_�a¶l�o·a`_2c�k �q_�l�^9_SiX��n~oqw m`l~_S¸¹gviXj d9k l�m�a�_�n�j k � _�d¶k d
��oqw m9g<dvº���»Joqp`]?iq�`w _?��� �q��i n~n~m9g<k d`j"i|¼|��½�¾�¿|d9k � _�c�n~_1z�k l~^
À�ÁSÂ §9Ã ¯9� À|Ä�Â §9Ã Å-�?«`o c/_�i ��^E^`o-n�l��=l~^9_��-y��7o c�c~_��7l~k o d�p�oqc
l�^9_Ue"¤  9w l�_�c}iqd9aQc�_�n�l~yÆp�c�iqg<_U¸ÈÇÉe¶�2oqw o m`cGm�n~_�aQp�o cvl�^9k n
�2o g<�9m�l�i�l�k oqdvz�_�c�_�_�n�l�k g�iXl�_�a<l�iq��k d9j�i ���7o m`d-l1oqpJl~^9_|l�����_"oXp
`ª�½�n�m9jqj _�n�l�_�a����vk l�n|efÇUÊ¶iqd�a�Ë�oqc�o ��l�kN�2iqw	�2o w o m9c�n�z�^9_2d
i��XiXk wNiX�9w _Eº+n�_�_�]Wiq�`w _C®EiXd�af«Wk j��~Ì-»7�1oql�^`_�c�z�kNn~_�iqn�n~m`g�k d`jEi
�9w m`_��7o d l�k d�m`m9gÍz�k l�^�i�n~�J_��7l�c�iqwCn�w o ��_�ÎWÏ�ÐÉÑ�ÒCÓ��

]?ov�J_7l~l�_2c�_�n�l�iX�9w kNn�^�l~^9_��XiXw kNa`k l��}oqp1oqm9c|c�_�n~m9w l�n��`z�_�iqwNn�o
_�n�l~k gvi�l�_�a=��p�o c£g�o n�l�oqp�l�^`_E^`o-n�l�n���l�^9_EiX��n~oqw m`l~_E¸Ôg�iqjXy
d9k l~m�a`_�n�p�c�o ghl~^9_vo �9n~_�c��q_�abÕ�m�x�a`_�d9n~k l��Ei�l�l~^9_Gc�_�a`n~^9k p�l�_�a
¸�¤ ��iXd�a�z�i�� _�w _�d9jXl�^C�J«9oqc/_�i ��^U��iqn~_ ��l�^`kNn�Õ�m`xba`_2d�n�k l���z�iqn
a`_�c~k � _�a<k d-l�_2c��JoqwNiXl~k d9jrl�^`_"��iqc�k oqm�nW�9c~o-i a-y'��iXd�a� �w l~_�c�gviXj d`k y
l�m�a�_�n�j k �q_�dvk dvl�^9_rw k l~_�c�i�l�m9c~_<º�n~_�_r]WiX�9w _=��� ��p�oqc�c~_2p�_2c�_�d9�2_�n�»
k d��7w m�a�k d9jrl�^`_"ÊÈg�iqjqd9k l~m�a`_�n1jqk � _2d4k d�]?iq�9w _W®`�X]�^`_� 9d�iXw9c�_7y
n~m9w l�nWiXc�_{k d�a�kN��i�l�_�a/k d<��oqw m9g<dvºÆ® »	oqp9]Wiq�`w _=��� �q��]Co��2oqg<��iqc~_
l�^9_�l�z�o/g<_2l~^9o�a9n��qz�_|�2oqg��`m`l�_�a4l~^9_"a`k ÖJ_�c�_2d��2_��J_7l�z�_�_�d4l�^`_
_�n�l~k gvi�l�k oqd�n"j k �q_�d�k d�l�^9_�l�z�oG�2o w m9g<d�n��Jiqd9a�p�o m9d9a�iGg<_�iXd
�Xiqw m9_4×�¾�Ø=Ù Ó�Ú ¤�¾�Ø=Ù Û Ú�Ü Â §`� §�Å�iqd9a�i�a`k n~�J_2c�n~k o d£Ý�º+¾�Ø	Ù Ó�Ú ¤¾ Ø	Ù Û Ú » Â §9� ��Þ9�
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Abstract. We present a study of the three ultraluminous infrared galaxies IRAS 14348-1447, IRAS 19254-7245, and

IRAS 23128-5919, based on mid-infrared (MIR) spectro-imaging (5–18 µm) observations performed with ISOCAM. We find

that the MIR emission from each system, which consists of a pair of interacting late type galaxies, is principally confined to

the nuclear regions with diameters of 1–2 kpc and can account for more than 95% of their IRAS 12 µm flux. In each interacting

system, the galaxy hosting an active galactic nucleus (AGN) dominates the total spectrum and shows stronger dust continuum

(12–16 µm) relative to the Unidentified Infrared Band (UIB) emission (6–9 µm), suggestive of its enhanced radiation field. The

MIR dominant galaxy also exhibits elevated 15 µm/Hα and 15 µm/K ratios which trace the high extinction due to the large

quantities of molecular gas and dust present in its central regions. Using only diagnostics based on our mid-infrared spectra,

we can establish that the Seyfert galaxy IRAS 19254-7245 exhibits MIR spectral features of an AGN while the MIR spectrum

of the Seyfert (or LINER) member of IRAS 23128-5919 is characteristic of dust emission principally heated by star forming

regions.

Key words. galaxies: active – galaxies: individual: IRAS 14348-1447 – galaxies: individual: IRAS 19254-7245 –

galaxies: individual: IRAS 23128-5919 – galaxies: interactions – infrared: galaxies

1. Introduction

It is currently widely accepted that the majority of the most lu-

minous galaxies (Lbol > 1011 L�) in the local universe (z < 0.3)

are luminous in the infrared, and include the ultraluminous in-

frared galaxies (ULIRGs, LIR > 1012L�) which emit the bulk of

their energy at infrared wavelengths (Houck et al. 1984; Soifer

et al. 1989; Sanders & Mirabel 1996 and references therein). In

those systems most of the infrared emission seems to originate

from their dusty nuclear regions. Even though one of the prin-

cipal heating mechanisms for the lowest luminosity (.1011 L�)

infrared galaxies is the stellar radiation field of young massive

stars, it is still unclear if the star formation is also the domi-

nant heating source for ULIRGs or whether one needs to in-

voke an active galactic nucleus (AGN) and its strong radiation

field as the central engine responsible for the heating of the

Send offprint requests to: V. Charmandaris,

e-mail: vassilis@astro.cornell.edu
? Based on observations with ISO, an ESA project with instruments

funded by ESA Member States (especially the PI countries: France,

Germany, Netherlands and the UK) and with participation of ISAS

and NASA.

dust (see Joseph 1999; Sanders 1999). The presence of large

quantities of molecular gas has long been detected in the cen-

tral regions of most ULIRGs (e.g. Sanders & Mirabel 1985;

Sanders et al. 1991) leading to high extinction of both their UV

and optical radiation. As a result, since it appears that most

galaxies do harbor a super-massive, though often quiescent,

black hole (Richstone et al. 1998), one would expect to find

in their galactic nucleus observational evidence for a mixture

of AGN (Sanders et al. 1988) and/or strong compact starburst

regions (Condon et al. 1991) fueled by the high concentration

of molecular gas (Bryant & Scoville 1999). Observations in the

mid-infrared (MIR), which are less affected by absorption than

shorter wavelengths (A15µm ∼ AV /70, Mathis 1990), thus pro-

vide a powerful probe of galactic central regions (Soifer et al.

2000, 2001).

As we discussed in Laurent et al. (2000), the integrated

MIR emission in active galaxies is produced mainly by the

interstellar dust which is heated directly by the ionization

field from young stars or an AGN. This is in contrast to late

type galaxies where the MIR (5–20 µm) energy budget is

dominated by the reprocessed emission of star forming re-

gions in their disk and accounts for ∼15% of their luminosity
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(Dale et al. 2001; Helou et al. 2001; Roussel et al. 2001).

However, the main difficulty in assessing the importance of

the underlying physics in galactic nuclei, where the spatial res-

olution is typically poor, is in separating the contribution of

star forming regions and the active nucleus from the integrated

MIR emission. The development, application, and general util-

ity of MIR diagnostics in nuclei of galaxies has already been

demonstrated by Roche et al. (1991) and more recently by

Genzel et al. (1998); Laurent et al. (2000), as well as by Dudley

(1999); Imanishi & Dudley (2000). This was mainly accom-

plished with the advent of ISOCAM and SWS on board ISO,

with high spatial and spectral resolution, as well as improved

sensitivity in the 3 to ∼40µm wavelength range, thus allow-

ing us to study the nature of the heating sources in ULIRGs.

More specifically it has been shown by Lutz et al. (1998),

Laurent et al. (1999b), Laurent et al. (2000), Tran et al. (2001)

that a nearby galaxy hosting a dominant AGN is clearly dif-

ferent in the MIR from a starburst or a late type spiral. The

most striking difference is that the rather featureless MIR spec-

trum in AGN lacks the emission bands at 6.2, 7.7, 8.6, 11.3

and 12.7µm, which are seen in late type galaxies and are at-

tributed to Polycyclic Aromatic Hydrocarbons (PAHs) – also

often called Unidentified Infrared Bands (UIBs). One may con-

sider that this is simply due to the fact that its elevated MIR

continuum of the AGN overwhelms any UIB feature emis-

sion (Pier & Krolik 1992; Barvainis 1987). It seems inevitable

that as the AGN heats its dusty torus at T ∼ 1000 K and the

dust grains approach sublimation temperatures, the more frag-

ile molecules responsibly for the UIB emission could be partly

destroyed by a photo-thermo-dissociation mechanism (Leger

et al. 1989). Obviously this picture is more complicated in dis-

tant galaxies since due to limited spatial resolution the contri-

bution of the star forming regions surrounding an AGN would

progressively enter into the beam and dilute any AGN MIR sig-

nature (see Laurent et al. 1999b). When sufficient spatial res-

olution is available to directly view the active nucleus, as is

often the case in Seyfert 1 galaxies, the non-thermal emission

from the AGN will dominate the spectrum. Consequently, the

spectrum can then be fitted by a power law and has a “bump”

in the 4–5 µm range. A 5–11 µm study of a large sample of

Seyfert galaxies with ISO by Clavel et al. (2000) confirmed this

picture, concluding that Seyfert 2 galaxies have weaker MIR

continuum. However, a detailed analysis of the MIR spectra

and images of the prototypical Seyfert 2 galaxy NGC 1068 by

Le Floc’h et al. (2001) showed that if sufficient spatial resolu-

tion is available and the AGN is extremely strong, even in the

case of a Seyfert 2 one can isolate the emission of the central

engine from the star forming regions which surround it. In that

case the MIR spectrum of the Seyfert 2 would also be a power

law with the addition of a weak PAH emission.

Despite this progress, several questions concerning the ex-

tent and spectral characteristics of the MIR emission in active

nuclei, as well as the correlation between MIR and optical ac-

tivity have not been fully examined. Could broad band MIR

photometry be used to probe the physical characteristics of

AGNs? In the present paper we try to address some of these

issues by studying the MIR spectral energy distribution (SED)

of three ultraluminous IRAS galaxies. Each IRAS source,

the properties of which are presented in Table 1, consists of

a merging pair of galaxies with different levels of nuclear ac-

tivity. The targets were specifically selected as MIR bright

and harboring an optically classified AGN. In Sect. 2, we

describe the observations and in Sect. 3 we present the de-

tails of our study and analysis of the data for each system.

A discussion followed by concluding remarks is presented in

Sect. 4. Throughout this paper we assume a Hubble constant

H0 = 75 km s−1 Mpc−1 and q0 = 1/2.

2. Observations and data reduction

Our MIR observations were obtained using ISOCAM, a 32 ×

32 pixel array (Cesarsky et al. 1996a) on board the ISO satellite

(Kessler et al. 1996). Each system was observed with broad

band filters ranging from 5 to 18µm in a 2×2 raster with 6 pixel

offsets and a lens producing a pixel field of view (PFOV) of

1.5′′, resulting in a final image of 57′′ × 57′′. This enabled us

to obtain images with a spatial resolution of 3′′ (at 6µm) to

4.5′′ (15µm) limited by the pixel size at 6µm and by the full

width at half maximum (FWHM) of the point spread function

(PSF) at 15µm. We note the ISOCAM filters by their name and

central wavelength. The wavelength range in µm covered by

each filter was: LW2 (5.0–8.5), LW3 (12.0–18.0), LW4 (5.5–

6.5), LW6 (7.0–8.5), LW7 (8.5–10.7), LW8 (10.7–12.0), LW9

(14.0–16.0). At subsequent sections in this paper we will refer

to the measured flux densities using the various filters as fx µm

where x is the central wavelength of each filter in microns.

Spectrophotometric observations were also obtained with

the circular variable filter (CVF) for IRAS 23128-5919, the

brightest of our sources. The CVF covers a spectral range from

5 to 16.5µm with a 1.5′′ PFOV and a spectral resolution of 50.

Each integration step was composed of 12 images with 5.04 s

integration time and during the CVF scan the wavelength step

varied between 0.05 and 1.11µm. Details on the observing pa-

rameters are summarized in Table 2.

The data were analyzed with the CAM Interactive Analysis

software (CIA1). A dark model taking into account the ob-

serving time parameters was subtracted. Cosmic ray contami-

nation was removed by applying a wavelet transform method

(Starck et al. 1997). Corrections of detector memory effects

were done applying the Fouks-Schubert’s method (Coulais &

Abergel 2000). The flat field correction was performed using

the library of calibration data. Finally, individual exposures

were combined using shift techniques in order to correct the

effect of jittering due to the satellite motions (amplitude ∼1′′).

A deconvolution using multiscale resolution techniques (Starck

et al. 1999) was subsequently applied to estimate the physical

size of the quasi-point like sources responsible for the infrared

emission in our data (see Sect. 3.1).

The details of the analysis of the ISOPHOT-S data of the

three galaxies, which we also include in this paper for reasons

of comparison, are published by Rigopoulou et al. (1999).

Based on three different observations of IRAS 19254-7245

taken with identical LW filters but with different roll angle,

1 CIA is a joint development by the ESA astrophysics division and

the ISOCAM consortium.
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integration times per exposure (2 s and 5 s) and PFOVs, as well

as on similar analysis of other ISOCAM-CVF and ISPHOT-S

observations, we estimate that the uncertainty of our photome-

try measurements is ∼20% (see Table 3).

3. Results

3.1. Background and general properties

The sensitivity and spatial resolution capabilities of ISOCAM

enable us to obtain deep maps of the MIR emission of each

galaxy. Since the interacting members of the IRAS galaxies are

very close and are point-like objects with one member typically

dominating the MIR emission, photometry measurements were

treated with extra care. Our approach was to fit the MIR PSF

of the brightest component and to subtract its contribution

from the location of the neighboring, fainter galaxy. We then

performed aperture photometry on the fainter component, us-

ing an aperture ∼4.5′′ × 4.5′′. In spite of the difference in their

peak intensities, the relative positions of the nuclei were very

well known from deep near-IR imaging (Duc et al. 1997b).

Final aperture correction was applied to the flux of each galaxy

to account for the overall extension of the PSF. Our measure-

ments are presented in Table 3. We also include the equivalent

broad-band filter fluxes estimated from the ISOPHOT-S spec-

tra, which are found in good agreement with our data within

the photometric uncertainties. Since the galaxies were observed

several times under different ISOCAM configurations, more

than one value is often quoted for the same filter. This was done

in order to display the internal consistency of the different mea-

surements and their median value should be considered as the

nominal flux density of each galaxy.

ISOCAM has detected nearly ∼100% of the 12µm IRAS

flux (see Table 1) of these galaxies. Moreover, as it can be seen

from the images of the galaxies presented later in this section,

no extended extra-nuclear emission, has been detected in any

of the galaxies in the MIR. In all cases, the bulk of the flux

coming from these objects originates from a region less than

3–4.5′′ in diameter (which corresponds to the FWHM of PSFs)

associated with the nuclei of the interacting galaxies.

As it has been discussed in several papers describing ISO

observations (i.e. Laurent et al. 2000 and references therein) the

MIR emission of spiral galaxies observed by ISOCAM origi-

nates from a number of physical processes, with two dust heat-

ing mechanisms typically prevailing. One is the thermal emis-

sion produced by thermally-fluctuating, small grains (∼10 nm)

heated by the interstellar radiation field, observed between

12µm and 18µm in areas of strong radiation environments and

is often sampled by the LW3 filter. The second is due to the

UIBs, which originated from complex 2-dimensional aromatic

molecules having C=C and C–H bonds and can be seen at 6.2,

7.7, 8.6, 11.3 and 12.7µm in the ISOCAM wavelength range.

The emission in these bands can be observed either with the

CVF or using a sequence of narrow-band filters. An absorption

feature due to silicates is often observed at 9.7µm and can be

measured using the LW7 (8.5–10.7µm) filter. Finally, two for-

bidden emission lines due to [NeII] at 12.8µm and [NeIII] at

15.5µm can be detected in the CVF mode. A contribution to

the MIR spectrum by a third component, the Rayleigh-Jeans

tail of an old stellar population, is generally negligible in late

type galaxies where the hot dust emission dominates. This MIR

emission directly arising from stellar photosphere is detected in

early type galaxies (Madden et al. 1997).

Analysis of a wealth of ISOCAM data has shown that

the flux ratio of the broad band filters centered at 15µm

and 6.75µm (LW3/LW2 or f15 µm/ f6.7 µm) provides a diag-

nostic of the dominant global MIR emission characteristic of

H  regions, the diffuse interstellar medium or photo-

dissociation regions (Verstraete et al. 1996; Cesarsky et al.

1996b; Dale et al. 2001; Roussel et al. 2001). It has been

shown that while quiescent star forming regions typically have

f15 µm/ f6.7 µm ∼ 1, in active sites of massive star formation this

ratio increases due to the increasing contribution of the con-

tinuum emission in the 15 µm bandpass (Sauvage et al. 1996;

Mirabel et al. 1998; Vigroux et al. 1999; Dale et al. 2001).

However, one should note that the use of this indicator alone

is not sufficient to distinguish between the MIR spectrum due

to star formation or an AGN, since in AGNs the hot dust con-

tinuum arising from the torus also has f15 µm/ f6.7 µm > 1.

Such a degeneracy may be resolved using the flux ratio

of the 6.75µm LW2 filter (sampling the 6.2 and 7.7µm

UIBs) to the narrower LW4 filter which is centered at 6.0µm

only contains the 6.2µm UIB. As the continuum varia-

tion between these two filters is negligible, the f6.7 µm/ f6 µm
(LW2/LW4) ratio estimates the intensity of UIBs relative

to the underlying continuum (see Fig. 5 of Laurent et al.

2000). The closer f6.7 µm/ f6 µm is to 1, the stronger the con-

tinuum is. Since AGNs have weaker UIBs than starbursts,

Laurent et al. (2000) proposed to use the combination of the

f15 µm/ f6.7 µm and f6.7 µm/ f6 µm colors to differentiate between

the two mechanisms contributing to the MIR emission. Clearly

there is a redshift dependence of this diagnostic due to the

K-correction of the SEDs, but since the redshifts of our targets

are small, these indicators can be applied (Laurent 1999a).

Using a large sample of galaxies in the Virgo cluster Boselli

et al. (1997) studied the properties of their MIR emission, nor-

malized to the mass of these galaxies. This was done by ex-

amining the ratios of the f6.7 µm (LW2) and f15 µm (LW3) flux

densities to the K band light, which scales with stellar mass of

the galaxy, and it was found that the typical f15 µm/K ratio for a

late type spiral ranges between 1 and 10. In Table 4, we present

those ratios for our sample and we find that even though their

active nuclei must contribute some non-thermal emission in the

K band the ratios are considerably larger. This can be attributed

to a combination of increased thermal dust emission along with

a wavelength dependent absorption, which, in highly obscured

sources, may decrease their K band flux. Such an example is

Arp 220 which displays a ratios f15 µm/K ∼ 30 (Charmandaris

et al. 2002). Two more ratios of the LW3 and LW2 over the

Hα line flux density are also included in Table 4 for reasons

of completeness. It has been established that in normal spirals,

both filters mostly trace the MIR flux arising from the repro-

cessing of ionising radiation which is observed in the optical

via the Hα line (Sauvage et al. 1996; Roussel et al. 2001; Dale

et al. 2001). Since in more active galaxies, the Hα emission is

strongly affected by the absorption, these ratios could be used
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Table 1. Properties of the three IRAS systems.

Target RA DEC z Fν (Jy) DL log(LFIR) log(LIR)

IRAS Name J2000.0 J2000.0 12 µm 25 µm 60 µm 100 µm (Mpc) (L�) (L�)

19254-7245 19.h31.m21.6.s −72.◦39.′20.8.′′ 0.0617 0.22 1.24 5.48 5.79 250 11.68 12.01

23128-5919 23.h15.m46.9.s −59.◦03.′14.2.′′ 0.0446 0.24 1.59 10.80 10.99 180 11.69 11.96

14348-1447 14.h37.m38.2.s −15.◦00.′23.9.′′ 0.0823 <0.14 0.49 6.87 7.07 335 12.05 12.27

Table note: The far-infrared and infrared luminosities are calculated using LFIR = 3.94 × 105 × D(Mpc)2(2.58 × f60 + f100) and LIR = 5.62 ×

105 × D(Mpc)2(13.48 × f12 + 5.16 × f25 + 2.58 × f60 + f100) respectively, where the luminosity distance is defined as DL =
c

H0q2
0

(zq0 + (q0 −

1)(
√

(1 + 2q0z) − 1) (see Sanders & Mirabel 1996).

Table 2. ISOCAM observing parameters.

Target ISOCAM Filter: LW2 LW3 LW4 LW6 LW7 LW8 LW9 CVF

Filter Center: 6.75 µm 15 µm 6 µm 7.75µm 9.62 µm 11.4 µm 15 µm –

IRAS 19254-72451 15.3 15.3 15.4 15.2 15.4 15.3 15.4 –

IRAS 19254-72452 7.1 7.0 11.3 – 8.3 – – –

IRAS 19254-72453 3.4 3.6 – – – – – –

IRAS 23128-59194 7.2 7.0 11.5 – 8.5 – – –

IRAS 23128-59195 – – – – – – – 148.7

IRAS 14348-14476 8.6 8.4 – – – – – –

Table note: The numbers following each galaxy denote the total on-source exposure time (in minutes) for each filter used, and two galaxies

were observed more than once under different configurations, the details of which are: (1) IRAS 19254-7245 observed in proposal CAMACTI2

(PI I.F. Mirabel), 7 LW filters, integration time per frame Tint= 5s, pfov= 1.5′′. (2) IRAS19254-7245 observed in proposal CAMACTIV (PI

I.F. Mirabel), 4 LW filters, Tint= 2s, pfov= 1.5′′. (3) IRAS19254-7245 observed in proposal SAM12N 2 proposal (PI L. Spinoglio), 2 LW

filters, Tint= 2s, pfov= 3′′. (4) IRAS 23128-5919 observed in proposal CAMACTIV (PI I.F. Mirabel), 4 LW filters, Tint= 2s, pfov= 1.5′′.

(5) IRAS 23128-5919 observed in proposal CAMACTI2 (PI I.F. Mirabel), CVF, Tint= 5s, pfov= 1.5′′. (6) IRAS 14348-1447 observed in

proposal CAMACTIV (PI I.F. Mirabel), 2 LW filters, Tint= 2s, pfov= 1.5′′.

to quantify the level of absorption2 even though one should be

cautious in their quantitative interpretation since the ratios may

saturate toward extreme starbursts (Roussel et al. 2001). We

present the LW2/Hα mainly for comparison, as the most in-

teresting indicator is clearly the one involving the LW3 filter

which directly traces the continuum of hot dust emission emit-

ted by the small grains.

Finally, in Table 5 we also present the MIR luminosities

of both the LW2 and LW3 filters for each galaxy of our sam-

ple. One can clearly see that despite the activity in these sys-

tems, the MIR spectrum contains only a small fraction (<5%)

of their energy which is mostly emitted at longer wavelengths

in the far-infrared (FIR). This is in sharp contrast from what is

seen in normal late type galaxies where ∼15% of the luminos-

ity is emitted between 5–20 µm (Dale et al. 2001). In the same

table we include the LIR(L�)/MH2
(M�) ratio which traces the

efficiency of molecular gas consumption, via either star forma-

tion or AGN activity, as well as the production of high energy

photons which in-turn are reprocessed into infrared via dust ab-

sorption and/or scattering. As expected the reported values for

our sample are typical of ultraluminous galaxies. Normal spiral

galaxies such as the Milky Way have a ratio of 1–10 L� M�
−1,

while starbursts such as M 82 display higher ∼100 L� M�
−1

values (see Sanders et al. 1986; Wild et al. 1992).

2 For a typical visual absorption range of 1–3 mag, f15 µm/Hα varies

between 10 and 80 (see Sauvage et al. 1996; Roussel et al. 2001).

Let us now review the MIR properties of each system in

detail.

3.2. IRAS 19254-7245

The ultraluminous infrared galaxy IRAS 19254-7245, also

known as the “Superantennae” is the result of a collision be-

tween two gas-rich spiral galaxies separated by 10 kpc (8.5′′)

in projection and displays extremely long tidal tails extending

to 350 kpc (Mirabel et al. 1990). Only the MIR emission orig-

inating from the nuclear regions of the galaxies is detected in

our images (Fig. 1), and there is no evidence for emission ex-

tending toward the direction of the tails. Even the northern nu-

cleus is marginally above the sensitivity limit ∼1 mJy at 3σ

(see Table 3).

Using optical spectroscopy, the southern galaxy has been

classified as a Seyfert 2 with an observed FWHM of

∼1700 km s−1 in both permitted and forbidden lines (Mirabel

et al. 1990; Duc & Mirabel 1997a). The presence of an active

nucleus is further suggested by the IRAS criteria for select-

ing Seyferts, since the ratio of its 25µm to the 60µm IRAS

flux density is greater than 0.2 (see de Grijp et al. 1985), while

its optical and near-infrared colors indicate a strong contribu-

tion from a non-thermal component, likely originating from an

AGN, as well as emission from very hot dust (∼1000 K) (Vanzi

et al. 2002). Evidence of massive star formation is also seen in

the nuclear regions as emission line splitting which has been
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Table 3. ISOCAM mid-infrared photometry of the sample.

Target LW2 LW3 LW4 LW6 LW7 LW8 LW9 LW3 LW2

IRAS (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) (mJy) LW2 LW4

19254S1 106.9 ± 10.7 284.0 ± 28.4 90.0 ± 9.1 150.1 ± 15.0 91.2 ± 9.1 107.5 ± 10.8 337.5 ± 33.8 2.7 ± 0.4 1.2 ± 0.2

19254S2 103.6 ± 11.0 278.9 ± 29.1 87.3 ± 11.2 – 97.1 ± 10.5 – – 2.7 ± 0.4 1.2 ± 0.2

19254N1 4.8 ± 0.5 5.9 ± 0.7 1.9 ± 0.4 8.3 ± 0.9 5.1 ± 0.6 5.9 ± 0.7 5.4 ± 1.0 1.2 ± 0.2 2.5 ± 0.6

19254N2 3.1 ± 1.0 7.5 ± 2.4 1.5 ± 2.6 – 4.5 ± 1.7 – – 2.4 ± 1.1 2.1 ± 3.6

192541 111.7 ± 11.2 289.9 ± 29.0 91.9 ± 9.2 158.4 ± 15.9 96.3 ± 9.6 113.4 ± 11.3 342.9 ± 34.3 2.6 ± 0.4 1.2 ± 0.2

192542 106.7 ± 11.0 286.4 ± 29.2 88.8 ± 11.5 – 97.1 ± 10.6 – – 2.7 ± 0.4 1.2 ± 0.2

192543 114.8 ± 12.5 290.2 ± 11.5 – – – – – 2.5 ± 0.4 –

19254† 113.0 ± 2.8 – 85.6 ± 3.7 135.7 ± 4.1 110.4 ± 4.6 116.9 ± 13.9 – – 1.3 ± 0.1

23128S4 70.8 ± 7.1 228.3 ± 22.9 48.5 ± 5.0 – 67.3 ± 6.8 – – 3.2 ± 0.5 1.5 ± 0.2

23128S5 77.5 ± 1.6 262.3 ± 4.3 50.6 ± 2.3 116.0 ± 2.6 79.9 ± 2.0 106.2 ± 3.6 277.1 ± 6.6 3.4 ± 0.1 1.5 ± 0.1

23128N4 38.6 ± 3.9 88.5 ± 9.1 19.8 ± 2.2 – 26.7 ± 2.8 – – 2.3 ± 0.3 2.0 ± 0.3

23128N5 34.8 ± 1.2 90.4 ± 2.1 19.9 ± 2.0 53.4 ± 1.7 34.7 ± 1.5 51.3 ± 2.4 90.9 ± 3.2 2.6 ± 0.1 1.7 ± 0.2

231284 109.4 ± 11.0 316.8 ± 31.7 68.3 ± 7.0 – 94.0 ± 9.5 – – 2.9 ± 0.4 1.6 ± 0.2

231285 112.3 ± 2.6 352.7 ± 7.2 70.5 ± 3.4 169.4 ± 4.4 114.5 ± 3.1 157.5 ± 6.1 368.0 ± 10.7 3.1 ± 0.1 1.6 ± 0.1

23128† 123.6 ± 3.2 – 70.0 ± 3.6 163.0 ± 4.9 134.5 ± 4.8 140.4 ± 14.2 – – 1.8 ± 0.1

14348S6 21.8 ± 4.6 73.9 ± 9.0 – – – – – 3.4 ± 0.8 –

14348N6 11.3 ± 3.6 22.9 ± 5.0 – – – – – 2.0 ± 0.8 –

143486 33.1 ± 5.8 96.8 ± 10.3 – – – – – 2.9 ± 0.6 –

14348† 37.9 ± 1.6 – 16.9 ± 2.0 52.6 ± 2.4 34.4 ± 3.3 14.1 ± 10.7 – – 2.2 ± 0.3

Table note: For each interacting system, we have measured the integrated flux of the individual galaxies resolved by ISOCAM and marked

the southern and the northern galaxies with (S) and (N) respectively. We used the same notations as in Table 2 for identifying the different

sets of ISOCAM observations, labeled (1) through (6). As all three galaxies were also observed with ISOPHOT-S and one with the CVF, we

also provide the equivalent broad-band filter flux estimates (using the known filter band-passes and transmission curves) based on those spectra

marked with a † for ISOPHOT-S and a (5) for the CVF. The errors given for each measurement are statistical derived by adding the 1σ rms

map to the systematic error of 10% commonly associated with the transient correction. Absolute flux uncertainties are estimated to be ±20%.

For the cases where we present multiple measurements for a target their median value should be considered as its nominal flux density.

attributed to a biconical outflow (Colina et al. 1991). The ki-

netic energy necessary for this to occur can only be produced

by supernova explosions or stellar winds further suggesting

high star formation rates (150 M� yr−1, Colina et al. 1991).

Ground-based MIR observations at 10µm show that more than

80% of the total flux originates from the Seyfert 2 (the southern

galaxy). The spectrum of the northern galaxy has much weaker

emission lines in Hα and [NII], typical of a starburst or LINER

(Colina et al. 1991). More recently HST imaging provided new

evidence that a double nucleus may be present in both the north

and southern components of the Superantennae (Borne et al.

1999), suggesting a multiple merger origin of the system.

Based on the photometry of Table 3, we present in Figs. 2

and 3 the MIR spectral energy distribution for each galaxy,

while the integrated MIR SED of the whole system is shown in

Fig. 4. In the latter we also compare our data with the spectrum

obtained with ISOPHOT-S, the beam of which spatially cov-

ered the full emission of IRAS 19254-7245. The extreme differ-

ence in the MIR intensities between the southern and northern

members are apparant as well as the constrasts in their spectral

shape.

Table 4. Broad band color ratios. Hα and K band fluxes are from

Duc & Mirabel (1997a) except the Hα flux of IRAS 14348-1447

(see Veilleux et al. 1995). LW2, LW3 and K are in mJy and Hα in

10−13erg cm−2s−1.

Target LW2 LW2 LW3 LW3

Hα K Hα K

IRAS 19254-7245 (S) 91.3 12.4 224.5 30.4

IRAS 19254-7245 (N) 78.4 1.2 85.4 1.3

IRAS 23128-5919 (S) 63.5 9.9 283.8 44.3

IRAS 23128-5919 (N) 31.2 8.2 85.2 22.5

IRAS 14348-1447 (S) 125.7 8.1 332.9 21.5

IRAS 14348-1447 (N) 161.2 6.3 263.3 10.3

More than 95% of the MIR emission of IRAS 19254-7245

originates from the southern Seyfert 2 galaxy which displays a

peculiar spectrum with a dominant thermal emission at 15µm

( f15 µm/ f6.7 µm ∼ 2.7) and weak UIBs ( f6.7 µm/ f6 µm ∼ 1.2).

This strong continuum relative to the UIB emission can be the

consequence of a high radiation field density mainly produced
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Fig. 1. a) Image of IRAS 19254-7245 observed with ISOCAM at 6.75 µm (LW2 filter). The contours are 5, 10, 20, 40, 80, 160 and 320σ

(σ = 0.027 mJy pixel−1). b) Image of IRAS 19254-7245 observed with ISOCAM at 15 µm (LW3 filter). The contours are 5, 10, 20, 40, 80, 160

and 320σ (σ = 0.041 mJy pixel−1). Note that the PSF has a clear asymmetry in the southwest direction of the Airy ring. The two vertical bars

correspond to 10 kpc.
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Fig. 2. a) The MIR spectral energy distribution (SED) of the southern component of IRAS 19254-7245 based on the 7 ISOCAM broad band

filters. The width of each filter is indicated by a horizontal line and the photometric uncertainties by the vertical lines. b) Same as a) including

the ISOPHOT spectrum of the southern component. Since the ISOPHOT beam covered the both galaxies the latter was estimated after sub-

tracting the template MIR spectrum of M 82 for the emission from the northern companion which is, as we see as well in Fig. 3, necessary to

explain the high LW9/LW3 ratio. The ISOPHOT data end at ∼12 µm, but for instructive purposes we mark the continuum between 12 and

17 µm with a power law after having subtracted the weak contribution from the northern galaxy. To visually estimate the quality of the fit we

include again for comparison the observed flux in this galaxy presented in the left panel. The positions of the main UIB features, redshifted due

to the distance of the galaxy are also marked. The elevated MIR fluxes near 5 µm suggest that this galaxy, classified optically as Seyfert 2, has

the typical MIR characteristics of an AGN.

in ionized regions close to young stars (Mirabel et al. 1998)

or AGN Laurent et al. (2000). On the contrary, the northern

galaxy has strong UIBs ( f6.7 µm/ f6 µm ∼ 2.5) and faint ther-

mal emission at 15µm ( f15 µm/ f6.7 µm ∼ 1.2), which is typical

of MIR emission from normal spiral galaxies with cool IRAS

colors (Dale et al. 2001; Roussel et al. 2001). Comparison of

its broad-band SED with the template SED of a quiescent star

forming region within the disk of M 82 (Laurent et al. 2000)

illustrates that they are in a fairly good agreement (Fig. 3).

The absolute luminosities presented in Table 5 shows that

the MIR emission originating from the southern Seyfert 2

galaxy is by far the strongest in our sample although the most

luminous FIR source is IRAS 14348-1447 (see Table 1). One

may also note that the flux density near 5µm does not reach

zero level but is ∼100 mJy, suggesting the presence of a hot

dust component, which as discussed in the previous section

is a clear sign of a hot dusty torus of an AGN (Laurent et al.

2000). Similarly, one can draw the same conclusion by
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Fig. 3. a) The MIR spectral energy distribution (SED) of the northern component of IRAS 19254-7245 based on the 7 ISOCAM broad band

filters. Again the width of each filter is indicated by a horizontal line and the photometric uncertainties by the vertical lines. b) The same

SED including a template fit of CVF spectrum (solid line) from a quiescent star forming region in the disk of M 82. The spectrum of M 82

has been normalized to the flux density sampled by the LW9 filter of IRAS 19254-7245, which traces essentially the VSG component. The

dotted lines are the equivalent broad-band filter fluxes of the M 82 template. The small offset between those and the actual measurements of

IRAS 19254-7245, indicate that the northern galaxy is dominated in the MIR by starburst activity.

Table 5. Global characteristics. The IR luminosities and the H2 mass

are in solar units (see Mirabel et al. 1990).

Target LLW2 LLW3 LLW2 LLW3 LIR

IRAS name (109 L�) (109 L�) LIR LIR MH2

19254-7245 (S) 53.8 42.9 – – –

19254-7245 (N) 1.1 0.9 – – –

19254-7245 54.9 43.8 0.05 0.04 34.1

23128-5919 (S) 17.7 19.2 – – –

23128-5919 (N) 9.6 7.5 – – –

23128-5919 27.3 26.7 0.03 0.03 70.2

14348-1447 (S) 18.9 21.6 – – –

14348-1447 (N) 9.8 6.7 – – –

14348-1447 28.7 28.3 0.02 0.02 31.0

observing the combination of the f15 µm/ f6.7 µm and

f6.7 µm/ f6 µm flux ratios. In IRAS 19254-7245S, the

low f6.7 µm/ f6 µm indicates weak UIB emission while

f15 µm/ f6.7 µm ∼ 2.7, a value somewhat lower than other well

studied starburst galaxies such as Arp 220 ( f15 µm/ f6.7 µm ∼ 3.9,

Charmandaris et al. 1999b) or the extremely strong starburst

region in the Cartwheel ( f15 µm/ f6.7 µm ∼ 5.2, Charmandaris

et al. 1999a). This effect can be understood since the hot

continuum produced by an AGN at short MIR wavelengths

would cause the flux in the 6–10µm range to increase more

relative to the increase observed between 12–16µm and as

result it would be added the UIB emission sampled by the

LW2 filter.

Could the large difference in the MIR brightness between

the north and south component in IRAS 19254-7245 be related

to the additional contribution of the AGN? Studies of the dy-

namical evolution of this system suggest that the starburst time

scale is much shorter than the dynamical age of the merger

(Mihos & Bothun 1998). Even though we can not quantify

8.6

6.2

7.7

IRAS 19254−7245

8.67.7

6.2

IRAS 19254−7245

Fig. 4. The integrated MIR SED of IRAS 19254-7245. Our measure-

ments using the 7 ISOCAM broad band filters (solid horizontal lines)

are compared to the ISOPHOT-S spectrum. The photometric uncer-

tainties of the ISOPHOT-S are indicated by the hashed zones. The

positions of the main UIB features, redshifted due to the distance of

the galaxy are again marked.

accurately the fraction of MIR luminosity due to the AGN ac-

tivity, it appears that the southern component of IRAS 19254-

7245 has reached an AGN dominant phase, however short

this may be, after an initial phase of strong starburst activ-

ity (see Laurent et al. 2000 and Genzel et al. 1998 for details

on the MIR AGN/starburst fraction of this and other galaxies).

The MIR properties of the northern nucleus are similar to a

normal spiral galaxy which indicates that even if a starburst did

occur in it at some point, it has by now subsided and the star

formation is progressing in a more quiescent rate.

Finally, we note that the southern galaxy exhibits higher

f15 µm/Hα (∼225) compared to that in the north (∼85). We in-

terpret this effect as a consequence of higher dust concentra-

tion and stronger absorption in the southern nucleus since near
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Airy ring

IRAS 23128−5919 a b

Fig. 5. a) Image of IRAS 23128-5919 observed with ISOCAM at 6.75 µm (LW2 filter). The contours are 5, 10, 20, 40 and 80σ

(σ = 0.055 mJy pixel−1). b) Image of IRAS 23128-5919 observed with ISOCAM at 15 µm (LW3 filter). The contours are 5, 8, 10, 20, 40

and 80σ (σ = 0.093 mJy pixel−1). Note the asymmetry of the PSF towards the southeast of the Airy ring. The two vertical bars correspond to

10 kpc.

UIB (7.7)
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UIB (11.3)

UIB (6.2)
UIB (8.6)

UIB (7.7)

UIB (12.7) + [NeII] (12.8)
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UIB (6.2)

IRAS 23128−5919
Southern galaxy

IRAS 23128−5919
Northern galaxy

UIB (12.7) + [NeII] (12.8)
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Fig. 6. a) The ISOCAM spectrum of the southern galaxy of IRAS 23128-5919. The flux densities of the 4 ISOCAM broad band filters are

superimposed on the CVF spectrum using horizontal lines, the width of which denotes as usual the filter bandpass. The photometric uncertainties

of the CVF are indicated by the hashed zones. b) The ISOCAM spectrum of the northern galaxy of IRAS 23128-5919 using the same convention.

All prominent UIB features redshifted to the distance of the galaxy are marked.

AGNs high column densities of molecular gas are typically ob-

served. The southern galaxy also has a higher f15 µm/K ratio

than that in the north, which has an f15 µm/K ratio of a normal

spiral galaxy,consistent with its overall MIR spectral features

(Table 4).

3.3. IRAS 23128-5919

This system consists of two merging galaxies in a rather late

stage of their interaction, the nuclei of which are separated

by a projected distance of 4 kpc (5′′) (Fig. 5). Two tidal tails

40 kpc stretch in opposite directions (Bergvall & Johansson

1985; Mihos & Bothun 1998).

Based on optical studies, the northern galaxy is classified

as a starburst, while it is unclear whether the southern one

is a Seyfert, a starburst or a LINER (Duc & Mirabel 1997a).

Optical spectroscopy of the southern nucleus shows a rela-

tively high ionization state having emission lines with wings

of ∼1500 km s−1 larger in the blue and extending ∼5 kpc out

from the nucleus. These emission lines, as well as other Wolf-

Rayet features observed, could be caused by supernova winds

and turbulent motions associated with the merger (Johansson

& Bergvall 1988). The northern galaxy on the other hand, has

narrower emission lines and weaker starburst activity.

In Fig. 6, we present the CVF spectra of each galaxy along

with our flux measurements using the four broad-band filters.

The integrated MIR SED of the whole system is displayed in

Fig. 7, as well as the ISOPHOT-S spectrum which is in good

agreement with our data. As in the case of IRAS 19254-7245,
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UIB (11.3)

UIB (12.7) + [NeII] (12.8)
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IRAS 23128−5919 IRAS 23128−5919
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Fig. 7. a) The integrated ISOCAM MIR spectrum of IRAS 23128-5919 using the same conventions as in the previous figures. b) The ISOCAM

spectrum of IRAS 23128-5919 (solid line) superimposed on the ISOPHOT-S spectrum (dashed line). Our measurements using

the ISOCAM broad band filters are also included.

no MIR emission is seen to be associated with the tidal tails

down to our sensitivity limits (see Fig. 5).

We find that approximately 75% of the MIR flux in

IRAS 23128-5919 originates from the southern galaxy. The

spectrum reveals that the thermal continuum (12–16µm) is

higher in the southern galaxy than that of the north, making

the southern galaxy the dominant origin of the MIR emission.

Since the SED of both components displays a rising spec-

trum with prominent UIBs and a weak continuum at 5–6µm,

we conclude that the MIR emission in this system is mostly

powered by massive star formation. The same conclusion can

be reached using the broad-band filter flux ratios for the two

galaxies. In the northern more quiescent galaxy of the pair,

the MIR activity indicator f15 µm/ f6.7 µm (LW3/LW2) is 2.6,

lower than the value of the southern galaxy (∼3.3), while its

ratio of f6.7 µm/ f6 µm is ∼2.0, higher than that of the southern

galaxy which has an f6.7 µm/ f6 µm ∼ 1.5. Following similar rea-

soning as for the southern component of the Superantennae,

these results can be interpreted as an increase in the density

of H  regions of the southern component, relative to the den-

sity of the photo-dissociation regions. Further comparisons of

the properties of this galaxy to IRAS 19254-7245 (see Table 5)

show that its ratio of LLW3/LIR ∼ 0.03 is smaller despite is

high LIR(L�)/MH2
(M�) of ∼70. This indicates that even though

IRAS 23128-5919 is more efficient in consuming the molecular

gas, its radiation field is not sufficient to heat the large amount

of dust at similarly high temperatures as does the AGN in the

Superantennae. The data presented in Table 4 also indicate that

the southern galaxy of the pair emits more MIR flux relatively

to its stellar emission ( f15 µm/K ∼ 284) and is apparently more

obscured by dust ( f15 µm/Hα ∼ 85).

In conclusion, the more luminous galaxy is clearly under-

going a stronger star formation phase than its northern com-

panion. The global MIR characteristics of this system are in

agreement with the assertion that a starburst is the dominant

heating mechanism for the dust and no evidence of an AGN

contributing to the ISOCAM wavelength range are present.

3.4. IRAS 14348-1447

IRAS 14348-1447 is the most distant object in the IRAS Bright

Galaxy Sample with a redshift of 0.08 (Soifer et al. 1987). This

system, shown in Fig. 8, consists of two galaxies separated

by a projected distance of 6 kpc (4′′) with a tail extending to

more than 10 kpc away from the northern nucleus (Melnick

& Mirabel 1990). Strong H2 emission, mainly triggered by

shocks in molecular clouds, has been detected (Geballe 1988;

Nakajima et al. 1991). The presence of large quantities of

shocked molecular hydrogen is consistent with the detection

of 6×1010 M� of molecular gas in this system which makes it

the most H2-rich in the ultraluminous galaxy sample (Sanders

et al. 1991). The large quantities of cold dust, inferred using the

usual gas to dust conversion, lead us to believe that the redden-

ing seen in both galaxies is a consequence of strong absorption

and not due to an intrinsically old stellar population (Carico

et al. 1990a).

Based on near-infrared spectroscopic observations in Paα

and H2 lines, the nucleus of the southern galaxy has been clas-

sified as a Seyfert 1.5 and the northern one as a Seyfert 2

(Nakajima et al. 1991), while their optical line features are

similar to those of LINERs (Veilleux et al. 1995) or Seyfert

2 galaxies (Sanders et al. 1988).

Due to its relatively weak MIR emission this source was

only observed with the two ISOCAM broad band filters LW2

and LW3 (Table 2). As in the other galaxies in this sample, MIR

emission is detected only from the circumnuclear regions. We

estimate that ∼75% of the MIR flux seen in both filters origi-

nates from the southern galaxy, which is also the more active

one in the optical. Interestingly, this roughly scales with the

fraction of the CO emission from the two components (Evans

et al. 2000). The southern galaxy exhibits the higher hot dust

component traced by 15 µm (LW3) relative to the UIB emis-

sion at 7 µm (LW2). Using the LW3/LW2 ratio to trace the

MIR activity in this system we find that f15 µm/ f6.7 µm ∼ 3.4

in the southern galaxy and f15 µm/ f6.7 µm ∼ 2.0 in the north-

ern one. Since we only have one MIR color, we can not com-

ment on the MIR contribution the AGN. Nevertheless, the low
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Fig. 8. a) Image of IRAS 14348-1447 observed with ISOCAM at 6.75 µm (LW2 filter). The contours are 5, 10, 20, 40 and 80σ

(σ = 0.048 mJy pixel−1). b) Image of IRAS 14348-1447 observed with ISOCAM at 15 µm (LW3 filter). The contours are 5, 10, 20 and

30σ (σ = 0.073 mJy pixel−1). The two vertical bars correspond to 10 kpc.

IRAS 14348−14476.2 8.67.7

Fig. 9. The ISOPHOT-S spectrum of IRAS 14348-1447 including the

measurements of the two ISOCAM filters. The uncertainties of the

ISOPHOT-S spectrum are indicated by the hashed zones.

integrated LLW3/LIR of IRAS 14348-1447 (∼0.02) would be

consistent with a negligible AGN contribution in the MIR

(Table 5) while the high dust obscuration suggested by the in-

creased f15 µm/Hα ∼ 333 is consistent with its large molecular

gas content (Mirabel et al. 1990).

Evidence that the starburst activity is the main heating

mechanism can also be seen in Fig. 9 using the MIR spectrum

of the whole system obtained with ISOPHOT. This spectrum

reveals strong UIBs ( f6.7 µm/ f6 µm ∼ 2.2, see Table 3) likely

caused by a starburst with only a weak contamination by an

AGN (to the 25% level, see Genzel et al. 1998; Lutz et al.

1998).

4. Discussion and concluding remarks

A wealth of observational data available has shown that

ULIRGs have high concentrations of gas and dust in their

nuclei, sufficient to account for most of their observed in-

frared luminosity (see Sanders & Mirabel 1996 for a review).

Whether the energy source of ULIRGs is a dust enshrouded

AGN or a starburst still remains an open issue. However, re-

cent indirect evidence is beginning to favour the existence of

bright extremely red point-like sources in the nuclear regions

of ULIRGs. More specifically near-infrared observations of lu-

minous infrared galaxies have shown that their flux at 2.2 µm

is more concentrated towards the center than at 1.3µm (Carico

et al. 1990b; Scoville et al. 2000). Furthermore, recent high res-

olution MIR observations using Keck of a sample of ULIRGs

reveal compact sub-arcsecond sources (with linear scales of

∼100–300 pc) which contain 30% to 100% of the observed

MIR energy of these galaxies (Soifer et al. 2000). This con-

trasts with the LIRGs (1011 L� ≤ LIR ≤ 1012 L�), in which the

infrared energy seems to be generated over somewhat larger

scales (∼100 pc–1 kpc, Soifer et al. 2001) and sometimes can

be found in extra-nuclear regions associated with the physical

interaction of merging pairs of galaxies. Furthermore, there are

galaxies such as VV 114 where it has even been found that a

substantial fraction of the MIR flux originates from an extended

component of hot dust emission spread over several kpc scales

(Soifer et al. 2001; Le Floc’h et al. 2002). ULIRGs are thus not

simply a scaled-up version of LIRGs and require further dy-

namical compression of the molecular gas responsible for the

IR luminosity within very compact regions. A plausible mech-

anism would be one where the shocks and tidal forces of the

interaction first lead to star formation over galactic scales, lead-

ing to IR luminosities up to a few 1011 L�. Subsequently, grav-

itational instabilities and the formation of a bar, strip the gas
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of its angular momentum, funneling large quantities towards

the nuclear regions of galaxies, which can feed circumnuclear

starbursts or AGNs and trigger the ultraluminous phase in the

infrared (Combes 2001).

Even though the above scenario is appealing, given the high

extinction in the nuclei of ULIRGs, the limited atmospheric

transmission in the MIR windows, and the limited sensitivity of

ground-based instruments, questions related to the direct prob-

ing of the nuclear activity such as “does all MIR emission from

those systems originate from the nuclei?” and if not “what are

the spectral properties of any extended component?” still re-

main unanswered.

This is where the superb sensitivity of space instruments,

such as ISO, is essential. We have found that in the ULIRGs

studied here more than ∼95% of the MIR emission seen by

IRAS is confined within a few arcsecs of their central region.

Obviously the relatively large pixel size of the ISOCAM detec-

tor places limitations in interpreting these findings. However,

deconvolution tests of the central point source in each galaxy

suggest that the corresponding nuclei are resolved and the

physical diameter of the emitting region is contained within

1 to 2 kpc. Moreover, with the exception of the Superantennae

where the MIR spectrum is dominated by the emission arising

from the AGN of the southern galaxy, the bulk of the IR lumi-

nosity of IRAS 23128-5919 and IRAS 14348-1447 is powered

by massive star formation. The fact that starbursts can domi-

nate the MIR emission in galaxies with IR luminosities as high

∼1012 L� had already been demonstrated in other ISOCAM-

CVF (Tran et al. 2001) and ISO-SWS (Genzel et al. 1998) ob-

servations of ULIRGs, and is supported by our results. Given

that an active nucleus appears to be always present in the most

energetic objects of the local Universe (Lutz et al. 1998), our

MIR data favor a luminosity threshold for the transition be-

tween starburst- and AGN-dominated galaxies which is higher

than the IR luminosity of the galaxies in our sample. This is

in agreement with the results of Tran et al. (2001) who pro-

posed that this transition takes place at LIR ∼ 1012.5 L� and also

found individual starbursts up to 1012.65 L�. Our data also indi-

cate is that such starbursts can be confined to the very central

nuclear regions which may have important consequences in the

probing how the instabilities fuel the inner regions of galaxies

(e.g. Combes 2001), as well as determining the nature of high

redshift dusty sources (e.g. Ivison et al. 2000).

Another striking feature revealed in our observations is that

in all three cases one galaxy seems to dominate the MIR en-

ergy output of the system by more than 75%. Could this be a

record of the initial distribution of the amount of molecular gas

available in each merging progenitor or could this suggest that

in the later stages of interaction, the gas finally merges towards

one component? If the latter were true one would expect that a

sufficiently large quantity of gas could trigger and fuel both cir-

cumnuclear star forming activity and AGN-type activity at the

core of a single object. This is evident in the southern galaxy

of IRAS 19254-7245 which harbors an active nucleus as well

as numerous massive star forming regions. As we mentioned

in the introduction though the presence of a Seyfert nucleus is

correlated with a MIR flux increase relative to the FIR luminos-

ity of the entire galaxy, which is what one can actually derive

from our observations when we compare the Superantennae

with IRAS 14348-1447. IRAS 14348-1447 has indeed a much

higher total IR luminosity despite its MIR flux being lower than

that of the southern source of IRAS 19254-7245. Furthermore,

using the f15 µm/Hα and f15 µm/K ratios as probes of dust ab-

sorption and hot dust emission normalized to the mass of the

galaxy, we find that in each interacting system it is always the

most active galaxy of the system that exhibits the higher ratios.

In each system, the most luminous galaxy contains a larger

amount of molecular gas leading to the triggering/feeding of

the starburst activity and/or an active nucleus.

Finally, we wish to stress once more that because of the

limited spatial resolution in studying such distant sources,

the diagnostics we have used in this paper address only the inte-

grated MIR emission of each galaxy. Our difficulties to identify

whether an active nucleus is solely responsible for the increase

in the MIR luminosity relative to the FIR emission will not

be resolved unless we can either clearly map the extent of the

emitting region or obtain MIR spectra using very narrow slits.

The upcoming launch of SIRTF which, despite the fact it has

comparable spatial resolution to ISO, is equipped with a new

generation of detectors of smaller pixel size, and in particular

the use of its infrared spectrograph will help us improve upon

our current results and provide conclusive answers to the issues

which still remain unresolved to date.
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Abstract. We present observations in the optical, near-infrared and millimetre bands of the Ultraluminous Infrared
galaxy IRAS 19254-7245, also known as “The Superantennae”. This galaxy is an interacting system with a double
nucleus and long tails extending for about 350 kpc. We studied in detail the southern component of the system
which is optically classified as a Sy2 galaxy. We have developed a method to determine the parameters of the
emission lines in a spectrum in the case of multiple components and severe blending. Our data allow us to build
a picture of the environment around the nucleus of the galaxy with unprecedented detail. The optical lines show
a complex dynamical structure that is not observable in the near-infrared. In addition we find typical features
of AGN such as the coronal lines of [FeVII]5721 and [SiVI]1.96. We also detect strong emission from [FeII]1.64
and H2.

Key words. galaxies: individual: IRAS 19254-7245 – infrared: galaxies – radio lines: galaxies – galaxies: Seyfert

1. Introduction

IRAS 19254-7245, with an infrared luminosity LIR = 1.1×
1012 L� (calculated assuming H0 = 75 km s−1Mpc−1,
v = 18479 km s−1 and using all four IRAS fluxes Melnick
& Mirabel 1990), lies amongst the Ultraluminous Infrared
Galaxies (ULIRGs) emitting most of their energy in the
far infrared. More than 90% of these objects show evidence
for disturbed morphologies and interaction (e.g. Sanders
et al. 1988; Melnick & Mirabel 1990; Murphy et al. 1996;
Clements et al. 1996). IRAS 19254-7245 is a particularly
spectacular interacting galaxy with tidal tails extending to
a distance of about 350 kpc and two bright nuclei 10 kpc
apart. Although it is widely accepted that this system
results from the collision between two gas-rich spirals, a
multiple-merger origin has been recently suggested from
high-resolution HST observations showing that a double
nucleus may be present in both components of the inter-
action (Borne et al. 1999).

The southern nucleus prevails in luminosity as the sys-
tem is observed at longer wavelengths and it is the domi-
nant source in the mid-infrared as shown by the ISOCAM

Send offprint requests to: L. Vanzi,
e-mail: lvanzi@eso.org

? Based on observations obtained at the ESO telescopes of
La Silla.

observations of Charmandaris et al. (2002). This nucleus
also shows an optical spectrum typical of a Seyfert 2
galaxy (Mirabel et al. 1991). The presence of strong nu-
clear activity is moreover indicated by the Near-Infrared
(NIR) and IRAS 25/601 colors, which both suggest the
presence of important thermal emission from hot dust
(∼300–500K) most probably heated by the active nucleus.

The system has been studied among others by Mirabel
et al. (1991) and Colina et al. (1991). Both groups find
broad emission lines in the optical with a complex profile
that can be attributed to material falling onto the nucleus
or to an outflow. The kinetic energy required to power
such a flow may originate from stellar winds and/or super-
novae. This strongly supports the picture of merger-driven
starburst activity characterized by a high star formation
rate (∼150 M� yr−1, Colina et al. 1991), taking place in
the Seyfert circumnuclear region.

Understanding the true origin of the ultra-luminous
phase in infrared galaxies is still an open debate. Recent
studies have shown that the merger-stage in interacting
systems, traced by the projected separation of the nuclei,
correlates with the star-forming efficiency and with the
molecular mass detected in each merger (Gao & Solomon
1999; Murphy et al. 2001). However the relative impor-
tance between starbursting and AGN activity in luminous

1 Defined as Log f25/f60.
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galaxies, and ULIRGs in particular, is still an open issue
(Sanders & Mirabel 1996; Lutz et al. 1996; Vignati et al.
1999). Harboring both a Seyfert and a starburst compo-
nents, IRAS 19254-7245 is a very interesting object within
this context. The separation between the two nuclei in-
volved in this merger is still large enough to allow a care-
ful analysis and distinguish between the two sources. Our
main goal is to study the near infrared (NIR) spectrum of
this galaxy, but optical and mm data were also obtained.

The present paper is divided in three main sections:
Observations, Analysis and Discussion. In Sect. 2 we
present the data describing how they were obtained and
reduced. In Sect. 3 we present the analysis of the data
and how the main physical parameters were derived from
the observations. In Sect. 4 we use these parameters to
describe the physical conditions in the galaxy. Finally we
summarize our conclusions.

2. Observations

2.1. Optical

We obtained low and medium resolution spectra of
IRAS 19254-7245 at optical wavelengths. The low reso-
lution spectrum was observed with the Boller & Chivens
spectrograph at the ESO 1.52m telescope at La Silla in
1999 May using grating #23 and a 2′′ -wide slit to yield
a spectral resolution of R = 1300 in the range 4400–
7400 Å. The position angle was –12◦, which allows to in-
clude both nuclei in the slit. The total integration time
was 40 min. The 1D spectrum of the southern compo-
nent extracted with an aperture of 2.6′′ corresponding to
3.1 kpc at a distance of 247 Mpc, is shown in Fig. 1. The
medium resolution spectrum was acquired with EMMI
at the ESO-NTT in 1999 July using the REMD (Red
Medium Dispersion) mode and grating #6 which gives
a resolution R = 5500 in the band 6600−7200 Å. Two
exposures of 15 and 30 min were taken using a 1′′ -wide
slit. HeAr lamp spectra were taken before and after the
exposures for the wavelength calibration and the star
EG 274 was observed as spectro-photometric standard.
The spectra were reduced following standard procedures.
The EMMI instrumental resolution, estimated on sky lines
is 36 km s−1. The flux calibration was obtained by com-
paring the wavelength calibrated spectra of the standard
star with the flux table published. From the 2D combined
frame we extracted 1D spectra with an aperture of 2.6′′.
A linear fit on the continuum gives a slight positive slope
from 9.4 × 10−17 at 6600 Å to 9.9 × 10−17 s−1 cm−2 Å−1

at 7200 Å. To double check the flux calibration we used
a HST archive image taken in the F814W filter centered
at 7940 Å. For our spectroscopic aperture we obtained a
flux of 1.09 × 10−16 erg s−1 cm−2 Å−1, that agrees with
our calibration to better than 5%. The medium resolu-
tion spectrum of the southern nucleus subtracted of the
continuum is shown in the top panel of Figs. 2 and 3.

2.2. Near-infrared

We observed two spectra with the medium resolution
grism of SOFI at the ESO-NTT. The spectra are respec-
tively centered on the H and the Ks bands. They were
acquired in 1999 May with 40 min of integration in H
and 66 min in Ks. The Ks spectrum was observed again
in 1999 September for 30 min of integration. We always
used a 1′′ -wide slit giving a resolution R = 900 in H and
R = 1350 in Ks. A low resolution spectrum (R = 600)
covering the range from 1.5 to 2.5 µm has been obtained
with SOFI in 2001 June, the total integration time was
in this case 40 min. The position angle was always –12◦.
The data reduction followed the standard steps for NIR
spectroscopy. 1D spectra were extracted with an aperture
of 2.6′′ for the southern component. Atmospheric features
were corrected by dividing for the spectrum of a reference
star. In the observation of 1999 May we used a G1V and
a F8V star, then the spectra were multiplied by the solar
spectrum to remove the stellar features and reestablish the
correct slope of the continuum (Maiolino et al. 1996). In
1999 September we used an O6 star and then multiplied by
a blackbody at 40 000 K to reestablish the correct slope of
the continuum. The Ks spectra observed on the two occa-
sions give a good check on the reliability of this method;
they are virtually identical showing no residual features
from the reference star and exactly the same slope of the
continuum. The Ks spectra have been averaged together
giving a final spectrum with 1h 36m of integration. To
flux calibrate the spectra we obtained two images in the H
and Ks band with SOFI in 2001 June; the integration time
was 15 min in each band. From the images we extracted
the photometry on the spectroscopic aperture obtaining
fluxes of 3.16× 10−12 and 2.80× 10−12 erg s−1 cm−2µm−1

in H and Ks respectively. The photometric error was al-
ways below 3%. This value does not include the uncer-
tainty on the spectroscopic apertures and on their center-
ing, however we believe that this procedure guarantees a
very accurate flux calibration. In the case of the low resolu-
tion spectrum the slope of the continuum was readjusted
to match the photometric points. In Fig. 4 we present
the NIR spectra of the southern nucleus. The top curve
is the low resolution spectrum calibrated in flux. In the
middle the medium resolution spectrum. In the bottom
part of the left panel we show a stellar template redshifted
to match the galaxy with the indication of the absorption
features detectable. In the bottom right panel the K spec-
trum, with the H2(1–0)S(3) line subtracted, clearly shows
the detection of [SiVI] (see Sect. 3.2 for details). Our NIR
spectra of the northern nucleus are virtually featureless.

2.3. Millimetre

The radio observations were performed with the Swedish
ESO-Submillimetre Telescope (SEST) in La Silla during
1999 November. The FWHM beam sizes are 45′′ and 23′′

at 115 GHz and 230 GHz respectively, and the main beam
efficiencies at these frequencies are 0.70 and 0.50. Intensity
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Fig. 1. Low resolution optical spectrum of IRAS 19254-7245
obtained at the 1.5 ESO telescope of La Silla.

Fig. 2. Medium resolution optical spectrum of IRAS 19254-
7245 observed with EMMI at the ESO-NTT. Top panel: the
spectrum subtracted of the continuum and the three compo-
nents of Hα obtained with free σ. Bottom panel: the residuals
of the fit.

calibration is done with the chopper wheel method, so the
raw data, in units of T A

∗ , are divided by the main beam
efficiency to obtain main beam brightness temperatures.
The internal consistency of the SEST is accurate to within
a few percent.

The backends used were two acousto-optical spectrom-
eters, each with a total bandwidth of 1 GHz. System tem-
peratures ranged between 200 K and 350 K on the T A

∗

scale. All observations of the CO lines were performed
with τ225 GHz ≤ 0.4. The SEST’s absolute pointing accu-
racy is 3′′ rms in azimuth and elevation, and the pointing
model was checked with regular observations of SiO maser
sources. Beam switching mode was employed, where the
secondary mirror was wobbled with a beam throw of 697′′

in azimuth and scans obtained with reference positions on
either side were coadded to ensure flat baselines. The data
were reduced with the CLASS software of the Grenoble
Astrophysical Group (GAG) package. A polynomial base-
line of order one, or occasionally three, was removed from
each spectrum before averaging. The spectra are shown in
Fig. 4.

Fig. 3. Medium resolution optical spectrum of IRAS 19254-
7245 observed with EMMI at the ESO-NTT. Top panel: the
spectrum subtracted of the continuum and the three compo-
nents of Hα obtained with fixed σ. Bottom panel: the residuals
of the fit.

3. Analysis

3.1. The optical spectrum

The optical spectrum of the southern nucleus shows broad
emission lines even at low resolution. At high resolution
it is evident how each emission line contains more than
one component. It is not an easy task to describe the lines
in terms of simple components, since most of the lines in
the observed spectral range observed are blended. After
several unsatisfactory attempts with the most common
data reduction packages we decided to develop our own
code to produce the best fit of the observed spectrum tak-
ing into account all known constraints, mainly [OI]6363 =
0.33 [OI]6300 and [NII]6583 = 3 [NII] 6584.

We considered three different cases: a 1-component
model, a 2-component model and a 3-component model.
For the 3-component model we have considered 2 cases,
one with free σ for the lines, the other with fixed σ. The
latter gives a more physical result given the type 2 na-
ture of the Seyfet galaxy. We applied the inversion code
to both the low resolution and the high resolution spec-
tra. The best-fit parameters are given in Table 1, which
is organized as follows. Fi denotes the fraction of the flux
ascribed to the ith component of the line, zi denotes the
red-shift, σHα i the standard deviation of the Gaussian of
the ith component and refers to the Hα line. It should be
noted that the contribution due to the instrumental reso-
lution, σinstr ' 5 Å (FWHM), and 1.1 Å (FWHM), for
the low and the high resolution spectrum, respectively, is
negligible compared to the intrinsic width of each compo-
nent. The remaining rows in the table give the line inte-
grated flux, due to all components of the various emission
lines, in units of 10−15 erg cm−2 s−1. The residuals of the
best fit to the high-resolution spectrum obtained assum-
ing a 3-component model with free and fixed σ are shown
in Figs. 2 and 3, along with the components of Hα.
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Fig. 4. NIR spectrum of IRAS 19254-7245 observed with SOFI at the ESO-NTT. From top low resolution, medium resolution,
stellar template on the left and spectrum subtracted of the (1-0)S(3) line on the right. The flux scale only refeers to the low
resolution spectrum.

Table 1. Best-fit parameters for the 1, 2, and 3 component models. Fluxes are in units of 10−15 erg cm−2 s−1. See text for
details.

Low Resolution High Resolution

Parameter 1-Comp. 2-Comp. 3-Comp. 1-Comp. 2-Comp. 3-Comp.

Model Model Model Model Model Model

F1 100% 88% 82% 55.0% 100% 91% 88.5% 51.0%

F2 12% 12% 22.0% 9% 5.0% 28.0%

F3 6% 23.0% 6.5% 21.0%

z1 1.06153 1.06165 1.06196 1.06148 1.06132 1.06144 1.06141 1.06149

z2 1.06148 1.06146 1.05850 1.06164 1.05831 1.05858

z3 1.05422 1.06415 1.06153 1.06414

σHα 1 21.1 Å 24.4 Å 22.0 Å 10.4 Å 22.2 Å 23.7 Å 23.3 Å 10.4 Å

σHα 2 5.7 Å 5.6 Å 10.4 Å 4.7 Å 5.8 Å 10.4 Å

σHα 3 12.6 Å 10.4 Å 4.3 Å 10.4 Å

Hβ (4861 Å) 1.46 1.52 1.69 1.61

O III (4959 Å) 2.36 2.36 2.28 2.49

O III (5007 Å) 7.10 7.24 7.58 7.19

N I (5198 Å) 0.61 0.63 0.80 0.75

FeVII (5721 Å) 0.26 0.27 0.10 0.10

N II (5755 Å) 1.06 1.05 0.87 0.87

O I (6300.3 Å) 3.59 3.77 4.63 4.09 3.70 3.89 3.43 3.44

S III (6312.1 Å) 0.89 0.78 0.77 1.24 1.37 1.15 1.57 1.42

O I (6363.8 Å) 1.18 1.24 1.53 1.35 1.22 1.28 1.14 1.14

FeX (6375.0 Å) 0.25 0.38 0.27 0.24

N II (6548.1 Å) 10.94 10.49 10.03 11.01 12.8 12.1 13.47 13.26

Hα (6562.8 Å) 19.35 22.0 25.28 18.75 13.7 17.1 12.59 12.33

N II (6583.4 Å) 32.82 31.5 30.09 33.03 38.4 36.3 40.42 39.77

S II (6716.4 Å) 7.01 7.15 7.76 6.57 3.38 4.05 3.12 3.16

S II (6730.8 Å) 3.39 3.43 2.79 3.58 5.16 4.56 4.10 3.87
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Fig. 5. SEST 12CO(1–0) (solid line) and 12CO(2–1) (dot-
ted line) spectra of IRAS 19254-7245. The data have been
smoothed to a velocity resolution of 20 km s−1.

Table 2. NIR emission lines fluxes measured in 10−15 erg s−1

cm−2. (*) have been measured in the low resolution spectrum
only. The error on Pα is undetermined due to the bad atmo-
spheric transmission.

line λobs λrest Flux FWHM (km s−1)

[FeII] 1.746 1.644 5.9 ± 0.1 1200
Pα(*) 1.993 1.875 38± ? 630
Br 8 2.067 1.945 1.0 ± 0.3 400
[SiVI] 2.087 1.962 2.2 ± 0.3 1180
Brγ(*) 2.300 2.165 2.0 ± 0.5 -

H2 line

(1–0)S(3) 2.079 1.957 5.8 ± 0.2 1070
(2–1)S(4) 2.129 2.003 0.4 ± 0.2 -
(1–0)S(2) 2.160 2.034 1.6 ± 0.2 765
(2–1)S(3) 2.200 2.070 0.3 ± 0.2 -
(1–0)S(1) 2.254 2.121 5.2 ± 0.2 880

The single component model is clearly insufficient to
explain the observations. A much more satisfactory fit
was obtained by assuming a 2-component model. The
best results were obtained by assuming a 3-component
model, and even better results would be expected by
adding a fourth component (as done by Colina et al.
1991). However, increasing the number of free parame-
ters leads to multiple solutions with similar values of the
minimum χ2, which makes it virtually impossible to de-
termine the most reliable one. The scattering between the
various values obtained from the different models allows
us to give the most appropriate estimate of the errors asso-
ciated with the parameters, i.e., typically 3% for the high
resolution spectrum.

3.2. The NIR spectrum

The NIR spectrum has a resolution that is significantly
lower than the optical medium resolution spectrum and
not enough to discriminate the various velocity compo-
nents. For this reason it has not been necessary to apply

our code to the NIR part of the spectrum and all lines
have been fitted with a single Gaussian component.

The [SiVI] line blended with the line (1–0)S(2) of H2

is clearly detected. To make this detection more evident
and to measure the flux emitted we have subtracted from
the (1–0)S(2) the profile derived from the (1–0)S(1) line.
The best subtraction is obtained assuming a line ratio
S(2)/S(1) = 1.17. The subtracted spectrum is shown in
the bottom part of Fig. 4; the two faint lines on the left
of [SiVI] can be identified with the residual of the OH 8–6
P1(4.5) sky line (Rousselot et al. 2000) and with Brδ. In
Table 2 the lines detected in the NIR spectrum and their
fluxes are listed.

3.3. CO spectrum

Figure 5 shows the SEST spectra of the 12CO(1–0) and
12CO(2–1) emission in IRAS 19254-7245. The spectra
have somewhat higher signal to noise than the 12CO(1–0)
spectrum of Mirabel et al. (1991), as our SEST spectra
have rms ∼ 1.0 mK when averaged to 20 km s−1 chan-
nels. Integrating these spectra we find a total 12CO(1–0)
flux of I(CO) = 2.4 ± 0.1 K km s−1 and for 12CO(2–
1) I(CO) = 3.0 ± 0.1 K km s−1, where the uncertain-
ties are estimated following Elfhag et al. (1996). At the
∆v20 level (width of the line at 20% of its peak value),
the line widths are 670 ± 20 km s−1 although there is a
suggestion that the 12CO(2–1) spectrum is as wide as the
800 km s−1 claimed by Mirabel et al. (1991). The width
at 50% level is 570 km s−1. Both lines have a central ve-
locity consistent with the heliocentric radial velocity of
18 500 ± 80 km s−1 generally adopted for IRAS 19254-
7245. The differing beam sizes make line ratio considera-
tions impractical with the current data.

4. Discussion

4.1. Extinction

From the ratio of the hydrogen recombination lines it is
possible to calculate the extinction of the galaxy. Colina
et al. (1991) derive E(B−V ) = 1.40 from the ratio of Hα
and Hβ that corresponds to AV = 4.37 assuming the ex-
tinction curve of Rieke & Lebofsky (1985). Using 3 com-
ponents to deconvolve the Hα at high resolution (see right
column in Table 3) and the Hβ flux as measured at low
resolution we obtain AV = 3.15. We ascribe the difference
with the value of Colina et al. to our better deconvolu-
tion of the spectrum. For the theoretical ratio of the two
lines we have used the value 2.86 given by Osterbrook
(1989) for T = 104 K and ne = 102 cm−3. An inde-
pendent measure can be derived from the ratio Hβ/Brγ.
Using the theoretical ratios 36.9 we obtain AV = 3.9±0.2.
This value, though less affected by the blending of the
lines, has a much larger error. We do not use the Paα line
that, though much brighter than Brγ, lies in a region of
poor atmospheric transmission and cannot be considered
reliable as evident from the high underlying noise visible
in Fig. 4.
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4.2. Continuum

The four photometric points available for our spectro-
scopic aperture, mainly V , I , H and Ks, give a rising
continuum from the optical to the H band that signifi-
cantly flattens toward the Ks band. We tried to reproduce
the global shape of the continuum using a simple model
including cold stars, warm dust and a non-thermal con-
tinuum. The wide spectral range considered allows to put
tight constraints despite the relatively small number of
measured points. For our simplified model, each of these
components was described by a black body at 3000 K, a
black body at 1500 K and a power low with spectral index
−0.5. A good fit was obtained with a 56% contribution
from cold stars obscured by 4 mag of visual extinction,
28% from dust with 4 mag of extinction and 16% from
the power-law. The latter, nonthermal component is re-
quired to flatten the NIR part of the spectrum; the same
effect can however be obtained using a few hot stars heav-
ily obscured or a cold star component with no extinction.

The NIR continuum of IRAS 19254-7245 appears rich
of stellar absorption features most of which are CO bands.
We compared our H-band spectrum with the spectrum of
a stellar template obtained combining the spectra of late
type stars (see Engelbracht et al. 1998), the result is shown
in the bottom part of Fig. 4. We run a χ2 test adding to the
stellar template an increasing percentage of flat featureless
continuum to measure the degree of dilution. We found a
minimum for the χ2 with a dilution by about 30%. Though
this estimate is quite uncertain due to the moderate S/N
and resolution, it is certainly indicative of the presence
of some dilution of the continuum in the H band and it
is not too far from the previous estimate. The absorption
bands detected in the K band are too shallow to extend
this kind of analysis to this band.

The discrepancy in the contribution of the cold star
component derived with the two methods can be at-
tributed to our over simplified model of the continuum
and to the poor detection of the stellar absorption bands.
We conclude that a significant fraction of the continuum
originates from a hot dust component, probably close to
the sublimation temperature, in the vicinity or within
the torus of the AGN. This is consistent with the fact
that a high fraction of the bolometric luminosity of the
SuperAntennae orginates from the nucleus of the southern
galaxy as seen in the Mid-Infrared (Charmandaris et al.
2002).

4.3. Line profiles

As already noted, the optical emission lines show a com-
plex structure that cannot be reproduced by a simple
Gaussian fit. From the analysis described in the previ-
ous section we have been able to obtain a satisfactory fit
describing each line as the superposition of two or three
components. The observed profiles can be explained by
the presence of material that falls on or is ejected from

the nucleus, with typical velocities of about 1000 km s−1,
as shown by the parameters of the fit shown in Table 1.

On a larger scale, we have measured the rotation curve
of the galaxy from the Hα 2D spectrum. The curve is plot-
ted in Fig. 6 with the southern nucleus at position 0. In
this scale the northern component appears to be located at
about 6 arcsec. The positions of both nuclei are marked by
arrows. In the same figure we also plot the values of the
velocity dispersion (σ) deconvolved for the instrumental
profile. The rotation curve is consistent with that mea-
sured by Mirabel et al. (1991); however our spatial reso-
lution is higher. At position between 8 and 9 arcsec we
detect a cloud of gas with a velocity of at least 50 kms−1

out of the main stream and a velocity dispersion lower
than the average. This finding indicates that a dynam-
ically complex structure is present even at large radial
distances. The higher errors in the velocity and the higher
values of dispersion around position 0 are mainly due to
the complexity of the emission lines in this region. All
lines observed in the optical are “narrow” in agreement
with the classification of the south component as type 2.

It is interesting to note that the NIR lines do not show
the complex profiles detected in the optical and that they
can be well fitted by single Gaussians. This is possibly
due to the lower resolution and lower S/N in the NIR
that do not allow a good detection of the faint compo-
nents. The velocity dispersion of the NIR lines are com-
parable to those in the optical indicating that the optical
and NIR lines are probably generated in clouds that par-
ticipate in the same motions. It would be interesting to
compare the redshift of the NIR lines with the optical de-
blended lines but this would require a spectral resolution
and wavelength accuracy higher than we have at the mo-
ment.

4.4. Coronal lines

Two high ionization lines are detected in our spectra
[FeVII]5721 and [SiVI]1.962. Both are blended with other
lines and a careful de-blending process was used to mea-
sure a reliable value of the flux emitted. Marconi et al.
(1994) proved that the ratio [FeVII]5721/[SiVI]1.962 is
very close to unity in case of photoionization, indepen-
dently of the details of the models. Correcting the fluxes
measured in these lines for AV = 4 with the extinction law
of Rieke & Lebofsky (1985) we obtain [SiVI]/[FeVII] = 0.5.
This value however is quite uncertain due to the large un-
certainty on the flux of the blended [FeVII]. In addition
the low resolution optical spectrum was observed with a
larger slit than the NIR one, 2′′ instead of 1′′, and the
[FeVII] could be diluted by the continuum. Althought we
have included the [FeX] line in our fit of the optical spec-
trum there is no direct evidence for the detection of this
line.
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Fig. 6. Rotation curve (upper panel) and velocity dispersion
(lower panel) of IRAS 19254-7245. The velocity is measured
with respect to the southern component, the positions of the
two nuclei are marked

4.5. Lines of H2 and [FeII]

We observe a very good NIR emission line spectrum from
molecular hydrogen. In Table 3 we compare the observed
ratios with the values predicted by two different mod-
els for fluorescent and thermal excitation derived from
Engelbracht et al. (1998). From these ratios and from
the non-detection of the H2 lines in the H spectrum we
can assume to have a pure thermally excited spectrum.
Two mechanisms can concour: shocks by either super-
novae or nuclear jets and X-ray heating. The high ratio
(1, 0)S(3)/(1, 0)S(1) would favor the second possibility
at least according to the results from Mouri (1994). The
same result would be inferred from the weakness of the
(2–1)S(3) line according to Draine & Woods (1990). In
Fig.7 we plot the excitation diagram of H2 as derived from
our observations and built following Lester et al. (1988).
From the diagram we can infer an excitation temperature
of about 2000 K. The high excitation temperature allows
us to exclude thermal excitation in photodissociation re-
gions and favor the thermal process either by SN driven
shocks or X-ray heating. The (1, 0)S(1)/Brγ ratio of 5.7
is unusually high even for a Seyfert galaxy (Moorwood &
Oliva 1988). This makes IRAS 19254-7245 somehow simi-
lar to NGC 6240, however, unlike NGC 6240, the H2 emis-
sion is concentrated on the nucleus of the southern compo-
nent and we detect no emission either from the northern
nucleus or from the internuclear region. Though we can-
not rule out that the interaction generates large shocks
at least in the south galaxy, there is no direct evidence
that could support the presence of such phenomena. Also
the (1, 0)S(1) luminosity of about 1.8 × 107 L� makes

of IRAS 19245-7245 a scaled down version of NGC 6240
(108 L�).

Very similarly to H2, the ratio [FeII]/Brγ = 5.5 is un-
usually high and again one of the highest after NGC 6240
in the list of galaxies observed by Moorwood & Oliva
(1988); a similarly high ratio is reported by Vanzi et al.
(1997) for the Seyfert 2 galaxy Arp 182. Such a high ra-
tio is clear evidence for AGN, in fact values around one
are expected in starbursting and HII galaxies while val-
ues above one are typical of AGNs. We can use the ratio
[OI]/Hα = 0.17 to locate the galaxy in a diagnostic dia-
gram as the one of Alonso-Herrero et al. (1997). In such a
plot IRAS 19254-7245 clearly seats in the Seyfert galaxies
region. These high ratios are possibly due to the concur-
rence of excitation mechanisms such as shocks from SNe,
AGN driven shocks and X-ray heating.

4.6. Molecular hydrogen mass

The conversion of integrated line intensity of CO to sur-
face mass density of molecular hydrogen involves making
several assumptions (see Morris & Rickard 1982; Arimoto
et al. 1996; Bryant & Scoville 1996; Sakamoto 1996; Verter
& Hodge 1995; Hollenbach & Tielens 1997).

The conversion factor is currently the subject of much
discussion, so for consistency many authors assume the
commonly applied “standard Galactic” value of 2.3 ×

1020 cm−2 (K km s−1)−1 (Strong et al. 1988), although
this value probably overestimates the true H2 mass in
active galaxies. The “standard” value can be compared
with independently estimated values from EGRET of
1.56×1020 cm−2 (K km s−1)−1 (Hunter et al. 1997). Using
our SEST flux with the relation for the conversion of CO
line intensity into H2 column density given by Strong et al.
(1988), and an adopted distance of 247 Mpc, we calcu-
late an indicative estimate of the total molecular mass
of MH2

= 1.9 × 1010 M� that is consistent with a simi-
lar analysis presented by Mirabel et al. (1991), but should
be regarded as an upper limit. Indeed, this molecular gas
mass is about an order of magnitude higher than in typi-
cal spiral galaxies (Boselli et al. 1997; Casoli et al. 1998)
and is somewhat larger than largest molecular gas mass
(1.4× 1010 M�) found for a sample of interacting galaxies
studied by Horellou & Booth (1997).

5. Conclusions

We have observed the Ultra Luminous Infrared Galaxy
IRAS 19254-7245, concentrating our investigation on the
southern component with observations that range from
the optical to the millimetre. The results of our investiga-
tion can be briefly summarized as follow:

1. Based on our NIR and optical data we estimate a visual
extinction between 3 and 4 mag. The continuum can
be well reproduced assuming this value.

2. The optical emission lines have broad and complex pro-
files indicative of gas clouds rapidly moving around the
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Fig. 7. Excitation diagram of molecular hydrogen in
IRAS 19254-7245.

Table 3. Molecular hydrogen ratios.

line observed fl th

(1, 0)S(3) 1.13 ± 0.23 0.67 1.02

(2, 1)S(4) 0.08 ± 0.08 0.12 0.02

(1, 0)S(2) 0.35 ± 0.12 0.50 0.38

(2, 1)S(3) 0.08 ± 0.08 0.35 0.08

(1, 0)S(1) 1.00 1.00 1.00

nucleus. The NIR lines are similarly broad though with
a much simpler profile.

3. Coronal lines from [FeVII]5721 and [SiVI]1.96 are de-
tected. Their ratio is consistent, within the error, with
the value expected from photoionization.

4. NIR lines from H2 and [FeII] are bright and give un-
usually high ratios with Brγ even for the AGN stan-
dards. The H2 is thermally excited and has a very high
luminosity (1.8 × 107 L�).

5. From the CO luminosity we derive a H2 mass of 1.9×
1010 M�.
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Continuum : Continuum :

Continuum : Continuum :

Source C’

Source B1Source A

Source C

UIB 6.2

UIB 7.7

UIB 8.6

UIB 11.3

UIB 12.7 / [NeII] 12.8
[NeIII] 15.6

70% of total flux 85% of total flux

55% of total flux 55% of total flux

T ~ 230K T ~ 300K

T ~ 230K T ~ 230K

Av ~ 40 mag (screen) Av ~ 60 mag (mixed)

Av ~ 50 mag (screen)Av ~ 10 mag (screen)
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a�w�w [�Fv^._�M�`�O�FB� a �PF b \�]^�K Ak=7@�?<tF*�sHB��H FP?sR�=7<tH Fv[�\�\�zPFd`�U�`IFP�����PFdc9[

��=7LDj!=!Ak?< < ?:FPO�HB^oH F�}VK QBeBZBC�ADLpR�FdMNH:`IH FPG�??<tF:}|Hdq�H FPU~��eB?s��=7ZBQ�FdOdHdq�H
[�\�\7yPFv_W=!RkhPAk?�FB��z��PFd�:]

�&?sRDRDK QBK Fv^oH F�O*Zd=7xB< ?s�:Fv`�HdJ�H FvO�Rk?K eB?< F�qWH�q�H Fvq9hB@:�:FvfPH FvgWK jkE*K QBLDC�Q�Fd^oH F
^�C*C�Ap�rC*C*e�F�`IH���H&^oH F�`WeB?< @�?ADS�?A�F&GIH�c9H F&U�;WK =��=7< K LDjCBF&^oH a�w�w [�F`WxdfBFd]�]7�BF�\�zP[

M�K ?E�?�FB^oHdfBH FB?sR�=7< H a�w�w�w Fd`�`�Om^�??sRkK QBSBF�[�\ b Fv� b�b H [�OP=!QBeB?ADL!FBgIHBT�H Fd^�K As=7@d?<tFP�kHB��H�[�\�\�yPFB`�M�`�U�`�Fd�7�BF b ��\O:RD?K eB?<tFoq�HoqWH F�;WK =��=7< K LDjCBFo^oH F.��?sRpRkK QBK F�^oH F�g�K jkE*K QPLkC�QvF�^oH F�U
`WeB?< @�?ADS�?A!FdGYHPc9H�[�\�\�y*Fd`�xBfBFB�:y a Fdc%[ bO*C7K � ?A�FBT�HPnNH FB?sR�=!<tH F a�w�w [�FB`�fBF�[ a�a F�[ a [��O*hPAs=!j�?�FdfBHB`�HdUuOP=!QBeB?ADL!FBgIHBT�H a�w7w�w F�`�fBF�[ a�w F�y w �}VK < < K =7l�L�FPMNHPJWH FP?sR�=7< H�[�\�\�y*Fd`�fPF�[�[ a F�[�����]}VK < LkC7Q�F�qWH�g�H FvO*jC��PK < < ?:Fv_�H��&H F�^.=7eBeB?Q�F�O�H�qWH FvU�q9Zd=7ADlm=7QBed=7ADK L!FB{YH
a�w�w7w F�`WxdfBFd]7� a F�[ a�w

� h�F:qWH F7c�C�QBLDed=7< ?�F*q�H�fBH F:O*Z:hBx�?�F:g�H7c9H F:�I� c�K QBS�?A�F7fBH F�U�^.=7LDjKtF���H a�w�w [�F`WxdfBFd]�y a F�[ b \
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Abstract. Polarization measurements for the optical counterpart to GRB 020405 are presented and discussed. Our observations

were performed with the VLT–UT3 (Melipal) during the second and third night after the gamma–ray burst discovery. The

polarization degree (and the position angle) appears to be constant between our two observations at a level around 1.5 ÷ 2%.

The polarization can be intrinsic but it is not possible to unambiguously exclude that a substantial fraction of it is induced by

dust in the host galaxy.

Key words. gamma rays: bursts – polarization – radiation mechanisms: non-thermal

1. Introduction

Polarimetric observations are a unique tool to single out dif-

ferent physical processes. In the context of gamma-ray burst

(GRB) afterglow emission, some degree of polarization is ex-

pected to emerge in the optical flux as a signature of syn-

chrotron radiation (Mészáros & Rees 1997). The observation of

power-law decaying lightcurves (e.g. Wijers et al. 1997) and of

power-law spectral energy distribution (e.g. Wijers & Galama

1999; Panaitescu & Kumar 2001) give also further support to

the external shock synchrotron emission scenario.

The first successful polarization measurement was achieved

for the optical afterglow (OA) of GRB 990510 (Covino et al.

1999; Wijers et al. 1999). Some months later, Rol et al. (2000)

could perform three distinct observations for GRB 990712,

showing a possible variation in the polarization degree, but

with constant position angle. More recently, GRB 020813

showed definitely a highly significant variation in the polariza-

tion level, again with constant position angle (Barth et al. 2002;

Covino et al. 2002a). Last, for GRB 021004, different mea-

surements were performed (Covino et al. 2002b,c; Rol et al.

2002), but the results are still ambiguous because of the large

Send offprint requests to: S. Covino,

e-mail: covino@merate.mi.astro.it
? Based on observations made with ESO telescopes at the Paranal

Observatory under programme Id 69.D-0461.

Galactic-induced polarization. For all these observations, the

polarization degree was always in the range (0.8 ÷ 3)%.

For three further GRBs, GRB 990123 (Hjorth et al.

1999), GRB 011211 (Covino et al. 2002d) and GRB 010222

(Björnsson et al. 2002), upper limits are again consistent with

a maximum value of ∼3% (95% confidence limit).

As a general rule, some degree of asymmetry in the ex-

panding fireball is necessary to produce some degree of po-

larized flux. Gruzinov & Waxman (1999) argued that if the

magnetic field is globally random but with a large number of

patches where the magnetic field is instead coherent, a polariza-

tion degree up to ∼10% is expected, especially at early times.

Ghisellini & Lazzati (1999) and, independently, Sari (1999)

considered a geometrical setup in which a beamed fireball is

observed slightly off-axis. This break of symmetry again re-

sults in a significant polarization. This model also predicts a

testable variation of the polarization degree and position angle

associated with the evolution of the afterglow lightcurve.

GRB 020405 was localized on 2002 April 5 at 00:41:26 UT

by the interplanetary network (IPN) (Hurley et al. 2002). The

burst showed a duration of ∼40 s and therefore belongs to the

class of long duration bursts (Hurley et al. 1992). The optical

counterpart was identified by Price et al. (2002a,b) 17.3 hours

after the burst as an R ∼ 18.9 source located at the coordi-

nates α2000 = 13h58m03.s12, δ2000 = −31◦22′22.′′2.
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VLT observations allowed to determine the redshift of z =

0.695 ± 0.005 (Masetti et al. 2002a) and to discover the bright

host galaxy (Masetti et al. 2002b). A new radio source was

found at the above coordinates by the VLA (Berger et al. 2002),

with a flux of 0.49 mJy at 8.46 GHz.

In addition to those presented here, polarimetric observa-

tions were performed by Masetti (2002c) with the VLT and by

Bersier et al. (2002) with the Multiple Mirror Telescope, be-

ginning 1.2 and 1.3 days after the GRB, respectively. Even if

these two measurements were almost simultaneous, their re-

sults are in remarkable contrast. The first group found a level

of polarization P = (1.5 ± 0.4)% (hereafter 1-σ uncertainties

are reported) with position angle ϑ = (172±8)◦, similar to other

GRBs, while the second group reported the unprecedented high

value P = (9.89 ± 1.3)% at ϑ = (179.9 ± 3.8)◦. We note how-

ever that the results of both groups are not yet published in a

refereed journal.

2. Data and analysis

Our observations of GRB 020405 were obtained with

the ESO’s VLT–UT3 (Melipal), equipped with the Focal

Reducer/low dispersion Spectrometer (FORS 1) and a Bessel

filter V in the imaging polarimetry mode. Our first observa-

tion (hereafter run 1) started on April 7, 03:33 UT (2.1 days

after the burst) and lasted ∼3 hours. At the beginning of this

observation the V magnitude was 21.82 ± 0.02, with respect

to the USNO–A2.0 stars 0525 16813005 and 0525 16815468

(Simoncelli et al. 2002). Our second observation (run 2) was

performed during the following night, starting April 8, 4:01 UT

(3.2 days after the burst), and lasted ∼3.5 hours. The V mag-

nitude of the OA was 22.45 ± 0.05 again with respect to the

two above reported stars1. Observations were performed un-

der good seeing conditions (0.5′′−0.9′′) in standard resolution

mode with a scale of 0.2′′/pixel (Fig. 1).

Standard stars were also observed. One polarized,

Hiltner 652, in order to fix the offset between the polar-

ization and the instrumental angles, and one non-polarized,

WD 1615–154, to estimate the degree of artificial polarization

possibly introduced by the instrument.

The data reduction was carried out with the Eclipse pack-

age (version 4.2.1, Devillard 1997). After bias subtraction, non-

uniformities were corrected using flat-fields obtained with the

Wollaston prism. The flux of each point source in the field of

view was derived by means of both aperture and profile fitting

photometry by the DAOPHOT II package (Stetson 1987), as im-

plemented in ESO–MIDAS (version 01SEP) and the Graphical

Astronomy and Image Analysis (GAIA) tools2. For relatively

isolated stars the various applied photometric techniques dif-

fer only by a few parts in a thousand. The general procedure

followed for FORS 1 polarization observation analysis is ex-

tensively discussed in Covino et al. (1999, 2002d).

1 Note a difference by ∼0.4 mag with respect to our previous mea-

surement (Covino et al. 2002e), due to preliminary calibration to

USNO–A2.0 magnitudes.
2 http://star-www.dur.ac.uk/∼pdraper/gaia/gaia.html

Table 1. Polarization degree P and positional angle ϑ for the optical

counterpart to GRB 020405. Observations were performed with the

VLT–UT3 (Melipal) in the Bessel V-band filter.

Run UT V mag P (%) ϑ (◦)

1 Apr 7.212 21.82 ± 0.02 1.96 ± 0.33 154 ± 5

2 Apr 8.297 22.45 ± 0.05 1.47 ± 0.43 168 ± 9

The average polarization of the field stars is low as

shown by the normalized Stokes parameters Q and U: 〈Q〉 =
−0.0021 ± 0.0009 and 〈U〉 = 0.0012 ± 0.0009, corresponding

to P = (0.24 ± 0.09)%.

The degree P and angle ϑ of polarization are ob-

tained from the measurements of Q and U for the OA
[

P =
√

U2 + Q2, ϑ = 1
2

arctan(U/Q)
]

after correcting for the

polarization induced by the instrument or by the local in-

terstellar matter. Moreover, for any low level of polarization

(P/σ ≤ 4), a correction which takes into account the bias

due to the fact that P is a definite positive quantity (Wardle

& Kronberg 1974) is required. At low polarization level, the

distribution function of P (and of ϑ, the polarization angle) is

no longer normal and that of P becomes skewed (Clarke et al.

1983; Simmons & Stewart 1985; Fosbury et al. 1993).

We then corrected our measurements for this bias

(Simmons & Stewart 1985) and derived the normalized polar-

ization Stokes parameters for the OA: Q = 0.0126±0.0033 and

U = −0.0150± 0.0033 for run 1 and Q = 0.0137± 0.0043 and

U = −0.0054±0.0044 for run 2. From these values of Q and U

we have derived the polarization degree P and positional an-

gle ϑ for both run 1 and 2, as reported in Table 1. Monte Carlo

simulations confirmed the reported values and uncertainties.

2.1. Host galaxy contamination to photometry

Figure 1 clearly shows that the OA is superimposed to a rather

bright and extended galaxy (∼4′′ × 7′′ in our VLT images, with

some bright knots). Since the light of the galaxy is unavoidably

mixed with that of the OA, it is important to estimate the ef-

fect of this contamination on the polarization angle and degree.

If the emission of the galaxy is not polarized, the net effect

is to effectively reduce the degree of polarization of the OA.

It is easy to show that the observed polarization degree Pobs

can be corrected to yield the intrinsic value Ptrue, if we know

the contributions to the total flux of the galaxy, Fgal, and of

the OA, FOA:

Ptrue =

(

1 +
Fgal

FOA

)

Pobs =
Ftot

FOA

Pobs, (1)

where Ftot = FOA + Fgal. The polarization angle is of course

not affected, even if the lower value of P eventually leads to a

larger uncertainty.

To estimate the contribution of the galaxy within the point

spread function (PSF), it is necessary to analyze late-time im-

ages, when the flux of the afterglow gives only a negligible

contribution. For GRB 020405, only a rough R magnitude is re-

ported to date (Bersier et al. 2002; see also Price et al. 2002c),
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Fig. 1. The optical afterglow of GRB 020405 superimposed to the host galaxy during run 1 (left) and run 2 (right). Pictures were obtained

composing the polarization images in the Bessel V-band filter. Box size is about 18′′ × 18′′; North is up and East is left. The OT is marked by

an arrow.

suggesting that in the PSF area V ≥ 24 depending on the color

of the galaxy (e.g. Fukugita et al. 1995).

Although an accurate analysis of the late-time image would

be required, the good seeing conditions in our images make

these corrections, estimated by Eq. (1), essentially negligible.

3. Discussion

In Fig. 2 we show the time evolution of the polarization level P

and angle ϑ for GRB 020405, also including the measurements

performed by Bersier et al. (2002) and by Masetti et al. (2002c).

Because of the striking contrast between the observations of the

first night, the question for variability cannot be firmly settled.

However, no significant variation is found by looking at our

data alone (second and third night). Our points are moreover

fully consistent with the one of Masetti et al. (2002c).

A certain amount of (constant) polarization can be intro-

duced by intervening dust along the line of sight, either in

our Galaxy or in the host. The values reported in Table 1 are

already corrected for the (low) Galactic contribution. If addi-

tional dust is present in the host galaxy, its presence should be

revealed through spectral reddening. Since the induced polar-

ization should not be larger than Pmax = 9% EB−V (Serkowski

et al. 1975), a reddening EB−V ≈ 0.2 (in the host frame)

would be required to explain our value P ≈ 2%. This trans-

forms into AV ∼ 0.6 ÷ 1.1 depending on the selective-to-

total extinction coefficient RV , that can be higher than the

standard value ∼3.1 in star-forming regions (see e.g. Cardelli

et al. 1989). X–ray data by Chandra (Mirabal et al. 2002)

indeed reveal the presence of some material along the line

of sight, with NH = (4.7 ± 3.7) × 1021 cm−2. Assuming a

Galactic dust-to-gas ratio, this corresponds to AV = 2.8 ± 2.2

Fig. 2. Time evolution of the polarization level P and position angle ϑ.

Data for the first night are from Masetti et al. (2002c) and from Bersier

et al. (2002).

(Predehl & Schmitt 1995). The effect of dust on the polariza-

tion degree can therefore be significant. This shows that the

study of polarization can yield important constraints about the

medium surrounding the GRB progenitor.

In addition to the difficulty of assessing the intrinsic

level of polarization of the OA, interpreting the polarization

measurements within the framework of the proposed models is
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made difficult by the lack of a clear break in the power–law de-

cay of the lightcurve. In fact, despite some claims of the possi-

ble presence of a jet break at early times (tj ∼ 1 day, Price et al.

2002c), the data seem also compatible with a single power-law

up to ten days after the burst (Masetti et al. 2002b).

In the framework of the patchy model (Gruzinov &

Waxman 1999), a moderate-high level of polarization is ex-

pected. The level of polarization should monotonically decay

as a function of time due to the increase of the visible sur-

face of the fireball (and therefore to the increased number of

visible patches). The position angle of the polarization vector

should fluctuate randomly. Since the polarization predicted in

this model is P ∼ 60% /
√

N, the inferred number of patches

is N ∼ 1000.

In the case of collimated fireballs, Ghisellini & Lazzati

(1999) and Sari (1999) proposed a model in which the polar-

ized fraction has a more complex behaviour, with two peaks

separated by a moment of null polarization that roughly coin-

cides with the break time of the total flux lightcurve. Lacking a

robust detection of a jet break and given the limited number

of measurements, only a qualitative comparison can be per-

formed. Again, the measurement of Bersier et al. (2002) cannot

be reconciled with the model in any case and, if real, should be

ascribed to some still unknown effect (see Bersier et al. 2002

for a comprehensive discussion).

In the case of a late time break (tj > 10 d), our measure-

ments can be interpreted to belong to the first peak of the po-

larization curve (see Fig. 4 in Ghisellini & Lazzati 1999), with

the moderate decay of the polarization being an indication that

the break time is approaching. If the break were at early times

(tj ≤ 1 d; see Price et al. 2002c), the absence of a rotation of 90◦

of the position angle that is predicted between the first and the

second peak in the polarization time evolution (e.g. Ghisellini

& Lazzati 1999; Sari 1999) would point either to a rapidly side-

ways expanding jet (Sari 1999) or to a structured jet (Rossi

et al. 2002a,b).
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ABSTRACT

We report optical and infrared spectroscopic observations of the Type Ia SN 1999ee and the Type Ib/c SN
1999ex, both of which were hosted by the galaxy IC 5179. For SN 1999ee we obtained a continuous sequence
with an unprecedented wavelength and temporal coverage beginning 9 days before maximum light and
extending through day 42. Before maximum light SN 1999ee displayed a normal spectrum with a strong Si ii
�6355 absorption, thus showing that not all slow-declining supernovae (SNe) are spectroscopically peculiar
at these evolutionary phases. A comparative study of the infrared spectra of SN 1999ee and other Type Ia
SNe shows that there is a remarkable homogeneity among the Branch-normal SNe Ia during their first 60
days of evolution. SN 1991bg–like objects, on the other hand, display spectroscopic peculiarities at infrared
wavelengths. SN 1999ex was characterized by the lack of hydrogen lines, weak optical He i lines, and strong
He i ��10830, 20581, thus providing an example of an intermediate case between pure Ib and Ic supernovae.
We conclude, therefore, that SN 1999ex provides the first clear evidence for a link between the Ib and Ic
classes and that there is a continuous spectroscopic sequence ranging from the He-deficient SNe Ic to the
SNe Ib, which are characterized by strong optical He i lines.

Key words: supernovae: individual (1999ee, 1999ex)

1. INTRODUCTION

The last 10 years have witnessed enormous progress in
our knowledge of the optical properties of supernovae
(SNe) of all types. However, it remains the case that compa-
ratively little is known about these objects in near-infrared

(NIR) wavelengths. Given the rapid technological develop-
ment of NIR light detection over recent years, in 1999 we
started a program to obtain optical and NIR photometry
and spectroscopy of nearby SNe (z < 0.08). So far this pro-
gram, the Supernova Optical and Infrared Survey (SOIRS),
has gathered high-quality observations for �20 SNe, and
we have reported results for the bright Type II SN 1999em
(Hamuy et al. 2001). In this paper we report spectroscopic
observations of two of the best-observed objects included in
our program, the Type Ia SN 1999ee and the Type Ib/c SN
1999ex, which exploded in the same galaxy within 3 weeks
of each other.

SN 1999ee was discovered by M. Wischnjewsky on a film
taken on 1999 October 7.15 (JD 2,451,458.65) in the course
of the El Roble survey (Maza & Hamuy 1999). The SN
exploded 1000 east and 1000 south of the nucleus of the spiral
galaxy IC 5179, a very active star-forming galaxy with a
heliocentric redshift of 3,498 km s�1. The optical spectrum
taken on 1999 October 9.10 revealed the defining Si ii �6355

1 Based on observations collected at the European Southern Observa-
tory, Chile (program ESO 164.H-0376).

2 Hubble Fellow.
3 Visiting Astronomer, European Southern Observatory.
4 Visiting Astronomer, Cerro Tololo Inter-American Observatory.
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feature of the Type Ia class (Maza & Hamuy 1999). The
high expansion velocity of 15,700 km s�1 deduced from this
line and the faint apparent magnitude at discovery (�17.5)
indicated that this object had been found several days before
maximum light. At the distance of the host galaxy SN
1999ee offered the promise to reach V = 14.5 about 10 days
later, thus proving to be an excellent target for a detailed
study of an SN Ia soon after the explosion, both at optical
and IR wavelengths. This discovery occurred at the very
beginning of one of the SOIRS follow-up runs, previously
scheduled for 1999 October–November, so we decided to
give first priority to SN 1999ee. The unique opportunity
afforded by SN 1999ee led the director general of the ESO to
allocate director’s discretionary time to this project in order
to secure the best possible data for SN 1999ee. As a result of
this effort, we obtained a superb data set of optical/IR pho-
tometric and spectroscopic observations of the first 50 days
of the evolution of SN 1999ee.

Three weeks after the discovery of SN 1999ee, a second
SN exploded in IC 5179. The discovery of SN 1999ex was
made by Martin et al. (1999) on 1999 November 9.51 UT
(JD 2,451,492.01) in the course of the PARG Automated
Supernova Search at Perth Observatory. They reported that
the SN was not visible in a deep exposure taken on 1999
October 25.58 (estimated limiting magnitude 19) and that
the object was slowly brightening. A spectrum taken on
1999 November 14.13 (Hamuy & Phillips 1999) showed that
SN 1999ex had a close resemblance to the Type Ic SN 1994I
taken near maximum light (Filippenko et al. 1995). This led
us initially to classify SN 1999ex as a Ic event, although we
believe that it should be typed as an intermediate Ib/c object
(see x 4.2). As soon as this object was discovered, we decided
to include it in our optical/IR spectroscopic follow-up.

The observations gathered for SNe 1999ee and 1999ex
have unprecedented temporal and wavelength coverage and
make it possible to carry out a detailed comparison with at-
mosphere models. In this paper we report the spectroscopic
observations of SNe 1999ee and 1999ex, and we discuss
these results. The spectra presented here are available in
electronic form to other researchers.8 Optical and IR
photometry will be published and discussed in detail else-
where by Stritzinger et al. (2002) and Krisciunas et al.
(2002), respectively.

2. SPECTROSCOPIC OBSERVATIONS
AND REDUCTIONS

We obtained optical and IR spectra of SNe 1999ee and
1999ex with the ESO NTT/EMMI/SOFI, the Danish 1.5
m/DFOSC spectrograph at La Silla and the VLT/ISAAC
instrument at Cerro Paranal, between 1999 October 9 and
November 28. We also obtained three optical spectra with
the Cerro Tololo Inter-American Observatory (CTIO) 4 m
telescope on 1999 October 9, the CTIO 1.5 m telescope on
1999 October 27, and the Las Campanas Dupont 2.5 m tele-
scope on 1999 October 16. Table 1 gives the journal of the
observations.

2.1. Optical Spectroscopy

The NTT observations comprised three different setups.
We used the blue channel of EMMI equipped with a Tek
CCD (1024 � 1024) and grating 5 (158 lines mm�1), which,

in first order, delivered spectra with a dispersion of 3.5 Å
pixel�1 and a useful wavelength range between 0.330 and
0.525 lm.With the red channel, CCDTek 2048, and grating
13 (150 lines mm�1) the dispersion was 2.7 Å pixel�1 and the
spectral coverage included from 0.470 through 1.100 lm in
first order. Since this setup had potential second-order con-
tamination beyond �0.6 lm, we decided to take one spec-
trum with the OG530 filter and a second observation
without the filter in order to provide an overlap with the
blue spectrum. Thus a single-epoch observation comprised
three spectra.

The observations with EMMI started with calibrations
during the day time (bias and dome flat-field exposures).
The night began with the observation of a spectrophotomet-
ric standard (from the list of Hamuy et al. 1994) through a
wide slit of 1000, after which we observed the SNe with a slit
of 100. Before the discovery of SN 1999ex on 1999 November
9 we oriented the slit along the line connecting SN 1999ee
and the host galaxy nucleus. On 1999 November 14 and 19,
on the other hand, we oriented the slit along the two SNe in
order to get simultaneous spectra. Since the air mass of our
observations was always below 1.5, we do not expect serious
systematic errors in the observed fluxes due to atmospheric
refraction. We took two exposures of the SNe per spectral
setup, each of the same length (typically 300–600 s). Imme-
diately following this observation we observed a He-Ar
lamp at the same position of the SNe and before changing
the optical setup in order to ensure an accurate wavelength
calibration. At the end of the night we observed a second
flux standard.

We also used the Danish 1.5 m telescope and the DFOSC
instrument at La Silla on five nights between 1999 October
20 and November 28, in order to improve the temporal cov-
erage of our spectroscopic observations. In all cases we
employed a 2K � 2K LORAL CCD and two different
grisms to secure a spectral coverage comparable to that
obtained with EMMI. With grism 3 (400 lines mm�1) we
covered a useful wavelength range between 0.33 and 0.66
lm with a dispersion of 2.3 Å pixel�1. With grism 5 (300
lines mm�1) we sampled the range between 0.53 and 0.98
lm at 3.1 Å pixel�1. The red setup produced spectra with
significant fringing beyond 0.75 lm which we did not
attempt to remove. We observed the SNe with a slit of 200.
Although we did not rotate the slit along the parallactic
angle, we obtained the first four spectra with air mass less
than 1.1. The last spectrum taken on 1999 November 28, on
the other hand, might suffer from different atmospheric
refraction since we obtained it with an air mass between
1.4–2.0. We took two 1200 s exposures of the SNe per grism,
followed by a He-Ne arc lamp exposure, and spectra of a
flux standard with a 500 slit.

We obtained a spectrum of SN 1999ee on 1999 October 9
(2 days after discovery) with the R-C spectrograph of the
CTIO 4m telescope, a 3K � 1K LORALCCD, and grating
KPGL-2 (316 lines mm�1) in first order. We took one 1800 s
exposure of the SN (through thick cirrus) with a 1>5 slit ori-
ented along the parallactic angle, a He-Ar lamp exposure,
and spectra of three flux standards through a 1000 slit. The
resulting SN spectrum had a dispersion of 1.9 Å pixel�1 and
useful wavelength coverage of 0.33–0.87 lm. Second-order
contamination was expected beyond 0.66 lm since we did
not include a blocking filter in the optical path. We obtained
another spectrum at CTIO with the 1.5 m telescope and the
R-C spectrograph on 1999 October 27. In this case we used8 At: http://www.ociw.edu/~mhamuy/spectra.html.
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TABLE 1

Journal of the Spectroscopic Observations

UTDate

Phasea

(days)

Julian Date

�2,451,000 Observatory Telescope Instrument Detector Grating/Grism Order

Wavelength

(lm)

Dispersion

(Å pixel�1) Weather Observer(s)

1999 Oct 09 ....... �9 460.53 Paranal VLT/Antu ISAAC Rockwell 1K . . . 5, 4, 3, 2 0.98–2.50 2.9, 3.6, 4.7, 7.1 Clear Hamuy, Lidman

1999 Oct 09 ....... �9 460.53 Tololo 4 m R-C Spec. Loral 3K � 1K KPGL-2 1 0.33–0.87 1.9 Cirrus Maza

1999 Oct 11 ....... �7 460.53 La Silla NTT EMMI TEK 1024+2048 5, 13 1 0.33–1.01 2.7, 3.5 Clear Hamuy, Doublier

1999 Oct 16 ....... �2 460.53 Campanas 2.5 m WFCCD TEK 2048 Blue . . . 0.36–0.92 3.0 Clouds? Phillips

1999 Oct 18 ....... 0 460.53 La Silla NTT SOFI Rockwell 1K Red . . . 1.50–2.53 10.2 Clear Doublier, Maza

1999 Oct 18 ....... 0 460.53 La Silla NTT EMMI TEK 1024+2048 5, 13 1 0.33–1.00 2.7, 3.5 Clear Maza

1999 Oct 19 ....... þ2 460.53 Paranal VLT/Antu ISAAC Rockwell 1K . . . 5, 4, 3, 2 0.98–2.50 2.9, 3.6, 4.7, 7.1 Clear Hamuy, Cuby, Petr

1999 Oct 20 ....... þ3 460.53 La Silla D1.5 m DFOSC Loral 2K � 2K 3, 5 1 0.33–0.98 2.3, 3.1 . . . Pompei

1999 Oct 22 ....... þ5 460.53 La Silla NTT SOFI Rockwell 1K Blue, Red . . . 0.95–2.47 7.0, 10.2 Clear Hainaut, Lefloc’h

1999 Oct 25 ....... þ8 460.53 La Silla D1.5 m DFOSC Loral 2K � 2K 3, 5 1 0.33–0.98 2.3, 3.1 Clear Augusteyn

1999 Oct 26 ....... þ8 460.53 La Silla NTT SOFI Rockwell 1K Blue, Red . . . 0.95–2.46 7.0, 10.2 . . . Hainaut, Vanzi

1999 Oct 27 ....... þ10 460.53 Tololo 1.5 m R-C Spec. Loral 1.2K � 0.8K 58 2 0.37–0.50 1.1 Clear Olsen

1999 Oct 29 ....... þ12 460.53 La Silla D1.5 m DFOSC Loral 2K � 2K 3, 5 1 0.34–0.98 2.3, 3.1 . . . Augusteyn

1999Nov 02 ...... þ15 460.53 Paranal VLT/Antu ISAAC Rockwell 1K . . . 5, 4, 3, 2 0.98–2.50 2.9, 3.6, 4.7, 7.1 Clear Hamuy, Lidman, Petr

1999 Nov 03 ...... þ17 460.53 La Silla NTT EMMI TEK 1024+2048 5, 13 1 0.33–1.01 2.7, 3.5 . . . Maza

1999Nov 06 ...... þ20 460.53 La Silla NTT SOFI Rockwell 1K Blue . . . 0.94–1.65 7.0 Clear Brillant

1999 Nov 06 ...... þ20 460.53 La Silla D1.5 m DFOSC Loral 2K � 2K 3, 5 1 0.34–0.98 2.3, 3.1 Clear? Augusteyn

1999Nov 09 ...... þ23 460.53 La Silla NTT SOFI Rockwell 1K Blue, Red . . . 0.95–2.51 7.0, 10.2 Clear Hamuy, Brillant

1999 Nov 09 ...... þ23 460.53 La Silla NTT EMMI TEK 1024+2048 5, 13 1 0.34–1.00 2.7, 3.5 Clear Hamuy, Brillant

1999 Nov 14 ...... þ28 460.53 La Silla NTT SOFI Rockwell 1K Blue, Red . . . 0.95–2.46 7.0, 10.2 Clear Hamuy, Doublier

1999 Nov 14 ...... þ28 460.53 La Silla NTT EMMI TEK 1024+2048 5, 13 1 0.34–1.00 2.7, 3.5 Clear Hamuy, Doublier

1999 Nov 18 ...... þ32 460.53 Paranal VLT/Antu ISAAC Rockwell 1K . . . 5, 4, 3, 2 0.98–2.50 2.9, 3.6, 4.7, 7.1 Clear Serv. Obs.

1999 Nov 19 ...... þ33 460.53 La Silla NTT EMMI TEK 1024+2048 5, 13 1 0.34–1.00 2.7, 3.5 Clear Hamuy, Doublier

1999 Nov 28 ...... þ42 460.53 Paranal VLT/Antu ISAAC Rockwell 1K . . . 5, 4, 3, 2 0.98–2.50 2.9, 3.6, 4.7, 7.1 Clear Hamuy, Lidman, Chadid

1999 Nov 28 ...... þ42 460.53 La Silla D1.5 m DFOSC Loral 2K � 2K 3, 5 1 0.40–0.98 2.3, 3.1 . . . Pinfield

a Phase = days since Bmaximum (JD 2,451,469.0) of SN 1999ee.
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a 1200 � 800 LORAL CCD, grating 58 (400 lines mm�1) in
second order, a 200 slit, and a CuSO4 order-blocking filter.
The resulting spectrum had a dispersion of 1.1 Å pixel�1

and useful wavelength coverage of 0.37–0.50 lm. We
obtained six 1200 s exposures of SN 1999ee at an air
mass < 1.1, a He-Ar lamp image, and two spectra of flux
standards.

We also obtained a spectrum of SN 1999ee on 1999 Octo-
ber 16 with the Las Campanas Dupont 2.5 m telescope and
the Wide-Field CCD Spectrograph. We used a 2048 � 2048
TEK CCD, a blue grism and a 1>5 slit. The resulting spec-
trum had a dispersion of 3 Å pixel�1 and useful wavelength
coverage of 0.36–0.92 lm. Second-order contamination was
expected beyond 0.66 lmsince we did not use a blocking filter.

The reductions consisted in subtracting the overscan and
bias from every frame. Next we constructed a normalized
flat field from the quartz lamp image, duly normalized along
the dispersion axis. We proceeded by flat-fielding all of the
object frames and extracting one-dimensional spectra from
the two-dimensional images. We followed the same proce-
dure for the He-Ar frames, which we used to derive the
wavelength calibration for the SNe. Then we derived a
response curve from the two flux stars, which we applied to
the SN spectra in order to get flux-calibrated spectra. From
the pair of flux-calibrated spectra that we obtained for each
spectral setup we removed cosmic rays and obtained a clean
spectrum of each SN. The last step consisted in merging the
spectra obtained with the different spectroscopic setups. To
avoid discontinuities in the combined spectrum we gray-
shifted the three spectra relative to each other using the
overlap regions. Finally, we computed the synthetic V-band
magnitude from the resulting spectra (following the pre-
cepts described in Appendix B of Hamuy et al. 2001), and
we grayshifted them so that the flux level matched our
observed V magnitudes. We checked the spectrophotomet-
ric quality of the spectra by computing BRI synthetic mag-
nitudes and comparing them to the observed BRI
magnitudes of Stritzinger et al. (2002). Excluding the spec-
tra obtained on 1999 November 14, this test yielded the
following mean differences: Bobs�Bsyn=�0.05 � 0.05,
Robs�Rsyn = 0.00 � 0.07, and Iobs�Isyn = 0.00 � 0.09,
which implies that the relative spectrophotometry at these
wavelengths is accurate to 10% or better. The November 14
spectrum, on the other hand, shows B fluxes that fall 0.35
mag lower than the photometric B magnitudes and I fluxes
that exceed by 0.2 mag the observed broadband I magni-
tudes, perhaps owing to atmospheric refraction effects.

2.2. Infrared Spectroscopy

We obtained five IR spectra with the VLT/Antu tele-
scope at Cerro Paranal, between 1999 October 9 and
November 28 (see Table 1). We employed the IR spectro-
imager ISAAC (Moorwood 1997) in low resolution mode
(R � 500), with four different gratings that permitted us to
obtain spectra in the SZ, J, H, and K bands. We used these
gratings in fifth, fourth, third, and second order, respec-
tively, which yielded useful data in the spectral ranges
0.984–1.136, 1.109–1.355, 1.415–1.818, and 1.846–2.560
lm. The light detector was a Hawaii-Rockwell 1024 � 1024
array.

A typical IR observation started during daytime by tak-
ing calibrations. We began taking flat-field images using an
internal source of continuum light. We obtained multiple on

and off image pairs with the same slit used during the night
(0>6). We then took Xe-Ar lamp images (with the lamp on
and off) with a narrow slit (0>3) in order to map geometric
distortions. The observations of the SNe consisted in an
ABBAAB cycle, where A is an image of the SNe offset by
7000 along the slit relative to the B image. This technique of
nodding the objects along the slit allowed us to use the A
image as an on-source observation and the B image as the
off-source sky frame and vice versa. At each position we
exposed for 240 s, conveniently split into two 120 s images
in order to remove cosmic rays and bad pixels from the final
spectra. After completing the ABBAAB cycle, we immedi-
ately obtained a pair of on-off arc lamp exposures without
moving the telescope or changing optical elements to ensure
an accurate wavelength calibration.We then switched to the
next grating and repeated the above object-arc procedure
until completing the observations with the four setups. For
flux calibration we decided to observe a bright solar-analog
star, close in the sky to the SNe to minimize variations in the
atmospheric absorptions (Maiolino et al. 1996). The
selected star was Hip 109508, of spectral type G3 V,
V = 8.0, B�V = 0.59, and located only 3� from the SNe. In
this case we took two AB pairs for each grating. To avoid
saturating the detector, we took the shortest possible expo-
sures (1.77 s) allowed by the electronics that controlled the
detector. Since the minimum time required before offsetting
the telescope was �60 s, we took 10 exposures at each posi-
tion, which provided an exceedingly good signal-to-noise
ratio (S/N) for the flux standard.

Our data reduction procedures were explained in detail
by Hamuy et al. (2001), so we include here only a brief sum-
mary. After dividing all of the object images by a normal-
ized flat field, we performed a first-order sky subtraction by
subtracting the A images from the B exposures (and vice
versa). We then shifted the A-B image relative to the B-A
image in the spatial direction until matching the two spec-
tra, and we added the shifted A-B image to the B-A image
so that the resulting frame lacked any sky background,
except for the pixel-to-pixel fluctuations expected from pho-
ton statistics and readout noise. We then extracted one-
dimensional spectra of the objects from the sky-subtracted
frames, making sure to subtract residual DC offset and gal-
axy light from awindow adjacent to the object. For flux cali-
bration we adopted the technique described by Maiolino et
al. (1996), which consists in dividing the spectrum of interest
by a solar-type star to remove the strong telluric IR features
and multiplying the resulting spectrum by the solar spec-
trum to eliminate the intrinsic features (pseudonoise) intro-
duced by the solar-type star. Before using the solar
spectrum, we convolved it with a kernel function to repro-
duce the spectral resolution of the solar-analog standard
Hip 109508, shifted it in wavelength according to the radial
velocity (68 km s�1) of Hip 109508, and scaled it down to
the equivalent of V = 8.0, which corresponds to the
observed magnitude of Hip 109508. This technique worked
very well to remove telluric lines. On the other hand, it intro-
duced a small systematic error in the flux calibration of the
SN due to departures between the solar spectrum and the
actual spectral energy distribution of the solar-analog
standard. According to atmosphere models the difference in
continuum flux for stars withTeff = 5500 and 6000 K (which
correspond to spectral types G8 V–F9 V, Gray & Corbally
1994) is smaller than 10% in the NIR region. A G3 V star
such as Hip 109508 has nearly the same spectral type of the
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Sun, so its effective temperature must be close (within �100
K) to that of the adopted solar model. Hence, the flux differ-
ence between the solar-analog standard and the adopted
spectrum should be less than 10%. The B�V = 0.59 color of
Hip 109508 suggests little or no reddening so the relative
spectrophotometry is probably accurate to 5% or better.

The result of these operations were four spectra covering
the SZ, J, H, and K bands, which we combined into one
final IR spectrum for each SN. Given the significant overlap
of the SZ- and J-band spectra, we were able to grayshift the
J spectrum relative to the SZ spectrum. Then we used our
broadband JHK magnitudes to grayshift the individual
spectra.

On six occasions we used the NTT/SOFI instrument at
La Silla in service observing mode, in order to complement
the IR spectroscopic follow-up. We employed a Hawaii-
Rockwell 1024 � 1024 light detector, and the blue and red
grisms that permitted us to obtain spectra in the ranges
0.95–1.64 lm and 1.53–2.52 lm, with resolutions of 7.0 and
10.2 Å, respectively. We obtained the spectra with slit
widths between 0>6 and 100. We nodded the objects along
the slit, after exposing for 150 s at each position. We com-
pleted several pairs of AB observations for the SNe, took
Xe-Ne arc images at the position of the targets, and
observed the flux standard Hip 109508. We reduced these
data following the same procedure explained above for
ISAAC. The large overlap of 1.53–1.64 lm between the blue
and red spectra allowed us to grayshift the red spectra rela-
tive to blue spectra, except on 1999 October 18 when we
were only able to obtain the red spectrum. Finally, we
shifted the resulting spectra using the observed JHKmagni-
tudes (Krisciunas et al. 2002).

3. RESULTS

3.1. SN 1999ee

Before analyzing the spectroscopic observations it proves
necessary to mention the photometric properties of SN
1999ee. A detailed discussion of the photometric observa-
tions can be found in Stritzinger et al. (2002). In brief, the
decline rate of Dm15(B) = 0.94 puts SN 1999ee in the group
of slowest-declining SNe Ia. After correcting the observed
magnitudes for K terms and dust extinction and assuming a
Hubble constant of 63 km s�1 Mpc�1 (Phillips et al. 1999),
SN 1999ee had a peak visual magnitude of MV = �19.95
(JD 2,451,471.7). These values lie comfortably well with the
peak magnitude–decline rate relation for SNe Ia (Phillips et
al. 1999). This analysis reveals that SN 1999ee was a lumi-
nous Type Ia event and a very interesting object to check the
claim by Li et al. (2001b) that slow-declining events display
spectroscopic peculiarities before maximum light.

Figure 1 displays the optical spectra of SN 1999ee in the
rest frame of the SN, after correcting the observed spectra
for the 3498 km s�1 recession velocity of the host galaxy. We
also dereddened the spectra assuming a Galactic reddening
of E(B�V ) = 0.02 (Schlegel et al. 1998), and a host galaxy
reddening of E(B�V ) = 0.30 derived from the SN optical
colors (Stritzinger et al. 2002) and optical/IR colors (Kris-
ciunas et al. 2002). The strongest telluric lines are indicated
with the circled plus sign. The first optical spectrum, taken
on JD 2,451,460.56 (9 days before maximum), exhibited a
blue continuum and the characteristic P Cygni profile of the
Si ii �6355 line of SNe Ia. Other prominent features in this

spectrum were the absorption at �3200 Å attributed to Co
ii, the Ca ii H and K ��3934, 3968 blend, Mg ii �4481, the
blend of lines attributed to Fe ii, Si ii, S ii around 4550–5050
Å, and the Ca ii ��8498, 8542, 8662 triplet. The presence of
the Na iD ��5890, 5896, Ca ii �3934, and Ca ii �3968 inter-
stellar lines with equivalent widths of 2.3, 0.8, and 0.6 Å,
respectively, revealed a nonnegligible amount of absorption
in the host galaxy, which agrees with the color analysis of
SN 1999ee. By maximum light the W-shaped S ii ��5454,
5640 feature was well developed and the Ca lines were sig-
nificantly stronger. Si ii �4129 was already present,
although it was quite weak. The Si ii �5972 line also was
weak relative to Si ii �6355. Nugent et al. (1995) defined the
parameter R(Si ii) as the relative fluxes of this pair of lines
and found a tight correlation with the SN luminosity. In this
case we obtained R(Si ii) = 0.23, which corresponds to the
value of a luminous SNe Ia, in good concordance with the
decline rate of Dm15(B) = 0.94 and the peak magnitudes
derived from the photometric observations. By day 20 the
spectrum was much redder. The Si ii �6355 line was very
weak, the Ca triplet had a pronounced P Cygni profile, and
the region between 4000–5500 Å was dominated by strong
features due to Fe ii transitions. The absorption attributed
to Na i D ��5890, 5896 was very prominent. Overall, these
data showed that SN 1999ee was a genuine Type Ia event
with the usual spectral features of other normal SNe Ia, usu-
ally known as Branch-normal (Branch et al. 1993).

Figure 2 presents the expansion velocities derived from
the absorption minima of Si ii �6355, after correcting for
the recession velocity of the host galaxy. Apparently, the
velocity derived from Si ii �6355 decreased rapidly from
16,000 to 10,000 km s�1 between days �9 and �2, after
which the velocity decreased slowly. For comparison, we
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Fig. 1.—Optical spectroscopic evolution of SN 1999ee in AB magni-
tudes. Time (in days) since Bmaximum is indicated for each spectrum. The
circled plus signs symbols show themain telluric features.
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include as solid line the velocities for SN 1990N, which was
also caught several days before maximum (Leibundgut et al.
1991). Both SNe showed an inflection in the velocity curve.
Before maximum, however, the expansion of SN 1999ee
was somewhat higher compared with contemporary veloc-
ities of SN 1990N. At maximum light and later times, on the
other hand, both SNe had similar velocities.

Figure 3 shows the resulting rest-frame IR spectra of SN
1999ee. The first spectrum, taken 9 days before maximum,
was quite featureless. A weak absorption line could be seen
at 10520 Å, with a weak emission component that seemed to
constitute a P Cygni profile. This feature was observed for
the first time in an early-time spectrum of SN 1994D and
was tentatively identified as due to either He i �10830 or
Mg ii �10926 (Meikle et al. 1996). According to the atmo-
sphere models computed by Wheeler et al. (1998), this fea-
ture should be due to Mg ii, since the amount of He in their
models is not sufficient to form a line. This implies that the
minimum of the Mg absorption had an expansion velocity
of 11,100 km s�1. An emission due to Fe iii (Rudy et al.
2002) was also present around 12550 Å. There was an indi-
cation of a P Cygni profile with the absorption minimum at
16160 Å and peak emission at 16840 Å. This feature was
also present in the SN 1994D spectrum. The theoretical
modeling of Wheeler et al. suggests that this line is due to Si
ii, although it might have a Fe ii component (Axelrod 1980).
At longer wavelengths the spectrum is even more feature-
less, except for a small P Cygni line with a minimum at
19590 Å and peak at 20440 Å. The emission component was
also noted in SN 1994D and was attributed to Si iii by
Wheeler et al.

By maximum light the Mg ii �10926, Fe iii, and Si ii fea-
ture near 16500 Å became more prominent, and a peak
developed around 18100 Å. One week past maximum the
spectrum was dramatically different and became dominated
by strong absorption/emission features. The Mg ii �10926
line disappeared and a weak feature at 10000 Å became evi-
dent, possibly forming a P Cygni profile. The most remark-
able features were the strong and wide (FWHM � 12,000
km s�1) peaks attributed to blends of Co ii, Fe ii, and Ni ii at
15500 and 17500 Å (Wheeler et al. 1998). Two weeks after
maximum these peaks developed even further and new
peaks appeared at 19900 and 21000 Å. A series of unidenti-
fied absorptions also could be observed in the J band at
10400, 10700, and 11100 Å. One month after maximum two
additional broad emission peaks became evident at 22500
and 23600 Å, which, according to Wheeler et al., are caused
by iron-group elements (Co, Ni) as well as intermediate-
mass elements with appreciable contribution from Si. While
the broad emissions appeared to redshift significantly as the
SN evolved, the features that we identify as absorptions did
not show any appreciable change in velocity.

3.2. SN 1999ex

Figure 4 displays the optical spectra of SN 1999ex in the
SN rest frame. The first optical spectrum, obtained on JD
2,451,496.62 (1 day before B maximum), was characterized
by a reddish continuum and several broad absorption/emis-
sion features due to Ca iiH and K ��3934, 3968, Fe ii, Mg i,
Na i D ��5890, 5896, Si ii �6355, and the Ca triplet with a
clear P Cygni profile. We also found convincing evidence
for He i ��6678, 7065 with expansion velocities of 6000 km
s�1 (similar to velocities displayed by the Fe, Mg, Na, Si,
and O lines). It is possible that the feature at �4400 Å, usu-
ally attributed to a blend of Mg ii and Fe ii, had a contribu-
tion due to the He i �4471. Likewise, the feature at�4800 Å
could be a blend of Fe ii �4924 and He i �4921, while the
Na i D ��5890, 5896 doublet could have a contribution
from He i �5876. Interstellar lines due to Na i D ��5890,
5896, Ca ii �3934, and Ca ii �3968 were observed in absorp-

Fig. 2.—Expansion velocities derived from the absorption minima of
Si ii �6355 for SN 1999ee, after correcting for the recession velocity of the
host galaxy. The solid line corresponds to SN 1990N.
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Fig. 3.—IR spectroscopic evolution of SN 1999ee in AB magnitudes.
The most prominent features are labeled. Time (in days) since Bmaximum
is indicated for each spectrum.
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tion with equivalent widths of 2.8, 1.8, 0.9 Å at the wave-
lengths corresponding to the rest frame of the host galaxy.
According to the correlation between equivalent widths and
reddening for Galactic stars (Munari & Zwitter 1997), SN
1999ex was reddened by E(B�V ) � 1.0 � 0.15. However,
there appears to be a significant departure of SNe from this
calibration (Hamuy et al. 2001), so this estimate is very
uncertain.

The first spectrum of SN 1999ex bore a close resemblance
to that of SN 1994I. Filippenko et al. (1995) argued that SN
1994I was a Type Ic event on the grounds that this object (1)
did not show evidence for hydrogen lines (ruling out a Type
II event), (2) had a Si ii �6355 line more subtle than in classi-
cal SNe Ia, and (3) He i �5876 was absent or weak (and
blended with Na D) (ruling out a Type Ib event). Based on
the resemblance between these two spectra, we initially clas-
sified SN 1999ex as a Type Ic SN (Hamuy & Phillips 1999).
However, the relatively stronger He lines displayed by SN
1999ex suggest that this object could well be an intermediate
case between the Ib and Ic subclasses (we will return to this
point in x 4.2). During the following 2 weeks the SN
spectrum evolved slowly, and most of the lines became
stronger.

Figure 5 displays the IR spectra of SN 1999ex in the SN
rest frame. The most prominent feature in these spectra is
the P Cygni profile of He i �10830, which was also observed
in SN 1994I. The minimum of the absorption yields an
expansion velocity of 8000 km s�1, in good agreement with
the values derived from the optical spectra. The other evi-
dent feature is the P Cygni profile due to He i �20581, with
the same expansion velocity. An unidentified absorption at
9970–10045 Å can be clearly seen, which should have a rest
wavelength between 10200–10260 Å. A few weak unidenti-
fied lines can be seen also in theH band.

4. DISCUSSION

4.1. SN 1999ee

Although Type Ia SNe display a large degree of spectro-
scopic homogeneity, there are several examples of SNe with
spectral peculiarities. Different subclasses have been identi-
fied including SN 1991T–like objects (Phillips et al. 1992),
Branch-normal SNe (Branch et al. 1993), and SN 1991bg–
like events (Phillips et al. 1987; Filippenko et al. 1992;
Leibundgut et al. 1993). Recently the Lick Observatory
Supernova Survey (LOSS) produced a SN sample with well-
understood selection effects (Li et al. 2001a), which permit-
ted them to assess the intrinsic peculiarity rate of SNe Ia (Li
et al. 2001b). This study showed that the sample of nearby
SNe Ia comprises 20%, 64%, and 16% of 1991T-like, nor-
mal, and 1991bg-like objects, respectively.

Li et al. (2001a) defined a normal SN as one with promi-
nent features due to Si ii �6355, Ca ii H and K ��3934,
3968, as well as additional lines of S ii, O i, andMg ii around
maximum light. The designation SN 1991T in such work is
not strictly correct, since the prototype of the 1991T class
defined by Li et al. (2001b) is SN 1999aa. While SN
1999aa’s main difference relative to normal SNe is just a rel-
ative weakness of the Si ii �6355 feature before maximum,
which becomes almost indistinguishable from normal SNe
after peak (see Fig. 5 of Li et al. 2001b), SN 1991T was a
much more extreme event, in the sense that the premaxi-
mum spectrum did not display the Ca ii H and K ��3934,
3968 blend shown by Branch-normal SNe and also because
it remained spectroscopically distinct several days after
maximum (Phillips et al. 1992). For the sake of clarity, in
what follows we refer to the 1991T-like events of Li et al. as
1999aa-like objects. The distinguishing feature of SN
1991bg–like objects is the Ti ii absorption around 4100–
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Fig. 4.—Optical spectroscopic evolution of SN 1999ex in AB magni-
tudes. Time (in days) since Bmaximum is indicated for each spectrum. The
most prominent features are labeled, and the main telluric features are
marked with a circled plus sign.
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Fig. 5.—IR spectroscopic evolution of SN 1999ex in AB magnitudes.
The two most prominent features are due to He i, while the absorption at
10000 Å remains unidentified. Time (in days) since Bmaximum is indicated
for each spectrum.
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4000 Å. There are many examples of intermediate-class
objects, which suggests a continuous spectral sequence
among SNe Ia.

Because 1999aa-like events display slow-declining light
curves (Dm15(B) � 1.0) and high peak luminosities, and
1991bg-like SNe show fast decline rates (Dm15(B) � 1.7)
and low peak luminosities, it is interesting to ask whether
the photometric behavior can be used to predict spectro-
scopic peculiarities. As a slow-declining (Dm15(B) = 0.94)
and luminous (MV = �19.75) event observed well before
maximum light, SN 1999ee provides a good opportunity to
investigate whether or not all luminous SNe display spectro-
scopic peculiarities before peak. To examine this point in
detail Figure 6 (top) shows a comparison of the spectrum of
SN 1999ee taken 9 days before B maximum with that of
three other SNe, including SN 1999aa, with a decline rate of
Dm15(B) = 0.75 (Krisciunas et al. 2000), the Calán/Tololo
SN 1992bc with Dm15(B) = 0.87 (Hamuy et al. 1996), and
the normal SN 1990N with Dm15(B) = 1.07 (Leibundgut et
al. 1991; Lira et al. 1998). While SN 1999aa lacked the Si ii
�6355 feature compared with the Branch-normal SN
1990N, both SN 1992bc and SN 1999ee displayed strong
and well-defined Si features as early as 10 days before peak.
This shows that not all slow-decliners are spectroscopically
peculiar before maximum light. As mentioned above,
1999aa-like events show a normal spectrum at peak bright-
ness, which can be clearly appreciated in the bottom panel
of Figure 6 from the spectra of SN 1999aa and SN 1999ee.
The fact that the spectral differences displayed by the lumi-
nous SNe are only limited to the very first days of evolution
suggests that the 1999aa-like and the Branch-normal SNe

(represented here by SN 1999ee) are apparently similar
explosions and that spectral diversity at early times prob-
ably reflects small differences in mixing or other chaotic
behaviors, rather than fundamental differences in the char-
acter of the explosions.

There are a handful of IR spectra published for SNe Ia
(Meikle et al. 1996; Bowers et al. 1997; Hernández et al.
2000; Jha et al. 1999; Rudy et al. 2002). Höflich et al. (2002)
recently observed SN 1999by and assembled the first contin-
uous sequence of IR spectra for an SN Ia, extending from 3
days before maximum through day +15 after peak. To our
knowledge the IR spectra of SN 1999ee—extending from
day �9 to +42—constitute the most complete IR spectro-
scopic sequence of an SN Ia, and its Branch-normal nature
makes it an ideal object in which to study the homogeneity
of this class of objects at these wavelengths. We proceed
now to address this issue from a sample of five SNe Ia
encompassing a wide range in decline rates and optical spec-
troscopic properties. The sample comprises the Branch-nor-
mal SN 1999ee, SN 1998bu (Jha et al. 1999; Hernández et
al. 2000), and SN 1994D (Meikle et al. 1996), with
Dm15(B) = 0.94, 1.01, 1.32, respectively (Phillips et al.
1999).9 We also include SN 1999by [Dm15(B) = 1.90], which
had optical spectra showing resemblance to SN 1991bg
(Garnavich et al. 2001), and SN 2000cx [Dm15(B) = 0.93],
which shared some of the spectroscopic peculiarities dis-
played by SN 1999aa–like events (e.g., weak Si ii �6355)
before maximum and a ‘‘ sui generis ’’ postmaximum behav-
ior, owing to unusually strong Fe iii and weak Fe ii lines (Li
et al. 2001c).

Figure 7 (top) compares premaximum spectra of SN
2000cx, 1999ee, 1994D, and 1999by. The resemblance
between the two Branch-normal SNe (1999ee and 1994D) is
remarkable. The largest, yet subtle, difference was the
Mg ii �10926 feature, which was narrower and deeper in SN
1994D. The expansion velocities derived from the absorp-
tion minimum was quite similar, �10,500 km s�1. Both the
Si ii and Si iii features near 16500 and 20000 Å were clearly
present in both SNe. With the exception of the high Mg ii

velocity (�20,000 km s�1), SN 2000cx showed a normal fea-
tureless spectrum. Since magnesium is destroyed by oxygen
burning, it is expected in material that experiences burning
at the lowest densities near the surface. The high Mg veloc-
ity led Rudy et al. (2002) to conclude that nuclear burning in
SN 2000cx extended farther out than in normal SNe,
though it is equally likely that in this supernovae a blob con-
taining carbon burning products drifted closer to the sur-
face than in some other SNe Ia. The greater luminosity and
slower decline of SN 2000cx argue for greater 56Ni produc-
tion, and this would manifest itself also in greater excitation
in the ejecta. Indeed, SN 2000cx showed an emission feature
at 12500 Å attributed to Fe iii ��12786, 12920, 13003 (Rudy
et al. 2002), which was also present in the normal SN 1999ee
but at a lower strength, a weaker than normal Si ii feature
near 16500 Å, and a stronger Si iii line around 20000 Å.

SN 1999by showed a premaximum spectrum noticeably
different than that of normal SNe. The main difference was
due to C i and O i lines, which were clearly absent in the
spectra of other SNe. Höflich et al. (2002) suggested that

9 We include in this comparison two spectra of SN 1998bu obtained by
one of us (R. D. B.) with the CTIO 4m Infrared Spectrograph on 1998May
16 (3 days beforeBmaximum) and June 3 (15 days after peak).
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Fig. 6.—Top: Comparison of the optical spectra of three slow-declining
SNe Ia and the Branch-normal SN 1990N obtained about 10 days before B
maximum. The spectra have been shifted with respect to each other by arbi-
trary amounts to facilitate comparison. Given in parenthesis are the decline
rates Dm15(B) for each SN. Bottom: Same as above, but for SN 1999aa and
SN 1999ee near maximum light.
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nuclear burning in SN 1999by did not extend as far out as in
normal SNe Ia. It is possible, however, that the presence of
the C i and O i lines was due to a lower excitation evidenced
by the smaller 56Ni production, the low luminosity, and fast
decline of SN 1999by. The spectral differences are particu-
larly evident in the J band. The Mg ii �10926 feature was
deeper than normal, although its velocity of�10,000 km s�1

was similar to that observed in normal SNe. In the H band
SN 1999by showed a strong broad-emission feature due to a
blend of Si ii and Mg ii lines, which was also present in the
other SNe, but with a lower strength, presumably due to a
weaker contribution from Mg ii. The K-band spectrum is
also bumpier than normal due toMg ii lines.

Around maximum light the Mg ii �10926 feature was
present in all three normal SNe (1999ee, 1998bu, and
1994D) with similar strengths and profiles (bottom, Fig. 7).
Meikle et al. (1996) noted that the absorption minimum of
the Mg ii line did not show a shift in wavelength during the
premaximum evolution of SN 1994D, as opposed to the
optical lines, which all redshifted with time as the photo-
sphere receded through the ejecta. We confirmed the
absence of any significant Doppler shift in Mg ii from SN
1999ee, which, according to Wheeler et al. (1998), was due
to the fact that the photosphere had already receded below
the inner edge of the magnesium layer at this early phase. It
is interesting to note the absence in these spectra of the Ca ii
line near 11500 Å, a feature predicted by the models of
Wheeler et al. (1998), which proves to be a useful diagnostic
of the location of the transition layer between complete and
incomplete silicon burning. The Si ii absorption near 16500
Å and the spectral features in the K band were visible in the
normal SNe 1999ee and 1998bu with a high degree of simi-

larity. The premaximum spectral peculiarities of SN 1999by
mentioned above were still evident near maximum light.

Figure 8 compares the postmaximum spectra available to
us. Two weeks after peak the two normal SNe, 1999ee and
1998bu, displayed an impressive spectral homogeneity, with
strong peaks and valleys at 15000–17000 Å and 22000–
26000 Å due to Fe ii, Co ii, Ni ii, and Si ii. The presence of
Fe ii, Co ii, Ni ii, and Si ii is due to the ionization dropping
predominantly to these ions, which happen to have strong
lines in the near IR. The spectral differences of the fast-
declining SN 1999by persisted at this epoch. While its J
spectrum had contributions from Ca ii lines (Höflich et al.
2002) that were absent in SNe 1999ee and 1998bu, the broad
emission around 15000–17000 Å was weaker than normal.
At later epochs the spectra of SNe 1999ee and 1998bu
became much more complicated, yet their similarity
remained remarkable.

As a result of this observational campaign we obtained
the most complete optical/IR observations of a Type Ia SN,
with an unprecedented wavelength and temporal coverage
beginning nine days before maximum light. Moreover, since
we were able to obtain the IR spectra within 1 or 2 days of
the optical spectra, it was possible to combine these obser-
vations, as shown in Figure 9. This exercise revealed the
excellent agreement between the optical and IR fluxes, a
result that proved possible by synthesizing broadband mag-
nitudes and adjusting the flux scales according to the
observed magnitudes. This optical/IR sequence shows that,
while the premaximum optical spectrum was dominated by
strong P Cygni profiles of intermediate-mass elements, such
as Ca ii, Si ii, Mg ii, S ii, the IR was characterized by a
smooth, almost featureless continuum. By maximum light,
on the other hand, the IR spectrum was already dominated

Fig. 8.—Comparison of the postmaximum IR spectra of SNe 1998bu,
1999by, and 1999ee. Time (in days) since B maximum is indicated for each
spectrum, along with the decline ratesDm15(B).

Fig. 7.—Comparison of the premaximum and maximum-light IR spec-
tra of SNe 1994D, 1998bu, 1999by, 1999ee, and 2000cx. Time (in days)
since B maximum is indicated for each spectrum, along with the decline
ratesDm15(B).
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by broad features, and 1 week later the IR flux was mostly
powered by emission lines of iron group elements, such as
Co ii, Fe ii, and Ni ii (freshly synthesized in the innermost
layers of the ejecta), which were particularly prominent in
the H and K bands. At the same time a dramatic flux dip
around 12000 Å began to develop. Previous spectroscopic
observations have already revealed this J-band deficit in
other SNe Ia (Bowers et al. 1997), which is responsible for
the red J�H color displayed by SNe Ia after maximum light
(Elias et al. 1985).

This spectral sequence lends support to the suggestion by
Spyromilio, Pinto, & Eastman (1994) and Pinto & Eastman
(2000) that the ‘‘ photosphere ’’ recedes rapidly to the center
of the supernova in the IR, while at optical wavelengths the
greater opacity arising from the higher spectral density of
lines keeps the photosphere at higher velocities. Emission at
longer wavelengths increases after maximum light as a
result of a shift in ionization to more neutral species, which
have greater emissivity in the near IR. In this model the
J-band deficit is due to the relative absence of lines (and
hence opacity) in the 12000 Å region, rather than increasing
opacity. Likewise, the secondary maxima exhibited by the
JHK light curves �30 days after B maximum (Elias et al.
1981; Elias et al. 1985; Jha et al. 1999; Hernández et al.
2000; Krisciunas et al. 2000) are due to the increasing release
of energy through lower optical depth IR transitions. The
prominent postmaximum emission features displayed by
SN 1999ee in the H and K bands lend support to this
picture.

4.2. SN 1999ex

SNe are classified according to their spectral features near
maximum light (Filippenko 1997). Type II SNe are charac-
terized by prominent hydrogen features and are believed to

arise from the core collapse of massive (>8–10 M�) stars.
The common feature in all Type I SNe is the lack of hydro-
gen spectral lines. The strong Si ii �6355 is the defining fea-
ture of SNe Ia. Their occurrence in all types of stellar
environments has led to the general consensus that the pro-
genitors of SNe Ia are white dwarfs that undergo thermonu-
clear disruption after a period of mass transfer from binary
companions. The proximity of SNe Ib and Ic to massive star
formation regions (Van Dyk et al. 1996), on the other hand,
provides evidence that these objects result from the core col-
lapse of massive stars. The lack of hydrogen in their spectra
is attributed to the loss of their outer hydrogen envelopes by
stellar winds or mass transfer to binary companions. There
is growing evidence for a close physical connection between
SNe II and SNe Ib from the observations of SNe 1987K,
1993J, and 1996cb, which evolved from SNe II at early
epochs to SNe Ib at later times (Filippenko 1988; Filip-
penko et al. 1993; Qiu et al. 1999). The distinguishing differ-
ence between Type Ib and Ic SNe are the optical He i lines,
which are conspicuous in SNe Ib and weak or absent in SNe
Ic. It is still a matter of debate whether SNe Ic constitute an
extreme case of SNe Ib or a completely separate class of
objects. The apparent absence of He in the spectra of SNe Ic
motivated the idea that the progenitors of these objects
could be nearly bare C + O cores of massive stars (Wheeler
&Harkness 1990), which lose most of their helium by binary
transfer or strong stellar winds. However, Woosley et al.
(1995) showed that helium stars could be the progenitors of
both SNe Ib and SNe Ic. They showed that the presence or
absence of He i lines in the spectrum is determined primarily
by the amount of mixing, not the amount of helium
present—greater mixing of radioactive material increases
the excitation of helium, leading to stronger lines.

Significant effort over recent years has been put into
determining the presence of helium in the spectra of SNe Ic
in order to better understand the nature of these objects. A
detailed inspection of the spectra of the Type Ic SN 1994I
led Filippenko et al. (1995) to conclude that weak He i lines
were probably present in the optical region and that He i

�10830 was very prominent, although its Doppler shift
implied an unusually high expansion velocity of �16,600
km s�1. Clocchiatti et al. (1996) confirmed these observa-
tions and found evidence that He i �5876 was also present in
SN 1994I, with a blueshift of �17,800 km s�1. They also
reported high-velocity He i �5876 in the spectra of the three
best-observed Type Ic SNe (1983V, 1987M, and 1988L),
which led them to conclude that most, and probably all,
SNe Ic provide evidence for optical He i lines. This conclu-
sion, however, was recently questioned by Millard et al.
(1999) and Baron et al. (1999) by means of spectral synthesis
models, which showed that the IR feature near 10250 Å
could be accounted for with lines of C i and Si i. Moreover,
Baron et al. (1999) argued that the feature attributed to He i
�5876 in the spectrum of SN 1994I could be a blend of other
species. Evidently, there is no consensus yet about the pres-
ence or absence of He in the spectra of SNe Ic.

Recently Matheson et al. (2001) compiled and analyzed a
large collection of spectra of SNe Ib and Ic. This study
showed no compelling evidence for He in the spectra of SNe
Ic and no gradual transition from the Ib to the Ic class,
which supported the idea that these objects are produced by
different progenitors.

Our optical spectra of SN 1999ex provide evidence for He
i absorptions of moderate strength in the optical region,
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Fig. 9.—Combined optical and IR spectra of SN 1999ee in AB magni-
tudes. Time (in days) sinceBmaximum is indicated for each spectrum.
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thus suggesting the existence of an intermediate Ib/c case.
To illustrate this point, in Figures 10 and 11 we show a com-
parison between SN 1999ex, the best-observed Type Ic SN
1994I, and the prototypes of the Ib (SN 1984L, Harkness et
al. 1987) and Ic class (SN 1987M, Filippenko, Porter, & Sar-
gent 1990). The near-maximum spectra (top, Fig. 10) reveal

a gradual increase in the strength of all He lines (indicated
with tick marks) from the Ic to the Ib class. In the bottom
panel of Figure 10 (1 week past maximum) it is possible to
see that, even though the spectra of the Type Ic SNe 1994I
and 1987M are quite similar, SN 1994I shows deeper
troughs at the wavelengths of the He i lines, especially at
4471, 4921, and 5876 Å. The spectrum of SN 1994I obtained
2 weeks past maximum (Fig. 11) is particularly interesting,
as it provides good evidence that the He i �5876 line was
indeed present in the spectrum of SN 1994I with a higher
expansion velocity than the Na iD �5893 doublet. This was
also noted by Filippenko et al. (1995), who quoted an
expansion velocity of �16,600 km s�1 for the He line (see
also Clocchiatti et al. 1996 for a detailed discussion). Over-
all, Figures 10–11 reveal that there is a smooth spectro-
scopic sequence ranging from the He deficient Type Ic SNe
1987M and 1994I, the Type Ib/c SN 1999ex, and the Type
Ib SN 1984L that is characterized by strong optical He lines.
We conclude, therefore, that SN 1999ex provides the first
evidence for a link between the Ib and Ic classes and that
there is a continuous sequence of SNe Ib and Ic objects.

Special attention must be paid to the IR feature near
11000 Å, which was very prominent in SNe 1999ex and
1994I. As mentioned above the definitive identity of this fea-
ture in SN 1994I is still uncertain: it could be accounted for
with lines of C i and Si i (Millard et al. 1999; Baron et al.
1999) or with high-velocity He i �10830 (Filippenko et al.
1995; Clocchiatti et al. 1996). If the feature in SN 1999ex
were He i �10830, it would imply a moderate velocity of
6,000–8,000 km s�1, which matches very well the velocities
derived from the Fe, Na, and Si lines. The presence of the
He i �20581 with the same expansion velocity (see Fig. 5)
suggests that the IR feature in SN 1999ex was indeed due to
He i �10830. Altogether our IR spectra of SN 1999ex pro-
vide unambiguous proof that He was present in the atmo-
sphere of this intermediate Ib/c object. A detailed
atmosphere model could be very useful for placing limits on
the He mass in the ejecta of SN 1999ex and constraining the
nature of its progenitor. As suggested by Clocchiatti et al.
(1996), the presence of highly blueshifted He i �5876 in SN
1994I suggests that the IR feature was also due to He i

�10830. If so, the difference in He velocities between SNe
1994I and 1999ex might prove an interesting clue to the
underlying physics of the atmospheres of this class of
objects. Further optical/IR spectroscopy and photometry
will lead us to better understand the atmospheres of SNe Ib
and Ic.

Finally, given that the IR spectra were obtained within
one day from the optical spectra, we were able to combine
these observations. Figure 12 shows the resulting spectra
and the excellent agreement between the optical and IR
fluxes. Note the prominent He i ��10830, 20581 features.

4.3. Maximum-Light Optical/IR Spectra of Supernovae

In the course of the SOIRS program we obtained high-
quality spectroscopy of the Type II SN 1999em (Hamuy et
al. 2001). Figure 13 compares maximum-light spectra of the
Type II SN 1999em, the Type Ib/c SN 1999ex, and the Type
Ia SN 1999ee. This figure permits one to compare the differ-
ent characters of the main classes of SNe, all the way from
3,000 to 25,000 Å. The Type II is distinguished by promi-
nent hydrogen Balmer and Paschen lines. It also shows the
P Cygni profile of the He i �10830 transition. The Type II
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Fig. 11.—Same comparison as in Fig. 10, but for spectra taken 2 weeks
past maximum.
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Fig. 10.—Comparison of near-maximum spectra of the Type Ib/c SN
1999ex with the prototype of the Ib class SN 1984L, and the Type Ic SNe
1994I and 1987M. Tick marks indicate the He i lines in the SN 1999ex spec-
tra. The strengths of the He lines gradually increase from the Type Ic to the
Ib SN, and SN 1999ex appears to bridge the separation between these two
subclasses.
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spectrum is also characterized by a strong, well-defined con-
tinuum. The Type Ib/c is characterized by the strong He i

��10830, 20581 lines in the IR, the He i �5876 line in the
optical, and other lines in the optical due to singly ionized
Ca, Fe, Mg, and Si and neutral Na and O. It is interesting to
note that, while both Type II and Type Ib/c show strong
He i �10830, only the Type Ib/c shows a significant He i

�20581 feature. The spectrum of SN 1999ex also seems to
show evidence for a photosphere throughout the duration
of the observations. This is clearly different than what is
observed for SNe Ia, and more like a Type II. Finally, the
Type Ia at the bottom of this figure is characterized by
strong Si ii �6355 and other intermediate-mass elements, as
well as by the absence of hydrogen and helium.

5. CONCLUSIONS

The observations obtained for SN 1999ee constitute the
most complete spectral and temporal coverage ever
achieved for a SN Ia. Its Branch-normal character makes it
an ideal reference for comparative studies of SNe Ia.

Before maximum light SN 1999ee displayed a normal
spectrum with a strong Si ii �6355 absorption, thus showing
that not all slow-declining SNe are spectroscopically pecu-
liar at these evolutionary phases. We conclude that the pho-
tometric properties of luminous SNe Ia cannot be used to
predict spectroscopic peculiarities.

From a comparison of the IR spectra of SN 1999ee and
other SNe Ia that encompass a wide range in decline rates,
we find that there is a remarkable homogeneity among the
Branch-normal SNe Ia during their first 60 days of evolu-
tion. Although the slow-decliner luminous SN 2000cx
showed a premaximum featureless IR spectrum similar to

that of normal SNe, theMg ii �10926 line was characterized
by a high expansion velocity. The fast-declining sublumi-
nous SN 1999by was noticeably different than the other SNe
at all epochs. This study reveals that the spectroscopic pecu-
liarities displayed by SN 1991bg–like objects at optical
wavelengths are also present in the IR.

The fortunate occurrence of SN 1999ex within 3 weeks
and in the same galaxy that hosted SN 1999ee permitted us
to obtain optical and IR spectroscopy of a Ib/c event. SN
1999ex was characterized for the lack of hydrogen lines,
weak optical He i lines, and strong He i ��10830, 20581,
thus providing an example of an intermediate case between
pure Ib and Ic SNe. We conclude, therefore, that SN 1999ex
provides first clear evidence for a link between the Ib and Ic
classes and that there is a continuous spectroscopic
sequence ranging from the He-deficient SNe Ic to the SNe
Ib, which are characterized by strong optical He i lines.
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Fig. 13.—Combined optical and IR maximum-light spectra of the Type
II SN 1999em, the Type Ib/c SN 1999ex, and the Type Ia SN 1999ee.
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Abstract. Polarization measurements for the optical counterpart to GRB021004 are presented and discussed.
Our observations were performed with the TNG and the VLT–UT3 (Melipal) during the first and fourth night
after the gamma-ray burst discovery. We find robust evidence of temporal evolution of the polarization, which is
therefore, at least partially, intrinsic to the optical transient. We do not find convincing evidence of wavelength
dependence for the intrinsic polarization of the transient, in agreement with current polarization models for
optical afterglows. We discuss the role of dust, both in our galaxy and in the host, in modifying the polarization
measurements, showing how a sizable fraction of the polarized flux is due to galactic selective extinction, while it
is not possible to single out any clear contribution from dust in the host galaxy.

Key words. gamma rays: bursts – polarization – dust – radiation mechanisms: non-thermal

1. Introduction

It is now well established that gamma-ray burst (GRB)
optical afterglows (OA) can show some degree of linear
polarization. To date, in five case a positive detection was
achieved: GRB990510 (Covino et al. 1999; Wijers et al.
1999), GRB990712 (Rol et al. 2000), GRB 020405 (Bersier
et al. 2003; Covino et al. 2003a; Masetti et al. 2003),
GRB 020813 (Barth et al. 2003; Covino et al. 2002a),
and GRB 030329 (Covino et al. 2003c; Efimov et al. 2003;
Magalhães et al. 2003). Usually, the polarized flux is not
large, P <∼ 3%, but in most cases it was possible to rule
out that the observed polarization was induced by dust
along the line of sight in our own Galaxy (e.g. Covino
et al. 1999, 2003b). More recently, it was also possible to
exclude, at least for some cases, a major contribution to

Send offprint requests to: D. Lazzati; e-mail:
lazzati@ast.cam.ac.uk

? Based on observations made with ESO telescopes at the
Paranal Observatory under programme Id 70.D-0111, on data
from the ESO/ST-ECF Science Archive Facility and on obser-
vations made with the TNG under programme TAC 8 01(47).

the observed polarization level due to the interposition of
dust in the host galaxy. In fact, dust-induced polarization
is necessarily associated with reddening, and by modelling
the spectral shape of the OA, the total amount of dust in-
terposed on the line of sight can be constrained, therefore
setting upper limits on the dust-induced polarization.

This method is however model dependent, and relies
also on the knowledge of the dust properties in the GRB
environment (see e.g. Lazzati et al. 2002a). Given the
present uncertainties, the possibility that for at least some
OA a sizable fraction of the observed polarization is in-
duced by dust in the GRB environment or in the host
galaxy cannot be excluded yet. In principle, there are at
least two safe ways to single out intrinsic polarization: the
first is to perform multiple observations, looking for tem-
poral variation of the polarization degree and/or position
angle. Such a polarization variability would also provide
a direct link between the dynamics of the fireball evolu-
tion and the geometry of the emitting region (Ghisellini
& Lazzati 1999, hereafter GL99; Sari 1999; Granot et al.
2002). The second is to study the wavelength dependence
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2 Lazzati et al.: Polarization of GRB021004

of the polarization, possibly extending it to the infrared,
in an attempt to exclude that it follows the “Serkowski
curve” typical of interstellar dust polarization, bearing in
mind, however, that the OA emission could be intrinsically
polarized in a wavelength dependent way.

In the recent times, some steps in this direction were
performed. First, for GRB 020813 secure polarization vari-
ability was detected, the degree of polarization diminish-
ing on a day time scale from P ∼ 2% (Barth et al. 2003)
to P ∼ 0.8% (Covino et al. 2002a), at a fixed polariza-
tion angle. Moreover, again for GRB 020813 (Barth et al.
2003), and very recently for GRB 030329 (Covino et al.
2003c), spectropolarimetry could be performed; in both
cases, small but significant wavelength dependence was
found.

GRB 021004 was localized on 2002 October 4 at
12:06:14 UT by the HETE–II satellite (Shirasaki et al.
2002). In the FREGATE 8–40 keV and in the WXM 2–
25 keV bands the burst had a duration of about 100 sec-
onds. It thus belongs to the class of long-duration GRBs.
The optical counterpart was identified less than 10 min
after the burst (Fox 2002) as an R ∼ 15.3 fading ob-
ject at the coordinates α2000 = 00h26m54.s69, δ2000 =
+18◦55′41.′′3. The early detection of the OA and its bright-
ness allowed a dense sampling of the light curve (see e.g.
Lazzati et al. 2002b and references therein), the identifi-
cation of several absorption systems, and of a prominent
emission feature in the optical spectra identified as a Lyα
emission line from the host galaxy at a redshift z = 2.328
(Mirabal et al. 2002, 2003; Matheson et al. 2002; Möller
et al. 2002; Schaefer et al. 2003).

In the following we will discuss the results of our three
polarimetric observations of GRB021004: one performed
in the near infrared (NIR) with the Telescopio Nazionale
Galileo (TNG) at the Canary Islands, and two in the visi-
ble band at the VLT. Furthermore, we analyzed a publicly
available spectropolarimetric dataset provided by the ESO
VLT Science Archive. We will then compare these mea-
surements, including the polarimetric observations per-
formed by Rol et al. (2002), with theoretical models.

2. Data and analysis

Observations of GRB 021004 made use of the follow-
ing instruments: the Italian Telescopio Nazionale Galileo
(TNG) at the Canary Islands, equipped with the Near
Infrared Camera Spectrometer (NICS) and a J filter,
in the imaging polarimetry mode; the ESO’s VLT–UT3
(Melipal), equipped with the Focal Reducer/low disper-
sion Spectrometer (FORS 1) a Bessel V filter in the imag-
ing polarimetry mode, and the grism 300 V in the spec-
tropolarimetry mode (see Fig. 1).

The TNG observation (hereafter run 1) started on
October 4.915 (9.86 hours after the GRB trigger) and
lasted for ∼ 1.8 hours. The optical transient (OT) J
magnitude was derived by the acquisition frames as J =
17.00±0.05 (hereafter 1-σ errors are reported). The obser-

Fig. 1. R-band lightcurve of GRB021004 with the position of
the polarimetric observations marked. Data are collected by all
GCN circulars. See e.g. Lazzati et al. (2002b) for a complete
list of references.

vations were performed under mediocre seeing conditions
(1.5′′) in the large field mode with a scale of 0.25′′/pixel.

Our first VLT observation (run 2) started on October
5.080 (13.82 hours after the GRB trigger) and lasted for
∼ 1.6 hours. The OT was clearly detected in the acqui-
sition image with a magnitude V = 19.34 ± 0.02 with
respect to the USNO–A2.0 star reported in Fox et al.
(2002), as calibrated by Henden (2002a, 2002b. From
the ESO archive we also retrieved a public spectropo-
larimetric observation (run 3) started on October 5.247
(17.83 hours after the GRB trigger) and lasting for ∼ 2.0
hours. The spectrum covers the range from 350 nm to
860 nm and the observations were performed with the
300 V grism. Our second VLT observation (run 4) was
performed starting on October 8.225 (89.3 hours after the
GRB trigger), and lasted for ∼ 2.8 hours. The OT mag-
nitude was V = 20.89 ± 0.03 with respect to the same
USNO–A2.0 star. All VLT observations were performed
under good/excellent seeing conditions (0.5′′ − 0.9′′) in
standard resolution mode with a scale of 0.2′′/pixel.

Polarimetric standard stars were also observed. One
polarized, BD-125133, in order to fix the offset be-
tween the polarization and the instrumental angles, and
three non-polarized, WD 0310–688, WD 1615–154, and
BD+284211, to estimate the degree of artificial polariza-
tion possibly introduced by the instruments. The data re-
duction was carried out with the Eclipse package (ver-
sion 4.3.1; Devillard 1997). After bias subtraction, non-
uniformities were corrected using flat-fields obtained with
the Wollaston prism. The flux of each point source in the
field of view was derived by means of aperture photometry
by the Graphical Astronomy and Image Analysis (GAIA)
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tools (version 2.6-61). Moreover, we have also analyzed
the ESO archive data for the NGC2024 NIR1 polariza-
tion standard star, obtaining in all cases a good Serkowski
curve completely consistent with the available data2. The
general procedure followed for imaging polarization ob-
servation analysis is extensively discussed in Covino et al.
(1999, 2002b, 2003a) and di Serego Alighieri (1997), while
details about the NICS polarimetric capabilities are dis-
cussed by Oliva (1997).

Spectra were extracted by the apall tool included in
the IRAF package (version 2.11), which extracts the spec-
trum in a fixed-width window, allowing for a polynomial
evolution of the centroid with wavelength. Suitable IDL
routines were also developed to perform an independent
extraction and check for any possible bias. In this case

1 http://star-www.dur.ac.uk/∼pdraper/gaia/gaia.html
2 http://www.eso.org/instruments/fors1/pola.html

Fig. 2. Polarization degree, position angle and normalized
spectrum of the public ESO–VLT spectropolarimetric obser-
vation (run 3). The polarization degree is roughly constant
throughout the optical band at P ∼ 1.9% and the position
angle is also constant at ϑ ∼ 118◦. Observations were per-
formed with the VLT–UT3 (Melipal) equipped with FORS 1 in
the spectropolarimetry mode with grism 300V. Filled symbols
correspond to the “clean” part of the spectrum, while empty
symbols are relative to absorbed portions of the spectrum, or
the ones contaminated by strong sky emission lines.

the extraction of the 1D spectrum from the 2D frame was
performed by fitting a bell-shaped function to all the ver-
tical stripes of the 2D spectrum, allowing for a first order
variation of the background and for a 4th degree polyno-
mial variation of the flux centroid and width of the fitting
function. The result of this “fitted” extraction were not
entirely consistent with those of a more standard sliding
window, as discussed below.

The results of the spectropolarimetric observations are
shown in Fig. 2. To all our data we have applied a cor-
rection for the wavelength dependent PA offset as mea-
sured by the FORS Team3. The plot is based on the
fitting extraction (hereinafter F) which, as anticipated,
is not fully consistent with the more standard window
extraction (hereinafter W). The F extraction shown in
the figure yields a polarization result which is consis-
tent with being independent on the wavelength. A si-
multaneous constant fit to the polarization degree and
angle returns P = (1.88 ± 0.05)% and ϑ = (118 ± 1)◦

with χ2/d.o.f. = 45.8/44 (null probability ∼ 60%). The
bin size has been made large enough to make the po-
larization bias (Wardle & Kronberg 1974) unimportant.
Completely consistent results are obtained with the W
extraction if a small window (6 pixels width) is adopted,
while a wider window (20 pixels) yields different results.
The polarization obtained using the wide W extraction is
wavelength dependent, the polarization decreasing from
∼ 2% at 600 nm to ∼ 1% at 800 nm. The resulting polar-
ization also presents a significant dip at P ∼ 1% around
550 nm. In principle, both methods are prone to inade-
quacies in extracting the data, and it is not possible to
decide a priori which is the best one. The fit and small W
extraction are in fact prone to non centrally symmetric 2D
spectra. The large window, instead, can perform an unbi-
ased extraction of non-symmetric 2D spectra, but is prone
to a varying background and to contribution from nearby
sources. In a “Ockham razor” approach, we decided to
show the result which requires less parameters to be ex-
plained, namely the constant one, warning however the
reader that according to the large window extraction, the
polarization may be wavelength dependent, being smaller
in the red part of the spectrum.

From an independent analysis of the same data, Wang
et al. (2003) report a marginal evidence of increasing po-
larization at λ <∼ 400 nm, across the rest-frame Lyα ab-
sorption features. They interpret this as a consequence of
absorption of the fireball emission by nearby high velocity
clumps of HI atoms, with a covering factor smaller than
but comparable to unity. As can be seen in Fig. 2, our
binned data do not support this claim, and the same re-
sult is obtained with a binning of ∼ 2 nm, comparable to
the one adopted by Wang et al. (2003). However we find
that using smaller wavelength bins (e.g. 0.52 nm) the po-
larization, not corrected for the bias (Wardle & Kronberg
1974), steadily increases from 400 nm down to the short-
est available wavelength as expected for a low sensitivity

3 http://www.eso.org/instruments/fors1/
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Run Filter UT (2002 Oct) Magnitude Q U P (%) ϑ (◦)

1 J 4.953 17.00 ± 0.05 −0.0160 ± 0.0130 −0.0222 ± 0.0130 < 5 —
2 V 5.172 19.34 ± 0.02 −0.0083 ± 0.0009 −0.0094 ± 0.0010 1.26 ± 0.10 114 ± 2
3 V 5.247 — −0.0075 ± 0.001 −0.016 ± 0.001 1.74 ± 0.20 122 ± 2
4 V 8.225 20.89 ± 0.03 −0.0067 ± 0.002 +0.0002 ± 0.002 0.67 ± 0.23 89 ± 10

Table 1. The normalized polarization Stokes parameters not corrected for the ISM-induced polarization. Observations were
performed with the TNG (run 1) and with the VLT–UT3 (runs 2 and 4). VLT–UT3 spectropolarimetry (run 3) was performed
with grism 300V. The reported results for the spectropolarimetric observation of run 3 were obtained by integrating the spectrum
over the V -band. Uncertainties are at 1-σ and the upper limit is a 95% confidence level.

Model Pmax(%) ϑ (◦) λmax (µm) χ2/d.o.f.

OT† 1.88 ± 0.05 118 ± 1 — 45.8/44
MW ISM 1.95 ± 0.1 118 ± 1 0.52 ± 0.05 50.5/43

Host ISM 2.1 ± 0.15 118 ± 1 0.34‡ 57.2/43

Table 2. Results of the simple modelling of the spectropolari-
metric result. † The constant polarization value is given for the
OT model. ‡ The value λmax = 0.34 µm has been set as a lower
limit to the parameter (see text).

length dependent. We adopt the well known “Serkowski
law”:

P (λ) = Pmax exp

[

−K ln2

(

λmax

λ

)]

, (1)

where Pmax is the maximum induced polarization, ob-
tained at λmax. Experimentally, 0.34 µm <∼ λmax <∼
1.0 µm, and this parameter is considered to be a mea-
sure of the size of the polarizing grains: the larger λmax,
the larger the grains. For the numerical value of the coef-
ficient K, we follow the more recent study of Martin et al.
(1999):

K =

{

1.66 λmax λ ≥ λmax;
−0.59 + 2.56 λmax λ < λmax.

(2)

To model the polarization results shown in Fig. 2, we
have assumed first that the entire polarization is due to
only one of the three possible components (i.e. OT, MW,
host), taking into account the wavelength dependence of
the dust-induced polarization as detailed above, and cal-
culating the effect of the host-ISM in the host rest frame.
As reported in Tab. 2, the quality of the data does allow to
exclude a dominant role of the host ISM in producing the
observed polarization, but it is not possible to single out
the dominant effect between MW-ISM and intrinsic. The
first two fits are both acceptable (χ2/d.o.f. < 1.2), with a
slight preference for the OT model, while the host-ISM fit
yields a significantly worst χ2. Performing the fit only on
the high quality dataset (filled symbols in Fig. 2) yields
statistically indistinguishable results. However, since the
field stars do show a moderate degree of polarization, we
know that the observed polarization cannot be entirely
due to the OT itself. Furthermore, at all frequencies the
polarization position angle is very similar to that of the
field stars in the imaging polarimetry (see above). If we do
not want to assume a cosmic coincidence between the OT
and MW ISM position angles, we are forced to consider

that the polarization is strongly influenced by the MW
ISM.

3.3. Combined modelling

Since the polarization levels are small and different effects
seem to contribute at a similar degree, it is mandatory to
perform a combined modelling of the imaging and spectral
polarimetry, combining the effects of the OT polarization
and of the MW ISM selective extinction. The need of at
least two polarizing components is due to the presence
a) of time variability of the measured polarization (OT
component) and b) of significant polarization in the field
stars (MW ISM component).

3.3.1. Transmission of variable polarized light in a

polarizing ISM

In order to combine the effects of ISM selective extinc-
tion with the evolving intrinsic polarization of the OT,
we adopt a Mueller calculus approach. In this formalism,
the transmitted Stokes vector S ′ ≡ (I ′, Q′, U ′, V ′) is com-
puted from the incident one S ≡ (I, Q, U, V ) through a
matrix, called “Mueller matrix”, which incorporates all
the properties of the transmitting medium: S ′ = M · S.
Even though the exact form of M depends on the specific
microscopic mechanism by which polarization is induced,
we adopt here a simplified form that has been developed
in order to satisfy four basic assumptions: i) the transmit-
ted intensity is smaller or equal to the incident one; ii)
the effect of the polarizing ISM on non-polarized incident
light is that of inducing normalized stokes parameters q,
u and v (pISM =

√

q2 + u2 + v2); iii) for any incident po-
larization status, the transmitted light must have Q′ ≤ 1,
U ′ ≤ 1, V ′ ≤ 1, and P ′ ≤ 1; iv) an incident totally po-
larized light is transmitted totally polarized (there is no
de-polarization). The Mueller matrix takes then the form:

M = e−τ ·













1 q u v

q q2+A(u2+v2)
p2

qu(1−A)
p2

qv(1−A)
p2

u qu(1−A)
p2

u2+A(q2+v2)
p2

uv(1−A)
p2

v qv(1−A)
p2

uv(1−A)
p2

v2+A(q2+u2)
p2













(3)

where we have put A ≡
√

1 − p2, and e−τ is the opac-
ity of the medium to non-polarized radiation. In order to
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OT model. ‡ The value λmax = 0.34 µm has been set as a lower
limit to the parameter (see text).
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sure of the size of the polarizing grains: the larger λmax,
the larger the grains. For the numerical value of the coef-
ficient K, we follow the more recent study of Martin et al.
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K =
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To model the polarization results shown in Fig. 2, we
have assumed first that the entire polarization is due to
only one of the three possible components (i.e. OT, MW,
host), taking into account the wavelength dependence of
the dust-induced polarization as detailed above, and cal-
culating the effect of the host-ISM in the host rest frame.
As reported in Tab. 2, the quality of the data does allow to
exclude a dominant role of the host ISM in producing the
observed polarization, but it is not possible to single out
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yields a significantly worst χ2. Performing the fit only on
the high quality dataset (filled symbols in Fig. 2) yields
statistically indistinguishable results. However, since the
field stars do show a moderate degree of polarization, we
know that the observed polarization cannot be entirely
due to the OT itself. Furthermore, at all frequencies the
polarization position angle is very similar to that of the
field stars in the imaging polarimetry (see above). If we do
not want to assume a cosmic coincidence between the OT
and MW ISM position angles, we are forced to consider

that the polarization is strongly influenced by the MW
ISM.

3.3. Combined modelling

Since the polarization levels are small and different effects
seem to contribute at a similar degree, it is mandatory to
perform a combined modelling of the imaging and spectral
polarimetry, combining the effects of the OT polarization
and of the MW ISM selective extinction. The need of at
least two polarizing components is due to the presence
a) of time variability of the measured polarization (OT
component) and b) of significant polarization in the field
stars (MW ISM component).

3.3.1. Transmission of variable polarized light in a

polarizing ISM

In order to combine the effects of ISM selective extinc-
tion with the evolving intrinsic polarization of the OT,
we adopt a Mueller calculus approach. In this formalism,
the transmitted Stokes vector S ′ ≡ (I ′, Q′, U ′, V ′) is com-
puted from the incident one S ≡ (I, Q, U, V ) through a
matrix, called “Mueller matrix”, which incorporates all
the properties of the transmitting medium: S ′ = M · S.
Even though the exact form of M depends on the specific
microscopic mechanism by which polarization is induced,
we adopt here a simplified form that has been developed
in order to satisfy four basic assumptions: i) the transmit-
ted intensity is smaller or equal to the incident one; ii)
the effect of the polarizing ISM on non-polarized incident
light is that of inducing normalized stokes parameters q,
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q2 + u2 + v2); iii) for any incident po-
larization status, the transmitted light must have Q′ ≤ 1,
U ′ ≤ 1, V ′ ≤ 1, and P ′ ≤ 1; iv) an incident totally po-
larized light is transmitted totally polarized (there is no
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where we have put A ≡
√

1 − p2, and e−τ is the opac-
ity of the medium to non-polarized radiation. In order to
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Fig. 4. Effect of a polarizing ISM on the theoretical polarization of afterglows. The theoretical curve from GL99 is shown, in
both panels, as a solid line (pISM = 0). Lines with different styles show the effect of the selective extinction for ISM with small,
intermediate and comparable polarization with respect to the OT maximum polarization. The position angles of the ISM are
reported relative to the initial angle of the OT. The left panel shows the effect of an ISM that induces polarization with a
position angle ϑISM = 30◦, while the right panel shows an ISM with ϑISM = −60◦ (≡ 120◦ due to the 180◦ periodicity of the
polarization position angle).

conserve energy (i.e. not to have an increased transmitted
intensity), this parameter must satisfy

e−τ ≤
1

1 + |q| + |u| + |v|
, (4)

the equality holding for a perfect polarizing medium, i.e.
one that does not absorb any radiation completely polar-
ized with its same angle. We stress that the above Mueller
matrix is not based on any physical assumption on the po-
larizing mechanism of dust selective extinction. It is a sim-
ple phenomenological working tool that satisfies the basic
requirements of dust-induced polarization. It can also be
easily shown that if p � 1 this matrix is equivalent to
a simple sum of the incident and ISM stokes parameters:
Q′ ≈ q + Q, U ′ ≈ u + U . In the following we also assume
v = 0, since we have not measured circular polarization
and the ISM induced one is usually small (vISM < 10−3;
Martin & Angel 1976).

In order to exemplify the effect of a polarizing ISM on
the intrinsic OT polarization, we adopt the polarization
model by GL99. This model predicts a polarization curve
characterized by two distinct peaks, whose absolute in-
tensity depends on the angle between the line of sight and
the axis of the fireball (assumed to be collimated in a jet).
The polarization position angle is rotated by 90 degrees
at the time of null polarization between the two peaks.
This model is illustrated by the solid line in Fig. 4 (i.e. no
dust-induced polarization). With different linestyles, this
figure also shows how the predicted polarization degree
and polarization angle change in time once modified by
some intervening polarizing ISM. All angles are reported

Fig. 5. Intrinsic polarization of the OT of GRB021004 as a
function of the time elapsed from the GRB trigger, in units of
the break time tj. The solid line shows a possible modelling,
according to GL99 (see text for more details).

relative to the initial OT polarization angle. In the left
panel the ISM induces a polarization with a position an-
gle similar to the initial one of the OT, while in the right
panel the ISM angle is opposite. The figure shows that the
presence of the ISM modifies quite substantially the ob-
served polarization, especially at times when POT ≈ PISM.
Note also that the presence of the polarizing ISM makes
the position angle to vary smoothly, instead than abruptly.

In order to derive the best possible constraints on the
intrinsic OT polarization, we performed a combined fit,
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including the spectropolarimetric measurement, our two
imaging polarimetry results (run 2 and run 4), and the
Rol et al. (2002) measure. We fix the MW interstellar
polarization to the value derived from our two imaging
polarimetry runs (pISM = 0.81% and ϑISM = 107◦) and
we allow for the OT intrinsic polarization to vary freely in
time, holding fixed its position angle. The resulting fit is
acceptable (χ2/d.o.f. = 53/46). We plot the intrinsic OT
polarization with filled dots in Fig. 5. Our last imaging
run (run 4) yields an OT polarization entirely consistent
with the ISM one, and therefore only an upper limit for
the intrinsic OT polarization can be derived. The intrinsic
polarization values are reported in Tab. 3. We used a jet
break time tj = 4.74 d (Holland et al. 2003). More recently,
Mirabal et al. (2003) reported a break time tj = 9 d. The
value of the break time should therefore be considered ac-
curate up to a factor of two. Adopting the larger break
time, however, the agreement between the data and the
models is worsened.

Since we fixed the ISM polarization to the one de-
rived from the field stars, this result does not differ sub-
stantially with respect to a simple subtraction of the
ISM polarization from the measured OT polarization at
the different times. However, this combined fit allow us
to derive the properties of the MW ISM polarization:
λmax = (0.46 ± 0.15) µm for the local ISM, a reasonable
value. In addition, we could verify the overall consistency
of the model. In principle one would want to avoid to use
the information of the field stars and derive the ISM con-
tribution of the OT polarization from the curvature of
the spectropolarimetric observation. We tried to perform
the modelling without fixing the ISM polarization. Even
though the obtained result were fully consistent with those
obtained with the fixed parameters, the increased freedom
did not allow us to derive meaningful error bars. We there-
fore report the values and errors from the above modelling,
keeping in mind that they may still be mildly contami-
nated by ISM induced polarization. Another effect that
can hamper the derivation of the intrinsic polarization is
the contribution of the host ISM to the polarization. Even
though, as discussed above, this contribution cannot be
clearly identified in the data, it may still contaminate the
results at a few tenths of per cent level. With high quality
data, it would be in principle possible to disentangle all
the contributions, especially if the observed polarization
could be sampled at different wavelengths with positive
results. In this case not only a secure intrinsic OT polar-
ization could be pinned down, but precious information
would be gathered on the polarizing properties of high
redshift dust, of which so little is known presently.

In Fig. 5 we also compare the derived intrinsic OT
polarization with the predictions of the GL99 model. We
do not attempt to make a proper fit, given the numerous
uncertainties discussed above that hamper a proper com-
parison of the data with models. It is however interesting
to note that it is possible to find a consistent model. In
particular, the line shown in the figure is the polariza-
tion predicted for a uniform jet, viewed from a slightly

Run 2 Rol∗ Run 3 Run 4

t/tj 0.13 0.136 0.157 0.785
P (%) 0.53+0.2

−0.13 0.78 ± 0.25 1.21+0.16
−0.07 < 0.45 (3σ)

Table 3. Intrinsic OT polarization as derived from the com-
bined modelling of all the observations (see § 3.3). The intrinsic
position angle of the OT is ϑOT = (125 ± 2)◦. ∗ From Rol et
al. (2002).

off-axis observer characterized by ϑobs/ϑj ∼ 0.6, where ϑj

is the half-opening angle of the jet. The degree of align-
ment of the magnetic field (see GL99) is ∼ 50%. Since
the observation of run 4 was performed only slightly be-
fore the break time of the afterglow, it is possible that
the intrinsic OT position angle did rotate by 90◦ in our
last observation. This rotation would be the identification
mark of a uniform structure for the GRB jet (Rossi et
al. 2003, in prep.), opposed to the constant evolution of
the position angle of polarization in structured outflows
(Rossi et al. 2002a, 2002b, and 2003 in prep.). In this re-
spect it is tantalizing to note in Fig. 3 that the position
angle of the OT in the last measurement is smaller than
that of the field stars, while it is larger in all the earlier
measurements. To investigate the statistical relevance of
this finding, we performed again the combined modelling
of the data, allowing for a free angle variation of the OT
intrinsic polarization in run 4. Interestingly, we find that
the fit converges to a rotation ∆ϑOT = 100◦±20◦, in good
agreement with the uniform jet prediction. We performed
an F-test to asses the significance of the improvement, ob-
taining as a result that the shift in the position angle is
significant at the ∼ 2-σ confidence level. It should be how-
ever kept in mind that this result is strongly dependent
on the fact that the MW ISM contribution to polarization
was fixed to that of the field stars. Moreover, the effect of
the host ISM on the variably polarized OT (but with con-
stant angle) may be entirely responsible for the rotation
of the induced angle from the 107◦ of the MW ISM to the
observed 90◦ in run 4. We therefore consider this result
more like a consistency check than a detection.

3.4. Complications

Additional complications apply to the modelling of the
observations. In fact (see GL99) the polarization curves
shown in Figs. 4 and 5 are computed under the assump-
tion that the fireball evolves in a uniform and homoge-
neous medium. Lazzati et al. (2002b) showed however that
the environment of GRB 021004 was characterized by the
presence of density enhancements, in the form of clumps,
with density contrasts of order 10. This conclusion was
based on the observations of several rebrightenings over-
laid on the regular power-law decay of the optical after-
glow in the first few days (Fig. 1). If the visible portion
of the fireball hits a density enhancement of small size,
the local emissivity of the fireball itself will be enhanced,
inducing a variation of polarization similar to the one ob-
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tained during a micro-lensing event (Loeb & Perna 1998)
or a positive interstellar diffraction event (Medvedev &
Loeb 1999). The polarization can either increase or de-
crease and the position angle can be sizably modified in
one of this events.

In Fig. 1 we show the times of the polarimetric ob-
servations of the afterglow of GRB 021004 on top of the
R-band lightcurve. All the polarimetric observations were
performed during the “troubled” phase of the lightcurve,
and therefore the intrinsic OT polarization may differ from
the theoretical one.

Additional complications can be envisaged in locally
reddened afterglows. If in fact a strong polarization is in-
duced by dust in the close vicinity of the burst explosion
site, two effects can take place. First, dust destruction
by the burst prompt and afterglow emission (Waxman &
Draine 2000; Perna & Lazzati 2002) can imprint a strong
temporal evolution in the host ISM induced polarization.
This is however unlikely to be relevant for our observa-
tions, since the typical time scale for this process is of the
order of minutes, rather than days. Second, a patchy ab-
sorber may obscure in a different way different portions of
the fireball (e.g. Wang et al. 2003), altering one of the key
assumptions of the models. None of these effects should al-
ter dramatically the lightcurve, but a random noise could
be overlaid on the smooth theoretical evolution of the po-
larization predicted by the models.

Moreover, the underlying galaxy could also, in princi-
ple, dilute the OT intrinsic polarization (see for instance
Covino et al. 2003a for a discussion) when its contribution
is not removed by the application of suitable photometric
techniques. The host galaxy of GRB 021004 should be at
least as faint as R ∼ 24.4 (Fatkhullin et al. 2002; Holland
et al. 2003), i.e. negligible compared to the OT at the time
of polarization measurements. However, the Lyα emission
line (Mirabal et al. 2002), clearly visible in the OT spec-
trum (Fig. 2), suggests that close to the strongest emission
line wavelengths the galaxy contribution may play a role.
Given that our spectropolarimetric observation did not
allow us to single out a significant host galaxy contribu-
tion, a better resolution and higher S/N, as offered by the
proposed next generation VLT instrument X–Shooter (see
the feasibility study4), would be required to address this
interesting topic.

4. Summary and conclusions

We have presented multi-time and multi-filter observa-
tions of the polarization of the afterglow of GRB 021004
performed with ESO–VLT and TNG (Fig. 3) as well as
our analysis of the publicly available ESO–VLT spectropo-
larimetric observation (Fig. 2). The interpretation of the
observations is complex since none of the polarizing mech-
anisms that contribute to the observed polarization seems

4 “Feasibility Study for X–Shooter, a high-efficiency large-
bandwidth medium-resolution spectrograph for the VLT”, Ed.
H. Dekker, in preparation.

to clearly dominate over the others. We therefore adopt
this afterglow as a case study to investigate and describe
these three main effects: intrinsic (and time varying) OT
polarization, host ISM induced polarization, and MW ISM
induced polarization. By adding the spectropolarimetric
and time-resolved imaging polarimetry we were able to
get rid of the contribution of the host ISM, while OT and
MW ISM polarizations seem to play an intertwined role,
one dominating over the other at different times. Under
reasonable assumptions for the MW ISM induced polar-
ization we can derive the evolution of the intrinsic OT
polarization and position angle, which is consistent with
present-day models for the afterglow polarization, with
a preference for uniform jets over structured ones. The
quality of the data does not allow us to go too far and pin
down the geometry of the outflows, but we have shown
that, with good quality spectropolarimetry and multi-
time/multi-filter imaging polarimetry it is in principle pos-
sible to disentangle the three effects and get a hold on the
intrinsic polarization and on the structure of GRB out-
flows. The added value of such a measurement would be
the study of the polarizing properties of dust in high red-
shift galaxies, a completely unknown property of such an
important component of high redshift objects.
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