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ßXÕ§Ú ¸n H¡�Þ��~¡�¨¾�s«¦�§�-ÄM¡n w¥�©d����� Õ3Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ �
ßXÕåß ¸X�7£q¥� H�s¥�£s�~¿���Ä� H¡¢���7���´�s��¡�¨)�s«M�32��s�w£q�wÇ54\¿���ÄM¤�¡X¡�» Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ �
ßXÕåØ 6S¡n w¿��s��¡¢�RÕ3Õ~Õ3Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ æ
ßXÕ7� ¸X¡¢¥M£q H���-¡�¨��§��¨V¡�£q©+¿��s��¡¢� Õ~Õ3Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ æ
ßXÕåæ 2ÔÞ'Ä�¿��7���-¡¢�=�s«��§�DÄM¡n w¥�©d�����=Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ æ
ßXÕ98 4Ô¡]Ó°�7¡1¡�¤¦�s¿��§�=¨ ¥M£s�s«M�w£-«M��Ï§Þ�¿���Ä��§�M¨`¡�£q©1¿��s�§¡¢� ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ æ
ßXÕ;: Æ� q»X��¡ËÓÔÏ���Ä�¼���©d���´�s�ÊÕÈÕ3Õ~Õ3Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ æ

< ­=®Ê®�¯q±z²´³+µË¶?·>=>$?.¢¶$·@.�0A!Ë² ¶CB$²�%'B@0`²´³ D
ØXÕ§Ú Eá¿��s�§ ~ q«¦¿�£q¿� H�7�w£q�§�7�s�G w� Õ3Õ~Õ3Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ Ü
ØXÕåß �F�_£:¿�Ð=½O��Ï§���s H¡�Þ���� Õ~ÕÈÕ3Õ~Õ3Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ ÚwÙ

ØXÕåßXÕ§Ú �G�_£q¿�ÐÒÞ�¡¢�§���H� �7Þ�£s��¿�ÄÒ¨ ¥��� H�s��¡¢��Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ Ú�Ú
ØXÕåßXÕ§Ú�Õ§Ú Í~�I� ¿I�n�G�-ã
¸nÎ�Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ Ú�Ú
ØXÕåßXÕ§Ú�Õåß ÍKJ"� ¿I�M�§�-ãá¸nÎ Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ Ú�Ø

ØXÕåßXÕåß �G�_£q¿�ÐÒ��J��� H�s�����¬¿�£s��¿uÕ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ Ú*:
ØXÕåßXÕåßXÕ§Ú Í~�I� ¿I�n�G�D��J$�� H�s�§���¬¿�£s��¿!Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ Ú*:
ØXÕåßXÕåßXÕåß ÍKJ"� ¿I�M�§�D��J��� H�s�����¬¿�£q��¿ Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ Ú�Û

ØXÕåßXÕåØ Ö-���sÞ$¡¢�¦�7�~©1¿��7£q�§ H����¥��7��Ä=�§�Ò�s«M�/¸nÆQ¸2Ä¦¿��s¿+¿���¿�Ï�Ðn�s�§� ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ßnÚ
ØXÕåßXÕ7� ¸X�7£q¿ËÐXÏG��¼¢«´�D£q�MLÃ�� H�s��¡¢�RÕ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ßnÚ

ØXÕåØ ��2\Ö-ÍQãy�jÆ�Åªã�4~ÍQ½�ÍQÅ ÂÃÝzÆÔÌ\ÂÃÅ~Ì#ÁáÆ\Ý �yÖÔÆON �yãyÂ7ÁFPdÕ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ß�Ø
ØXÕåØXÕ§Ú ½DÓ
¡d� ÐXÞ����-¡�¨)�yã&ÂsÁ  w¿�©d�w£:¿��Q�yÝºÍ3¸Ò¿���Ä=Þ?� Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ß�Ø

ØXÕåØXÕ§Ú�Õ§Ú �jã&ÂsÁ ÝºÍ3¸Ò q«¦��Þ=¼��w¡¢©d�w�7£sÐ ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ßR�
ØXÕåØXÕ§Ú�Õåß �jã&ÂsÁ Þ¦�= :«���Þ�¼��w¡¢©d�w�7£qÐ#Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ßR�

ØXÕåØXÕåß ¸n w�����¦ H�3©d¡XÄ����D¡�¨¾�s«��È�yãyÂ7Á  w¿�©d�w£:¿���ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ß�æ
ØXÕåØXÕåØ �yãyÂ7Á �G©1¿�¼¢�§�M¼TSu¿��M¼¢¥¦Ï§¿�£-£s���7¡¢ÏG¥M�s��¡¢� Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ØR�
ØXÕåØXÕ7� ÂÃ�´�7£q�G���s�§ ����M�w£s¼�ÐÒ£s���7¡¢ÏG¥M�s��¡¢�Ò¡�¨)�yã&ÂsÁ Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ØR�
ØXÕåØXÕåæ �yãyÂ7ÁVUX¥�¿����s¥�©��Hàu w�§���� w�����¬Õ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ØR�
ØXÕåØXÕ98 �yãyÂ7ÁXW$Ï��7�w£q�D¿���Ä=��J��� H�s�����	¿�£s��¿/Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ØY:
ØXÕåØXÕ;: �yãyÂ7ÁR¤?¿� s»X¼�£s¡¢¥���Ä Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3ÕZ��Ú

ØXÕåØXÕ;:�Õ§Ú �jã&ÂsÁ �H�n�7�w£q��¿�Ï\[7]?¿�£:�§�M¼MÇM¤¦¿� q»�¼�£s¡¢¥¦��Ä Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3ÕZ��Ú
ØXÕåØXÕ;:�Õåß �jã&ÂsÁ �§���7�w£q��¿�Ï-[9UX¥������s H�����wÇ�¤¦¿� q»�¼�£q¡¢¥���Ä Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3ÕZ�´Ø
ØXÕåØXÕ;:�ÕåØ �jã&ÂsÁ ×\�w�7�� H�7¡�£~ÅÔ¡¢�§�s� Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3ÕZ�´æ

ØXÕåØXÕåÜ �yãyÂ7ÁQÇÉ�D�7�����s���s�§�X���ÑÐuÏ§�G©1���s��ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3ÕZ��8
ØXÕåØXÕåÛ �yãyÂ7ÁRÞ?«M¡��7¡¢�=Þ¦�§Ï§��� ¥MÞYÕ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3ÕZ�´Ü
ØXÕåØXÕ§ÚwÙ��yãyÂ7ÁR�w�������Ô¼�£:¿�ÄM�È�7��Ï��� H�s�§¡¢� Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�æ�ß
ØXÕåØXÕ§Ú�Ú �yãyÂ7Á^� �7Þ��� w�_W? �Þ�£s¡�Þ�¡¢�s¿�Ï'�s¥M¤?©1�§�s�s�§¡¢�u�§��¨V¡�£q©+¿��s��¡¢� Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�æ�Ø

ØXÕåØXÕ§Ú�Ú�Õ§Ú��jã&ÂsÁ �7Þ��� H�7£q¿�Ï`UX¥�¿�Ï§�§� Ð�Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�æ�Ø
ØXÕåØXÕ§Ú�Ú�Õåß �jã&ÂsÁa]?¥n�2�7¡+ H¡¢¥����-£q¿��7�È H¡¢�����w£q�s�§¡¢��Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�æ�8
ØXÕåØXÕ§Ú�Ú�ÕåØ�Áá¡¢¥��´�Ô£q¿��7�È H¡¢�����w£q�s��¡¢�=¨`£s¡¢©�¡��s«��w£F�G�_£q¿�Ð=�s¿��7��Ï§ÏG���7�3©1�§�s�q��¡¢��� Õ�æ�8

ØXÕ7� ÖÔ�jÎ-6¾�
Áá½-Â7ÍQÅÊÌQÖÔÆ�½-ÂhÅ~Ì�¸nãj�
Áá½ÔÖDÍ~Ýz�j½-�yÖZN Ö-Ì3¸5PºÕ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õb8�Ø
ØXÕ7�MÕ§Ú ×Q�_J�£q¿� H�s��¡¢�=¼��w¡¢©d�w�7£qÐ#Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õb8R�
ØXÕ7�MÕåß ÖÔÎ�Á  q«��§Þ�¿�£s£q¿ËÐX� Õ3Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õb8�æ
ØXÕ7�MÕåØ Ö-Ì3¸2¼�£q¿��s�G�M¼1¡�£qÄM�w£:�-Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õb8�8
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ØXÕ7�MÕ7� Ö-Ì3¸Ò�7Þ��� H�7£q¿�ÏS£s���7¡¢Ï§¥M�s�§¡¢��ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õb8�Ü
ØXÕ7�MÕ7�MÕ§Ú Ö-Ì3¸��7Þ��� H�7£q¿�Ï'£s���s¡¢Ï§¥M�s��¡¢�Ò¨`¡�£-�H�n�7����ÄM��Ä��7¡¢¥�£q H��� Õ3Õ3Õ~Õ3ÕÈÕ~Õ3ÕO:XÚ

ØXÕ7�MÕåæ Ö-Ì3¸2��J��� H�s�����¬¿�£q��¿d¨V¡�£\Ä��§�7Þ��w£q�q�������7Þ��� H�7£s¡¢�q H¡�Þ�Ð Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3ÕO:�ß
ØXÕ7�MÕ98 Ö-Ì3¸Ò�7���¦�s���s���n��� Ð2Ï§�§©1�§�s� Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3ÕO:�æ
ØXÕ7�MÕ;: Ö-Ì3¸2£s���sÞ$¡¢�¦�7�ÒÕ3Õ~Õ3Õ3Õ3Õ~ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3ÕO:�Ü
ØXÕ7�MÕåÜ Í\Þ��w£q¿��s�§��¼/©1¡XÄM���-¡�¨¾�s«M�¬ÖDÌÈ¸!Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�Ü�Ù
ØXÕ7�MÕåÛ Ö-Ì3¸Ò�7Þ��� w�_W$ �Þ¦£s¡�Þ�¡¢�s¿�Ï'�s¥M¤¦©+�§�s�s��¡¢�2�§�M¨`¡�£q©1¿��s�§¡¢�YÕ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�ÜnÚ

ØXÕ7�MÕåÛXÕ§Ú Ö-Ì3¸�¿���¡¢�§Ä¦¿��� H�¬¿��M¼¢Ï§���|Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�Ü�ß
ØXÕ7�MÕåÛXÕåß Ö-Ì3¸��7Þ��� H�7£q¿�Ï`UX¥�¿�Ï§���ÑÐ Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ3Õ~Õ3Õ3Õ~Õ3ÕÈÕ~Õ3Õ�Ü�ß
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2 J. W. den Herder et al.: The Reflection Grating Spectrometer
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Fig. 1. Optical design of the RGS (not to scale). X-rays, indicated by
red arrows, enter from the top. Numerical values for a few key dimen-
sions and angles are indicated (linear dimensions in mm, angles in
degrees).

Nine large format back-illuminated CCDs are located on
the Rowland circle to detect the dispersed spectra in single pho-
ton counting mode. The position of the X-ray on the detector
gives the wavelength through the dispersion equation:

(1)

where is the spectral order (–1, –2, ...), is the groove spac-
ing and and are the angles of the incident and dispersed
rays, respectively, both measured from the grating plane. First,
second and higher order spectra are overlapping on the detec-
tors, however, they are easily separated using the inherent en-
ergy resolution of the CCDs. Key parameters of the design are
listed in Table 1 (see also Brinkman et al. 1998).

Table 1. Key design parameters

par value comment
15 Å first order blaze wavelength

0.6989 blaze angle of facets
2.2751 graze angle on facets
1.5762 angle of incidence
2.9739 diffraction angle for

1/d 645.6 lines/mm Central groove density
CCDs 9 back illuminated, m thick
pixels 27 27 m pixel size; standard

3 3 on chip binned
CCD size 1024 384 image area, identical storage area

T - C nominally –80 C
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Fig. 2. Schematic drawing of a grating, including some of the key di-
mensions and angles.

2.2. Reflection grating array

The Reflection Grating Array (RGA) contains 182 identical
gratings (one of the two RGAs contains 181 gratings due to a
fabrication problem encountered during installation). The grat-
ings are mounted at grazing incidence in the in-plane, or clas-
sical configuration, in which the incident and diffracted X-
rays lie in a plane that is perpendicular to the grating grooves.
Because the beam is converging, the gratings are oriented so
that the angle of the incident X-ray at the center of the grat-
ing, , is the same for all gratings in the array. In addition, the
gratings all lie on the Rowland circle, which also contains the
telescope focus and the spectroscopic focus for the blaze wave-
length. In this configuration, aberrations, which would other-
wise be introduced by the arraying, are eliminated (Kahn 1990)
(see right side of Fig. 1). The telescope aperture is filled by
rotating the Rowland circle about an axis passing through the
telescope and spectroscopic blaze foci. In all, each RGA con-
tains six rows of gratings.

Each grating measures about 10 by 20 cm (see Fig. 2).
These large gratings need to be very flat in the long (i.e. disper-
sion) direction, since any non-flatness translates directly into a
degradation of the resolution. At the same time the grating sub-
strates need to be very thin in order to minimize the obstruction
of the direct beam by the gratings. The grating substrates con-
sist of 1mm SiC face sheets with five stiffening ribs at the back,
running in the direction of the X-ray beam. The face sheets
are fabricated to 1 (634.8 nm) and 10 flatness in the long
and the short direction, respectively. The gratings are replicated
from a mechanically ruled master and are covered with a 2000
Å gold coating. The groove density varies slightly ( 10 %)
over the length of the gratings, to correct for aberrations asso-
ciated with the converging beam (Hettrick and Bowyer 1983;
Kahn 1990). The groove density is 646 grooves/mm at the
center.

The grating array support structure was machined out of a
monolithic billet of vacuum hot-pressed beryllium. Beryllium
was selected for the grating support structure for its low spe-
cific mass and good stability over the operational temperature
range (10 - 30 C). This structure is mounted with three flexi-
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1: Capella      0043 0119700201
2: Capella      0043 0119700301
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5: YY Gem       0069 0123710101
6: AB Dor       0072 0123720201
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2: Capella      0043 0119700301
3: Capella      0043 0119700601
4: Capella      0054 0121920101
5: YY Gem       0069 0123710101
6: AB Dor       0072 0123720201
7: Procyon      0160 0123940201
8: AB Dor       0162 0123720301
9: LHA 120-N63A 0177 0109990501
10: AB Dor       0205 0134520301
11: Sz 6         0222 0067140201
12: Capella      0232 0134720101
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CAPELLA
XMM−Newton/RGS
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6 W. Pietsch et al.: XMM-Newton observations of NGC 253

Fig. 5. “Fluxed” RGS spectrum of the bright nuclear
area of NGC 253 (extraction region 1’ along the minor
disk axis, covering nucleus and plume). Bright emission
lines are identified

Fexvii) to ∼1.5 keV (Mgxii, Sixiii). The weakness of
the longer wavelength lines suggests significant photoelec-
tric absorption with implied column densities in the range
1021–1022 cm−2. The abundances do not appear to be un-
usual, although accurate abundance estimates will depend
on the precise temperature distribution, which has yet to
be determined. The general appearance of the spectrum is
reminiscent of the spectrum of intermediate age supernova
remnant gas, as might be expected for a starburst nucleus
and the interaction of the outflowing wind with the cooler
gas of the ISM in the plume. The characteristic emission
measure in this region is ∼ 7.5 × 1061 cm−3 (assuming
solar abundances), which, given the 30′′ extent of the nu-
clear source, implies a characteristic electron density of
∼ 0.1 cm−3.

4.1. Unresolved X-ray nucleus

Below 0.5 keV, no significant emission from the unresolved
nuclear source (X34) can be seen. As we go to higher en-
ergies, the centroid of the X34 emission shifts to the NW
along the minor axis (Fig. 6) towards the position of the
radio nucleus indicating that only at energies above 4 keV
will emission from the nuclear starburst dominate the X-
ray spectrum. It is apparent also in the inlay of Fig. 1, that
harder (bluer) emission is shifted more to the NW where
the black contours of the (2–10) keV emission are centered
on the radio nucleus. The natural explanation is that X34
is an unresolved source of similar size to the shift reach-
ing out from the starburst nucleus (i.e. the collection of
sources and diffuse emission as seen with Chandra), that
is increasingly absorbed towards the galaxy centre in the
intervening inner disk of NGC 253.

Strickland et al. (2000) report that the Chandra spec-
trum of the diffuse emission of the nuclear area (their NC)
consists of a thermal plasma of temperature 0.66 keV,
4.7×1021 cm−2 absorption plus emission in the (2–8) keV
band dominated by point sources. The EPIC spectrum

Fig. 6. Distance of the center of the X-ray emission from
the position of the galaxy nucleus as a function of energy.
The position in RA and Dec has been determined using
at least 300 photons per energy bin in a radius of 12.′′5.
There is a strong shift along the minor axis of 10′′ from
0.5 keV to 1.5 keV and a smaller shift up to 4 keV. Typical
errors are indicated

further characterizes the nuclear emission (Fig. 2) with-
out spatially resolving the Chandra point sources. While
the spectral resolution is not sufficient to resolve the lines
seen by the RGS below 1 keV, lines from Mgxi, Mgxii,
Si xiii, Sixiv Arxvi, and Fexxv are clearly detected and
argue for gas components with temperatures up to 5 keV
and above. We modeled the spectrum using thin ther-
mal plasma components of solar abundance with corre-
sponding absorption increasing with the temperature of
the plasma component and added a power law component
with the lowest absorption value. A model with three tem-
perature components gave an acceptable fit (χ2

red
= 1.05

for 222 d.o.f.) with NH = (0.34,1.78,13.2)×1022 cm−2,
photon index of 1.0, and temperatures of (0.56, 0.92,
6.3) keV, respectively. A model with the same abundance
in all three temperature components does not require the
power law component and gives for an abundance of 0.7
solar an equally acceptable fit with very similar absorption
values and temperatures. The low temperature component
is in good agreement with the diffuse Chandra emission.
Note that within the nuclear spectrum, no evidence for a
significant AGN contribution is detected (which would re-
quire a highly absorbed non-thermal component) and the
very hard component can therefore be attributed purely
to the starburst nucleus. The column density of > 1023

cm−2 is in good agreement with the predictions from other
wavelengths (see discussion in Pietsch et al. 2000).

The energy, intensity and equivalent width of the Fe K
line are (6.67±0.05) keV, (7±2)× 10−7 photons cm−2s−1

and (930±300) eV. Similar high-temperature plasma and
Fe K lines have been found by XMM-Newton in young
type Ib and type IIa SNRs, such as CasA(age 300 yr) and
N132D (3000 yr) (e.g. Behar et al. 2001). Assuming that
type IIa SNRs are prevalent within the starburst nucleus
of NGC 253, and assuming the Behar et al. Fe line flux ob-
served in N132D, we estimate that ∼1000 such SNRs are
necessary to explain the Fe K line intensity from NGC 253.
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G. Branduardi-Raymont et al.: XMM-Newton observations of MCG −6-30-15 and Mrk 766 3

Fig. 1. The raw RGS first order spectra of MCG −6-30-
15 (top) and Mrk 766 (bottom), plotted in the observer’s
frame.

continuum. In addition, the spectra do not show neutral
absorption edges from the other elements at their expected
positions.

3.1. Spectral Fits with Warm Absorber Models

We attempted to fit the spectra with a warm absorber
model which includes the appropriate absorption edges
and absorption lines associated with all ions of abundant
elements (C, N, O, Ne, Mg, and Fe). The absorption line
equivalent widths depend on the velocity profile, and we
assume a turbulent velocity, which is a free parameter for
each charge state. The absorbing column density of each
charge state, as well as the neutral Galactic column den-
sity, are also left free to vary. The fits (shown in Fig. 2; best
fit power-law slopes Γ = 2.14 and 2.53 for MCG −6-30-
15 and Mrk 766 respectively) are unacceptable for both
objects, for a number of reasons. Firstly, the observed,
putative “Oviii and Ovii edges” are redshifted with re-
spect to their expected positions (14.23 Å and 16.78 Å for
O viii and O vii, respectively), and by very large amonts
(∼ 1 Å), corresponding to infall velocities on the order
of ∼ 16, 000 km s−1. However, the absence of the as-
sociated absorption lines at the redshift implied by the
edges for these two charge states places an upper limit
in the line equivalent widths of EW ∼ 20 mÅ. For the
derived column densities of NOVIII ∼ 4 × 1018 cm−2 and
NOVII ∼ 3× 1018 cm−2 determined from the edges, these

absorption lines are in the saturated region of the curve of
growth. Therefore, the upper limit to the equivalent width
implies a sensitive upper limit to the velocity width of the
infalling material, which is ≤ 60 km s−1 for both objects.
This is very difficult to reconcile with the apparent red-
shifts. The radial inflow, in this case, would have to be at
one particular velocity. Re-emission following absorption
is an unlikely explanation for the absence of the absorption
lines. If the surrounding material is falling towards the nu-
cleus, most of the material will be re-emitting radiation at
shorter wavelengths than that of the absorbed resonance
line, and we would expect to observe an inverted P Cygni
profile, which is definitely not seen in the data.

The fits described above still require a significant neu-
tral absorbing component in excess of the Galactic column
density to these sources. In the case of Mrk 766, the neu-
tral oxygen edge is again too high with respect to what is
required to fit the data at longer wavelengths. An excess
of flux is also present between 18 and 19 Å in MCG −6-
30-15.

3.2. Disk-line Emission Interpretation

The physical and spectroscopic implausiblities described
above force us to examine alternative models to reproduce
the observed RGS spectra. Remarkably, we have been able
to obtain acceptable fits to both the MCG −6-30-15 and
Mrk 766 data with a completely different model consist-
ing of an absorbed power-law and emission lines, which are
gravitationally redshifted and broadened by relativistic ef-
fects in a medium which is encircling a massive, rotating
black hole. In this interpretation, the saw-toothed features
in Fig. 1 are attributed to (in ascending wavelength order)
H-like Lyα lines of Oviii, Nvii, and Cvi.

Our model includes a power-law continuum, with cold
absorption fixed at the Galactic value, and three emission
lines represented by profiles originating near a maximally
rotating Kerr black hole (Laor 1991). The line wavelengths
are fixed at their expected values in the observer’s frame
for the redshifts of the sources. The continuum power-law
slope (photon index Γ) is fitted, as are the disk inclination
angle i, the emissivity index q (i.e., the slope of the radial
emissivity profile in the disk), and the inner and outer
limits Rin and Rout of the disk emission region. These
parameters are tied for all the lines in the fit.

The best fit parameters are listed in Table 1; data and
best fit models are shown in Fig. 3 for both MCG −6-30-15
and Mrk 766. The errors quoted correspond to 90% con-
fidence ranges for one interesting parameter. The derived
emissivity index of q ∼ 4 indicates that most of the line
emission originates from the inner part of the disk where
gravitational effects are the strongest. The outer emission
radius is, therefore, not well-constrained. For the same rea-
son, disk emission line profiles produced in a Schwarzschild
metric (Fabian et al. 1989) do not provide an acceptable
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4 J.S. Kaastra et al.: XMM-Newton observations of the cluster of galaxies Sérsic 159-03

Table 2. Fitting parameters and χ2 for a two components colli-
sional equilibrium model. The abundances are relative to solar.
The emission measure is denoted by Y .

Parameter RGS1 RGS2
χ2/d.o.f. 220/212 229/192
Y1 (m−3) (2.43± 0.07)× 1073 (3.19± 0.10)× 1073

T1 (keV) 3.0±0.5 2.3±0.3
O 0.23±0.07 0.16±0.06
Ne 0.8±0.4 0.4±0.2
Fe 0.75±0.19 0.45±0.08
Y2(m−3) (3.8± 1.6)× 1071 (3.3± 2.5)× 1071

T2 (keV) 0.77±0.09 0.76±0.21

Fig. 6. RGS1 spectrum of Sérsic 159−03 with the best fit two
component model. Note the O VIII Lyα line at 20.0 Å; the lines
between 11.2−12.8 Å are mainly due to Fe XXIV, Fe XXIII and
Ne X.

5. Discussion

Our results show that the central part of Sérsic 159−03 shows
very little temperature structure: the average temperature in the
innermost part is only 10 % lower than the temperature of the
hot gas outside the core. From imaging data with little spectral
information a large mass deposition rate has been deduced in
the past (e.g. 288 M�/year based upon Einstein IPC observa-
tions (White et al. 1997); 230 M�/year with the Rosat PSPC
(Allen & Fabian 1997). These values will be partly biased by
the strong abundance gradient in the core (Fig. 2). Our results
with both EPIC and RGS are consistent with such a large mass
deposition rate, but only if the emission measure distribution
has a low-temperature cut-off around 1.4 keV. The RGS spectra
give upper limits of 1 % of the emission measure of the hot gas
at any temperature below 1.5 keV. This upper limit translates
into a 0.1–10 keV luminosity of any cool gas that is less than
20 % of the predicted luminosity of a 230 M�/year cooling
flow without a low-temperature cut-off. The absence of cool
gas is similar to what has been found in hotter clusters (A 1835:
Peterson et al. 2001; A 1795: Tamura et al. 2001). We refer to
those papers for a further discussion of this effect.

Another interesting feature found from our high-resolution
RGS spectrum is the small O/Fe ratio in the core of the cluster:
0.34±0.17. This is significantly smaller than the O/Fe ratio of
1.0±0.3 derived from EPIC spectral fitting in the outer parts
of the cluster. The oxygen abundance is mainly determined
through the strong O VIII Lyα line. This line is subject to res-
onance scattering. We estimate the optical depth of this line to
be∼0.5, which yields a relative line flux depression of no more
than 15 % in the core. We conclude that there is a real decrease
in the O/Fe ratio towards the center of the cluster. However
the absolute oxygen abundance does not differ significantly be-
tween the core (0.19±0.07, as derived from the RGS) and the
outer parts (0.19±0.06, as derived from EPIC), it is merely the
iron abundance that increases towards the center. Since oxy-
gen is almost totally produced by type II supernovae and iron
mostly by type Ia supernovae, we conclude that the core of the
cluster has been relatively rich in type Ia supernovae, while the
type II supernovae are more or less uniformly distributed over
the cluster. The oxygen from type II supernovae may have been
ejected in protogalactic winds (Larson & Dinerstein 1975). The
dominance of type Ia supernovae in the center may be due to
the dominance of elliptical galaxies with an old stellar popula-
tion in the center of the cluster. Due to ram pressure stripping
these galaxies can loose their metals to the intracluster medium
(Gunn & Gott 1972).

The structure seen in the Fe-L equivalent width map
(Fig. 4) in the central cD galaxy (within 30′′ from the core)
indicates that the iron is distributed inhomogeneously in the
core. A possible explanation might be a recent merger of a gas-
rich galaxy in the NE part of the cD galaxy. Iron is not ex-
pected to diffuse over large distances during the life-time of a
cluster. Therefore the elongated iron-rich structure seen in the
EW direction extending out to at least 3′ (0.3 Mpc) towards
the east probably reflects the initial star formation in the early
evolution phase of the cluster. The additional amount of iron
in this structure is consistent with the total amount of inter-
stellar iron from a solar-composition galaxy with ∼ 1010 M�
of gas. Rosat PSPC images show indications for an extended,
elongated structure out to at least half a degree to the east of
the core, with a width of a few arcminutes. The characteristic
density in this structure is of the order of 100–200 m−3, similar
to the average cluster density in our outermost annulus (Fig. 1).
Perhaps these structures are associated with a supercluster; un-
fortunately the region around Sérsic 159−03 is poorly studied,
so we cannot confirm this.

A possible cause of the strong temperature drop near the
outer part of the cluster might also be associated with the
transition from cluster to supercluster. Temperature drops by
a factor of 2 or more and an associated metallicity gradient,
on slightly larger spatial scales than in Sérsic 159−03 have
been found e.g. in the A 3562/Shapley supercluster (Kull &
Böhringer 1999; Ettori et al. 2000). Numerical models of clus-
ter mergers (Ricker 1998) show that after the merger there can
be large-scale temperature gradients in the outer parts of a clus-
ter. This is due to a post-merger accretion shock caused by gas
falling back after the merging of the cores. The temperature
can drop by an order of magnitude at 10 core radii (about 5′ in
Sérsic 159−03), qualitatively similar to what we find.
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