
Chandra Observations of Relativistic AGN Jets
D. A. Schwartz
Smithsonian Astrophysical Observatory, Cambridge, MA 02138, USA

1'2�3)25476 298;:$<�=�>�?@3�=�A�B�C)293�4�=�D�6 A�>�CEA�FG=H3�I9C)29I9A�>�?"C)I9=�JK2�3)=H?�6KAEL�25D)C$6 >"M.N�=HC�=H3)CO=�>�?QP(A/8E293�FRN@J�SUTWV�VU3)=H?76KA�XH=�JK=�Y76 2ZCZ[$\E<�2
C P�=�D�6 =�J]I9AH3)3)25JK=�D 6KA�>^A�FU_�`a3)=Zbc=�>�?d3)=H?�6 A�B�3�6 X�<7D >�29C)C�I5JK29=H3�J bd6 >�?�6 IZ=�D�29Ce=�I9AHfQf�A�>gAH3 6KX�6 >!h@B�N@D�?@25D)=�6 J 2Z?^?76 i(2Z3�25>�I92ZCj=H3)2
C 6KX�>@6 k�I9=�>.D/[�\E<�2l3)=H?�6KA.m�A�P�D�6KI9=�JRm�_�`a3)=Zb'C�P(29I9D�3)=�JO25>�293)X�b^?76KC�D�3�6 B�N@D�6 A�>�C�Dab.P@6KI9=�J J bn?�A">@A�Do=�J JKAZ8p="C�6Kf�P�JK2QC�b.>�I)<@3)A�D�3)A�>
fQA.?@25J!D�A�P�3�A7?�N@IZ2eD <�2o25>.D�6K3�2�3)=H?�6K=�D 6KA�>-C P�29I5D�3�N�fg[OqrC�C�N�fl6 >�X�fl6 >@6Kf�N�fs25>�293)X�bd?@25>�C 6 Dab�h�8E2oI9=�>t25Y.P@JK=�6 >^D <�2o_j`u3)=/b
29f�6KC�C�6KA�>v=HCQ6 >.4�2Z3�C)2-:�AHf�P�D)A�>wC)I9=�D D)293�6 >�XxA�>WD�<�2gIZAHC�f�6KItfl6KI93)A/8�=/4�2tB�=HI)y7XH3)A�N�>�?{zu:E|t}�~5hO=�>�?W?@29?�N�I92gD <�=�D"D�<�2
L�25D)Co=H3�2QfQA/4.6 >�X,8�6 D�<'B@N@J y'�!AH3�25>7D���F�=HI9D�AH3)C�A�F��/�@���,A�>nC�I9=�JK29Cc���H��� C�A�F�y.P(I�F�3�AHfsD�<@2cIZ25>.D)3�=�J�M�N�=HC)=H3Z[�\E<�2lP�AZ8E293
I9=H3)3 6K29?�B7bnD�<�29C�2lL�29D�C�6KflP@J 6K29CQD <�25bxP@JK=Zb�=-IZ3 6 D 6KI9=�Je3)A�J 2d6 >
D <�2g=HI9I93)25D 6KA�>wA�>7D�A'D <�2,IZ25>.D)3�=�J�B@JK=HI)y�<�A�J 2�h$=�>�?�<�=/4�2
=tP�3�A�F�A�N�>�?&6 >@��N�25>�I92,A�>xD <�256K3Q25>.476 3)A�>�fQ25>.D/��2�[ X@[Kh]B.bn3)25D)=H3�?�6 >�X-I9A.A�J 6 >�X-��A/8�C�6 >�I5J N�C D)293)C�A�FjXH=�J =�Y76K29CZ[nVuF�6 >.4�293)C)2
:�AHf�P@D�A�>xC�I9=�D�D�293�6 >�X^A�>'D <�2cf�6KI93)AZ8E=/4�2QB@=HI)y�XH3�A�N@>�?'6KC�P@3)A.?�N�I56 >�Xt_�`a3)=Zb�Ce6 >n>�29=H3 B7b"L�29D�C�C�N�I�<&=HC��$���-�H�H���/` ���H��h
D <�25>c6 >.D)3 6 >�C�6 IZ=�J J bdC�6Kf�6 JK=H3EA�B�L�29I9D�C�f�N�C�D�B(2jC�2929>c8�6 D <cD <�2jC�=HfQ2�C�N�3 F�=HI92EB�3�6 X�<7D >�29C)C�=�DO8�<�=�D)254�293E3)29?@C <@6 FRD)C�D�<@29bQ29Y.6KC D/[

1. INTRODUCTION
���/�u�����/�&���U�t�u�(�U�����
�(�����U��	� U��
�#��/��¡"¢£���@¤w¥,¦�§/�.��¨���¢

�/���/¤ª©�0�«e�/���.���&¬��.���n�/�U���.�x§Z�u­��U��®O�.�(���g¯]�����7�H���u�(��§g������°!¢
�/����­G���a�(���/�a�r¡"¢£���@¤�±9����§c© ²@«�³r���x´l�.�xµ¶© ·�«)¸��u�n¹»º!¼^© ½�«)¸(����¯
�u�¾·!´¿²�¼�·À© Á!¸eÂ@«�ÃWÄd��¬¿¡"¢£���@¤��(¦�§/�.��¨����/�u����§d�(��±9�.��§-�(�/�
���������/�u¦U�U�/�u�U­��/�g�"¨������u���9¤d�(��ÅU���(¦U�u�7Æ
§�¸.�u���.�u��¯]�u�U­Q�/�����u�]¢
�/�7�����H�/�u���w¬c���/�;­G�(§c�u�»Ç!�.¤G���7�Z�d­G���a��°]�u�7§g©K¼7«r�(��¯����u��§Z�/�7��§
���E­��(�a��°]�u�7§�© ºU¸!È@«)É]�U���/¢£§/Å$����§��������U�"�.�O¯U§��(�!±9����§,©R0�Ê!¸�0(0H«)¸
±9����§��u�-ËQÌ�Ì��(���(¦]±9���H��§�©R0@²�«!�(��¯tÍeÎpÏ�����¯]�u��­G���a��°]�u�7§r©�07·@«)É
����¯¾���U�W���.�a���/�u¨!�u§Z�/�a�"±9����§n�u�ªÐG���(§�����§-���O¯ÑÅO��¬��.�/���U�lÍeÎ
ÏZÏ-���(¯U���{§Z���U���.�7§v©R07½]¸,0@Á�«)ÃÓÒQ�U�7§/�v§Z�/�O¯]�u�7§&�����W�.�O��¦U�u�7¯
¦!¤
�/���^Æ
��­(����®$���.�G�Q���U­��U�a���Q�/��§Z���u�]�/�u�(���(�j���U�»	� U��
$#��/�
¡"¢£���@¤v���.�u�7§�����ÅO�(¸$¬c�U�a���»���7§/�U����§,�u�À�W§/¤]§9���.ÆÔ���7§/�(�u�]�������
���l�(¦O���]�gÊUÃÕ¼�¼�Ö Ö����U�u��¢£¬c�a¯!�/�»���g�O�����a¢)Æ
��°]��Æ&�UÆ×���7§/ÅO����§/��Ã
ÒQ�U�¾07Ê�¢)���(�a¯¾�uÆ�ÅU����¨(�.Æ��7�G�g�u�Ó�(�U­(�U�a�(�-�/��§Z���u�]�/�u�(�Ñ¬c���/�
�/�U�v	� U��
$#����x¡"¢£���@¤&���.�u�7§�����ÅO�"­��u¨(�7§l�
0�Ê(Ê�¢)���(�a¯&�u�������7��§Z�
�u�v§/Å������a���$���U���(��Æ
���/�u���E¸G�(��¯v�.���(¦U�u�7§l�/��§Z�����U�/�u�(�
�(��� �(���G�
§Z���Z� ������¦U���u­(�G�/�U��§/§g���������U�/��§^�U�����-¦U���u­(�G�-Å$�(�u�G�'§Z���U���.�7§
Ø §/�.�^Ír�u­(�U���n0@Ù�Ã

ÒQ���vÅ��/��§Z�7���x���.¨!�u�.¬×¬c�u�u���.��¨(�.�n�(�U�u¤Ñ���U�;�u��§9�n�/��ÅU�a��³
Îc�.�a���/�u¨!�u§Z�/�a�Ñ±9�.��§Ú�u�ÛÅ$��¬l�7�Z���U�»���H����¨��¶­G���a�(���/�a�Ü�!���.�u�.�
Ø µ"ÝtÄgÙ�ÃjÞd�u§Z�/���/�a�7���u�u¤�¸�±9�.��§-�(�/�x�W���(¯U���v�(§Z�/���(�U��Æn¤vÅU�U�.¢
�U�(Æ��7���]Ã�ÒQ����¬l�7�/�e���U�.���/�.�/�a�.�(�u��¤QÆ��(�/�u¨����/��¯dÅ��/�u�(�$���"¦O�.¢

3C 273

10" = 29kpc

10" = 27 kpc

0.5 to 7 keV

3C 273

ß�àÕá�â(ã9ä,å7ælç�è�ãZéHêgàÕë-é7á�ä�ìoí7î$ï9ð�ä�ñ�âGé7ì9é.ãoé7ò!óQô5ä/ïoí7î�õ@öÑ÷7ø7õgé.ì
í7ùGì5ä�ã9ú@ä�ónù�ê&ûdüeý(þQÿ������Õä�î�ï����Gé7òGó
	��
������������ã9àÕá�ð�ï����)ë-é.á�ä�ì
é�ã9äQï9ígï9ðGäQì9é.ë^äcì��Hé��Õädé7òGóní.î���í�ë��Gé.ãZé.ù��Õäcì5ä�òGì5àKï9àÕú�àKï)ê�� �eðGä
ô£ä�ïoàÕë-é7á7älàÕìeí7ò��Kê"!
�Õå�#¶í7î�ï9ðGä�àÕò�ï9ä�òGì5àKï)êgí7î�ï9ðGälñ�âGé7ì9é�ã$��í7ã9ä��

�u�U­c��¦�§/�.��¨(�7¯�©�07Â�«�¸��u�^�(��¯]�7���/�,��°]ÅU�a���u�t�U��¬p�a����­(�oÐG���(������¢
���u�7§E�(�!�7�U�.��­(¤,¬l�7�/���/������§/ÅO���Z���7¯,�/�"�/�U�l����¦O��§E���]­��u�(�G������¢
¯U���'­����a��°!�u��§�Ã�Ï£�Q�a§l�(ÅUÅ��(�/�7���l�/�����Q�/�U�7¤
�����,�&§Z�u­(����®$�.���G�
ÅO���/�Q�(�����U�-�.���.��­(¤�¦U��¯U­(���"�(�j���U�-µ"ÝtÄ�%K§"�.�.�G�/�����E¦U�a���'&
���(�u�g©�0@¼�«�¸!����¯'�/�U�7¤'Æ&��§Z�e¦$�c�u�G�/�.���(���/�u�U­"¬c�����'���U�c­���§e���
���U�.�u�,�U��§Z�g­G���a��°]¤(¸O����¯À¬c���/�����U�n�u�G�/����¢5���u��§Z�/�7�cÆ��7¯]�u�UÆ
¬c���.�»���U�.¤��]�7���U�g�u�À�w�.�u��§9���.�,����­G���a��°]�u�7§.ÃdÏ£�^�a§d�U��ÅO��¯
��������§9����¯]¤x���!±9����§l�7���x���.�u����§���¦$�(�U���/�U�g�(�7���.�u�7�����/�u�(�n���
���U�Q����¯]�a��������­"�.�u�7���/���(��§.¸(���O¯'¬c�U�.�/�U�7����������­(�l�U�.�U�/�����u���9¤
�a§EÆ
�(�u�������u�U��¯"¦!¤,Å$��§/���/���(��§��(��¦!¤gÅU�/�(�/����§�ÃeÒQ�U�.�����a§��(�u§/�
���U�dÐG�U��§9�������x���E�U��¬Ú§Z�O����ÅO��¬��.�/���U��±9�.��§������"�(�.�.�.�u�.�������7¯
�(��¯»�.�(�u�u��Æ
���/��¯W¦!¤;�/���&�.�.�G�/�����e¦U�a�(�'&v�U�����(Ã-ÒQ�U�n¦��/�G�(¯
¦O����¯;§/ÅO���H�/�����j�.�U�7�/­�¤w¯]�a§Z�/���u¦U�]�/�u��� Ø Ç)(+*tÙQÅU����¨G�a¯]��¯W¦!¤
���U�^¡"¢£���@¤
¯U�����&�(�u����¬"§��&Æ��(���g�.�(Æ�ÅU�u�.�/�gÅU�a�H�/���/�t���j�/�U�
���(¯U�u���/�u�(��Æ������������u§/Æ
§���ÅO�7�����/�u�U­&�u�W���U�Q±9����§�ÃlÇ!�u���.�t����¢
¯U�u���/�u�(�'�(¦�§/�.��¨(��¯-�u�&�t­��u¨(�.�'¦�����¯x�(�/�a§/�7§jÅU�/�uÆ
�(�/�u�u¤"�����(Æ
�7�u�7�H���/����§.¸ Ø �u���.�u��¯]�u�U­�Å$��§/�����/����§�Ù�¸O¬c�����U�u�À�W¯]�a§Z�/�u�����d�.�]¢
�7�/­�¤{¦O����¯�¸l�/�U�v�u�������/�uÆ���§t���(�&Å����/�/�a�.����§^¬c�U�a���ªÅU���]¯]���.�
���U�,¯U�-,��.���.�G����¦�§/�.��¨(�7¯x¦O����¯U§l�.�(�
¦O�gÐG�U���/�,¯U�-,��.���.�G�7¸G§/�
�������&�/���v§/Å������a����Å��/�(®��u�7§^¬c�u�u��¦$�W���.�u�u�u�U­���§x��¦$�(�]�n�/�U�
���.�.�.�u�.������������§Z���/��§�Ã

Ï5�&�/�U�a§e�����.&'ÏrÅU���7§/�.�G������­(��Æ��.�G��§r�������u�����.��ÅU�����/�u�U­d�/�U�
¡d¢)���@¤^�.Æ��a§�§Z�u���'�(§o�u�!¨(�7��§/�"´l�(Æ�Å]���(� Ø Ï/´QÙo§��.���Z�/�7�/�u�U­g�/,
���U�W�.��§/Æ��u�&Æ��a������¬Q�@¨(�-¦����'&!­(���(�U��¯ Ø ´�¹ÀËQÙ-����¯]�a���������EÃ
ÒQ���7§/�&�(�/­��UÆ��.�G��§,�����n¦O�(§/�7¯»���»���U��¦U�����(¯]¢)¦��(��¯ÀÇ0(1*-¸
��� �/�U�»�������u�{�(�t¡d¢)���@¤p���p����¯]�u�
2O�]° ÅU����®O����§�¸c���O¯ ���
�.�(��§/�a¯]�.���u�U­����U�
���.�a������¨��-�.���.��­(¤À¯]�7��§/�����u�7§g�u�À���U�
Æ
��­(¢
�����/�a�;®O�.�a¯Ú����¯ ´�¹ÀË ����¯]�.�w�/���{�(§�§/�UÆ�Å]�/�u��� �(�-�U�7�(�
Æ��u�U�uÆ&�UÆ �7�U�.��­(¤»�.�(��¯U�����u�(��§.ÃnÒQ�U�xÏ/´43(´�¹ÀË ���G���.��ÅU�/�.¢
�����������v�(�u����¬"§���§c�/�
��§9����Æ
���/�g�/���-Æ
��­��U�����u�d®��7�u¯v�u�v�/�U�
±9�.�����7§Z�o�����(Æ���¸(���U�"¦U���5&&Ì����/�7����6Q� �(���/�(�������/�U�d�/�7�u���/�u¨!�a§9¢
���a��±9���7¸g�(��¯Ú���U�{Æ��u�U�uÆ&�UÆ �7�U�.��­(¤s���^���U�¾�/�7�u���/�u¨!�a§9���u�
�7�u�7�H���/����§c�u�����U�d±9�.�.Ã-ÒQ�U�&Æ���§Z�d���.Æ
����&���¦U�u�tÅU���7¯]�a���/�u�(�
�(�����U�-Ï/´43(´�¹ÀËÜ§/�.�.���(�/�u�nÆ
�@¤�¦O�t�������,§/�����v¡"¢£���@¤t±9�.��§
¬c�u�u�e¦O�
§/�.�7�À����¨(�7�/¤»�a�(�/­��'���7¯U§/�U���a��§�©�07º@«)¸o����¯{Æ
�@¤�¦O�
¯U���/���H����¦U�u�W�u�87O¢£���@¤]§^�UÅÓ�/� 07Ê�ÊÀ¹���9-Ã�ÒQ�U�a§n§/�u­(�����/�U���
Æ
�@¤{�U���/�uÆ
�����.�u¤»¯]�a§Z�/�u�U­(���u§/�{�/�U�vÏ/4́3(´�¹»Ë Æ��7���O���U�a§/Æ
�����(Æ �����/�7�/�����/�t��°]ÅU�a�(������������§l���v¬c�U�a���w�/�U�^¡d¢)���@¤
�.Æ��a§Z¢
§/�u�(�v�����u§/�7§��(§c§/¤!�����U�������/���
����¯]�a���������À©�07È�:U²]0�«)Ã

;�;=<�>

22nd Texas Symposium on Relativistic Astrophysics at Stanford University, Dec. 13-17, 2004

1



² �����(���w	o��
7���.�/�.
$�����������������j�7������� ��
]�Q��
�#&%n���£�H*d+-�.�/�

Spectral Energy Distribution often indicates against Synchrotron X-rays

K 2

PKS 0208-512

Quasar

5" = 43 kpc

K 1

K 3

PKS 0920-397

K 2

K 1

Quasar

10" = 72 kpc

12" = 109 kpc

Quasar

PKS 1030-357 

K 3

K 1

K 2

Knot 1

5" = 40.3 kpc

Knot 2

PKS 1202-262

Quasar

ß�àÕá�â(ã9äd÷�æ1?/�!é.ï9àRé@�A�Kênã9ä�ì5í��Õú@äHóB?DC�E îuí.ã�î�í�â(ã�ô£ä�ï9ì�í�ùGì5ä/ã9ú@äHónàÕò&ï9ð�äGFxé.ã9ì5ðGé��H�JIKå�K�L$ì5â(ã9ú@ä�ê����eð�ä4��àKãM�'�Õä�ì'�!ì9ñ�â!é�ã9ä�ì'�Gé7ò!ó-ï5ã9àRé7òGá��Õä�ì
ã9ä'�(ã9ä�ì5ä�ò�ïoã9ä�á7àRí7òGìON�ðGàH�Zð�é.ã9ä4�(ã9í�á7ã9ä�ì5ì5àRú�ä'�Kê&îuâ(ã5ï9ðGä�ãoî�ã9í�ë ï9ðGäQñ�âGé7ì9é�ã��!é.ìlàÕò!ó(àH�Hé.ï9äHó'ù�ê'ï9ð�äQçlè�ãZé�ê'àÕë-é7á�ä�ì�ï9í,ï9ðGä�ã9àÕá�ð�ï�í7î�äHé��Zð
ì��]ä'�/ï5ãZé����D�Õí7ï����)ò'ï9ðGäcàÕë-é7á7ä�ì'�(ï9ðGäQç�è ãZé�ê(ì�é.ã9äQãZé'NP��í�â�ò�ï9ìoàRònï9ðGä4!/� K,ï9í^øRQ@ä'SÓù!é.ò!óT��ùGàÕò�òGäHó'àRòU!
� K@V V=�GàXW(ä'�Õì'�Y�eðGäQîué7àÕò�ï9ä�ì£ï
��í��Õí7ãlàRì�í7òGäcì5àÕòGá��RäG��í7âGò�ï��/N�ðGàH�Õäcï9ðGäcó�é.ãMQ@ä�ì£ïoã9ä�á�àÕí�ò�ì�é�ã9äQï9ðGä"ñ�â!é.ì9é.ã+��í7ã9ä�ì'�J�eð�äcí��(ï9àA��é��$âD���]ä�ãO�ÕàÕë^àKï9ì4I ÷�ø�L�îuí7ã�ï9ð(ã9ä�äQí7îEï9ð�ä�ì5ä
�(ã9í�ðGàÕù�àÕï�ä�W
�D��é.ò!é�ï9àRí7òxí7î$ï9ðGäQç�è ãZé�ê(ì�é7ì�égì5àÕë��D�RäcäZW(ï5ãZé@�]í��Ré.ï9àÕí7ò�í7î�ï9ð�ä�ãZé�ó(àRí^ì£ê(òD�/ð(ã9í7ï5ã9í�ònì��]ä'��ï5ã9â�ëB�

2. SPECTRAL ENERGY DISTRIBUTION

2.1. Inverse Compton Emission
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Spectral Ener X-rays

many authors (e.g., Sol, Pelletier, & Asseo 1989; Laing
1993; Owen, Hardee, & Cornwell 1989; Wardle & Aaron
1997; Chiaberge et al. 2000), may be more realistic. While
more complex emission models should then be used, the
present data would be insufficient to constrain them.

Another possible scenario for the X-ray production from
jets (Celotti et al. 2001) is IC scattering of the beamed emis-
sion from a blazar nucleus, which according to unification
models is harbored by every radio-loud AGN (Urry &
Padovani 1995). However, this process is likely to be unim-
portant if the jet plasma is still relativistic on large scales. In

fact, in this case, the beamed photons from the inner jet
appear redshifted in the plasma rest frame, thus energeti-
cally unimportant.

On the other hand, IC scattering of the nuclear radiation
could be important for the X-ray emission from radio lobes
where the plasma reaches slower terminal velocities (Bru-
netti, Setti, & Comastri 1997). This process could possibly
explain the X-ray emission from the counterlobe of
0723+679, where a marginal detection is obtained from the
short Chandra exposure (Table 2 and Fig. 1). In this model,
since the upscattered photons are beamed back toward the

Fig. 8.—Radio–to–X-ray SEDs for the brightest X-ray knots in the four new X-ray jets of Figs. 1–4. In all panels, the left-hand vertical axes are in units of
observed flux �F�, while the right-hand axes are in units of luminosity �L�. Typical uncertainties for the fluxes are 33% or larger. The X-ray flux is always above
the extrapolation from the radio-to-optical continuum, except for knot A in 1136�135, suggesting a general dominance of inverse Compton for the production
of X-rays. In knot A of 1136�135, synchrotron is likely the dominant process. The solid lines are the best-fit models (sum of all components), with the parame-
ters reported in Table 4.
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Sambruna et al., 2002ApJ...571..206S

Inverse Compton X-
rays from the CMB:

γx ≈102−3

γr ≈104−5

Some jets may be de-
tectable by GLAST,
at 10−13 to 10−12 ergs
cm−2 s−1
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2.2. Low Energy Electron Spectrum
Cutoff
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3. X-RAY AND RADIO PROFILES
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4.1. Magnetic Field and Doppler Factor
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4.2. Kinetic Flux
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5. X-RAY JETS AT LARGE REDSHIFT
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