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GRB 050401 : A case for a Double Jet
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5.1 Introduction


����K�IMc�(�6��$=,:$=*�- (J+V��$ ! ,6��FI�+����.���T=���)�= QK)$=010�$El�$C!noD.����k� d K)l'o�h�$& "������FI,6� B���W �6*n�����
����0EM],6���k�1�C$=������W������ B $
M^� BD����, $CB -]���C$C! B������ $=*��6*�-]��(

α ∼ 1.0 9NG�������,6����$&�(���I*��& 
�(�]� ����,6$&�(�UTc�������6�������H�iZaB5$CT=� FI��*�����$&�(��-�/+!8�����J��(cM�,��I�����I*8B����6�i� ������.�,U�(�K��* K)l'o �C$=*
��(cM�,6$=�6* �����KM^� BY���Q,6$CB -]���C$C!\�& ����� K)l�o $& "������FI,6� B���9)
����>01�I��� ���I010E�=* -���TH�6$&�(���I*
 ?���=0 ������M^� BD��� , $CB -����C$C!n/^����$ TH���I.����& L�(���b$& "�(����FI,�� B ,��6FI�+�'��.]��TI���Q�6��$=*\$=�i�����I0E$&�(���
/����C$=Z ������* �6* �(�]��,6��FI�+����.���T=�=9b
��]�6� /����C$=Z �%$=� /^����* ������* �6* $����6FI*�� �%�C$&*3� *H.]0�/ ��� �= 
K)l�o $& "������F=,6� B��)$=*�-
�%$=�)/^����*
��.]���������k ?.�,6,U! ��(cM�, $&�6*���-2$&�@/^����*�F#-�.��>�(�#�����>���6-]��BD$ !H�
��(cM%$&*������I*n�= �(���@���I,�,6��0�$&����-A� ����� �i$E ?���I0 �(�]�`�I(]M],6�I���6�I*g9DmV* �(�]�`M^�I��� � � � 
I�5���($]W^0�$&*3!
01�I����-]��TH� $&���6�I*]�� ?���I0 �(����� ����0EM],6�b/^����$ TH���I.��Q�= �(�]�>$& "�(����FI,�� B ,��6FI�+� ��.���T=�>�%$CTI�>/ ����*
-�� �(��� �(��-g9 � � � 
I��B������2�U�(�)�C$&M%$=/���,6�����6��� �= �3.����iZ\��,���B��6*]F ��� BD$=��-��@�����1���I.������1�%$=�@/ ����*
$=/�,��Y�����I/������kTI� K)l�o2$& "�(����FI,�� B�� $=� ��$=��,U!@$=� $'�(��*]� �= %�������=*�-�� $& "����� /].����k�C9 mV*`�(����� �C$&��,�!
M%$=�k���= �(�]� ��T=�I,6.]���6�I*E�(���"K)l�o�$& "�(����FI,�� B��D���I010E�=*�,�!>�I(]�]�6/��U��$���������M -]���C$C!AB��U�(�

α ∼
� �(�1p`B��U�(�A�(�]�Q.���.%$&,g-�����*������6�I*��

Fν(t) ∝ t−αν−β
B��������

Fν(t)
���D�(���Q�=/�������TI��-n$  "�(����FI,6� B

�%.,(2$ �@ ?��� �3.���*���! �
ν
F $=*]-
���601� � � F�9E
����EM]�%$=���E�= Y���(����M8-]���C$C! ,6$=�����) ?�=�`$&/ �I.c�b$# ?��B

�3.�*�-�����-2�������I*�-��b$& "�(��� B����6�i�2$J��,6� BY���)-����C$C!IW<B����(�
α ∼ 0.5 W<�& Y�����1$& "�(����FI,�� B ���($=������9

4� "����� $=/^�I.]�Y$Q ?��B������I.���$=*�-��Y�= �������I*�-��D$& "�(���L�(����/�.������ �(���'$& "������FI,6� B �k�i$=�k�(� -����C$C!H�6*�F
��������M�,�! $=FI$=�6*AB��U�(�

α > 1.0 9
)n$=*+! K)l'o $  "�(����FI,6� B�� �I/������kTI��-E/+! � � � 
I� ����� BNM]. ����,6�6*]F) ?��$&�(.]����� ��*>������,6��FI�+�

��.]��TI���b,��6Z=� d � 9 h �C$=��,�!\�k�(����Ma-]���C$C! � α ∼ 3 to 5 � $=*�- d �c9 h e �����I0E$&�(���K/�����$=Z3� d /�����$=Z3�
������*#��*E���I0E��BD$ T=��/%$&*�-���/�.]�Y*��=�Y�=���������ih B��U�(�

∆α ∼ 1.0 B����6�i��$=���'-�� ?E��.�,�� �(�@��(cM�,6$=�6*
.����6*�F\�(�]�#���i$&*�-%$=��- �%����/%$&,6,D01�H-���, d l'�����>$=*]- ) ��� ��$=���=��W � ��� � � ) ��� �C$&���I�1$=*�-�l�������W

� ��� � h 9 m ����$=��/ ����*J����� B�* /+! �;F oD���6��*#���'$=, 9 d �&rIrIq+h � � �6,�,6��*�F+$=,������'$=, 9 d �&rIrIq+h ���%$&�5�����
M�. � ��,��6*�F� ?��$&�(.]�������= L�(���=(J+V�($C!n$& "�(����FI,�� B ,6��FI�+����.���T=���Q�C$&*\/ � �]���(��- .����6*�FA�=*����I�'�VBD�
���=0EM^�I*���*3���`B��U�(�
��(]$=����,�! �(�]�E��$=0E�1��01M������6��$=,  ?.�*]���(���I*%$=,L ?�I��0 W TH� �&9J$=*a�I(cM �I*]��*+�(�6$=,
 $=,�,[ ?�=,6,6� BY��-E/3!�$`M^� BD����,6$ B -����C$C!E�= �%.,(EB������E���601�=Wc$=,������I.�FI�1���Y�%$=�Y*��=�Y!I���5������.�,�����-
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�6*+���_$=*+! M��+!H�����C$=,�.�*�-������k�i$=*�-]�6*�F �= Q����� /^���%$CTH�6�I.]�A�= Q�(�]� (J+V�($C!�$& "�(����FI,�� B)9 � ���6,��
�(�]�����b�6�'*��A��,��C$=��.�*�-������k�i$=*�-]�6*�FA�& �(���b�C$=��,�!J��������M
-]���C$C!H� �= QK)l'oS$& "������F=,6� B���W $E ?��B
M�,6$=.�����/�,6�b��(cM�, $&*%$&�(���I*��Q�%$CT=�1/^����*aM�.c�Q ?�I��BD$=��- �Q�����E�&9 F]9 d � �%$=*]F � �@$=,f9UW �=r=rIq��g7<�8F ���
��� $=,f9UW �=rIr=q+h 95
��]� �[$&��-����C$C! �= (J+V��$ ! $& "������FI,6� B ,��6FI�+����.���T=����B������i�n ?�I,�,6� B����(���@��������M
-����C$C!���$ T=�Q/ ����*gWc�6*E���I01����$=������W��I(cM�, $=��*���-�$=�D/^����*�Fb-].����(�`��*�����F=!E�6* ���������6�I*1 ?���I0 �����
����*+�(�($&, ��*�F=�6*��&WgM����=/%$=/�,U!n$E0�$=F=*����($=� d � �%$=*�F#$&*�- )���� ���=���I��W �&rIr � W �=rIr �=h 9 �%���=0 �����
����.�-]!1�= �i�����=0�$&���6��/����C$=Z3� ������*���*E��� (KBY��,�,%�($=01M�,���-1$& "�(����FI,�� B�,��6FI�+� ��.]��TI���57:$=*%$=�U�(������.
����$=,f9 d �=rIrIqIhQ���I*���,6.�-����`���%$&�`�� 5/^�=���gW:�����E�=M]�(���C$=, $=*]-a�(���<(J+V��$ !2$& "������FI,6� B���W BY�����E�(�
$=���6���A ?���I0 �����J�($=01�#�I.]� �%� B ������* �(���J�i�����I0E$&�(�������V!2�= �,6��FI�+�K��.��kTI� /�����$=Z3�>�C$=* ��.�,��
�I.]�)��*�����F=! ��* ����� �(���I* �I�������K������.�� �(.����>�= L�(��� ��� �@$=�������KM �=������/�,6�b���C$&���I*��Q�& Y�U�C9 �%���I0
�(�]�Q, $=�iZE�= <��M^�������($=, ��TI�=,6.]���6�I*J$=�����I���5�(���)/����C$=Z1�(��0E��7 $=*%$&���(������. � �'$=,f9 d �=r=rIq+h  ?.]���(�]���
���=*���,�.�-������(��$&���(��� !#-��1*��=�'$=���6���Q-�.��)�(�K�(���)M%$&���($&FI�)�= $&*3!A��M^�������($=, /����C$=Z[9

� *��K��.]�i� K)l�o $& "������FI,6� B B������
M]. ����,6�6*]FA ?�C$&��.������@��*\�IM]���6�C$&,L$=*�-4(J+V��$ !n,6��FI�+�
��.]��TI���)�6�=K)l�o rIp=r �+r � 9 � � � 
I� +VoD4L
 �(���6FIFI������- K@l'o r+p=r��+r � $&� � �	� �=r � � p�R�
 �I* �=r=r+p
4�M]���6,Yr � d o5$=��/]�6���`����$=,f9UW �&rIr+pIh 9 � � � 
I� + �Ql:
  ?�=.�*�- $n/����6FI�+�b���I.������#,��c��$&�(��-_$&�

α
�

16h31m29s $=*�- δ � +02◦11
′
14
′′ d O �=rIr=r+h d 4�*�F=��,6��*�� ���)$&,f9UW �&rIr+pIh5B������\$=* .�*]�����k�i$=��*+�V!

�= $&/ �I.c� 6
′′ 9�
��]�b�IM]���6��$=, $& "�(����FI,�� B �C$&*�-��6-�$&�(�)B5$&��, $ �(�������I* �%��0E��- /+! F=���I.�*]-n/%$=����-

�I/������kT=$ �(�6�=*���/+!�7 ���6���\$=*�- ) �CP�$&.�FI�+� d �&rIr+pIh 9Sl����%*]��- $=*%$=,U!H���6�1�= Q����� oD4L
 -%$ �i$
���]� BY��-
�(�%$ �Q�(���>/�.������)�%$&-  ?�=.��Q-��6�k�(��*����QM^�C$&ZH� d j]$=Z $=01�=�(�#� �@$=,f9UW �=r=r+pIh 9`
����>/�.������
-�.���$&�(���I* T90

���b���k�(��0�$&����-
�(�n/^�
∼ � � �������=*�-���9 
������%.]��*����J$=�b�����(��0�$ �(��-
 ?���I0 �����

$=*%$&,�!H�����b�= ��(�]�#oD4L
 -%$&�($n�6* � p + � p&r Z=� � /�$=*�-8BD$=�
∼ 10−5 ����F ��0 −2 d G��J7:$=� �3.%$&,6�

���@$&,f9UW �=r=rIq+h 9`jc��0�.�,U�i$=*����I.���,�!IW ;��=*H.]�C+ � ��*�- $=,����#-�� �(��� �(��-
�����9K)l�o ��*\r]9 r � +
�&r ) � �
/%$=*]- B����(� $ �%.���*���� 1.93 + / − 0.04 × 10−5 ����F#��0 −2 d KQ�I,6��*�������Z3�6�<���)$&,f9UW �&rIr+pIh 9 
����
M����&�(�I* �6*�-��I(J�= :�(���)�(��0E�I+t$CTI���($=FI��- ��M ��������.�0 �6� 1.50 ± 0.06

d jc$=Z $=0E�&�(�K����$=, 9�W �=r=r+pIh 9
� * �=rIr+p 4�M����6,5r �cW ��!H*H/^�\���K$=,f9 d �=r=r+pIh@�=/]�i$=��*���-2�(���#��M �����(��.�0 �& '�����#$& "������FI,6� B �= 
K)l�o r+p&r �+r � $&*�- -�������������- ��� TI����$=,�$=/����I��Mc�(�6�=*8,6��*�����92
����#����-������� "���= �K@l'o r+p=r �Ir �
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�6�#01�C$&��.�����- �(� / � � � �H9 � d ��!H*3/ � ��� $=, 9�W �=rIr+p=h 9 45�J�(�����#����-������U "�CW'�(��� �6���=�(���IM����
� �3.��UT&$=,6��*3� ��*�����F=!Q�= 3����� ��(cM�,6�=���6�=*Q����,��C$=����-)�6*QFI$=0E0E$D��$ !H� ���k�(��0�$&����-Q.����6*�F������ �%.���*����
����M �=���(��-8/+!:K)�I,���*�� �(��ZH���L���b$=,f9 d �=rIr+p=h)$&0E�I.]*3���@��� 1.4 × 1054 ����F  ?�=�b$ �[$&�`.�*��UTI�������
B������

Ωm = 0.3,ΩΛ = 0.7 and H0 = 70 km s−1 Mpc−1 9
) .�,U�(��/%$=*�-2$& "�(����FI,�� B �= K)l�o r+p=r �Ir � $=,���� M���������*+�������I01��M]. ����,6�6*]F  ?�C$ �(.������

B������i� ��$=* /^�)��.�010E$=��������-J$&�� ?�=,6,6� B�� �

� 9�4�* ��*������ $=,�,�!� $=�k�(���'-]���C$C!J��* �=M]�(���C$=, /%$=*�-J�(�%$&* ��* (J+ �($C!H��9

�c9�4 /�����$=ZJ�6*J�(���=(V+ �($C! ,6��FI�+����.��kTI�K$& "�����
∼
r]9 r+p>-%$C! B��U�(�n$=*n.�*3.���.%$=,:��,6�=M �`$& "�(���

������/����C$=Z[9J
����9(V+ �($C!2$& "�(����FI,�� B -��H���@*��=�`����� B $=*+!
��M^��� �(�($&,Y� TI�I,�.]�(���I*a$&�����=���
�����)/�����$=Z[9

� 9�
�����l /%$=*]- ,6��FI�+����.���T=�K-��c��� *��=������� B $=*+! *��=�(������$=/�,6�`��������M^��*]�6*�F�W -�.����6*�F������
��M%$=* �= �=/�������T&$&�(���I*���9

��9 ��TI���($=,�, �[$&���(���'-]���C$C!J���I0EM�$=����-J���K�(���)FI��*�����$=, M �=M�.�, $ �(�6�=*#�= K)l'o $  "�(����FI,6� B���9

mV* � pc9 �E�= �����6� e �%$=M]������W BY�bM���������*+�@$E���I+t$=*�$=,�!H�������& �(���=(J+V�($C! �I/������kT=$ �(�6�=*��
�= 	K)l�o�r+p=r �+r � $& "������F=,6� B)9 
���� �=M]�(���C$=,^�I/�������T&$&���6�I*]�5$=��� M���������*3����-J�6* � pc9 � 9 �2� �%$CTI�
-��I*]�K���I01�bM�����,��601�6*%$=�k!J$=*%$&,�!H�������= �(�]��,6��FI�+����.���T=���QB����6�i�\��� -�������.]������- �6* � pH9 ��9 �2�
�%$CTI���(���6��->���`�I(cM�, $=��*��(����0�.],��(� +V/%$&*�-K/ ���%$CTH�6�I.��L�& �����%K@l'o $& "�(����FI,�� B�.����6*�F@$)-��I.�/�,��
������0E�H-���,LB������i�_�6�`-�����������/ ��-_�6* � pc9 pn$=,6�=*�F B��U�(�2�����AM�����TH�6�=.��K$&���(��01M]���b/+!a�&�(�������
.����6*�Fa$
-�� � ������*3�E01�c-���,f9 mV*������nG��6����.������6�I*��������(���I* d�� pH9 q+h WD��*3�����kTI��*]�6*�F20E�I,�����.�, $=�
��,��I.�-�� $=� $_M�,6$=.�����/�,6�n��(cM�, $&*%$&�(���I*N ?�I�A�(�]�
,6$=��F=� ��(H�(��*������6�I* ���#M���������*+����- d�� pH9 q]9 � h 9

����@�I*�,U!A�=������� K)l�o $& "������FI,6� B B����6�i� �%$=��/^����* ��(cM�,6$=�6*]��-J.�����*�FE$>���601�6,6$=�Y-]�I.�/�,�� ��� �
01�c-���, ��� ����� K)l'o r � r � � � d oD����FI���Y����$&,f9UW �&rIr � �Hl�����01�^����$&,f9UW �&rIr+pIh 9 �2� ���I01M%$=���'�����
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Figure 5.1: Swift-XRT observations of GRB 050401. The WT mode spectrum before the
break in x-ray light curve at 0.07 day. Spectrum of GRB 050401 is well described by
‘absorbed power law’ model. Best fit parameters for this model are listed in Table 5.1
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section Mode Photon Index NH(1022) χ2
ν

pre-break WT 2.1 ± 0.05 1.7 ± 0.1 277/281
post-break WT 2.1 ± 0.2 1.2 ± 0.5 10/25
post-break PC 1.8 ± 0.3 1.1+0.7

−0.6 12/17

Table 5.1: Analysis of Swift XRT observations of GRB 050401. Spectral parameters are
determined using XSPEC. Pre-break and post-break sections in column 1 corresponds to
data before and after 0.05 day since burst where x-ray light curve shows a break. Pre-
break PC mode data is piled up and hence it is not included in this analysis.
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Figure 5.2: I band image of GRB 050401 optical afterglow obtained using the 104-cm ST
at ARIES, Nainital. The position of the optical afterglow is marked with a circle. Also
marked are the 18 secondary stars used for calibration. North is up and East is to the left.
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ID α2000 δ2000 V B − V V − R V − I

(h m s) (deg m s) (mag) (mag) (mag) (mag)

1 16 31 20.01 02 06 52.9 17.28 0.64 0.35 0.84
2 16 31 23.84 02 07 44.3 16.87 0.77 0.52 0.98
3 16 31 29.22 02 08 13.8 17.66 1.14 0.75 1.40
4 16 31 37.63 02 08 07.3 16.78 0.69 0.46 0.87
5 16 31 40.12 02 10 30.1 16.35 0.58 0.38 0.73
6 16 31 36.96 02 11 36.5 18.23 0.97 0.62 1.12
7 16 31 32.61 02 12 38.7 17.68 0.41 0.34 0.67
8 16 31 24.79 02 13 35.4 19.56 1.37 1.08 2.29
9 16 31 18.94 02 13 12.1 19.21 1.26 0.83 1.60

10 16 31 18.56 02 12 40.8 15.30 0.85 0.51 0.93
11 16 31 22.46 02 11 13.7 15.61 0.69 0.46 0.87
12 16 31 21.38 02 10 43.0 15.51 0.88 0.53 0.99
13 16 31 19.42 02 09 56.3 14.60 0.55 0.36 0.69
14 16 31 15.08 02 09 19.1 14.34 0.61 0.38 0.74
15 16 31 23.42 02 09 13.7 16.39 0.66 0.44 0.83
16 16 31 17.26 02 07 58.9 16.17 0.63 0.41 0.81
17 16 31 15.93 02 07 36.6 18.91 1.16 0.89 1.75
18 16 31 14.79 02 07 14.6 17.54 0.74 0.47 0.93

Table 5.2: The identification number (ID), (α, δ) for epoch 2000, standard V, (B−V), (V −
R) and (V− I) photometric magnitudes of the stars in the field of GRB 050401. See Figure
5.2
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Date (UT) ∆T Magnitude Passband
2005 April (days) (mag)

01.8824 0.2850 22.33 ± 0.347 V

01.8324 0.2850 21.43 ± 0.231 R

01.8698 0.2724 20.51 ± 0.207 I

Table 5.3: The optical observations of the afterglow of GRB 050401 using the 104-cm
Sampurnanand Telescope at ARIES, Nainital. ∆T in column 2 refers to the time after the
burst in days. The effective exposure time after combining all the images turns out to be
900 s for individual passbands reported here.
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5.5.1 Spectral Parameters of the Afterglow of GRB 050401
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Figure 5.3: SED of the afterglow of GRB 050401. The best-fit single power law (β = 0.89)
to the X-ray data is plotted and extrapolated to optical-NIR wavelengths. All data have
been interpolated to a common epoch of 17.9 minutes after the burst using the R-band
light curve. There is no evidence for a break in the X-ray power-law spectrum. To derive
the minimum extinction required to dim the extrapolated X-ray power law to the fluxes
observed in the optical-NIR, the most conservative likely broken power law (β = 0.39) is
also plotted, with the break set at as high an energy as possible, at 0.4 keV (setting the
break at lower energies requires larger extinction, while a higher break energy is ruled
out by the x-ray spectrum). Fitting SMC extinction to the optical continuum spectrum
(rebinned here by a factor of 10) assuming an underlying β = 0.39 broken power law, gives
a good fit with AV = 0.67 and is plotted as a dashed line. The SMC extinction that would be
required to account for the R-band photometric data, assuming the single power-law (β =
0.89) continuum extrapolated from the x-rays, is AV = 1.45, and this is plotted as a dotted
line for comparison. However, this is clearly not compatible with the observed optical
spectral shape. Inset: Maximum and minimum extinctions as a function of wavelength.
These limits for the total extinction are derived from the single and broken power laws
(β = 0.89 and 0.39 outlined above) divided by the observed data. Circles represent the
observed NIR data, triangles represent the observed R band, and the solid curve represents
the continuum from the spectral observations. By contrast, the extinction expected from
the soft x-ray absorption measurement is plotted as a filled square. The inconsistency of
the optical/NIR limits with the extinction expected from the x-ray absorption shows that
there is no room in the SED to allow for a total extinction that matches the high metalicity,
suggesting a low dust-to-metals ratio. This figure is taken from Watson et al. (2005).
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Narrow Jet Wider Jet
νm(Hz) 2.0+1.2

−0.81 × 1013 1.1+1.53
−0.83 × 1013

νc(Hz) 4.1 ± 0.9 × 1014 5.25+30.0
−5.0 × 1015

Fpeak(µJy) 2140+210
−230 1750+1050

−950

tjet(day) 0.06 ± 0.03 –
p 1.42 ± 0.02 2.1+0.2

−0.11

E(B − V)Host 4.1 0.23+0.22
−0.13

χ2
dof(dof) 1.2 (85)

Table 5.4: Best fit Spectral parameters for the afterglow of GRB 050401 assuming two
component jet model described in § 5.5. Light curves generated using these parameters
and their subsequent evolution according to the standard fireball model are plotted in
Figure 5.4. All the parameters are calculated at 0.01 day after the burst. GRB 050401 was
at redshift z = 2.9
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5.5.2 Physical Parameters for GRB 050401
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Figure 5.4: The observed optical & x-ray light curves (left panel) and radio light curves (right panel)of GRB 050401 afterglow
compared with the double jet model fit (lines). The steepening of x-ray afterglow light curves at 0.06 day after the burst is explained
as a jet break due to the lateral expansion of a narrow jet which has a dominant contribution in x-rays. The surrounding wider jet
contributes dominantly in optical. Since, no break in the optical light curves is observed till 13 days after the burst, the wider jet is
expected to be > 29◦. Our best fit model gives the value of electron energy distribution index within the narrow jet to be p = 1.42
and that within the wider jet to be p = 2.1. The peak in the optical light curves corresponds to the passage of νm through the
observing band. The radio upper limits are indicated by filled triangles in the right panels. The sole radio detection at 8.5 GHz is
indicated by a filled circle. The dashed lines in the right panels are the light curves expected from the best fit spectral parameters.
The corresponding frequencies are listed in a rectangle at the top right corner of each box.
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Narrow Jet Wider Jet
n 14.7+10.5

−5.34 20+2583
−19.3

εe (2.3 ± 0.6) × 10−2 (4+6
−2) × 10−2

εB 5+4
−2 × 10−4 1+9

−0.9 × 10−3

Eiso
52 53.23 ± 16.2 1.34+1.36

−0.82

θ j 1.15◦ ± 0.15◦ > 29◦

Ecorr
52 (1.1 ± 0.2) × 1050 > 6.5 × 1050

Table 5.5: The physical parameters for the afterglow of GRB 050401 assuming a two
component jet model described in § 5.5. The quantity E iso

52 is the isotropic equivalent
energy in units of 1052 ergs. The corresponding collimation corrected energy is Ecorr

52 in
units of 1052 ergs.
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5.6 Discussion

5.6.1 Plausible explanation for the large extinction inferred from x-

ray absorption

m � ��� *�� B_BD��,6,H�����($=/�,��6���]��-` ?���I0 �(�]�Y�I/]�����kT&$&�(���I*��<�= �K)l�o
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�(�]�@B���-�� ������.�M+B5$=��-���B��U�(� �6*�������$=����*�F>��� TI�����6*]FE $=� �(�I�5���E0E$&�(�i�J�(�]�`�I/]�����kTI��- �IM]���6�C$&,
�%.,( 9�
�������������.�,�������*J�����@����,6$&�(�UTI�)���=*3������/�.]�(���I* �= �����@B���-�� �����'�(�>�(��� (J+V��$ ! $  "�(����FI,6� B
�(�@�6*]������$=���&W]$ � �����(��*�FQ�(��� ��� �3.%$=,����V!I9 ;Q����M]�6*�F`$=,6,]�=�(����� M%$=�($&0E� �(����� ��(c��-#$&�L��������� / �����
����T&$=,�.����`�I/]�($=�6*���-2 ?�I� �������\��� T=���($&FI�=W BY� �%*�-8���%$&�K$ ��� TI�����6*]Fn ?�($=� �(���I*a�= 'q=r�� �C$=*
/^�E$&�����=0E�H-%$&����- B��������6* $#��$=*�FI�K�= 

∆χ2/do f = 1 9KoD��!=�I*�-
�(�������(���>����-�.�����- χ2 ���6�����
����$=��M�,U!\$=*]-
���C$=�i�]���

∆χ2/do f > 15  ?�I�Q$#��� T=������*�F# $=�����I� �= ∼ 90% 9@
����K��� ���K�= �����
��,��I.�-2��� �3.�������-gW  ?�I�@��*+�(������,�!
��� TI������*�Fn�(�]��*%$=����� B ��� ���= ���$=,� ��=M ��*��6*�F $=*�F=,6�

∼ 1.15◦ W
�($&*�FI����/^���VBY����* 2− 20 pc B�����*JM�,6$=����-J$&��$b-]�6���($=*����Q�= 100− 1000 pc

$CBD$ !E ?���I0 �(�]�
K)l�o B������i�n�6�����I01M%$=�($&/�,6� ���>�����@�I/�������T=��-n��� �����'�= ���I,6- 01�I,6����.�,6$=�D��,6�I.�-]��9Djc�601�6,6$=��,U!
$J0E�I,�����.�, $=����,��I.�-
�= 5$&/ �I.c� 20 pc

-��601��*����6�I*\������*2 ?���=0 $#-��6�k�i$=*����>�= �$A ?��B �(��*��`�& 
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Wide Jet

Narrow Jet

Intervening cloud

Intervening clouds

Narrow Jet

Wide Jet

Figure 5.5: The double jet as seen by an observer on the axis of the jets. The bigger
unfilled circle is the wide jet, the smaller partially filled circle at the center is the narrow
jet and more densly filled circles are the intervening molecular clouds responsible for the
observed large extinction. The figure on the left side considers a situation in which one
large cloud covers a significant portion of the central narrow jet and partially covers the
wide jet. As a result optical radiation from the narrow jet is completely extincted. Most
of the optical radiation from the wide jet does not suffer from this extinction. A similar
result could be obtained by having a large number of smaller intervening clouds as shown
in the figure on the right hand side.

M%$=���������QB��6,�,:�H����.�M+! $=*�FI.], $=����� ���K$=�Q,6$=��FI�b$=� �(�]�K,6� BD��� ,6��0E�U�'�I* �(���K��� ���K�= �(����B���-��
����� d 29◦ h 9 m ���6���(�������  ?�I����M]���I/%$&/�,6�@�(�%$&���I*��`��.��i� 01�I,6����.�,6$=����,6�=.�-nM%$&���(�6$=,6,U!#�I/�����.������
�I.��5TH����B �& HK)l'o rIp=r �+r � 9 4�* $=,U�(����*%$&����TI��M �I������/��6,����V!1�6�D���%$&�'$� ?��BS��0E$=,6,����Y0E�I,�����.�, $=�
��,��I.�-��@�= �$J ?��B M%$&����������� ����$&�b$ -������($=*����E�= �$J ?��B ����*����& 5M%$=����������WL���I.�,�-a��� T=���`�����
*%$=����� B ������$=�>BD��,6,'$=�

≤ 60% �= �(�]� B���-�� ��� �C9N
�������� ������.%$&�(���I*��>$=��� ��,6,�.������($&����- �6*
� ��FI.����@pH9 pc9
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5.6.2 GRB 050401 and GRB 030329 : A comparison


����#�I*],�!
�=�(�]���9K)l�o B����I���J$  "�(����FI,6� B ��$=�K/ ����*_�I(]M], $=��*���-_$&��/ ���6*�Fn-�.������\-��I.�/�,��
����� �6���(���9K)l'o r � r � � � d oD����FI�������)$=, 9�W �=r=r � �^l'����01� � �Q$=, 9�W �=rIr+p=h 9 �QMc�(�6��$=,:$=*�- (J+V��$C!
,6��FI�+� ��.��kTI���5�= K)l'o�r � r � � �)$& "������F=,6� B������ BD��-J$@*]�C$=� ����0�.�,��($=*����I.�� /�����$=Z>$&�Yr]9 pIpQ-%$C!
B��������C$&�5�(��� ��$=-�����,6��FI�+�Y��.���T=�����%$=-J$`/�����$=Z�$ ��$=/^�I.]� � rb-%$C!H��$& "�(���D�(�]� /�.������C9 oY����F=���
��� $=,f9 d �=rIr � h��%$=����(cM�,6$=�6*���- �����`�VBY�#/�����$=Z3� $=��/ ���6*�FE-�.��b����,6$&�(���($=, ��(cM%$&*������I* �= �����
�VBY�E���E+t$�(c�6$=,����������= -]� � ������*+���=M ��*��6*�F>$&*�FI,6��� d

∼ 5◦ $=*�- ∼ 17◦ h 9
mV*E��������$=�����= K)l�o r+p=r��+r � WH$& "������F=,6� B ,��6FI�+� ��.]��TI���5-���*]�=�D����� BN�(���'M���������*����

�= Y�VBD� -�� � ������*+�@/�����$=Z3��9EmV*������C$=-gW:$=/�����*������= D$J/�����$=Z\$&�@�IM]���6��$=,  ?�����3.���*����6���@���6,6,:, $&���
�(��0E��� d

∼ 13 -%$C!H�Q$& "������������/�.]�����ih',��C$=-���.������A�6*] ?���'�����bM]��������*����>�= $EB���-���� ������B��U�(�
�IM^��*���*�F#$=*]FI,6�@, $=��FI�����(��$=* 29◦ B����6,��b$��k�(����M /�����$=Z d ∆α ∼ 0.8 h'$&�Qrc9 rIq1-%$C! $  "�(���'�(���
/�.������)��* (J+V�($C! ,6��FI�+����.���T=�1��$=*\/^����(cM�,6$=�6*���-\$=�Q$ ��� �Q/����C$=Z -�.������A, $&������$=,:�I(cM%$=*����6�I*
�= $1*�$=����� B �����'�= :�IM^��*���*�F1$=*�FI,�� 1.15◦ 9


���� B��6-���� ��� � �= K@l'oar � r � � ��B5$&� ���k�(��0�$&����-@�(��/^� 0�$=��FI�6*�$=,6,U!�01�I��� ��*�����FI�����6�
�(��$=*E������*%$&����� BY��� ����� d oD����FI���D���D$=, 9�W��=r=r � �Hl'����01�[���D$=,f9UW �=rIr+pIh 9Ljc��0E��, $=��,�!=W=�6*>�(�]���C$&���
�= �K@l'o r+p=r �Ir � WgBY� �%*]-gW �(�%$&�)�����KB��6-���� ��� �)�6�Q0E$=��F=�6*%$=,�,�! 01�I���K��*�����FI�����6���(��$=*
�����
*%$=����� BY��� �����C9

5.6.3 GRB 050401 and the Ghirlanda Relation :

m �#�%$&�#/ ����*  ?�I.�*]- �(�%$&���(��� ���I,6,��60E$&�(���I* ���I���������(��- ��*�����FI����� d
Eγ
hE�= Q�(�]� K@l'oD�#$=���

���=������, $&����-_B������8�(���JM^�C$=Z2��*�����F=!8�= ������ K)l�o ��M �����(��.�0 $=�>01�C$=��.�����- �6*8�(�]�A ?�($=01�
�= ����� ?������*]���A�= D�(���1���I.]����� d

E src
peak

h 9J
������`���I������, $ �(�6�=*
���b$&,6��� �C$=,�,6��-a$=�)�(�]� KQ���6��, $=*�-�$
����, $&���6�I* d K)������,6$=*�-%$#���b$=, 9�W �=r=r �3h 9AR�*] ?�I�k�(.�*�$&�(��,�!IW �(�]�

E src
peak

 ?�I��K)l�o r+p=r �+r � ���`*]�=�
$CT&$=�6,6$=/�,6�>$&�b���@ $=,�,6�)�I.]�����6-]�E�(�]����*]����F&!a��$=*�FI�1�= 'oD4L
Q9	&�� BY��TI����WYj]$&���n� �K$=, 9 d �=rIr 
=h
�%$CTI�D.�����-��(���Y;��I*3.�� + � ��*�-���M^��� �(��$=,c-�$&�i$��(� ��*�-

Eobs
peak

9 �%���=0 �(�����6�:$=*%$=,U!c���6� j]$&������� $=,f9
d �&rIr 
Ih �%*�-��D���%$&�D�6*A�I��-����Y�(����$&�(���� "!>�(��� K)������,6$=*�-%$)����, $&���6�I*1�(���Q$  "�(����FI,6� BN,��6FI�+�Y��.��kTI�
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�= K@l'o rIp=r �+r � ���]�I.�,6- ��(c����/�����$������'/�����$=Z ∼ 104 s
$& "�(���������@/�.����k�C9�
�������,6� BD����,��601���

�= :�(���`$=,6,�� BD��- ��$=*�FI�Q ?�I� ��� ��/]���C$&ZA�(�601�Q�6����,6�I���@���K�(���@/�����$=Z#������*n$&��r]9 r=q1-%$C!J��*J�����
(J+V��$ ! ,6�6F=�3����.��kTI�1�= BK@l'o r+p=r �Ir � W B������i�\BD�1�6*+�(����M������@$=�)$ ��� �)/�����$=Z ���=��������M^�I*�-���*�F
�(�K�����)*%$=����� B �����'��* �=.���0E�H-���,f9

j]$&���)���Y$=,f9 d �=rIr�
Ih �3.%$=*+�(� �%���L�(�]�RKQ���6��, $=*]-%$�����, $&���6�I*>$&�
E src

peak = A E0.706
γ,52

B��������

Eγ,52
��� ���������I,6,��60E$&�(���I*����I������������-#��*�����F=!1����,��C$=����-A��*

γ
�($C!H�D-�.]���6*]F`�(�]��/�.�������W]�6*E.�*��U�(�

�= 1052 ����FI��9LR����6*�F@$Q�($=01M�,��5�= $),6$=��F=��*H.]0�/ ���L�= K@l'oD� j]$&���)���Y$=,f9 d �=r=r 
Ih:���I*������($=��*��
�(�]� T=$&,6.����= �(���QM����IM^�I�����6�I*%$&,6���V!����I*��k�i$=*+�

A
� 1950 < A < 4380 9 R�����*�F��(�]� ���k�(�60E$&����-

T&$=,6.]�A�= 
Eiso
γ ∼ 1054 ����FI�>$=*�-8����� 1.15◦ $&�b�(���#�=M ��*��6*�F $&*�FI,6�E�= ��(���#*�$=����� B �������6*

�I.���-]�I.�/�,�� ������01�c-���,fWH�(���
Eγ

�(.���*����I.]���(�>/^� 2 × 1050 ����FI��9 R'���6*]F E src
peak = 447+75

−64keV
 ?�I�%K)l�o r+p=r �Ir � $=������M^�I������- /3! jc$&�(�1����$=,f9 d �=rIr�
Ih�$=,6�I*]F>B��U�(� Eγ = 2 × 1050 ����FI�'BY�
���k�(��0�$&���

A = 7076+2597
−1897

9�
������'T&$=,�.��@�= 
A
�6��B����(�]�6* 2 σ �= A = 4380 W%�(�]�`����FI������,��601���

�I*
A
�I/]�i$&�6*���- ���I*����6-������6*]F��(���)�($&0EM�,��Q�= HK@l'oD���($ �(�6�k "!H�6*�FK�(�]�'KQ������, $&*�-%$b����, $ �(�6�=*g9

5.7 Summary

�2�A�%$CTI�#����M^�I������-
V,R, I

/%$&*�-_�I/�������T&$&���6�I*]�b�= %K)l�o r+p=r �+r � $& "������F=,6� B �I* � �k��4�M���9
�=rIrIpc9 4�,�����W3BY�Q�%$CTI� 01�c-]��,6��-E�����Q$& "������F=,6� BN�= 	K)l�o�r+p=r �+r � $=�Y-�.������b�VBD�KM]�3!H���6�C$&,6,�!
-������(��*����b���I,�,6��0�$&����- �I.]� �%� B���W .����6*�F ����+V$=*%$=,U!c���6�`�= � � � 
I� � l 
 �I/�������T&$&���6�I*]��$=*�-_�=.��
� B�*��Ql�m�/%$&*�- M����=���I0E� �(�k! $=,��I*�F�B��U�(� �����K�I/�������T&$&���6�I*]�Q$CT=$&�6, $&/�,6�@�6* �����K,6�U�(����$&�(.]���=W
$=*�- ���I01M%$=����-JB������ K)l�o r � r � � �]9 �Q.]��0E$=�6*J���I*���,�.������I*��'$=/^�I.]��K)l�o r+p=r �Ir � $&���@$=�
 ?�I,�,6� B�� �

� 9 �2�D����� BD��-��(�%$&�:�(���Y,6��FI�+� ��.��kTI���L�& �K@l'oarIp=r �+r � $& "������F=,6� B8��$=*�*��=�:/^�D��(cM�,6$=�6*]��-
.�*]-���� �(����$=����.�01M]�(���I*1�= g���I*+�(�6*3.��=.��Y��*�����F=!1�6* ���������6�I*g9<
���� �[$&������� -����C$C!IWHB����6�i�
$=M]M ��$=,6��-  ?�I�������)���I*+�(��*3.��I.��'��*�����F=!J��* ����� �(���I*J0E�H-���, W��C$&* ��*������C$=- / �)��(cM�,6$=�6*]��-
/+!J,6� B T&$=,6.������= :��,6���������I* ��*�����F=!A-��6�k�(����/�.]���6�I*#��*�-���(

p
9
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�c9�
����J$  "�(����FI,6� B �= %K)l'o r+p=r �Ir � �C$&*_/ ��BY��,�, ����/3!
�(�]�A-��I.�/],6� ��� �K0E�H-���, B��U�(�
�������6*+������M]�����($&�(���I*n���%$&��������/����C$=Z �6* �(����(J+ �($C!n,��6FI�+����.��kTI�>$&�

∼
r]9 rIq�-%$C!n$& "�(���

������/�.]�����5�6� -�.������K$`*%$&����� B ���I,6,��60E$&�(��-���� �5�I(]M�$=*�-���*�F�����-���BD$C!H��9 
���� �I/]����.]����-
�IMc�(�6��$=, ��0E�������6�I*A����$&���(����/�.]����-#�(�>$bB���-���� ��� ��B����6�i�J-���-#*��=��.�*]-�����FI�>���6F=*�� �%��$=*+�
���6-�� B5$C!H���I(cM%$=*����6�I* .�*+�(��, $&��,6��$=���

∼ 13 -%$C!H��$& "�����5�����)/�.����k�C9

� 9 �L*�����FI�����K�= ��(�]�A�VBD� �������1$=���A�& '�����#�($&0E�#�I��-����b/�.]�>���=0E� B��%$&�>, $&��FI���` ?�I�b�����
B���-���� ������9

��9 � .����6*+������M]�����($&�(���I*#�= <�(���)/����C$=Z��6*#�(���R(J+V��$C!A,6��FI�+����.]��TI�`$&�'r]9 rIqK-%$C!H��$  "�(���5�����
/�.]������$=�'$ �����'/����C$=Z��6�����=*��������(��*+��B��U�(�#�(����KQ���6��, $=*]-%$b����, $&���6�I* 9
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