
Chapter 2
Computer Codes and their

Implementation
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2.1 Introduction
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2.2 Importance of Multiband Observations and Model-
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BD$ T=��/%$&*�-���9 
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2.3 Codes for Fitting the Multiband Afterglows
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�($&0E� �(����� d
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BY�`-����������6/^�)/���������!��(�������)���H-�����$=*�-#T&$=���6�I.������I01M�.]�i$ �(�6�=*��5�(��� !#M^���� ?�=��0 9



2.3 Codes for Fitting the Multiband Afterglows 60

Homogeneous Density Medium Wind Density Medium
[n(r) ∝ r0] [n(r) ∝ r−2]

t < t j t > t j t < t j t > t j

ν < νa < νc < νm ν2t1 ν2t1 ν2t2 ν2t1

νa < ν < νc < νm ν1/3t1/6 ν1/3t−1 ν1/3t−2/3 ν1/3t−1

νa < νc < ν < νm ν−1/2t−1/4 ν−1/2t−1 ν−1/2t−1/4 ν−1/2t−1

νa < νc < νm < ν ν−p/2t−(3p−2)/4 ν−p/2t−p ν−p/2t−(3p−2)/4 ν−p/2t−p

ν < νa < νm < νc ν2t1/2 ν2t0 ν2t1 ν2t0

νa < ν < νm < νc ν1/3t1/2 ν1/3t−1/3 ν1/3t0 ν1/3t−1/3

νa < νm < ν < νc ν−(p−1)/2t−(3/4)(p−1) ν−(p−1)/2t−p ν−(p−1)/2t−(3p−1)/4 ν−(p−1)/2t−p

νa < νm < νc < ν ν−p/2t−(3p−2)/4 ν−p/2t−p ν−p/2t−(3p−2)/4 ν−p/2t−p

ν < νm < νa < νc ν2t1/2 ν2t0 ν2t1 ν2t0

νm < ν < νa < νc ν5/2t5/4 ν5/2t1 ν5/2t7/4 ν5/2t1

νm < νa < ν < νc ν−(p−1)/2t−(3/4)(p−1) ν−(p−1)/2t−p ν−(p−1)/2t−(3p−1)/4 ν−(p−1)/2t−p

νm < νa < νc < ν ν−p/2t−(3p−2)/4 ν−p/2t−p ν−p/2t−(3p−2)/4 ν−p/2t−p

Table 2.1: Spectral and temporal scalings of GRB afterglow : The various expected
spectral regimes of GRB afterglows and position of the frequency of observations (ν)
with respect to the various spectral breaks − νa, νm, νc are listed in column 1. Listed
in columns 2 to 5 are the scalings of the afterglow evolution in the format fν ∝ ν−β t−α

where α and β are the spectral and temporal indices. The column 2 and column 4 refer to
the afterglow evolution for homogeneous and wind medium density profiles respectively,
before the jet break while the columns 3 and 5 refer to that after the jet break. All the pa-
rameters mentioned in the table are referred to the observer’s frame of reference, though,
for simplicity, we have dropped all the subscripts here.
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Afterglow Radiation Models :

���� �%����/%$=,�,E01�H-���, d l������_$=*�- ) ��� ��$=���I��W � � � � �

) ��� ��$=���I�1$=*]- l'������W � ��� � h)�6�K$&0E�I*]F �(�]�#0E�I�k��M^�IM�.�,6$=�b01�H-���,��b�= �K)l�oD�b$=*�-
$=�����I��-��6*]F`�(�`��� �(�]� $& "������F=,6� BN�6� -�.��'�(�`��!H*��i�����=�(���I*#�($=-]� $&���6�I*K ?���=0 �����H�iZ=��- ����, +
$&����TH�6�k�(���5��,����������I*]��9 j]$&���%��� $&,f9 d � ���Is+h � � � ������� $=*]-#K)$=,6$=0�$ d � ��� �+h $=*�- e ��� T=$&,6�6���
$=*]- 	 � d �&rIrIr+h M�����-��6� �5��T=�I,6.c�(�6�=*A�= �(�]�Q$& "�(����FI,�� BN��M^��� �(��.]0 $=*�-#,��6FI�+�Y��.��kTI���5 ?�I�
���I*����($=*+�)$=*�- B���*�- -���*����U�V! M���� �%,������& L�(��� e j�)29 
�����T&$=���6�I.]����M �����(��$=, ����FI��0E���
$=*]-
,��6FI�+����.��kTI���b$=��M�����-��6� �(��- /+!n�������%����/%$=,�, 01�c-]��,:$=���K,��6������- ��*\
 $&/�,6� � 9��2�
�%$CT=�D/�.���,��<��.]/����I.c�(�6*]��� B����6�i����$=*b��$=,6��.�, $ �(� �($=-]� $&���6�I*  ?���I0 / �&�(�bZ3��*�-��<�= %-���*����U�V!
M���� �%,����D�& g�(��� e j )2Wc���I*��k�i$=*+�5$=*�-�B���*�-gWc$&�5$&*3!EFI�UTI��*1 ?�����H.]��*�� !A�= �=/�������T&$&�(���I*
$=*]-n$&�'$&*3!AFI��T=��*J�(�601�=9
4�0E�I*]F �(�]�A�6*�M].]�(�@�(�n�����A���H-����K$=���1�(���E/�����$=Z  ?��� �3.���*��������>$&��$=*+!2���601�=9 
����
���c-���� �(����*2�������60E$&�(�@�(���K�k!c*]�i�����=�����I*��%.,(\��(cM ��������-  ?���I0 �(���>$  "�(����FI,6� B $&� �����
��M �H�i� �= �I/�������T&$&���6�I*]� /+! ��T=�I,�TH��*�FA�(���bFI��T=��*\��M^��� �(��$=, M%$=��$=01���(�����������(��$&�QM%$=� +
���6��.], $=�5��M �H�i�g9
�%�I�)�6,�,6.��k�(��$&�(���I*n�= Y�(���1��T=�I,6.c�(�6�=*
�& 5��M^��� �(��$=, /�����$=Z3��W

νa, νm, νc
W:M�,��C$=���>�����1 ?���I0

� ��FI.���� �c9 � ��� �:�6FI.������c9 q]9

Jet break and non-relativistic transition of the afterglow :


��������i$&*�-%$=��- �%����/%$=,�, 0E�H-���, W $&�b01��*+�(���I*���-a$=/^� T=�=W ��$ T=�A, $ �(���)�I*a/ ����*_$=-]-���-
B��U�(��T&$=�����I.�� �&�(����� � � ��� �(� ��.��i�E$=� ����� �����L/]���C$&ZH� -�.]�5�(�Q���=,6,6��0�$ �(��-@�I.]� �%� B�� $=*�-
���($=*��������6�I* �= 5�����1�����H�iZ + BD$ T=�A�(� *��I*,+ ����, $&����TH�6�k�(�6�bM��%$=�����= D��TI�=,6.]���6�I*g9 �a�1�%$CTI�
FI��*�����$=,6������-��I.��:���H-���� /+!`�6*����I��M^�I��$&�(��*�F'����������0E�H-�� �%�C$&���6�I*]��9 �L*+�(�6���5��T=�I,6.c�(�6�=*b�= 
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Smoothening of spectrum and light curves :
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Figure 2.1: The evolution of spectral breaks : The plots show evolution of spectral
breaks (νa, νm, νc) as predicted by the fireball model. Evolution due to a jet break is also
taken into account. As the breaks evolve at different rates in time they cross each other
at various epochs such as tac ≡ t(νa = νc), tmc ≡ t(νm = νc) and tam ≡ t(νa = νm). The
epoch of jet break is denoted by t j. In the figure, these epochs are indicated by vertical
dotted lines. The different relative arrangements of these epochs result due to different
normalisations of spectral breaks at a given time which in turn are due to different physical
conditions prevailing at the radiating ejecta. The spectral breaks evolve as a power law
in time i.e. νb ∝ tq where νb is the spectral break and q is the index of power law. The
numbers in the brackets on top of the lines representing the spectral breaks correspond
to the index of their temporal evolution i.e. ‘q’. The corresponding spectral regime is
mentioned in the square brackets. This figure shows evolution of the spectral breaks
due to the outflow expanding in the wind circum-burst density medium and considers a
situation when tac < t j < tmc < tam.
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Figure 2.2: The evolution of spectral breaks : This figure is similar to Figure 2.1 but for
tac < tmc < t j < tam. For details please see the caption of Figure 2.1.
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Figure 2.3: The evolution of spectral breaks : This figure is similar to Figure 2.1 but for
tac < tmc < tam < t j. For details please see the caption of Figure 2.1.
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Figure 2.4: The evolution of spectral breaks : This figure is similar to Figure 2.1 but for
homogeneous density profile of the CSM and for t j < tmc < tam. For details please see the
caption of Figure 2.1.
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Figure 2.5: The evolution of spectral breaks : This figure is similar to Figure 2.4 but for
tmc < t j < tam. For details please see the caption of Figure 2.1.



2.3 Codes for Fitting the Multiband Afterglows 67

 1e+08

 1e+10

 1e+12

 1e+14

 1e+16

 1e+18

 0.1  1  10  100  1000

F
re

q
u

en
cy

 (
ν)

time since GRB (days)

Evolution of Spectral Breaks : ISM-III

νa

νm

νc

tj

tj

tmc

tmc

tam

tam

[ν
a 

< 
ν c

 <
 ν

m
]

[ν
a 

< 
ν m

 <
 ν

c]

[ν
m

 <
 ν

a 
< 

ν c
]

[ν
m

 <
 ν

a 
< 

ν c
]

(-3/2)

(-1/2)

(-1/2)

k = -(3p+2)/(2p+8)

(-0) (k)

(-2)

(-2(p+1)/(p+4))

(0)

Figure 2.6: The evolution of spectral breaks : This figure is similar to Figure 2.4 but for
tmc < tam < t j. For details please see the caption of Figure 2.1.
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Extinction in the host galaxy :
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Host galaxy contribution in the afterglow flux :
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Figure 2.7: Extinction laws : Extinction (for E(B-V)=0.2) according to Calzetti’s law
(Calzetti et al., 1994)(solid black line), a superposition of Calzetti’s law with 2175 Åbump
(dashed line), and the extinction curve for the Milky Way (solid gray line). This figure is
taken from Massarotti et al. (2001)

Data qualification and rejection :
4 ��.�/,+ ���I.c�(�6*]� ���E/].��6,U�>�6*+�(� �(��� ���H-��J�(�
�i�����iZ

�����ET&$=,��6-��U�V!n�= D�(���1-%$&�($ M^�I�6*+�(��W<BY����FI�+�(��-8/+!
���������)�������I����W /+!
���I01M%$=���6*�F#B��U�(�
�����`01�H-���,gM]����-]�6�����6�I*]��9D
��]�6��FI��T=����$1�i�]�I�6���)����$&������M]���I����� �������'�(���@-%$&�($1M^�I��*3���
���%$&� -]��TH� $&���` ?���I0 �(���`0E�H-���, /+! *��=� 01�I���@���%$=*\$������k�i$=��* ,6� TI��,<�= ���6FI*�� �%�C$&*����&9
�%�I�>��(]$=01M�,��=W5.������E�C$=*���M^�����U "! �� ���� � �����nB����������E�(�
���=*�����-����E�I*�,�!a�(���I���n-%$ �i$
M^�I�6*+���5 ?�I�����I01M%$=���6���I*�B������#�(���)01�c-���, B������i� -]�c����*��=��-�� Tc�6$&�(�Q ?���I0 �����Q0E�H-���,
/^��!=�I*�-2$A�����k�i$=��*\,6� TI��, �= ���6F=*�� �%��$=*����=Wg��$ ! (n × σ) B�������� σ �����(�]�K.�*��������($=�6*+�V!
$=�����H���6$&�(��-
B��U�(�\�(���101�C$=��.�����- �%.V(2$=*�-

n
��$=*
/ �>.������@��M^����� �%��- 9�4�,�, �(�]�1-�$&�i$

M^�I�6*+��� B����6�i�1$=����/ � !I�I*�-
n×σ

 ?���I0 �(����01�c-���,]M�����-��������6�I*��:B��6,6,H�(����*>/ ����� ����� �(��-
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Figure 2.8: Host Galaxy Contribution : Flattening of the light curves of GRB 991208
afterglow due to contribution of the host galaxy light.

B�����* ���I01M%$=����- B������ �(���\01�c-]��,f9 
������A $=����,6�U�V! �6�AM%$&���(����.�,6$=��,U! .����  ?.�, �6* �����
M���������*����b�= $� ?��B ,6$=��F=�Q�I.]�(,��6�����5��*J�����)-%$&�($=��� �C9

Statistics for model comparison :

��]�@�k�i$&���6�k�(�6����.�����- $=�'$K01�C$=��.����)�= ��������,6�6$=/��6,����V!

�����(�]�
χ2 �k�i$&���6�����6����9�
��]�K���H-��b��� �3.��6����� F=.������ T=$&,6.������= $=,�, �(������M �������($=,:/�����$=Z3��W

M^�C$=Z��%.,(�$&� $�FI�UTI��*`�(�601�=W �(���Y��,����������I*b-��6�k�(����/�.]���6�I*@�6*�-]��( d
p
h $=*]-K$=,6���������DFI.]�����

T&$=,�.���� �& ��� �L/����C$=Z)�(��0E� d
t j
h $=*]-��(������M �H�i�K�= ^*��I*,+ ����, $&����TH�6�k�(�6�L���($=*��������6�I* d

tNR
h $=�

��*�M�.]����9 
��]�5���H-��D������*K� T=$&,6.%$&�����<�(���D$& "�(����FI,�� B ��.,(K$ � T&$=�����I.�� �(��0E� ������M���WIB����6�i�
$=���K$=,����A.������ ��M ����� �%��-gW /+!n��TI�=,�TH�6*�FA$=,6, �(���bFI.������ T&$=,6.����Q$&���(���I������M^�H�i����9@
����
01�c-]��, �%.,(`�(�3.�� �������60E$&�(��-b�6�<�(����*����=������������-� ?�I� �(���Y�(�=�($=,3��(H�(��*������6�I* d K)$=, $=� �(��� �
���=��� h $&*�-E�]�I��� �%.V(>���I*+�����6/].]�(���I*g9<
�����������.�,��($=*+� �%.,(>��� �(����*E���I01M%$=����-�B������>�����
�I/]�����kTI��-\-%$&�i$1M �=�6*+�(��$=*�-

χ2 �6�'�C$&,6��.], $&����-g9 ) ��*��60b.�0 �= �����
χ2 -������(���6/�.c�(�6�=* ���
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������*E���C$&���i����-A.�����*�F)FI����-,+V���C$=���i�E01�������H-E$&*�-1�����'���I��������M �=*�-��6*]F`M%$&�($=01��������� $=���
�����(.]��*���-2$&� �(���K/^���k� ���QM%$=��$=01���(������9`4�M%$=���� ?���I0 �(���>$&/ � TI�K01��*+���6�I*���- T&$=,6.����
�����)���H-��)�C$=* $=,6�������� ?�I�5�(�]�@�I(H�(�6*]���(���I*J�6*#�(�]�@�]�I����F+$&, $�(H!I9

Estimation of Physical Parameters :

��]� 0b.�,����6/%$=*]-_�I/�������T&$&���6�I*��>�= RK)l�o $& "�����C+

FI,�� B��Q$=���K��0EM^�I�k�i$=*+�' ?�I� �i�%$=��$=���������6����*�F������>$& "�(����FI,�� B ��M^��������.�0 9`oY! .����6*�FA�����
0�.],��(� +V/%$&*�-K,6��FI�+�L��.��kTI���D�= ^�(���'$& "������FI,6� B�� $=*�-1/+! �������6*�F)$=*E$& "������F=,6� B�01�H-���,�.]�C+
��*�FE������$=/^� TI�`0E��*3���6�I*]��-n���c-]����W �I*��`�C$=* -]���(����01�6*��)�(�]�b/����C$=Z# ?�����3.���*����6���Q$=*�-
������M^�C$=Z �= �(���b��M^��������.�0 $=,6�=*�FEB��U�(�\�=��������M%$=�($&0E� �(������9Q
����K� TI�I,�.]�(���I* �= L�����
��M �����(��$=,�/����C$=Z3�L��� �6*+�(��0�$ �(��,U!Q����, $&����-���� �(���5M]�3!H���6�C$&,����U�(.%$&���6�I*]� M�����T&$=�6,��6*�F�$&� �����
��$=-�� $ �(�6*]FA0�$ �(����� $=,:$=� BY��,�,L$=� �(�A�����K��T=�I,6.c�(�6�=*\�= Y�����K���]�c�iZ + BD$CTI�&9 � � �������Q$=*�-
K)$=, $&0�$ d � �����Ih $&*�- e �]��T&$=,6����� $=*]- 	 � d �=r=rIr+h M���� TH��-��'$ �3.%$=*+�����i$ �(��T=��-�����������M]�(���I*
�= [�����5��M^��� �(��$=,]/����C$=Z3�L��*b�(����01� �= %�(�]��M��+!c���6��$=,]M%$&�($=01��������� ��.��i�1$=�

εe
W
εB
W+��*]����F&!

�= Y�(���1��(cM�,��I�����I*
$=*�- �(���1-���*����U�V! �= 5���6����.�0<+V/�.������)01��-���.�0 d ����� e �%$=Mc�(��� �  ?�I�
-�� �i$=��,6��- -����������6M]���6�I* �= L�(���bM��+!c���6��$=, M%$=��$=01���(�����(h 9 �2���%$CTI�b.�����- �����6�' ?�I��0b.%$=, +
���6�I*J�(�E�������60E$&�(�)�(�]�`M��+!H�����C$=,:M%$=��$=0E� �(�����'�= �(�]� �%����/%$&,6,f9�oY�%$&���($=�i�%$=�k!+$ d �=rIr � h
FI��*�����$=,6�������1���������n ?�I��0b.�, $&���6�I*]���(�a�����n��$=�����EB�������� 1.0 < p < 2.0 9 �a� �%$CTI�
$=,����A.]����- �������I(]M]�����������I*  ?���I0 oD��$&���($=�i�%$=�k!+$ d �&rIr � h5�(�A�������60E$&�(��-n�(���bM��+!c���6��$=,
M%$&�($=01������������*#�C$=������B�������� 1.0 < p < 2.0 9
mV*�01�I�k� �= ]�(���Y�C$=������W&�(���D$& "�(����FI,�� B8�6� �(�H��BY�C$=ZQ�(��/ � -�������� �(��-K��*`�����D��$=-��6��BD$ T=��+
/%$&*�-���9Y
����@����,U +t$=/]���I��M]�(���I*A ?�����H.]��*�� ! d

νa
h W[B��]�6�i� �%$=��$>�k�(���I*�F1-���M^��*�-]��*������I*

�����)-���*������V!#�& :�����)���6����.�0<+V/].����k��0E��-��6.�0 WH*��I��0E$=,�,�!1,6�������6*A�����)�($=-]�6�E+ 0E��,6,6��0>���(���
BD$CTI��/�$=*�-g9 
��]�A*��I*,+ -�������� �(�6�=*a�= 5�����A��$=-��6� $& "������F=,6� B �(�]��*8,��C$CTI����.��b�����I�k���= 
�I*]�EM%$&�($=01������� �(� -�� �(����0E��*��K�(���1M��+!H�����C$=, M%$=��$=01���(������9�mV*
��.��i�8������.%$&�(���I*���W BY�
�%$CT=�
�I(cM�����������- �����\M��+!H���6��$=, M%$&�($=01���������#��*��(����01�#�= )�(���\�����k�#�(�������\��M^��� �(��$=,
M%$&�($=01��������� d Tc� �=9

νm, νc, Fpeak
hK$=*]- ����� -]��*������V! �= '�(��� ��������.�09+ /�.������>01��-���.�0 9

4��b$=*2$=-�-]���(���I*%$=,:���I*]���(��$=�6*+��W<��*2��.��i�a������.%$&�(���I*���WgBD��$=����.�0E�>�����(�]���Q�(���1��*]����F&!
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���H.]�6M%$=�k�(�U�(�6�=*n/^���VBY����*\�����K$=������,�����$&�(��-\��,6���������I*�� $=*�-n������0E$=FI*�� �(�6���%��,6- � 9 �&9
εe

�
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�I�
εe
� √
εB
9L
����Q, $ �(���Y���U�(.%$&���6�I*E�%$=�5/^����*JM����IM^�I����-#/+!@) ��-]TI��-���T d �=rIrIqIh

$=�'$K01�I���Q,��6Z=��,�!E���U�(.%$&���6�I*A ?�=�5�(����K)l�o �%����/%$=,�,6��9

Double Jet :
jc�I01� �= )�(��� $  "�(����FI,6� B��A��$ T=� / ����* ��(cM�,6$=�6*���- $=�A/^���6*]F_-�.��\�(�8�VBY�

M��+!H�����C$=,�,�!)-��������6*�� � ��� �(��W=�6*]���(��$=-b�& %.���.�$=,c�=*��=9:
:�'�i$=Z&� �����6�<�6*+�(��$=�����I.�*+��W=BD�Y�%$CTI�
FI��*�����$=,6������-#�I.���$=/^� TI�Q01��*+�(���I*���-#���H-��=9 
����Q���c-����C$=,���.�,6$&�(��� �%.,(A���I*+�(���6/�.c�(�6�=*��
 ?���I0 / �&�(������� ��� �(�D$=*�-A���I�����������D�(�]��0  ?�I� ��(H�(��*������6�I*E$=*�-A�]�I���D���I*+�(���6/�.c�(�6�=*E��*A$
���601�6, $&�5B5$C!n$=��01��*+�(���I*���-\$=/^� T=�=9 m ���(����*\$=-�-]���(��� �%.,(c��� ���A�C$&,6��.], $&����- /^�� ?�I���
���I0EM�$=����*�F�B������\�(���K�I/]�����kTI��-a-%$&�($#M �I��*+�(��9boD���k�����)M%$=��$=0E� �(�����Q$=���K���k�(�60E$&����-
$=*]-A��� �(.���*���-A��*�$@����0E��, $=� BD$C!A$&�Y��*E�(�]���C$&�����& ����*�FI,6� ��� �5$=/^� TI�&9 
��]�6� ���H-���BD$=�
.�����-  ?�I�����k�(�60E$&���6*�F������)/ ����� ���(�����1�����@$& "�(����FI,�� B �= K@l'o r+p=r �Ir � -����������6/^��- �6*
e �%$&M]�(����pH9


����>/^����� �]�)M%$=�($&0E� �(�����Q�I/]�($=�6*���-\.�����*�F#�(�����Q���H-��� ?�I� T&$=���6�I.���-%$&�i$A�������b$=���
-�������.]������-a��* e �%$=M]����� ��W e ��$=M]�(���@pcW e �%$=Mc�(���)qc9 �2�K�%$CTI�1$=,����#M�,��=������- �(�]��������.�,U�i$=*+�
,6��FI�+����.]��TI����FI��*�����$&�(��- .]���6*]F>�����)/ ����� ���'M%$=��$=01���(��������*J���������`�i��$=M]�(������9
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