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Gamma-ray Bursts (GRBs) are powerful explosions that emit most of
their energy, as their name suggests, in gamma-rays of typical energies of about
1 MeV. This emission lasts for about two minutes or less and it is called the
prompt emission. The isotropic energy radiated in GRBs is equivalent to the
energy that the Sun will radiate in its entire lifetime. After decades of study-
ing this cosmological phenomenon, we have come to learn that it involves a
collimated and relativistic jet. Also, we know that they radiate energy in the
X-ray, optical and radio bands for days, weeks and years, respectively, which
is called the afterglow. Recently, NASA’s Fermi Satellite was launched and,
in addition to MeV photons, it detected GeV photons from these astrophys-
ical sources. We show that these GeV photons are produced when the GRB
jet interacts with the medium that surrounds it: the external forward shock
model. We arrive at this conclusion not only by studying the GeV emission,
but also by studying the afterglow observations (Chapter 2). We corroborate

this model by studying the electron acceleration in the external forward shock
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model and find that electrons can radiate at the maximum observed energy
of ~ 10 GeV (Chapter 3). We also provide an extensive analysis of the most
recent afterglow observations of GRB 090902B within the same framework of
an external forward shock origin. We find that the data for this burst requires
a small deviation from the traditionally used power-law electron energy dis-
tribution, however, our previous results remain unchanged (Chapter 4). To
conclude, we use the end of the prompt emission phase, which exhibits a steep
X-ray temporal decay, to constrain the behavior of the central engine respon-

sible for launching the relativistic jet (Chapter 5).
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2.1

2.2

List of Tables

The main quantities used in our analysis for these 3 GRBs. Gpar
is the spectral index for the > 100 MeV data, p is the power-law
index for the energy distribution of injected electrons, that is,
dn/dy o v7P, z is the redshift, djog is the luminosity distance
in units of 10*® c¢m, tgrp is the approximate burst duration in
the Fermi/GBM band and E, s, is the isotropic equivalent of
energy observed in vy-rays in the 10 keV-10 GeV band for GRB
080916C and GRB 090902B, and in the 10 keV-30 GeV band
for GRB 090510. Data taken from Abdo et al. (2009a,b,d), De
Pasquale et al. (2010). . . . ... .. ... ...

Comparison between the temporal decay index (o pg) expected
for the external forward shock model, and the observed decay
index (apps); these values are equal to within 1-o error bar.
The ES flux calculated at time t is compared to the observed
value at the same time. These two values are also consistent,
further lending support to the ES origin of the > 100 MeV
emission. Data are obtained from the same references as in
Table 2.1. The theoretically calculated flux would be larger if
€. > 0.25; GRB afterglow data for 8 well studied bursts suggest
that 0.2 < €, 0.8 (Panaitescu & Kumar 2001). . . . ... ..
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3.1

3.2

5.1

The main quantities used in our analysis for three Fermi: GRBs.
« is the approximate spectral energy index, during the prompt
emission phase, below the peak of the spectrum (f, o v* for
v < 1,), V, is the observed peak of the spectrum; B, _5 is the
average upstream magnetic field, in units of 10 uG, obtained
by modeling of the data for these bursts (Kumar & Barniol

Duran 2010); L7 " and L3 1 are the approximate observed

isotropic equivalent luminosities of the prompt ~-rays and ex-
ternal forward shock emission at the deceleration time, respec-
tively. Data are taken from Abdo et al. (2009a,c,d). B, was
obtained by setting three simple constraints while modeling the
external forward shock emission: 1. Its flux at 100 MeV should
agree with the observed value, 2. Its cooling frequency should
be below 100 MeV at early times for consistency with the ob-
served spectrum, and 3. Its flux at 100 keV should be smaller
than the observed value during the observed steep decay, so that
the external forward shock emission does not prevent the 100
keV to decay steeply (Kumar & Barniol Duran 2009, 2010).

tace/tq is the ratio of the time for electron acceleration to a
specific energy (corresponding to synchrotron frequency given
in column 2) and the deceleration time; it is a measure of the
delay, with respect of the trigger time, for photons of a given
energy to arrive at the observer when the external reverse shock
emission is smaller than given in the last column of the Table.
The observed time delay of photons in column 2 with respect to
the trigger time is t/t4. F)* (in Jy) is the maximum possible
observed external reverse shock peak flux, so that electrons can
be accelerated to produce photons of energy given in column 2
at td. ...............................

Closure relations between « (decay index) and [ (spectral in-
dex) for a cooling ember undergoing AE (g = t., see Section
B35 oo e

xiii

65

68



1.1

1.2

1.3

1.4

1.5

List of Figures

The gamma-ray emission of a long and a short GRB (left and
right, respectively) detected by BATSE (Burst and Transient
Source Experiment) onboard NASA’s CGRO (from Kaneko et
al. 2006). . ..o

GRB durations of the 4B Catalog detected with BATSE. Ty
is the time over which a GRB emits from 5% to 95% of its
total measured counts. Short and long GRB populations can
be clearly seen (from Kaneko et al. 2006). . .. ... .. ...

Example of an optical afterglow light curve. The various sym-
bols correspond to different optical filters. The optical afterglow
decays as ~ t~! until about a day, when the “jet break” is ev-
ident and the light curve steepens to ~ t=2. The break can be
seen in all different optical bands (from Harrison et al. 1999).

The Swift GRB 050315 X-ray light curve in the 0.3 - 5 keV band.
This GRB clearly exhibits the X-ray canonical light curve. The
filled circles show the X-ray detections while the solid line shows
the result of the best fit. The lower panel shows a measure of
the deviation of the data to the best fit (from Vaughan et al.
2006). . .o

The light curve of GRB 080916C in different energy channels
(left panel). Note that the fourth panel from top to bottom does
not show any counts starting at 0 s until about 3 s. The light
curve of GRB 080916C in two energy bands (right panel, top),
> 100 MeV (filled circles) and 50 - 300 keV (empty squares).
Note how the > 100 MeV light curve lasts for ~ 1000 s, while
the lower energy one starts to decay rapidly at a few tens of
seconds. The huge error bar of the first > 100 MeV data point
comes from the fact that almost no > 100 MeV photons are
detected in this time interval. The > 100 MeV emission photon

index is shown in the bottom right panel (from Abdo et al. 2009a). 13
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2.1

2.2

We determine the sub-space of the 4-D parameter space (for
the forward external forward shock model with s = 0) allowed
by the high energy data for GRB 090902B at t=50 s as de-
scribed in Section 2.3.1. The projection of the allowed subspace
onto the eg—n plane is shown in this figure (dots); the discrete
points reflect the numerical resolution of our calculation. We
also plot the expected ep for a shock compressed CSM magnetic
field of 5 and 30 uG as the green and blue lines respectively;
for a CSM field of strength By, the value of e downstream
of the shock-front resulting from the shock compressed CSM
field is ~ BZ/(2mnm,c?), where nm,, is the CSM mass density,
and c is the speed of light. Note that no magnetic field am-
plification is needed, other than shock compression of a CSM
magnetic field of ~ 30 uG, to produce the >100 MeV photons.
The synchrotron injection and cooling frequencies at ¢ = 50 s
for the sub-space of 4-D parameter space allowed by the high
energy data are 100 eV Sv; $3 keV and 30 MeV Sv,. <100 MeV
respectively, the Lorentz factor of the blast wave at t = 50 s
lies between 330 and 1500, and 10°° erg < Ex g 50 <3 X 10°° erg.
Note that at 0.5 d v; would be below the optical band, and
v. > 1 MeV, and these values are consistent with the X-ray
spectrum and the X-ray and optical decay indices at this time.

The optical and X-ray fluxes of GRB 090902B predicted at late
times using only the high energy data at 50 s (assuming syn-
chrotron emission from external forward shock) are shown in
the right half of this figure, and the predicted flux values are
compared with the observed data (discrete points with error
bars). The width of the region between the green (magenta)
lines indicates the uncertainty in the theoretically predicted X-
ray (optical) fluxes (the width is set by the error in the measure-
ment of 100 MeV flux at 50 s, and the error in the calculation
of external forward shock flux due to approximations made —
both these contribute roughly equally to the uncertainty in the
predicted flux at late times). LAT (X-ray) data red (black) cir-
cles, are from Abdo et al. 2009d (Evans et al. 2007, 2009) and
were converted to flux density at 100 MeV (1 keV) using the
average spectral index provided in the text. Optical fluxes are
from Swenson et al. 2009 (square) and Guidorzi et al. 2009 (tri-
angle) and were converted to flux density using 16.4 mag ~ 1
mJy. The blue dashed line shows schematically the light curve
observed by Fermi/GBM. The predicted value for the radio flux
at one day has a very large range (not shown), but consistent
with the observed value. . . . .. .. .. ... ... ......
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2.3

24

2.5

We determine the sub-space of the 4-D parameter space (for
the external forward shock model with s = 0) allowed by the
late time (¢ > 0.5 d) X-ray, optical and radio data for GRB
090902B as described in Section 2.3.1.2. The projection of the
allowed subspace onto the eg—n plane at ¢t = 0.5 d is shown
in this figure (dots). We also plot the expected ep for a shock
compressed CSM magnetic field of 2 and 30 uG as the green
and blue lines, respectively; for a CSM field of strength By,
the value of eg downstream of the shock-front resulting from
the shock compressed CSM field is &~ BZ/(2rnm,c*), where
nm,, is the CSM mass density, and c is the speed of light. Note
that no magnetic field amplification is needed, other than shock
compression of a CSM magnetic field of strength <30 uG, to
produce the late time X-ray, optical and radio data. We arrived
at this same conclusion from the modeling of early time >100
MeV radiation alone (see Fig. 2.1). . . . ... ... ... ...

Using the X-ray, optical and radio data of GRB 090902B at
late times (right panel) we constrain the external forward shock
parameters, and then use these parameters to predict the 100
MeV flux at early times (left panel). The region between the
red lines shows the range for the predicted flux at 100 MeV;
note the remarkably narrow range for the predicted 100 MeV
flux in spite of the large spread to the allowed ES parameters
as shown in Fig. 2.3. The blue point (left panel) indicates the
flux at 100 keV and 50 s that we expect from the ES model;
note that the ES flux at 100 keV falls well below the observed
Fermi/GBM flux shown schematically by the dashed line in the
left panel, and that is why the GBM light curve undergoes a
rapid decline with time (~ ¢~3) at the end of the prompt burst
phase. The radio flux is taken from van der Host et al. (2009).
All other data are the same as in Fig. 2.2. . . . ... ... ..

Using the observational constraints mentioned in the text (Sec-
tion 2.3.2), we determine the sub-space of 4-D parameter space
(for the external forward shock with s = 0) allowed by the
data for GRB 090510 at ¢ = 50 s. We show the projection of
the allowed subspace onto the ez—n plane in this figure (dots);
the region agrees with the expected ep from shock-compressed
CSM magnetic field of $30 uG (the green and blue lines show
10 puG and 30 upG, respectively). The other parameters for
the ES solution at this time are: The Lorentz factor of the
blast wave is between 260 and 970, 0.1 < e, < 0.7 and 10°3
erg S Expiso 54 % 10° erg. At ¢t = 100 s, we also find Y < 4,
vi~b00eV, v.~40MeV. . . . ...
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2.6

2.7

2.8

Shown in this figure are data for GRB 090510 obtained by
Fermi/LAT (>100 MeV), Swift/XRT (X-ray) and Swift/UVOT
(optical) data, and a fit to all these data by the external forward
shock model (solid lines). The jet break seen in X-ray has been
modeled with a power-law, oc t7P; the optical light curve after
the jet break should show a shallower decay o t~'/3, because at
this time v,,; < v;, but then it slowly evolves to an asymptotic
decay o< tP at later times (Rhoads 1999). The LAT (X-ray)
data are from De Pasquale et al. 2009 (Evans et al. 2007, 2009)
and have been converted to flux density at 100 MeV (1 keV)
using the average spectral index mentioned in the text (Section
2.3.2). The optical data (squares) are from De Pasquale et al.
(2010). Triangles mark upper limits in the X-ray and optical
light curves. . . . . . . ..

The optical and X-ray fluxes of GRB 080916C predicted at late
times using only the high energy data at 150 s (assuming syn-
chrotron emission from external forward shock) are shown in
the right half of this figure, and the predicted flux values are
compared with the observed data (discrete points with error
bars). The width of the region between the green (magenta)
lines indicates the uncertainty in the theoretically calculated
X-ray (optical) fluxes. The LAT (Abdo et al. 2009a) and X-
ray fluxes (Evans et al. 2007, 2009) at 100 MeV and 1 keV,
respectively, have been converted to mJy the same way as done
for Figure 2.2. Optical fluxes (squares) are from Greiner et al.
2009 (triangles are upper limits). GBM flux at 100 keV — blue
filled circles — is taken from Abdo et al. 2009a. The thin dashed

lines connecting LAT and GBM data are only to guide the eye.

Using the X-ray and optical data of GRB 080916C at late times
(right panel) we constrain the external forward shock parame-
ters, and then use these parameters to predict the 100 MeV
flux at early times (left panel). The region between the red
lines shows the range for the predicted flux at 100 MeV. The
data are the same as in Figure 2.7. . . . . . .. ... ... ..
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2.9 GRB 080916C: Band function fit to a superposition of external

3.1

4.1

shock (ES) spectrum (shown as a dot-dash line) and the sub-
MeV source spectrum (dashed line). The superposed spectrum
is shown by a solid line, and the best fit Band function by a
dotted line (x?/dof for the Band function fit is 1.2); errors in
the Count Rate are taken from Abdo et al. (2009), and these
are equal to the size of filled circles. The ES spectrum is a
synchrotron spectrum in the slow cooling regime with break
frequencies 100 keV and 20 MeV (values taken from the ES
calculation). The Sub-MeV spectrum (dashed line) peaks at
400 keV and has a slope of 0 (v~16) below (above) the peak;
the choice of the high energy spectral index for this component
is motivated by observations during the first 4 s of the burst,
when the emission is dominated by the sub-MeV component. If
one were to use different break frequencies for the ES spectrum
(for instance, 100 keV and 70 MeV), the superposition would
also give an acceptable Band function fit. . . . . . . . .. ...

Top. The expected external forward shock light curve when the
non-zero acceleration time of the emitting electrons is taken
into account. We plot the specific flux (normalized to the flux
at tq, fq) versus time (normalized to the deceleration time, ¢4).
We show two cases: (1) Ry < Rq < Ry (red solid line), and
(2) Ry < Ry < Ry (blue dashed line). Bottom. The light
curve temporal slope, 3 = dIn(f/fs)/dIn(t/ts). The horizontal
black dotted line shows the asymptotic value of the temporal
decay index if we take electrons to accelerate instantaneously;
for t < tg the light curve would rise as t3. However, we find that
the external forward shock light curve rises faster than t* due
to the finite time it takes electrons to accelerate. . . . . . ..

Geometry for scattering of a photon by an electron. The elec-
tron trajectory is denoted by a thick solid line, while the tra-
jectory of the incoming and outgoing photon is denoted by a
thick dashed line. We present the scattering viewed from the
lab frame (top) and viewed from the rest frame of the incom-
ing electron, that is, the electron is at rest in this frame before
scattering (bottom). The diagrams before and after the colli-
sion are presented in (a) and (b), respectively. The un-primed
quantities are in the lab frame, while the primed () quantities
are in the electron rest frame before scattering. . . . . . . ..
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4.2

4.3

Schematic of a GRB jet. The width of the shell in the co-
moving frame of the shell is R/T", where R is the distance from
the center of the explosion and I' is the LF of the source. To
calculate the specific intensity in the middle of the shell one
needs to take into account all photons produced by electrons
(emitters) within the causally connected region of radius R/T.
Since R/I" < R we assume a rectangular slab geometry. . . . .

We solve for the allowed 4-D external forward shock parameter
space for constant CSM and p = 2.3 (e, €5, n, Fxp.iso) by im-
posing only two constraints: (i) The X-ray flux at ¢t; = 12.5 h
should be consistent with the observed value and (ii) the injec-
tion frequency, v;, should be < 2 eV at the same time (see text).
For this allowed parameter space we calculate (blue points) the
cooling frequency at t; (top left), the optical flux at 21 h (top
right), the radio flux at 5.6 d (bottom left) and the Compton-Y
for electrons radiating at 2 eV, Y, (bottom right). All quan-
tities are plotted as a function of the ratio of Compton-Y for
electrons radiating at 1 keV, Y, at two times, t; and t5 = 10t
with subscripts “1”7 and “2”, respectively. We only plot the data
for which (1 +Y,) increases with time. In order to steepen the
X-ray light curve for GRB 090902B, with v; < vy < v, < 1
(Option 2), to make it consistent with the observed behavior re-
quires log,o[(1+ Yz2)/(1 + Yz1)] = 0.13, which is not found for
any point in the 4-D parameter space. Also, we find v. < 2 eV,
inconsistent with Option 2 (the horizontal dashed line shows
ve = 2 eV — top left). Moreover, the optical and radio fluxes
are inconsistent with the observed values (horizontal dashed
lines). The bottom right panel shows that (1 +Y,) x (1+Y,),
and therefore whenever the X-ray light curve is steepened due
to the increase of Y, with time, the optical light curve is also
steepened by the same amount. . . . . . ... ... ... ...
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4.4 Allowed eg-n plane and v, at 12.5 h as a function of Ex g iso/ Ex iso

4.5

4.6

(left and right panels, respectively) for constant CSM and p =
2.3 when the X-ray, optical and radio fluxes predicted by the
external forward shock model at 12.5 h, 21 h and 5.6 d, re-
spectively, are consistent with the observed values within 1-o
(Constraint 1). We further narrow down the allowed parame-
ter space with the following constraints: €, > 0.2 (Constraint
2 - see Section 4.5), Expiso/Eviso > 0.2 (Constraint 3) and
Expiso/Eyiso > 1 (Constraint 4). The points are color coded
according to the applied constraints (in parenthesis): magenta
(1), blue (1 and 2), green (1, 2 and 3) and cyan (1, 2 and 4). The
solid black lines show the expectations for the shock-compressed
magnetic field of seed values 1, 10, 60 and 450 uG (from bottom
to top — see text). The horizontal dashed line shows v, = 1 keV.
The injection frequency at 12.5 h is 1; ~ 0.04 eV. Notice that
these figures have many more points than the ones on Figure
4.3, since there are many more solutions for which (1 +Y,) de-
creases with time. For the points in these figures, we find that,
at most, (1 +Y,) o« t7°2 however, as seen in the right panel,

v, < U, therefore, the X-ray temporal decay index is unaffected. 100

100 MeV flux as a function of €. Ex g iso/ Ey,iso and v, at 50 s as
a function of Ekp iso/Ex iso in the left and right panels, respec-
tively (for p = 2.3). The dashed lines indicate the observed flux
at 50 s and v. = 100 MeV, respectively. The injection frequency
at 50 s is v; ~ 1 keV (2 keV) for p = 2.3 (p = 2.55). The color
coding is the same as in Figure 4.4. . . . . . .. ... ... ..

Lower limit on the upstream circumstellar medium magnetic
field, B,, as a function of the Compton-Y parameter for elec-
trons radiating at 100 MeV at 10° s, Ypar (left panel). Ypar
is calculated using the method described in Section 4.3 for
the allowed subspace of the 4-D parameter space (€., €5, n,
FEkp.iso) for GRB 090902B afterglow data shown in Figure 4.4
(for p = 2.3). B, was obtained by requiring that the Inverse
Compton cooling time for these electrons is larger than their ac-
celeration timescale: Method 1. We also calculate a lower limit
on B, by requiring that the electrons radiating at 100 MeV at
103 s are confined to the shock front: Method 2 (B, obtained
by this method does not depend on Y7 47 and has an extremely
weak time dependence). The maximum of these two values,
B, maz, 1s the true minimum of B,, which for GRB 090902B
is given by Method 2 (right panel) and it is plotted as a func-
tion of Y747 to aid in the comparison between the two panels;
B maz S5 pG. The color coding is the same as in Figure 4.4. .
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5.1

5.2

The normalized flux density, equations (5.11) and (5.12), plot-
ted vs. observed time, assuming that the observed frequency v
is always between v; and v, (if v. < v, then there is no AE, only
LAE if ; > T'"!, see Section 5.3.2). This emission is produced
by the last ejected shell, because contributions from previously
ejected shells would be buried in the emission of subsequent
shells, since both LAE and AE decay very fast. Left panel: Us-
ing to = 100 s and t. = 10 s. The LAE and AE-Baryonic decay
indices correspond to a = (3, 6), respectively, and the AE-Pair
has 6 = 8 (§ = 1, using AE: Synchrotron - thin ejecta). Right
panel: Using tg = t. = 100 s and the same «’s and ¢ as above.
In this illustrative example we have 6; = 2/I', therefore, LAE
dominates over AE until ¢; = 500 s, when AE-Baryonic takes
over. This break in the LC from the LAE to the AE power law
decay (which should be a smooth transition and it is done in
the figure for display purposes) has never been observed.

Two possible scenarios for the contribution of LAE (dotted),
AE (dashed) and the rapidly declining central engine activity
(solid), as seen in the X-ray band. The two “humps” repre-
sent the y-ray detection (from Swift BAT), extrapolated to the
X-ray band, attributed to activity of the central engine. Top
panel: The case for which the central engine activity drops ex-
tremely fast and LAE and AE appear. Only ~ 20% of our
sample is possibly consistent with this scenario. Bottom panel:
Our preferred scenario, where the central engine activity is the

dominant contribution and it decays slower than the theoretical
LCs for LAE and AE. . . . .. . ... ... .. ... .....
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Chapter 1

Introduction

1.1 What is a Gamma-Ray Burst?

Gamma-Ray Bursts (GRBs) are very intense flashes of gamma-rays
that last anywhere from a fraction of a second to several hundred seconds;
for a general review of GRBs see Piran (2004), Mészédros (2006), Woosley
& Bloom (2006), Zhang (2007), Gehrels, Ramirez-Ruiz & Fox (2009). The
isotropic energy in these gamma-rays is very large, comparable to the energy
the Sun will radiate in all of its lifetime. Since gamma-rays are absorbed by
our atmosphere, they are observed with gamma-ray detectors onboard man-
made satellites that orbit the Earth. With the current GRB satellites, GRBs
are detected a few times a day. GRBs are detected from random directions in

the sky and they arrive from cosmological distances.

1.2 The prompt emission

Gamma-rays from a GRB show very strong variability in their light
curves (Figure 1.1) and also show a non-thermal spectrum. The spectrum has
been phenomenologically fitted by a “Band function” (Band et al. 1993), which
is described by two smoothly connected power-laws. The specific flux below
and above the peak of the spectrum asymptotically behaves with frequency v
as oc v 7, where 3 ~ 0 and 3 ~ 1.2, respectively, and the peak energy of the
spectrum is typically ~ 300 keV (Preece et al. 2002). It is interesting to note



that the high energy part of the Band spectrum extends to at least several
MeV.
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Figure 1.1: The gamma-ray emission of a long and a short GRB (left and right,
respectively) detected by BATSE (Burst and Transient Source Experiment)
onboard NASA’s CGRO (from Kaneko et al. 2006).

The Compton Gamma-Ray Observatory (CGRO) —a NASA satellite —
determined that there were two types of GRBs: short and long ones (Kouve-
liotou et al. 1993, see Figure 1.2). Short bursts are those that last for less than
about 2 s in duration and long GRBs last longer than about 2 s (Kouveliotou
et al. 1993). Also, short GRBs are typically “harder” compared to their long
counterparts. The term harder here simply means that the ratio of count rate
in a high energy band (100 - 300 keV) compared to a lower energy band (50
- 100 keV) is larger. The short-lived gamma-rays from a GRB are referred to

as the “prompt” emission.
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Figure 1.2: GRB durations of the 4B Catalog detected with BATSE. Ty is the
time over which a GRB emits from 5% to 95% of its total measured counts.
Short and long GRB populations can be clearly seen (from Kaneko et al. 2006).

1.3 The afterglow emission

The astronomical community first learned about GRBs in 1973 (Klebe-
sadel et al. 1973). However, it wasn’t until 1997 that an X-ray satellite, Bep-
poSAX, was able to follow-up a GRB with an X-ray detector a few hours after
the end of the prompt emission. This X-ray detection allowed for a better de-
termination of the position of the GRB in the sky. With this position, optical
and radio telescopes on Earth were able to point at this direction in the sky
and detect emission from the same source. The optical and radio radiation
were seen for a few days and months, respectively. This long-lasting emission
is called the “afterglow”, and it is the emission that follows the prompt phase
at lower energies (X-ray, optical, radio) for very long timescales: from days to

months (Costa et al. 1997, van Paradijs et al. 1997, Frail et al. 1997). GRB



afterglow specific fluxes have a power-law dependence on frequency v and time

tas f, xt*v =¥ where a ~ 1.2 and 8 ~ 0.9 (Piro 2001).

Afterglow observations answered some of the basic questions regard-
ing these objects that had been mysterious for many years. By identifying
the “host galaxies”, where the optical afterglow originated, it was possible to
spectroscopically determine the distance (redshift) to the host galaxy, and it
was concluded that these events happened at cosmological distances (Bloom,
Djorgovski & Kulkarni 2001, see also Meegan et al. 1992). Also, distance
measurements enabled the determination of the energy emitted in gamma-
rays, which was found to be as large as ~ 10%* erg. After carefully monitoring
radio afterglows and determining how the size of the radio remnant changed
with time, they confirmed that the remnant was moving relativistically (Frail
et al. 1997, Taylor et al. 2004). This confirmed previous claims that in order
to avoid pair-production that would prevent us from detecting MeV gamma-
rays in the first place (the “compactness problem”, see, e.g., Ruderman 1975,
Piran 1997, Lithwick & Sari 2001), the emitting source should be moving rela-
tivistically towards us. The current understanding of the afterglow radiation is
that it is produced when the relativistic outlow from GRBs interacts with the
medium surrounding the explosion and drives a forward shock that heats the
medium, which radiates via synchrotron emission: the external forward shock
model (see, e.g., Rees & Mészaros 1992, Mészaros & Rees 1993, Paczyniski
& Rhoads 1993). The distance from the center of the explosion to the site
at which the GRB outflow interacts with the surrounding medium depends
on the energy in the explosion, the density of the medium and the Lorentz
Factor of the outflow, however, typical values range from 10'® —10*® cm. This

model has been successful in explaining afterglow observations, which showed



a typical ~ ¢! decline in their light curves.

It was discovered that many optical light curve decays steepen a few
days after the explosion, which was an evidence for the fact that the material
ejected relativistically in GRBs is narrowly collimated or beamed (Rhoads
1999, Sari et al. 1999). This can be understood as follows. Due to the
“relativistic beaming effect” we can only see photons coming from a small
opening angle equal to the inverse of the Lorentz Factor of the source. As
the outflow collects more and more of the interstellar medium and its Lorentz
Factor decreases, we see more and more of the outflow. When the Lorentz
Factor drops to a value that is the inverse of the outflow opening angle we
begin to see the entire GRB jet and at that time the light curve steepens
from ~ t7! to ~ t72 (see Figure 1.3). This allows us to determine the angle
of the GRB jet, which is found to be ~ 2 — 20° (Frail 2001, Panaitescu &
Kumar 2001). This collimation reduces the energy released in gamma-rays to
be ~ 105! erg (Panaitescu & Kumar 2001, Piran et al. 2001), which is still

enormous, but more reasonable for a stellar mass object to produce.

Prior to the launch of the NASA Swift satellite it usually took about
half a day after the prompt phase of a GRB for X-ray, for optical and radio
telescopes to point at the site where the gamma-rays where produced, and
the majority of the data seemed to be explained very well by the external
forward shock model. This model also predicts the existence of an external
reverse shock (see, e.g., Mészdros & Rees 1997, Wen, Panaitescu & Mészaros
1997) that travels through the GRB jet, heating the particles in the jet, which
radiate via synchrotron emission. However, this emission was predicted to be
short-lived, to appear close to the end of the prompt phase, to peak at the
optical band, to be very bright and to decay very quickly as ~ t=2 (see, e.g.,
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Figure 1.3: Example of an optical afterglow light curve. The various symbols
correspond to different optical filters. The optical afterglow decays as ~ t~1
until about a day, when the “jet break” is evident and the light curve steepens
to ~ t72. The break can be seen in all different optical bands (from Harrison
et al. 1999).

Sari & Piran 1999a). To test this hypothesis, one would have to be able to
point an optical telescope to the location of the GRB very quickly. This has
now been achieved for many GRBs and in a few cases a bright, short-lived,
optical flash has been detected (Akerlof et al. 1999, Fox et al. 2003, Li et
al. 2003, Boer et al. 2006, Klotz et al. 2006, Roming et al. 2006). There
are several uncertainties that plague the calculation of the external reverse

shock emission, for example, one needs to assume the composition of the GRB



jet. The previous predictions were done for a baryonic GRB jet, however,
if one assumes that most of the energy in the GRB jet is in magnetic fields
(Poynting jet), then one expects the emission of the external reverse shock to
be weak (Fan et al. 2002, Zhang et al. 2003, Fan, Wei & Wang 2004, Zhang
& Kobayashi 2005, Giannios et al. 2008).

1.4 Supernova connection, Host Galaxies and Progeni-
tors

An important clue in the GRB phenomenon appeared in 1998, when a
supernova explosion was seen associated with a GRB (Galama et al. 1998).
We now have several spectroscopically confirmed cases of supernovae following
long GRBs (see, e.g., Woosley & Bloom 2006), and other cases in which a “red
bump” can be detected in their optical afterglows (Bloom et al. 1999), consis-
tent with the expectations of a supernova accompanying the GRB. Supernovae
are classified by different types and the ones that are associated with GRBs
are Type Ic, which are produced by the collapse of a massive star that has lost

its Hydrogen and Helium envelopes.

The host galaxies of long GRBs are typically dwarf spiral or irregular
starburst galaxies. Short GRBs, on the other hand, are hosted by both early
and late-type (spiral and elliptical) galaxies. The specific star-formation rate
in long GRB hosts is about 10 solar masses per year (Christensen, Hjorth &
Gorosabel 2004), while the specific star formation rate of short GRB late-type
hosts is more than a factor of 10 smaller (Nakar 2007). Also, short GRBs are
located at a large offset from the center of their host galaxies, consistent with
the idea that they could be produced by the merging of two compact objects
that are in a binary system (see, e.g., Fong, Berger & Fox 2010). The fact



that they show an offset is consistent with the “kick” that binary systems gains

when one of the stars explodes as a supernova to become a compact object.

The current paradigm in regards of the progenitors of GRBs is the
following: Long GRBs, since they appear in star forming regions and are asso-
ciated with supernovae, are produced from massive stars when they undergo
collapse (Woosley 1993, MacFadyen & Woosley 1999); short GRBs, since some
of them belong to an older stellar population, are thought to be produced by
the merging of a neutron star - black hole binary (Eichler et al. 1989, Paczyniski
1991, Narayan, Paczynski & Piran 1992) or a neutron star - neutron star bi-

nary. In both cases, the resulting object is likely a black hole.

1.5 The Suift Satellite

The Swift Satellite was launched at the end of 2004 (Gehrels et al.
2004). This satellite was designed to detect gamma-rays in the energy range
15 - 150 keV with BAT (Burst Alert Telescope). In less than about 90 s after
the detection of the gamma-rays, the satellite rotates and points both the XRT
(X-ray Telescope: 0.3 - 10 keV) and the UVOT (UV /Optical Telescope: 170
- 600 nm) to the location of the sky where the gamma-rays were detected by
BAT.

Swift has bridged the gap that existed between the afterglow observa-
tions that started usually at about 7 hours or more after the end of the prompt
phase. Before Swift, people thought that afterglow fluxes would simple extrap-
olate backwards in time with a single power-law, however, most GRBs show
a complicated behavior. More than two thirds of all GRBs detected by Swift
exhibit a “X-ray canonical light curve” (see Figure 1.4), whose flux shows the

following temporal behavior: (i) a steep decay (~ t73) that follows the end



of the prompt phase and ends at ~ 500 s, followed by (ii) a shallow decay
or plateau (~ t7%?) that ends at ~ 10 s, followed by a (iii) “normal decay”
(~ t712), called normal because this is the typical decay index that was ob-
served in afterglows before Swift (Zhang 2007). After this decay, it is also

sometimes possible to see the “jet break” that was detected in pre-Swift data.
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Figure 1.4: The Swift GRB 050315 X-ray light curve in the 0.3 - 5 keV band.
This GRB clearly exhibits the X-ray canonical light curve. The filled circles
show the X-ray detections while the solid line shows the result of the best fit.
The lower panel shows a measure of the deviation of the data to the best fit
(from Vaughan et al. 2006).

In addition to this interesting X-ray canonical light curve, Swift found
X-ray flares, which are high amplitude, short duration spikes seen superim-
posed on the X-ray light curve. These X-ray flares appear in every segment of

the canonical light curve (Falcone et al. 2006, Chincarini et al. 2007).



1.6 The Fermi Satellite

The Fermi Satellite was launched in 2008. One of the main objectives
of this telescope was to study the high-energy behavior of GRBs. Fermi has
onboard two detectors: the GBM (Gamma-ray Burst Monitor) and the LAT
(Large Area Telescope). The GBM covers an energy range of ~ 10 keV - 40
MeV, while the LAT covers an energy range of 20 MeV - 300 GeV.

Ferms has allowed us to study, with better sensitivity, the high-energy
photons from GRBs. There are a few key discoveries regarding GRBs that have
been made by Fermi (Abdo et al. 2009a). 1. The first > 100 MeV photons
arrive a few seconds after the first sub-MeV photons (left panel of Figure 1.5).
2. The duration of the sub-MeV photons varies from a fraction of a second to
a few tens of seconds, whereas the duration of the > 100 MeV signal is much
longer, usually ~ 1000 s, and that duration is only limited by the sensitivity
of the instrument (right panel of Figure 1.5, top). 3. The spectrum of both
signals, the sub-MeV one and the > 100 MeV one, can together be fitted
with a Band function, while both the sub-MeV and > 100 MeV are active.
When the sub-MeV signal disappears and the > 100 MeV remains, the > 100
MeV emission is well-fitted with a single power-law (right panel of Figure 1.5,

bottom).

1.7 The Big Questions

In this introductory chapter we have not addressed the origin of the
GRB prompt phase, because its origin is still uncertain. The most popular
model is the “internal shock” model, in which the GRB jet exhibits a variable
speed (e.g., Rees & Mészaros 1994, Paczyriski & Xu 1994). In this model,

10



the faster parts of the jet “catch up” and interact with the slower moving
parts driving a shock that heats the particles in the jet. The particles radiate
via synchrotron emission or synchrotron-self-Inverse Compton scattering and
they produce the gamma-ray photons at a typical distance from the center of
the explosion of ~ 10'® cm. However, this model has proven to have serious
problems (Kumar & McMahon 2008, Kumar & Narayan 2009, Zou, Piran,
Sari 2009).

Alternative models to the internal shock have been put forward (Thomp-
son 1994, Lyutikov & Blandford 2003, Kumar & Narayan 2009, Lazar et
al.  2009) and other emission mechanisms, like the photospheric emission
(Mészaros & Rees 2000, Rees & Mészaros 2005, Pe’er, Mészaros & Rees 2006,
Giannios & Spruit 2007, Ryde & Pe’er 2009, Beloborodov 2010) and the jit-
ter radiation (Medvedev & Loeb 1999, Workman et al. 2008, Morsony et al.
2009), however, more work is needed to pinpoint the precise way that Nature

behaves in this tremendous explosions.

A few decades after the the discovery of the first GRB, we still cannot
answer with any degree of certainty two basic questions: 1. How is the energy
in the relativistic GRB jet converted to particle thermal energy? 2. Which
radiation process converts the particle energy to gamma-ray photons? There
are three other important questions tied with the previous two and they are:
3. What is the composition of the GRB jet? 4. What is the central engine?

5. How are particles accelerated in relativistic shocks?

The launch of Fermsiin 2008 offered a new opportunity to answer some
of these basic questions. We have devoted most of our time and effort to
developing a model that explains the Fermi GRB observations (Chapters 2,

3 and 4). This model answers questions 1 and 2 above, however, it only

11



explains the > 100 MeV emission, not the sub-MeV one, which still remains a
mystery. We have also contributed to question 5 above by studying the particle
acceleration that leads to > 100 MeV radiation (Chapter 3) and also to the
lower energy emission (Chapter 4). Finally, we provide strong constraints on
question 4 above on the central engine (Chapter 5) by studying the early X-ray
steep decay seen in GRB light curves and by explaining how the central engine

must behave after the prompt phase is over.

12
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Figure 1.5: The light curve of GRB 080916C in different energy channels (left
panel). Note that the fourth panel from top to bottom does not show any
counts starting at 0 s until about 3 s. The light curve of GRB 080916C in
two energy bands (right panel, top), > 100 MeV (filled circles) and 50 - 300
keV (empty squares). Note how the > 100 MeV light curve lasts for ~ 1000
s, while the lower energy one starts to decay rapidly at a few tens of seconds.
The huge error bar of the first > 100 MeV data point comes from the fact that
almost no > 100 MeV photons are detected in this time interval. The > 100
MeV emission photon index is shown in the bottom right panel (from Abdo
et al. 2009a).
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Chapter 2

External forward shock origin of high energy
emission for three GRBs detected by Ferm:

2.1 Introduction

The Fermi Satellite has opened a new and sensitive window in the study
of GRBs. So far, Fermi has detected 18 GRBs with photons with energies
>100 MeV. The >10? MeV emission of most bursts detected by the LAT
(Large Area Telescope: energy coverage 20 MeV to >300 GeV) instrument
aboard the Fermi satellite shows two very interesting features (Omedei et al.
2009): (1) The first >100 MeV photon arrives later than the first lower energy
photon (<1 MeV) detected by GBM (Gamma-ray Burst Monitor), (2) The
>100 MeV emission lasts for much longer time compared to the burst duration

in the sub-MeV band (the light curve in sub-MeV band declines very rapidly).

There are many possible >100 MeV photons generation mechanisms
proposed in the context of GRBs; see Gupta & Zhang (2007) and Fan & Piran
(2008) for a review. Shortly after the observations of GRB 080916C (Abdo
et al. 2009a), we proposed a simple idea: the >100 MeV photons in GRB
080916C are produced via synchrotron emission in the external forward shock
(Kumar & Barniol Duran 2009). This proposal naturally explains the observed
delay in the peak of the light curve for >100 MeV photons — it corresponds to
the deceleration time-scale of the relativistic ejecta — and also the long lasting

>100 MeV emission, which corresponds to the power-law decay nature of the

14



external forward shock (ES) emission (the ES model was first proposed by
Rees & Mészaros 1992, Mészaros & Rees 1993, Paczynski & Rhoads 1993; for
a comprehensive review of the ES model, see, e.g., Piran, 2004, and references
therein). Following our initial analysis on GRB 080916C, a number of groups
have provided evidence for the external forward shock origin of Fermi/LAT
observations (Gao et al. 2009; Ghirlanda, Ghisellini, Nava 2010; Ghisellini,
Ghirlanda, Nava 2010; De Pasquale et al. 2010).

In this chapter we analyze the >100 MeV emission of GRB 090510 and
GRB 090902B in detail, and discuss the main results of our prior calculation
for GRB 080916C (Kumar & Barniol Duran 2009), to show that the high
energy radiation for all these three arose in the external forward shock via the
synchrotron process. These three bursts - one short and two long GRBs - are
selected in this work because the high energy data for these bursts have been
published by the Fermiteam as well as the fact that they have good afterglow
follow-up observations in the X-ray and optical bands (and also the radio band
for GRB 090902B) to allow for a thorough analysis of data covering more than
a factor 10® in frequency and > 10% in time to piece together the high energy

photon generation mechanism, and cross check this in multiple different ways.

In the next section (Section 2.2) we provide a simple analysis of the
LAT spectrum and light curve for these three bursts to show that the data are
consistent with the external forward shock model. This analysis consists of
verifying whether the temporal decay index and the spectral index satisfy the
relation expected for the ES emission (closure relation), and comparing the
observed flux in the LAT band with the prediction of the ES model (according
to this model the high energy flux is a function of blast wave energy, inde-

pendent of the unknown circumstellar medium density, and extremely weakly
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dependent on the energy fraction in magnetic fields).

We describe in Section 2.3 how the >100 MeV data alone can be used
to theoretically estimate the emission at late times (2 a few hours) in the
X-ray and optical bands within the framework of the external forward shock
model, and that for these three bursts the expected flux according to the ES

model is in agreement with the observed data in these bands.

Moreover, if we determine the ES parameters (e, €p, n, and Exp is)"
using only the late time X-ray and optical fluxes (and radio data), we can
predict the flux at >100 MeV at any time after the deceleration time for the
GRB relativistic outflow. We show in Section 2.3 that this predicted flux at
> 102 MeV is consistent with the value observed by the Fermi satellite for the

bursts analyzed in this chapter.

These exercises and results show that the high energy emission is due to
the external shock as discussed in Section 2.3. We also describe in Section 2.3
that the magnetic field in the shocked fluid — responsible for the generation
of > 100 MeV photons as well as the late time X-ray and optical photons via
the synchrotron mechanism — is consistent with the shock compression of a

circumstellar magnetic field of a few tens of micro-Gauss.

It is important to point out that we do not consider in this chapter
the prompt sub-MeV emission mechanism for GRBs — which is well-known
to have a separate and distinct origin as evidenced by the very rapid decay

of sub-MeV flux observed by Swift and Fermi/GBM (the flux in the sub-MeV

band drops-off with time as ~ t=3 or faster as opposed to the ~ t~! observed

le. and ep are the energy fraction of the shocked fluid in electrons and magnetic field,

respectively, n is the number density of protons in the burst circumstellar medium, and
ExE.iso is the isotropic kinetic energy in the ES blast wave.
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Brar P 2z dras tars[s]  Eyisolery]

GRB 080916C 1.204+0.03 24+0.06 4.3 12.3 60 8.8 x 10°*
GRB 090510 1.1+0.1 22+02 09 18 0.3 1.08 x 10°3

GRB 090902B 1.1+0.1 22+0.2 1.8 4.3 30 3.63 x 10°*

Table 2.1: The main quantities used in our analysis for these 3 GRBs. (par
is the spectral index for the > 100 MeV data, p is the power-law index for the
energy distribution of injected electrons, that is, dn/dy o< 7?7, z is the redshift,
drag is the luminosity distance in units of 10?® cm, tgrp is the approximate
burst duration in the Fermi/GBM band and E. ;s is the isotropic equivalent
of energy observed in 7-rays in the 10 keV-10 GeV band for GRB 080916C
and GRB 090902B, and in the 10 keV-30 GeV band for GRB 090510. Data
taken from Abdo et al. (2009a,b,d), De Pasquale et al. (2010).

in the LAT band). Nor do we investigate the emission process for photons in

the LAT band during the prompt burst phase, except for Section 2.4.

2.2 ES model and the >100 MeV emission from GRBs:
Simple arguments

In this chapter we consider 3 GRBs detected by Fermi/LAT in the
> 10? MeV band: GRB 080916C (Abdo et al. 2009a), GRB 090510 (Abdo et
al. 2009b, De Pasquale et al. 2010) and GRB 090902B (Abdo et al. 2009d).
These bursts show the “generic” features observed in the >100 MeV emission of
most of Fermi GRBs mentioned above, and these are the only three bursts for
which we have optical, X-ray and Ferms data available. Some basic information

for these 3 GRBs have been summarized in Table 2.1.

The synchrotron process in the ES model predicts a relationship be-
tween the temporal decay index («) of the light curve and the energy spectral

index (), which are called closure relations. These relations serve as a quick
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check for whether or not the observed radiation is being produced in the ex-

ternal shock. In this chapter, we use the convention f(v,t) oc v=7t=2.

Since the Fermi/LAT band detects very high energy photons (2 10?
MeV), it is reasonable to assume that this band lies above all the synchrotron
characteristic frequencies (assuming that the emission process is synchrotron).
In this case the spectrum should be oc »7?/2 (Sari, Piran, Narayan 1998)—
where p is the power law index of the injected electrons’ energy distribution
— and according to the external forward shock model (see, e.g., Panaitescu &
Kumar 2000), the light curve should decay as oc t~3?=2)/4 giving the following
closure relation: o = (35 — 1)/2. Using the data in Table 2.1 we find that
all three bursts satisfy this closure relation (Table 2.2), which encourages us
to continue our diagnosis of the >100 MeV emission in the context of the ES

model.

We check next if the predicted magnitude of the synchrotron flux in
the ES is consistent with the observed values. This calculation would seem
very uncertain at first, but we note that the predicted external forward shock
synchrotron flux at a frequency larger than all characteristic frequencies of
the synchrotron emission is independent of the circumstellar medium (CSM)
density, n, and it is extremely weakly dependent on the fraction of the energy of
the shocked gas in the magnetic field, e g, which is a highly uncertain parameter
for the ES model. The density falls off as o« R™*, where R is the distance from
the center of the explosion, and s = 0 corresponds to a constant CSM and
s = 2 corresponds to a CSM carved out by the progenitor star’s wind. The
flux is given by (see e.g. Kumar 2000, Panaitescu & Kumar 2000):

p—2 3p—2

p+2 _
fz/ = 02mJy E554 EIZ_IEB%—2t1 !

vt (1+Y) (142 d%,  (21)
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‘ QES QXobs ‘ t[s] lE(]gMeVa log(s]MeV
GRB 080916C | 1.30 £0.05 1.2+£0.2 | 150 > 16 67
GRB 090510 1.2+£0.2 1.384+0.07 | 100 >3 14
GRB 090902B | 1.2£0.2 ~ 1.5 50 > 100 220

“Fluxes in this table are in nJy. The fluxes are calculated using equation (2.1), the data
in Table 2.1, and setting the isotropic kinetic energy in the ES to be FxEg iso = Fr,isos
which gives a lower limit on Fx g is0; most likely Ex g 50 = few x F, ;5 and we find that
using Ex g iso ~ 3 X E, 50 the fluxes match the observed values very well. Also, for this
calculation, eg = 107°, ¢, = 0.25, p =24 and Y < 1.

Table 2.2: Comparison between the temporal decay index (agg) expected for
the external forward shock model, and the observed decay index (aps); these
values are equal to within 1-o error bar. The ES flux calculated at time ¢
is compared to the observed value at the same time. These two values are
also consistent, further lending support to the ES origin of the > 100 MeV
emission. Data are obtained from the same references as in Table 2.1. The
theoretically calculated flux would be larger if €, > 0.25; GRB afterglow data
for 8 well studied bursts suggest that 0.2 < €.<0.8 (Panaitescu & Kumar
2001).

where €, is the fraction of energy of the shocked gas in electrons, t; = t/10s is
the time since the beginning of the explosion in the observer frame (in units
of 10s), vg is photon energy in units of 100MeV, Es5 = Fx g is0/10%erg is the
scaled isotropic kinetic energy in the ES; Y is the Compton-Y parameter, z is
the redshift and dyag is the luminosity distance to the burst (in units of 10?8
cm). Using the values of Table 2.1, we can predict the expected flux at 100
MeV from the ES and compare it to the observed value at the same time. We
show in Table 2.2 that the observed high energy flux is consistent with the

theoretically expected values for all three busts.

The fact that these bursts satisfy the closure relation, and that the
observed > 10? MeV flux is consistent with theoretical expectations, suggests

that the high energy emission detected by Fermi/LAT from GRBs is produced

19



via synchrotron emission in the ES. In the next section we carry out a more
detailed analysis that includes all the available data from these bursts during
the “afterglow” phase, that is, after the emission in the sub-MeV band has
ended (or fallen below Fermi/GBM threshold).

2.3 Detailed synthesis of all available data and the ex-
ternal forward shock model

The simple arguments presented in the last section provide tantalizing
evidence that the high energy photons from the three bursts considered in this
chapter are synchrotron photons produced in the external forward shock. We
present a more detailed analysis in this section where we consider all available
data for the three bursts after the end of the emission in the Fermi/GBM
band, that is, for ¢t > tgrp, where tgrp is the “burst duration” provided in
Table 2.1. The data we consider consist of > 10?2 MeV emission observed
by Fermi/LAT and AGILE/GRID, X-ray data from Swift/XRT, optical data
from Swift/UVOT and various ground based observatories, and radio data

from Westerbork in the case of GRB 090902B.

The main idea is to use the > 10> MeV data to constrain the ES pa-
rameters (€., €z, n and EKE,Z-SO)2 — which as we shall see allow for a large
hyper-surface in this space — and for each of the points in the allowed 4-D
parameter space calculate the flux in the X-ray, optical and radio bands from
the external forward shock at those times where data in one of these bands

are available for comparison with the observed value. It would be tempting

2In addition to these four parameters, the ES model also has an extra two, which are s
and p. However, these last two can be estimated fairly directly by looking at the spectrum
and temporal decay indices of the light curves at different wavelengths.

20



to think that such an exercise cannot be very illuminating as the ES flux cal-
culated at any given time in these bands would have a large uncertainly that
would reflect the large volume of the sub-space of 4-D parameter space allowed
by the >102 MeV data alone. This, however, turns out to be incorrect — the
afterglow flux generated by the ES in the X-ray and optical bands (before the
time of jet break) is almost uniquely determined from the high-energy photon
flux; the entire sub-space of the 4-D space, allowed by the >10? MeV data,
projects to an extremely small region (almost to a point) as far as the emission
at any frequency larger than ~ v; is concerned; v; is the synchrotron frequency
corresponding to the minimum energy of injected electrons (electrons just be-
hind the shock front), which we also refer to as synchrotron injection frequency.
Therefore, we can compare the ES model predictions of flux in the X-ray and
optical bands with the observed data, and either rule out the ES origin for

high energy photons or confirm it3.

We also carry out this exercise in the reverse direction, that is, find
the sub-space of 4-D parameter space allowed by the late time (£ 21 d) X-ray,
optical, and radio data, and then calculate the expected >10? MeV flux at early
times for this allowed subspace for comparison with the observed Fermi/LAT
data. This reverse direction exercise is not equivalent to the one described in
the preceding paragraph since the 4-D sub-space allowed by the >10? MeV
data and that by the late time X-ray and optical data are in general quite
different (of course they have common points whenever early high-energy and

late low energy emissions arise from the same ES).

31t should be pointed out that the X-ray afterglow light curves of long-GRBs are rather
complicated during the first few hours (see e.g. Nousek et al. 2006, O’Brien et al. 2006)
and the ES model in its simplest form can’t explain these features, however the behavior
becomes simpler and consistent with ES origin after about 1/2 day.
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The input physics in all of these calculations consist of the following
main ingredients: synchrotron frequency and flux (see Rybicki & Lightman
1979 for detailed formulae; a convenient summary of the relevant equations can
also be found in Kumar & Narayan 2009), Blanford-McKee self-similar solution
for the ES (Blandford & McKee 1976), electron cooling due to synchrotron
and synchrotron self-Compton radiation (Klein-Nishina reduction to the cross-
section is very important to incorporate for all the three bursts for at least a
fraction of the 4-D parameter space), and the emergent synchrotron spectrum
as described in e.g. Sari, Piran & Narayan (1998). Although the calculations
we present in the following sections can be carried out analytically (e.g. Kumar
& McMahon 2008), it is somewhat tedious, and so we have coded all the
relevant physics in a program and use that for finding the allowed part of 4-D
parameter space and for comparing the results of theoretical calculation with
the observed data. Numerical codes have also the advantage that they enable
us to make fewer assumptions and approximations. Nevertheless, we present a

few analytical estimates to give the reader a flavor of the calculations involved.

We analyze the data for each of the three bursts individually in the

following three sub-sections in reverse chronological order.

2.3.1 GRB 090902B

The Fermi/LAT and GBM observations of this burst can be found in
Abdo et al. (2009d). The X-ray data for this GRB started at about half a day
after the trigger time. The spectrum in the 0.3-10 keV X-ray band was found
to be 5, = 0.9+ 0.1, and the light curve decayed as «, = 1.30 £0.04 (Pandey
et al. 2010). The optical observations by Swift/UVOT started at the same
time (Swenson & Stratta 2009) and show ag, ~ 1.2. ROTSE also detected
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the optical afterglow starting at ~ 1.4 hours and its decay is consistent with
the UVOT decay (Pandey et al. 2009). The Faulkes Telescope North also
observed the afterglow at about 21 hours after the burst using the R filter
(Guidorzi et al. 2009). There is a radio detection available at about 1.3 days
after the burst and its flux is ~ 111 uJy at 4.8 GHz (van der Host et al. 2009).

The late time afterglow data obtained by Swift/XRT show that the
X-ray band, 0.3-10 keV (v,), should lie between v; (the synchrotron injection
frequency) and v, (the synchrotron frequency corresponding to the electrons’
energy for which the radiative loss time-scale equals the dynamical time; we
also refer to it as synchrotron cooling frequency). This is because v, > v;,
otherwise the light curve would be rising with time instead of the observed
decline. Moreover, if v. < v,, then p = 238, ~ 1.8 + 0.2, and in that case
fi. (1) oc t=BpH10)/16 — 4=0.96£0.04 and that is inconsistent with the observed
decline of the X-ray light curve (for decay indices for values of p < 2 see the
table 1 in Zhang & Mészéros (2004)). Thus, v; < v, < v, so that 5, = (p—1)/2
or p~ 2.84+0.2.

Next we determine if the X-ray data are consistent with a constant
density circumstellar medium or a wind-like medium. For s = 0 (s = 2)
the expected temporal decay index of the X-ray light curve is a = 3(p —
1)/4=135+0.15 (¢ = (3p — 1)/4 = 1.85 £ 0.15). Thus, a constant density

circumstellar medium is favored for this GRB.

The XRT flux at 1 keV at t = 12.5 h was reported to be 0.4 plJy
(Pandey et al. 2010). Extrapolating this flux to the optical band using the
observed values of a,, and (3, we find the flux at 21 h to be within a factor ~ 3
of the ~ 15 puJy flux reported by Guidorzi et al. (2009). Thus, the emissions

in the optical and the X-ray bands arise in the same source (ES) with v; below
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the optical band; also, if the optical band were below v;, then the optical light
curve would be increasing with time, which is not observed. Moreover, the
optical and X-ray data together provide a more accurate determination of the
spectral index to be 0.69 4+ 0.06 or p = 2.38 +0.12 which is consistent with the
p-value for the high-energy data at t > tgrp (see Table 2.1).

If the >10% MeV emission is produced in the external forward shock
then we should be able to show that the early high energy ~-ray flux is con-
sistent with the late time X-ray and optical data. We first show this approx-
imately using analytical calculations, and then present results obtained by a

more accurate numerical calculation in our figures.

The observed flux at 100 MeV and ¢ = 50 s can be extrapolated to half
a day to estimate the flux at 1 keV. This requires the knowledge of where v,
lies at this time. It can be shown that v, ~ 100 MeV at 50 s in order that the
flux at 100 keV does not exceed the observed flux limit (see subsection below).
Therefore, v, o< t™%/% is ~ 3 MeV at 12.5 h, and thus the expected flux at
1 keV is ~ 0.5 uJy which agrees with the observed value. Therefore, we can
conclude that the > 100 MeV, X-ray and optical photons were all produced by
the same source, and we suggest that this source must be the external forward

shock as already determined for the X-ray and optical data.

We now determine the ES parameter space for this burst. We can
determine this space using both the forward direction and reverse direction
approaches. We first list the constraints on the ES model, then give a few
analytical estimates using the equations in, for example, Panaitescu & Kumar

(2002), and then present the results of our detail numerical calculations.
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2.3.1.1 Forward direction

In this subsection we only use the early high-energy emission to con-
strain the ES parameter space. The constraints at ¢ = 50 s are: (i) The flux
at 100 MeV should agree with the observed value (see Table 2.2) - within the
error bar of 10%, (ii) v. < 100 MeV at 50 s for consistency with the observed
spectrum, (iii) the flux at 100 keV should be smaller than 0.04 mJy (which
is a factor of 10 less than the observed value), so that ES emission does not
prevent the Fermi/GBM light curve to decay steeply after 25 seconds, and
(iv) Y < 50 so that the energy going into the second Inverse Compton is not

excessive.

The first 3 conditions give the following 3 equations at t = 50 s. The

cooling frequency is given by (Panaitescu & Kumar 2002)

ve ~ 60V B *n~te (1 4+ Y)™2 < 100MeV . (2.2)

The flux at 100 keV, which is between v; and v, as discussed above, is (Panaitescu

& Kumar 2002)

frookev ~ 53mJy E1on0€)® eld) < 0.04mJy . (2.3)

And lastly, using (2.1), the flux at 100 MeV, which we assume is above v, is
froonev ~ 1 x 107 mJy Eésle%}_zeifl_l = 220nJy . (2.4)

Solving for n from (2.3) and for €. from (2.4), and substituting in (2.2), we
find that at 50 s v. 250 MeV. The injection frequency can also be estimated
at t = 50 s, it is given by
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v; ~ 8keV Eéézegz_zez (2.5)

e,—1’
and using (2.4), one finds v; ~ 25keV Eg;"""e%%, which gives v; ~ 2 keV for

e ~ 107°. These values of v; and v, are consistent with the values obtained

with detail numerical calculations and reported in the Fig. 1 caption.
Using (2.2), we can find a lower limit on eg, which is given by

1x 1077
EB < .
RBE 1+ Y

(2.6)

Also, we can solve for €. using (2.4) and substitute that into (2.3) to obtain
an upper limit on e, which is

3x 1077
B~ .
I TRSGIE

€ (2.7)

Note that these estimates are consistent with the numerical results we present

in Fig. 1. We also find the e5 o< n=2/3 dependence that is shown in the figure.

Moreover, with these parameters we can predict the fluxes at late times.
The X-ray and optical band lie between v; and v, at ~ 1 day (see above). The
first X-ray data point is at 12.5 h, and the theoretically expected flux at 1 keV

at this time is given by

1.35,,0.5_0.85 _1.4
flkeV ~ 1mJy E55 n-"€p o€ 1, (28)

and the optical flux at ~ 7.5 x 10* s is

ooy ~ ATmly EEn03e5,014, (29)
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We can use (2.3) to find an upper limit for the X-ray and optical fluxes. In
addition, we can find €, using (2.4), and use (2.6) to find a lower limit for these

fluxes. We find that

0.5uJy = fikev £0.8uJy (2.10)

for the X-ray flux at 12.5 h, and

25uJy < faev S 36y (2.11)

for the optical flux at ~ 7.5 x 10* s. These estimates agree very well with
the observed values of 0.4 uJy (Pandey et al. 2010) and 15 puJy (Guidorzi et
al. 2009) at the respective bands and times. We note that, although Inverse
Compton cooling is very important at late times, the X-ray band lies below
v, and therefore X-ray and optical fluxes are unaffected by Inverse Compton

cooling.

Next, we present the results obtained by detailed numerical calcula-
tions. We use the same constraints described at the beginning of this subsec-
tion to determine the parameter space allowed by the high-energy early data.
It is worth noting that in our numerical calculations throughout the chapter we
make no assumption regarding the ordering of the characteristic frequencies,
nor the location of the observed bands with respect to them. The projection of
the sub-space of the 4-D parameter space allowed by the high energy data onto
the eg—n plane is shown in Figure 2.1, and some of the other ES parameters
are presented in the Fig. 1 caption. It is clear that there is a large sub-space
that is consistent with the LAT data, and also that the magnetic field needed

for the synchrotron source is consistent with the shock-compressed magnetic
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field in the CSM of strength <30 puG. For each point in the 4-D space allowed
by the >10? MeV data we calculate the X-ray and the optical flux at late
times. In spite of the fact that the 4-D sub-space allowed by the LAT data is
very large (Fig. 2.1) the expected X-ray and optical flux at late times lie in a
narrow range as shown by two diagonal bands in Figure 2.2; the width of these
bands has been artificially increased by a factor 2 to reflect the approximate
treatment of the radial structure of the blast wave and also to include in the
calculation the effect of the blast wave spherical curvature on the ES emission
(see, e.g., Appendix A of Panaitescu & Kumar 2000; both of these effects to-
gether contribute roughly a factor of 2). We see that the observed X-ray and
optical light curves lie within the theoretically calculated bands (Fig. 2.2).
This result strongly supports the ES model for the origin of the >10? MeV
photons.

We note that the above mentioned extrapolation from early time, high-
energy, data to late time, low-energy, flux prediction was carried out for a CSM
with s = 0. We have also carried out the same calculation but by assuming
a wind medium (s = 2), and in this case we find that the expected flux at
late times is smaller than the observed values by a factor of 20 or more; this
conclusion is drawn by comparing the late optical and X-ray fluxes predicted at
a single time with the observations at that same time, that is, without making
use of the temporal decay indices observed in these bands. We pointed out
above that the late time afterglow data for this burst are consistent with a
uniform density medium, but not with a s = 2 medium. Thus, there is a good
agreement between the late time afterglow data and the early >102 MeV data
in regards to the property of the CSM; the two methods explore the CSM
density at different radii.
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Figure 2.1: We determine the sub-space of the 4-D parameter space (for the
forward external forward shock model with s = 0) allowed by the high energy
data for GRB 090902B at t=50 s as described in Section 2.3.1. The projection
of the allowed subspace onto the e z—n plane is shown in this figure (dots); the
discrete points reflect the numerical resolution of our calculation. We also plot
the expected ep for a shock compressed CSM magnetic field of 5 and 30 uG
as the green and blue lines respectively; for a CSM field of strength By, the
value of eg downstream of the shock-front resulting from the shock compressed
CSM field is ~ B2/(2mnm,c?), where nm, is the CSM mass density, and c is
the speed of light. Note that no magnetic field amplification is needed, other
than shock compression of a CSM magnetic field of ~ 30 uG, to produce
the >100 MeV photons. The synchrotron injection and cooling frequencies
at t = 50 s for the sub-space of 4-D parameter space allowed by the high
energy data are 100 eV <1; <3 keV and 30 MeV v, <100 MeV respectively,
the Lorentz factor of the blast wave at ¢ = 50 s lies between 330 and 1500,
and 10° erg < Frpiso <3 x 10% erg. Note that at 0.5 d v; would be below the
optical band, and v, > 1 MeV, and these values are consistent with the X-ray
spectrum and the X-ray and optical decay indices at this time.
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Figure 2.2: The optical and X-ray fluxes of GRB 090902B predicted at late
times using only the high energy data at 50 s (assuming synchrotron emission
from external forward shock) are shown in the right half of this figure, and
the predicted flux values are compared with the observed data (discrete points
with error bars). The width of the region between the green (magenta) lines
indicates the uncertainty in the theoretically predicted X-ray (optical) fluxes
(the width is set by the error in the measurement of 100 MeV flux at 50 s,
and the error in the calculation of external forward shock flux due to approx-
imations made — both these contribute roughly equally to the uncertainty in
the predicted flux at late times). LAT (X-ray) data red (black) circles, are
from Abdo et al. 2009d (Evans et al. 2007, 2009) and were converted to flux
density at 100 MeV (1 keV) using the average spectral index provided in the
text. Optical fluxes are from Swenson et al. 2009 (square) and Guidorzi et
al. 2009 (triangle) and were converted to flux density using 16.4 mag ~ 1
mJy. The blue dashed line shows schematically the light curve observed by
Fermi/GBM. The predicted value for the radio flux at one day has a very large
range (not shown), but consistent with the observed value.
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2.3.1.2 Reverse direction

We carry out the above mentioned exercise in the reverse direction as
well, that is, we determine the ES parameter space using only the late time
X-ray, optical and radio data, and use these parameters to determine the flux
at 102 MeV at early times when Fermi/LAT observations were made. The
constraints on ES model parameters at late times are the following: (i) The
X-ray and optical flux at 12.5 h and 7.5 x 10 s, respectively, should match the
ES flux at these bands and at these times, (ii) the radio flux at 1.3 d should be
consistent with the observed value. We first show some analytical estimates

and then turn to more detailed numerical calculations.

Constraint (i) is simply equation (2.8) set equal to the observed value
of 0.4 pJy at 12.5 h. For the analytical estimates presented here, it is not
necessary to use the optical flux at late times, since both the optical and X-ray
bands lie between v; and v., so they provide identical constraints. Constraint

(ii), assuming that the radio frequency is below v;, gives

fusrs ~ 19mJy ESL’nt2e)f® e 2 = 111udy . (2.12)

Solving for €. in the last equation and substituting in constraint (i)

gives an equation for €g, which is

6 x 1078
€g = ———.
B nE2,

This estimate is consistent with the numerical result presented on Fig. 2.3.

(2.13)

1 which is exactly what is found

Moreover, one can see that we find eg oc n™
numerically (and agrees very well with the shock-compressed CSM field pre-

diction).
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Figure 2.3: We determine the sub-space of the 4-D parameter space (for the
external forward shock model with s = 0) allowed by the late time (¢ > 0.5
d) X-ray, optical and radio data for GRB 090902B as described in Section
2.3.1.2. The projection of the allowed subspace onto the eg—n plane at t = 0.5
d is shown in this figure (dots). We also plot the expected ep for a shock
compressed CSM magnetic field of 2 and 30 uG as the green and blue lines,
respectively; for a CSM field of strength By, the value of e downstream of the
shock-front resulting from the shock compressed CSM field is &~ BZ/(2rnm,c?),
where nm, is the CSM mass density, and c is the speed of light. Note that
no magnetic field amplification is needed, other than shock compression of
a CSM magnetic field of strength <30 uG, to produce the late time X-ray,
optical and radio data. We arrived at this same conclusion from the modeling
of early time >100 MeV radiation alone (see Fig. 2.1).
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We can now predict the high-energy flux at 100 MeV and early time
using the ES parameters determined using late time afterglow data in X-ray
and radio bands. We use (2.1) at ¢ = 50 s, substituting €, from (2.12) and n
from (2.13), and find that the flux should be

Jroomev ~ 200nJy Eg#@ié, (2.14)

in agreement with the observed value at ¢ = 50 s. We now turn to our numer-

ical results.

Using the same set of constraints presented at the beginning of this sub-
section, we perform our numerical calculations to determine the ES parameter
space allowed by the late time (¢20.5 d) X-ray, optical and radio data and
use that information to “predict” the 100 MeV flux at early times (¢ <10% s).
The numerical results of this exercise, for a s = 0 CSM medium, are also in
good agreement with the Fermi/LAT data as shown in Figure 2.4. Moreover,
the flux from the ES at ¢ = 50 s and 100 keV is found to be much smaller
than the flux observed by Fermi/GBM (Fig. 2.4 - left panel), which is very
reassuring, because otherwise this would be in serious conflict with the steep
decline of the light curve observed in the sub-MeV band; this also shows that
the sub-MeV and GeV radiations are produced by two different sources.

We note that the range of values for ep allowed by the late time radio,
optical and X-ray afterglow data is entirely consistent with shock compressed
circumstellar medium magnetic field of strength < 30 uG (see Fig. 2.3). We
also point out that the afterglow flux depends on the magnetic field B, and
B? x epn, therefore, there is a degeneracy between ep and n and that makes

it very difficult to determine n uniquely.
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Figure 2.4: Using the X-ray, optical and radio data of GRB 090902B at late
times (right panel) we constrain the external forward shock parameters, and
then use these parameters to predict the 100 MeV flux at early times (left
panel). The region between the red lines shows the range for the predicted
flux at 100 MeV; note the remarkably narrow range for the predicted 100 MeV
flux in spite of the large spread to the allowed ES parameters as shown in Fig.
2.3. The blue point (left panel) indicates the flux at 100 keV and 50 s that we
expect from the ES model; note that the ES flux at 100 keV falls well below
the observed Fermi/GBM flux shown schematically by the dashed line in the
left panel, and that is why the GBM light curve undergoes a rapid decline with
time (~ t73) at the end of the prompt burst phase. The radio flux is taken
from van der Host et al. (2009). All other data are the same as in Fig. 2.2.
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2.3.2 GRB 090510

The Fermi/LAT and GBM observations of this burst are described in
Abdo et al. (2009b) and De Pasquale et al. (2010). This short burst has very
early X-ray and optical data starting only 100 s after the burst. The X-ray
spectrum is (3, = 0.57 +0.08 (Grupe & Hoverstein 2009). The temporal decay
index is a,; = 0.74 4+ 0.03 during the initial ~ 10® s and subsequently the
decay steepens to a,o = 2.18 £0.10 with a break at ¢, = 1.437092 ks. The
optical data shows a1 = —0.5701% and e = 1.137575 with a break at

topt = 1.587038 ks (De Pasquale et al. 2010).

In the context of the ES model (also considered by Gao et al. 2009,
Ghirlanda, Ghisellini, Nava 2010 and De Pasquale et al. 2010 for the case
of this specific burst), the data suggests that v, < v., because in this case
Be=(p—1)/2, s0 p=2.14 4+ 0.16 and the temporal decay index (for s = 0)
is a; = 3(p —1)/4 = 0.86 & 0.12 consistent with the observed value of a, .
If we take v, > v, then 8, = p/2, so p = 1.14 + 0.16 and the temporal
decay index should have been o, = (3p + 10)/16 = 0.84 £ 0.03, since p < 2,
which is consistent with the observed temporal decay, however, the expected
optical light curve index for this value of p is app = —(p+2)/(8p—8) = —2.8,
which is inconsistent with the observed value of a1 (see next paragraph).
The X-ray afterglow data also shows that the medium in the vicinity of the
burst must have been of constant density. This is because, for an s = 2
medium, the expected temporal decay of the X-ray flux, when v, < v, is
o t~Br=D/4 = =136 _ mych steeper than the observed decline of ¢t~%7* — while

for s = 0 the expected decline is consistent with observations (Gao et al. 2009).

Given the fact that the break in the optical light curve and that in the

X-ray light curve occur at the same time, that is, ¢, = t,py, it is unlikely that
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the emission in these two bands comes from two different, unrelated sources.
Thus, it is natural to attribute both the optical and X-ray emissions to the
external forward shock. The fact that the optical light curve is rising during the
first ~ 0.5 h as t'/2 means that Vopt < v; during this time period (Panaitescu
& Kumar 2000), where v, is the optical band. The break seen in both light
curves can be attributed to the jet break. The X-ray light curve decay of
t7=22 for t > 1.4 x 10® s agrees very well with the expected post-jet-break light
curve of oc t7P = t~21280.14 (Rhoads 1999), and suggests a jet opening angle
of ~ 1° (Sari, Piran & Halpern, 1999). The reason that o, 2 is not as steep
can be understood the following way. At the time of the jet break, the optical

1/3

band is below v;, therefore, the light curve decays as oc t7/° instead of o 77

(Rhoads 1999). At later times, when v;, which is decreasing rapidly, crosses
the optical band, the optical light curve will transition slowly from oc t=1/3
to oc t7P, and that is why a2 is not as large as o, o; the timescale for this
transition can be long/short depending on how far above 7; the asymptotic
distribution of n(y) o v is attained. This interpretation is supported by
the results of our numerical calculation shown in Figure 2.5 — we obtain a
value of v; ~ 500 eV at 100 s, which should cross the optical band at ~ 4000
s - a factor of ~ 3 larger than the observed time of the jet break. This idea
can be tested with optical data available at much later times: it should show
the light curve slowly steepening to the asymptotic value of o< ¢t™. Moreover,

the optical spectrum before the break in the light curve (¢t < t,,) should be

consistent with v!/3.

Is it possible that the rise of the optical band light curve might be due
to the onset of the ES, while the initial X-ray emission (until the break at ~ 1.4

ks) and the gamma-ray photons are from the “internal shock” mechanism (De
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Figure 2.5: Using the observational constraints mentioned in the text (Section
2.3.2), we determine the sub-space of 4-D parameter space (for the external
forward shock with s = 0) allowed by the data for GRB 090510 at ¢ = 50 s.
We show the projection of the allowed subspace onto the eg—n plane in this
figure (dots); the region agrees with the expected ep from shock-compressed
CSM magnetic field of £30 uG (the green and blue lines show 10 G and 30
uG, respectively). The other parameters for the ES solution at this time are:
The Lorentz factor of the blast wave is between 260 and 970, 0.1 < €. < 0.7
and 10° erg < Expiso S4 x 10° erg. At t = 100 s, we also find Y < 4, v; ~ 500
eV, v, ~ 40 MeV.
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Pasquale et al. 2010)7 This seems unlikely, given that the density of the
CSM required for the deceleration time of the GRB jet to be ~ 103s (t,p) is

extremely low, as can be seen from the following equation

3EKE,Z'SO(1 + 2)3
n =

o 5 843
2reomplt)

(2.15)

where m, is the mass of the proton, c is the speed of light, I' is the initial
Lorentz factor of the GRB jet, t,cq is the time when the peak of the light curve
is observed and Exp s, is the isotropic energy in the ES. For GRB 090510,
I' was determined to be I'Z10% by using v opacity arguments (Abdo et al.
2009b), which is a limit applicable to the scenario proposed by De Pasquale
et al. (2010), where MeV and GeV photons are produced in the same source.
We take tpear ~ 103s and Expiso ~ Eqiso (Es3 = Expiso/10%erg) and find
that we need a CSM density of n ~ 10_9E53F§8t;e?;k730m_3, which is much
smaller than the mean density of the Universe at this redshift, and therefore
unphysical. Even though there is a strong dependence of CSM density on I,
the upper limit on density provided above cannot be increased by more than
a factor of ~ 10, since the error in the determination of I' is much less than
a factor of 2 (Abdo et al. 2009b). Thus, the possibility that the peak of the
optical light curve at ~ 10 s is due to the deceleration of the GRB jet seems
very unlikely. We note that in the scenario we present in this chapter, the
> 100 MeV emission observed by Fermi/LAT and the lower energy ( <1 MeV)
observed by Fermi/GBM are produced by two different sources, therefore,
the pair-production argument can’t be used to constrain I'. However, in this
scenario, the deceleration time for the GRB jet is <1 s, and that means that the
peak of the optical light curve at ~ 10® s cannot correspond to the deceleration

time.
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We conclude that the available data suggest that optical and X-ray pho-
tons are coming from the same source (ES model). We now consider whether
the observed >100 MeV emission is also consistent with the ES model. We
first use the observed data to show that >100 MeV, X-ray and optical data
are produced by the ES, then we provide some analytical estimates of the ES
model parameters and later show the results of our detailed numerical results

in the figures.

AGILE/GRID reported a photon count in the 30 MeV-30 GeV band
of 1.5 x 1073ecm~2 s7! at 10s, and the light curve was reported to decline as
t=1:3£015 (Giuliani et al. 2010). Therefore, the photon flux at 100s in this
band is estimated to be ~ 7.5 x 107° cm~2 s~! (Ghirlanda, Ghisellini, Nava,
2010; have also reported a single power-law decline of flux in the Fermi LAT
band from ~1 s to 200 s). The Swift/XRT reported a photon flux of 0.07
cm~2 s7! in the 0.3-10 keV band at 100 s. Using the spectrum reported in the
Swift/XRT band (Grupe & Hoverstein 2009) — which is entirely consistent
with the spectrum found in the AGILE/GRID band (Giuliani et al. 2010) —
to extrapolate the observed photon count in the XRT band to the GRID band
we find the expected photon flux at 100 s in the 30 MeV-30 GeV band of
7.9 x 107° em™2 s7!, and that is consistent with the flux observed by AGILE.

The peak of the optical light curve was observed at ~ 1000 s with a
value of ~ 100 uJy, and the X-ray flux at 1000 s and ~ 4 keV was 2.2 uJy (De
Pasquale et al. 2010). Since we attribute the optical light curve peak with the
crossing of v; through the optical band, then the peak of the optical light curve
determines the synchrotron flux at the peak of the spectrum. Therefore, using
the X-ray flux at 1000 s and the X-ray spectrum we can extrapolate back to
optical band (2 eV) and we find a flux of 170 pJy, which is consistent, within a
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factor of better than 2, with the observed optical value at this time. Therefore,
we can conclude that >100 MeV, X-ray and optical emissions are all produced
by the same source, and that source must be the external forward shock as
that is known to produce long lasting radiation in the X-ray and optical bands
with a well known closure relation between o and [ that is observed in GRB

090510 in all energy bands.

Using the data in the LAT, XRT and optical bands we can determine
the ES parameters for GRB 090510. The following observational constraints
must be satisfied by the allowed ES parameters: (i) The flux at 100 MeV and
100 s should be equal to the observed value (Table 2.2), (ii) v. < 100 MeV
at 100 s, (iii) the X-ray flux at 1000 s and ~ 4 keV should be equal to the
observed value of 2.2 pJy (De Pasquale et al. 2010), and (iv) the flux at the
peak of synchrotron spectrum should be ~ 100 pJy (De Pasquale et al. 2010).
This last constraint arises because the optical flux peaks when v; passes the
optical band, and therefore the peak synchrotron flux should be equal to the
measured peak optical flux; it should be noted that the peak synchrotron flux
for s = 0 according to the ES model does not change with time as long as the

shock front moves at a relativistic speed.

We present some analytical estimates for the ES parameters before
showing our detailed numerical results. The ES flux at 100 MeV and ¢ = 100
s, assuming that 100 MeV is above v, is given by (2.1) and is

froomrery ~ 2.4 x 10°°mly Eli'el’ el = 14nly, (2.16)

which is constraint (i). The flux at 4 keV and 1000 s, assuming that it is

between v; and v, is given by
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fakev ~ 3mJy Eéégsno'se%?ézeiﬁl =22y, (2.17)

which is constraint (iii). And lastly, constraint (iv) is that the peak synchrotron

flux should equal the flux at the peak of the optical light curve, i.e.,

fo ~ 12mJy Esgn'/?e)f?, = 100pJy . (2.18)

Just as was done for GRB 090902B, constraint (ii) gives a lower limit
on €5, which in the case for this GRB is not too useful. Instead, we can solve

€. from (2.16) and substitute it in (2.17), which gives

1x10°
1/3,9/3 4/3’
Egs"n?P(1+Y)
consistent with the numerical calculation presented in Fig. 2.5. Also, with this

last expression and using (2.18) we find that the CSM density for this GRB is

€p = (2.19)

n~0.3cm ™ (1+Y) B, (2.20)
which is also consistent with the fact that we only find numerical solutions

with CSM densities lower than ~0.1 ¢m™3.

For the ES parameters of this burst, the cooling frequency at 100 s can

be estimated to be

Ve ~ 766V gy P07t 51+ v) 72, (2.21)

and substituting n from (2.18) gives v, ~ 1MeV Eg?{ze;g(l +Y)~2 Thus, for

ep ~ 107 we find v, ~ 30 MeV. The injection frequency at 100 s is given by
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v; ~ 2400V Esi*elf? €2 ), (2.22)

and substituting €. from (2.16) one finds v; ~ 250eV Eg;"*"e%% .. These values
of v; and v, are consistent with the values obtained with detailed numerical

calculations and reported in the Fig. 2.5 caption.

The detailed numerical results of the parameter search can be found in
Figure 2.5; the sub-space of the 4-D parameter space allowed by the data for
GRB 090510 is projected on the 2-D ep—n plane, which is a very convenient
way of looking at the allowed sub-space. Note that all the available data for
GRB 090510 can be fitted by the ES model and that the value of n allowed
by the data is less than 0.1 cm ™, which is in keeping with the low density
expected in the neighborhood of short bursts. Moreover, eg for the entire
allowed part of the 4-D sub-space is small, and its magnitude is consistent
with what one would expect for the CSM magnetic field of strength <30 uG
that is shock compressed by the blast wave (Fig. 2.5). The ES shock model
provides a consistent fit to the data from optical to >10%? MeV bands as can
be clearly seen in Figure 2.6. The ES parameters found for this GRB can be
found in the Fig. 2.5 caption.

2.3.3 GRB 080916C

The Fermi/LAT and GBM observations for GRB 0809016C have been
presented in Abdo et al. (2009a). For this burst, the optical and X-ray obser-
vations started about 1d after the burst and both bands are consistent with

fo(t) oc p=05%0:34=1320.1 (Greiner et al. 2009).

The fact that the optical light curve is decaying as ¢t~!* means that v;

is below the optical band at 1 day, because if v; is above the optical band,
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Figure 2.6: Shown in this figure are data for GRB 090510 obtained by
Fermi/LAT (>100 MeV), Swift/XRT (X-ray) and Swift/UVOT (optical) data,
and a fit to all these data by the external forward shock model (solid lines).
The jet break seen in X-ray has been modeled with a power-law, o t77; the
optical light curve after the jet break should show a shallower decay oc t~/3,
because at this time v,, < 1;, but then it slowly evolves to an asymptotic
decay o t7P at later times (Rhoads 1999). The LAT (X-ray) data are from
De Pasquale et al. 2009 (Evans et al. 2007, 2009) and have been converted to
flux density at 100 MeV (1 keV) using the average spectral index mentioned
in the text (Section 2.3.2). The optical data (squares) are from De Pasquale et
al. (2010). Triangles mark upper limits in the X-ray and optical light curves.
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then the light curve should be rising as oc /2 (as in the case of GRB 090510).
Moreover, the shallow spectral index in the Swift/XRT band (3, < 1) suggests
that v, > 10 keV at 1 d. The X-ray and optical data together yield a spectral
index of 0.65 4+ 0.03, and therefore p = 2.3 + 0.06 which is consistent with
the Fermi/LAT spectrum (see Table 2.1). The value of p can be used to

calculate the time dependence of the light curve, and that is found to be ¢ =09

(t~148£0.05) for s = 0 (s = 2) CSM. Thus, s = 2 CSM is preferred by the late
time optical and X-ray afterglow data (Kumar & Barniol Duran 2009; Gao et
al. 2009; Zou, Fan & Piran 2009).

Using the early >100 MeV data only, we determine the ES model pa-
rameters. With these parameters, we can then predict the X-ray and optical
fluxes at late times, that is, the forward direction approach. The constraints
that should be satisfied are: (i) The ES flux at 100 MeV and 150 s should
match the observed value (Table 2.2), (ii) v. < 100 MeV to be consistent with
the observed spectrum, and (iii) the ES flux at 150 s should be smaller than
the observed value to allow the 100 keV flux to decay rapidly as observed.
These constraints are the same as the ones presented for the case of GRB
090902B and the analytical approach is the same as the one presented on Sec-
tion 2.3.1, therefore, we omit the details here. The ES parameters obtained
numerically can be found in fig. 2 of Kumar & Barniol Duran (2009). With
these parameters the X-ray and optical flux at late times can be calculated,

and we find these in excellent agreement with the observations (Figure 2.7).

It is important to note here that this extrapolation from high-energy
early time data to low energy, late time, flux prediction was carried out for
a circumstellar medium with s ~ 2. We have also carried out the same cal-

culation but for a uniform density medium (s = 0), and in this case the
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Figure 2.7: The optical and X-ray fluxes of GRB 080916C predicted at late
times using only the high energy data at 150 s (assuming synchrotron emission
from external forward shock) are shown in the right half of this figure, and
the predicted flux values are compared with the observed data (discrete points
with error bars). The width of the region between the green (magenta) lines
indicates the uncertainty in the theoretically calculated X-ray (optical) fluxes.
The LAT (Abdo et al. 2009a) and X-ray fluxes (Evans et al. 2007, 2009) at
100 MeV and 1 keV, respectively, have been converted to mJy the same way
as done for Figure 2.2. Optical fluxes (squares) are from Greiner et al. 2009
(triangles are upper limits). GBM flux at 100 keV — blue filled circles — is
taken from Abdo et al. 2009a. The thin dashed lines connecting LAT and
GBM data are only to guide the eye.
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theoretically calculated flux at late times is larger than the observed values by
a factor of ~5 or more; the factor of 5 discrepancy is much larger than error in
the flux calculation. We pointed out above that the late time afterglow data
for this burst are consistent with a s = 2 medium but not s = 0 medium.
Thus, there is a nice agreement between the late time afterglow data and the
early >10? MeV data — which explore very different radii — in regards to the
density stratification of the CSM.

We have carried out the exercise in the “reverse direction” as well.
Using only the late X-ray and optical data, we determine the ES parameters.
The observational constraints that need to be satisfied are: (i) The ES flux
at X-ray and optical energies at 1 d should match the observed values, (ii) we
should have the ordering v; < v,,x < vx < v, to be consistent with the observed
spectrum, (iii) the ES flux at 150 s should be smaller than the observed value
to allow the 100 keV flux to decay rapidly as observed, and (iv) the Lorentz
Factor of the ejecta should be 260 at 1 d, since we do not want I' to be too
small at the beginning of the burst, because this would contradict estimates
done at early times (Greiner et al. 2009). Since the analytical approach is very
similar to the one for GRB 090902B, we omit it here — the only difference is
that it must be done for a wind-like medium, since the data of this GRB prefers
it. The ES parameters can be found numerically and with these parameters
we predict the >100 MeV flux at early times. This predicted flux agrees with

the Fermi/LAT observations as shown in Figure 2.8.

2.4 The Band function fit at early times

Does it require a coincidence for the superposition of two different spec-

tra, that originated in two separate sources, to have the shape of a Band func-
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Figure 2.8: Using the X-ray and optical data of GRB 080916C at late times
(right panel) we constrain the external forward shock parameters, and then
use these parameters to predict the 100 MeV flux at early times (left panel).
The region between the red lines shows the range for the predicted flux at 100
MeV. The data are the same as in Figure 2.7.
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tion? It turns out that no fine tuning or coincidence is needed because the
spectral peaks, and the flux at the peak, for ES radiation is closely tied to
the GRB jet luminosity which also regulates the sub-MeV emission; for GRB
080916C, a very broad range of values for ez and n the peak of vf, for the
external shock emission, at the deceleration time of 4 s, lies between ~1 MeV
and 102 MeV. Figure 2.9 shows an example of a superposition of external shock

spectrum and the sub-MeV source, and the result of a Band function fit to it.

2.5 Discussion and Conclusion

The Fermi Satellite has detected 18 GRBs with >100 MeV emission so
far. In this chapter we have analyzed the >100 MeV emission of three of them:
two long-GRBs (090902B and 080916C) and one short burst (GRB 090510),
and find that the data for all three bursts are consistent with synchrotron
emission in the external forward shock. This idea was initially proposed in our
previous work on GRB 080916C (Kumar & Barniol Duran 2009), shortly after
the publication of this burst’s data by Abdo et al. (2009a). Now, there are
three GRBs for which high energy data has been published, and for all of them
we have presented here multiple lines of evidence that >100 MeV photons,
subsequent to the prompt GRB phase, were generated in the external forward
shock. The reason that high energy photons are detected from only a small
fraction of GRBs observed by Ferm: is likely due to the fact that the high
energy flux from the external forward shock has a strong dependence on the
GRB jet Lorentz factor, and therefore very bright bursts with large Lorentz
factors are the only ones detected by Fermi/LAT (Kumar & Barniol Duran
2009); there should be no difference in long and short bursts, as far as the

>100 MeV emission is concerned - the high energy flux is only a function of
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Figure 2.9: GRB 080916C: Band function fit to a superposition of external
shock (ES) spectrum (shown as a dot-dash line) and the sub-MeV source
spectrum (dashed line). The superposed spectrum is shown by a solid line,
and the best fit Band function by a dotted line (x?/dof for the Band function
fit is 1.2); errors in the Count Rate are taken from Abdo et al. (2009), and
these are equal to the size of filled circles. The ES spectrum is a synchrotron
spectrum in the slow cooling regime with break frequencies 100 keV and 20
MeV (values taken from the ES calculation). The Sub-MeV spectrum (dashed
line) peaks at 400 keV and has a slope of ° (v719) below (above) the peak;
the choice of the high energy spectral index for this component is motivated by
observations during the first 4 s of the burst, when the emission is dominated
by the sub-MeV component. If one were to use different break frequencies for
the ES spectrum (for instance, 100 keV and 70 MeV), the superposition would
also give an acceptable Band function fit.
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burst energy and time, see equation 2.1).

We have analyzed the data in 4 different ways, and all of them lead
to the same conclusion regarding the origin of >10* MeV photons. First,
we verified that the temporal decay index for the >100 MeV light curve and
the spectral index are consistent with the closure relation expected for the
synchrotron emission in the external forward shock. Second, we calculated
the expected magnitude of the synchrotron flux at 100 MeV according to the
external forward shock model and find that to be consistent with the observed
value. Third, using the >100 MeV data only, we determined the external
shock parameters, and from these parameters we predict the X-ray and optical
fluxes at late times and find that these predicted fluxes are consistent with the
observed values within the uncertainty of our calculations, that is, a factor of
two (see Figs. 2.2, 2.7). And lastly, using the late time X-ray, optical and
radio fluxes — which the GRB community has believed for a long time to be
produced in the external forward shock — we determine the external shock
parameters, and using these parameters we predict the expected >100 MeV
flux at early times and find the flux to be in agreement with the observed
value (see Figs. 2.4, 2.8). The fact that the >100 MeV emission and the
lower energy (<1 MeV) emission are produced by two different sources at
two different locations suggests that we should be cautious when using the
highest observed photon energy and pair-production arguments to determine

the Lorentz factor of the GRB jet.

We point out that the external shocks for these bursts were nearly adia-
batic, that is, radiative losses are small. The evidence for this comes from two
different observations: (1) the late time X-ray spectrum lies in the adiabatic

regime; (2) a radiative shock at early times (close to the deceleration time)
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would produce emission in the 10-10% keV band far in excess of the observed
limits. We find that radiative shock is not needed to explain the temporal de-
cay index of the >100 MeV light curve as suggested by Ghisellini, Ghirlanda,
Nava (2010), provided that the observing band is above all synchrotron char-

acteristic frequencies.

We find that the magnetic field required in the external forward shock
for the observed high and low energy emissions for these three bursts is con-
sistent with shock-compressed magnetic field in the CSM; the magnetic field
in the CSM — before shock compression — should be on the order of a few tens
of micro-Gauss (see figs. 2.1, 2.3 and 2.5). For these three bursts, at least, no
magnetic dynamo is needed to operate behind the shock front to amplify the

magnetic field.

The data for the short burst (GRB 090510) are consistent with the
medium in the vicinity of the burst (within ~1 pc) being uniform and with
density less than 0.1 cm™3; the data rules out a CSM where n o« R72. On
the other hand, the data for one of the two long Fermi bursts (GRB 080916C)
prefers a wind like medium and the other (GRB 090902B) a uniform density
medium; these conclusions are reached independently from late time afterglow
data alone and from the early time high energy data projected to late time

using the 4-D parameter space technique described in Section 2.3.

It is also interesting to note that the power-law index of the energy
distribution of injected electrons (p) in the shocked fluid, for all the three
Fermi bursts analyzed in this work, is 2.4 to within the error of measurement,
suggesting an agreement with the Ferms acceleration of particles in highly rel-
ativistic shocks, e.g. Achterberg et al. (2001); a unique power-law index for

electrons’ distribution in highly relativistic shocks is not found in all simu-
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lations. The study of high energy emission close to the deceleration time of
GRB jets is likely to shed light on the onset of collisionless shocks and particle

acceleration process.

It might seem surprising that we are able to fit all data (optical, X-ray,
>10? MeV) for these three Fermi bursts with just a few parameters for the
external forward shock. This is in sharp contrast to Swift bursts which often
display a variety of puzzling (poorly understood) features in their afterglow
light curves. There are two reasons that these Fermi bursts can be understood
using a very simple model (external forward shock). (1) The data for the
two long Fermi bursts (080916C and 090902B) are not available during the
first 1/2 day, and that is precisely the time frame when complicated features
(plateau, etc., e.g. Nousek et al. 2006, O’Brien et al. 2006) are seen in the
X-ray afterglow light curves of Swift bursts (we note that the external forward
shock model in its simplest form can’t explain these features) — however, the
afterglow data at later times is almost invariably a smooth single (or double)
power-law function that can be modeled by synchrotron emission from an
external forward shock. (2) For very energetic GRBs — the three bursts we
have analyzed in this chapter are among the most energetic bursts in their
class — the progenitor star is likely to be completely destroyed leaving behind
very little material to fall back onto the compact remnant at the center to
fuel continued activity and give rise to complex features during the first few
hours of the X-ray afterglow light curve (Kumar, Narayan & Johnson 2008). To
summarize, the GRB afterglow physics was simple in the decade preceding the
launch of Swift, and then things became quite complicated, and now the Ferm:
data might be helping to clear the fog and reveal the underlying simplicity once

again.
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Chapter 3

Implications of electron acceleration for
high-energy radiation from gamma-ray bursts

3.1 Introduction

The >100 MeV LAT (Large Area Telescope) emission from GRBs de-
tected by the Fermi Satellite can be described as follows. The first 100 MeV
photons arrive ~ 1 s (in the host galaxy frame) after the trigger time, for long
GRBs; the trigger time is the time when low energy photons (~ 1 MeV) are
first detected by the GBM (Gamma-ray Burst Monitor onboard Fermi). The
100 MeV light curve rises fast until it peaks and then it decays as a single
power-law for a long duration of time (of order 10® s) — much longer than
the duration of the lower energy photons detected by GBM — until it falls
below the detector’s sensitivity. Radiation above 100 MeV from GRBs has
been suggested to be produced via the synchrotron mechanism in the exter-
nal forward shock (Kumar & Barniol Duran 2009, 2010); the external forward
shock scenario was first proposed by Rees & Mészaros (1992), Mészéros & Rees
(1993), Paczynski & Rhoads (1993), and since then it has been used widely,
see, e.g., Mészaros & Rees (1997), Sari, Piran, Narayan (1998), Dermer &
Mitman (1999), for a comprehensive review see, e.g., Piran (2004) and refer-
ences therein. After our initial suggestion, many groups have also considered
and provided evidence for this origin of the >100 MeV radiation (Gao et al.
2009; Corsi, Guetta, Piro 2010; De Pasquale et al. 2010; Ghirlanda, Ghisellini,
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Nava 2010; Ghisellini, Ghirlanda, Nava 2010). The magnetic field required for
this model is consistent with being produced via shock-compressed seed mag-
netic field in the CSM (circumstellar medium) of strength of a few tens of
micro-Gauss. The peak of the 100 MeV light curve can be attributed to the
deceleration time which is the time it takes for the GRB-jet to transfer about

half of its energy to the external medium.

We investigate in this chapter whether electrons in the external for-
ward shock can be accelerated to sufficiently high Lorentz factors, even for a
small CSM magnetic field of a few tens of uG, so that the synchrotron radia-
tion can extend to ~ 10 GeV as seen by Fermi/LAT for a number of GRBs.
We study the electrons acceleration in the context of diffusive shock accelera-
tion (e.g., Krymskii 1977, Axford, Leer & Skadron 1978, Bell 1978, Blandford
& Ostriker 1978, Blandford & Eichler 1987), which was developed for non-
relativistic shocks and has now been developed to consider relativistic shocks
(semi-) analytically (e.g. Gallant & Achterberg 1999, Achterberg et al. 2001)
and recently using 2-D particle-in-cell simulations (e.g. Spitkovsky 2008a,b,
Keshet et al. 2009). We assume that the electrons acceleration proceeds in
the Bohm diffusion limit and that the magnetic field downstream is simply
shock-compressed upstream magnetic field (other possibilities are considered
in, e.g., Milosavljevi¢ & Nakar 2006, Sironi & Goodman 2007, Goodman &
MacFadyen 2008, Couch, Milosavljevi¢, Nakar 2008).

If the downstream magnetic field is simply the shock-compressed large-
scale upstream field, then the field component perpendicular to the shock
normal is amplified, while the parallel component is not. In this case, the
downstream magnetic field will be mainly pointing to the direction perpen-

dicular to the shock front normal, therefore particles trying to cross the shock
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front from downstream to upstream will find it difficult to catch up with the
shock front, which moves with a speed of ~ ¢/3 with respect to the downstream
medium (see, e.g., Achterberg et al. 2001, Lemoine, Pelletier & Revenu 2006,
Pelletier, Lemoine & Marcowith 2009). One way that the particles might
return to the upstream is if there is efficient cross-field diffusion of particles,
which might occur if turbulent magnetic field is produced downstream (Jokipii
1987, Achterberg & Ball 1994, Achterberg et al. 2001). In principle, the tur-
bulent magnetic field could dominate the shock-compressed field throughout
the downstream region. However, it seems that although some turbulence is
present just downstream of the shock front it does not persist across the entire
downstream region (see recent simulations by Sironi & Spitkovsky 2011 that
show that magnetic field is amplified only right behind the shock front and
returns to the shock-compressed value far downstream). In this case, much of
the radiation is produced by particles swept downstream where the turbulence
has died out and the magnetic field is consistent with the shock-compressed
value. We also note that as long as the thickness of the turbulent magnetic field
layer is smaller than the thickness of the shocked fluid divided by (B;/Bg)*
then the energy loss in the turbulent layer is small; B; is the turbulent mag-
netic field strength and By is the shock-compressed magnetic field. Therefore,
in this work we neglect energy loss in the turbulent magnetic field layer since
it persists for a very short distance compared to the thickness of the shocked

fluid (see, e.g., Keshet et al. 2009 and references therein).

This chapter is organized as follows. In Section 3.2 we address the
question of high-energy electron confinement upstream and downstream of the
shock front, and also radiative losses suffered by electrons in between acceler-

ation. Also, in Section 3.2, we discuss the lag of the >100 MeV light curves
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observed by Fermi LAT for several GRBs in light of our results on electron
acceleration. In Section 3.3, we calculate the rise of the external forward shock
light curve, taking into consideration the non-zero time to accelerate electrons
to high enough energies so they can radiate at >100 MeV. We present our

conclusions in Section 3.4.

3.2 Electron acceleration for >100 MeV emission

3.2.1 Electron confinement

It is widely believed that electrons in non-relativistic shocks undergo
diffusive shock acceleration. (e.g., Krymskii 1977, Axford et al. 1978, Bell
1978, Blandford & Ostriker 1978, Blandford & Eichler 1987). In the context
of relativistic shocks, it has been shown that electrons gain energy each time
they cross the shock front by a factor of ~ 2, except on the first crossing when
they gain energy by a factor of the Lorentz Factor (LF) of the shock front
(Achterberg et al. 2001).

In order for electrons to turnaround while up/down stream and cross
the shock front, their Larmor radius should be smaller than the size of the
system, that is, electrons should be confined to the system in order to be
accelerated. In this subsection, we explore the confinement of electrons in
the external forward shock model when the magnetic field in the unshocked
medium, upstream of the shock front, is a few tens of uG in strength, and
the magnetic field in the shocked medium, downstream of the shock front, is

simply the shock-compressed upstream field.

The highest photon energy detected for Fermi GRBs is on the order
of 10 GeV. We first calculate the random LF in the downstream co-moving

frame, 7., of electrons radiating 10 GeV photons via synchrotron radiation,
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because these electrons have the largest Larmor radius and thus give us stricter
confinement requirements. The synchrotron frequency in observer frame is
Vsyn = eByy?T/2mmec(1 + z), where T is the bulk LF of the shocked fluid
measured in the upstream rest frame (lab frame), By is the magnetic field
downstream (measured in the local rest frame), z is the redshift, m. and e are
the electron’s mass and charge, respectively, and c is the speed of light (Rybicki
& Lightman 1979). We convert the synchrotron frequency to 10 GeV, that
is, 10 = hgyn /1.6 X 1072 erg, where h is the Planck constant and 10 GeV
corresponds to 1.6 x 1072 erg. Using the convention Q, = Q/10% and solving

the last expression for 7, yields

Ye = 1.5 x 1080,%(1 + 2)V/°15' B, /2 (3.1)

u,—5

where B, is the magnetic field upstream, which is the magnetic field in the
CSM. To obtain (3.1) we have assumed that the magnetic field in the down-
stream region is By = 4I'B,, (Gallant & Achterberg 1999, Achterberg et al.
2001; note that the shock front LF measured in the lab frame is T’y = /2T,
Blandford & McKee 1976), that is, By is the shock-compressed magnetic field
in the upstream (lab frame), which is what we have found for Fermi GRBs

(Kumar & Barniol Duran 2009, 2010).

The electrons’ LF in the rest frame of the upstream plasma is 7.l
therefore, the Larmor radius in the upstream is given by

o mec®yl

5 = (26x10%em) vP(1 4 2)2B 2 (3.2)

u,—5

RL,u

where we made use of (3.1) to eliminate .. Comparing the Larmor radius with
the size of the system upstream, R, which is given by the blast wave radius in

the host galaxy rest frame — R = 2c'?t/(1 + 2) ~ 107cm (where t ~ a few
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seconds and ' ~ 10? is the blast wave Lorentz factor, e.g. Abdo et al. 2009a)
— we find that Ry, > R. This might suggest that electrons of v, ~ 10® are
not confined to the system. However, an electron upstream of the shock front
travels only a distance ~ Ry, /I" before returning to the downstream, because
by the time the angle between electrons’ velocity vector and the normal to the
shock front exceeds ~ 1/I', the shock front catches up with the electron and
sweeps it back downstream (Achterberg et al. 2001). Therefore, for electron

confinement upstream one should compare Ry, /I" with R:

1/2 1/2,1/8
IR F332(_25R17 BS,/_zs (Es4/m0)%/%

where E' is the isotropic kinetic energy in the blast wave, ¢ is the time since
the burst trigger in observer frame, and n is the number density of particles
in the CSM; in deriving the second equality we made use of the time depen-
dence of I' and R in the external forward shock scenario for a homogeneous
CSM (Sari, Piran, Narayan 1998). For B, _5 ~ 4 found for the Fermi bursts,
Rp../(T'R)£0.2, and, thus, electrons radiating at 10 GeV cannot escape from
the upstream side of the shock front; note that this conclusion holds for at

least several hours in the observer frame.

One should also check for electron confinement downstream. Here,
the Larmor radius is smaller than it is upstream, because the magnetic field
is larger by at least a factor of 4I' due to shock compression. Therefore,
the requirement for the confinement of electrons downstream is automatically

satisfied whenever it is satisfied upstream.

We conclude that there is no problem confining external forward shock
electrons that radiate ~10 GeV synchrotron photons by the CSM magnetic
field of strength 210 uG.
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3.2.2 Radiative losses during electron acceleration

Electrons suffer radiative losses while being accelerated that could pre-
vent them from reaching LFs of ~ 10® that are needed for radiating photons of
10 GeV via the synchrotron process. In this section, we ascertain whether or
not the radiative losses suffered by electrons — due to synchrotron and inverse-
Compton processes — are small compared with the energy gain in each round

of crossing the shock front. We do this by comparing the total radiative cool-

/

'ools Which is the time-scale for electrons to lose half of their

ing time-scale, ¢

energy, with the acceleration time-scale.

For the case of ultra-relativistic shocks when the downstream magnetic
field is simply the shock compressed upstream field, the upstream and down-
stream residency times for electrons are approximately equal, when particle
diffusion is in the Bohm limit (Gallant & Achterberg 1999, Achterberg et al.
2001). Thus, the time it takes for electrons to make one complete cycle across
the shock front is about twice the upstream residency time, and the upstream
residency time is on the order of the gyro-time in the shock front co-moving
frame (Baring 2004). In the lab frame, their upstream residency time is on
the order of the time it takes them to travel a distance ~ Ry ,/I'. Since the
Larmor radius (Rp,) increases with increasing electron energy, the last shock
crossing dominates the total upstream residency time. Thus, the time, in the
co-moving frame of the blast wave, that electrons spend during the last cy-
cle of crossing the shock front (upstream — downstream — upstream) before

getting accelerated to Lorentz factor v, — given by (3.1) —is:

2R,
5 cl?

= (1.7 x 10%s) v1y°(1 + 2)/?05 2B, 22 (3.4)
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Taking into account the energy loss that these electrons experience
because of radiative cooling, the acceleration time-scale, in the blast wave

co-moving frame, is given by

t;cc(’ye) ~ t/eq(’ye) + tls(’ye)> (35)

where 2] (7.) is the elapsed time since the beginning of the explosion when
' (Ye) = t.,0;(7e) /2 (shock front crossing time should be equal to at least half
of the radiative cooling time in order to reach a particular 7.). At t;, the
electron barely reaches 7., therefore, it needs an extra time on the order of
~ t' to fully reach the desired 7.. If t/ > ¢/ /2, then the radiative cooling
is too strong and prevents the electron from reaching the desired 7.. In the
sub-sections below we discuss synchrotron and inverse-Compton losses and

calculate the radiative cooling time.

3.2.2.1 Synchrotron losses

The synchrotron cooling time-scale (in the blast wave co-moving frame)

in the upstream of the shock front is ¢}, , = 6rmec/or B2y I'?, where o7 is
the Thomson scattering cross-section. We find that the synchrotron cooling

time for an external froward shock electron with LF given by (3.1) is

e = (5.2 % 10%s) vy (1 4 2)7205 B 22 (3.6)

syn,u

Since t,,, , >t by a factor of 30, then synchrotron cooling in the upstream

is unimportant for electrons radiating at 10 GeV.

Next, we calculate synchrotron losses in the downstream. Since ¢, o
B72, the synchrotron loss rate is larger downstream because of the larger

magnetic field. For shock-compressed magnetic field downstream, B is larger
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than upstream field by a factor 4 (in the blast wave co-moving frame), and

/

therefore ¢ = tiyn./16. The effective synchrotron cooling time for electrons

syn,d
of LF given in (3.1) is t,,, ~ [1/2t},, 4+ 1/2t,,,,]”", which gives
tl = (6.1 x 10%) vy /*(1 + 2)"/2051 B, 2. (3.7)

We see from (3.4) that t,,, ~ 4t for electrons that produce synchrotron
photons of 10 GeV energy, and therefore the maximum synchrotron photon
energy — obtained by setting t. = t’syn — 1S Vmaz,syn ~ 40T3(1 + 2)7! GeV

(see, e.g., Guilbert, Fabian, Rees 1983, de Jager et al. 1996, Cheng & Wei
1996).

3.2.2.2 Inverse-Compton losses

In this sub-section we calculate the inverse-Compton (IC) cooling time-
scale for electrons. The inverse-Compton cooling time depends on the energy
density of photons, and on the electron LF. Electrons in the external forward
shock region are exposed to photons from three different sources of radiation:
(a) prompt ~MeV 7-ray radiation which carries most of the energy released
in GRBs; (b) synchrotron radiation produced in the external forward shock
heated CSM and (c) radiation produced in the external reverse shock heated
GRB-jet. We will consider all of these sources in our estimate for the IC cooling

time. All calculations will be carried out in the rest frame of the shocked CSM.

The IC cooling time is given by

oo 3mec?
4 [dvaF'(v)y.’

(3.8)

where F’(v) is the energy flux in radiation per unit frequency in the co-moving

frame of the shocked CSM, v is photon frequency in observer frame, and o
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is the cross-section for interaction between electrons and photons; ¢ =~ o
(Thomson cross-section) when v < T'm.c?/[(1+4 2)h7e] = Vin, and for v >> vy,

0 ~ o7(V/vg,) "' Thus, an approximate equation for the IC cooling time is

-1

~ 2 < ) + 2 E s )| (3.9)
40’T’}/e Vp

0o~ 3mec?
where F’(< vg,) is photon energy flux in the shock co-moving frame below the
frequency vy, and F'(> vy,) is the flux above vg,. The frequency at the peak
of the vF'(v) spectrum is v, (in observer frame, that is, co-moving synchrotron
peak frequency boosted by a factor of I" and redshift corrected) and vy, the
Klein-Nishina frequency in the observer frame, for an electron of LF ~,., is
hvg, = (5eV) ngefé(l +2)~t. We note that for vy, 2 v,, only the first term in
(3.9) should be kept.

The co-moving energy flux in radiation is related to the observed bolo-

metric luminosity by:

Lobs
F'(Svy) ~ Tk (3.10)
Combining (3.9) and (3.10) we find
3TR2moc? (g \ N
the~w —————— [ — 1 — 3.11
rc O-TLobs’}/e ( Up ) |i - ( Vp ) :| ’ ( )

where « is the spectral index, that is, F'(v) oc v* for vy, < v < 1; for a > 0
the term in the square bracket is of order unity. The above equation is valid

only when v, < v,.

As mentioned before, there are three different sources of photons that
interact with electrons in the external forward shock. We analyze these cases

separately.
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Case (a): The prompt y-ray emission in GRBs — the origin of which is still
uncertain — often has a low energy spectral index a ~ 0, and the spectrum
peaks at v/, 6 ~ 1. The luminosity of this component is the highest of the three
cases considered; Lyps 52 ~ 10 for Fermi GRBs that have >10% MeV emission.
The cooling time, obtained from (3.11), for this case is

R2.T3v, (1 2\
thea = (2.2 x 10% ) =1 (1 + 2) {1 + (Vi) ] (3.12)

Lops 53 Up

Case (b): The external forward shock synchrotron spectrum peaks at ~ 100
keV (before the deceleration time), and the spectral index between vy, and v,
is a ~ 1/3. The luminosity from the external forward shock is Lps 52 ~ 0.1
at the deceleration radius (Rg), and at smaller radius it decreases as ~ R3.

Therefore, we find from (3.11) that, for R < Ry,

e = (22 % 10% )Ry Tavy 5L, o R 17(1+ 2). (3.13)

Case (c): If the GRB-jet is composed of protons and electrons, then the
interaction of the jet with the CSM will heat up these particles by the reverse
shock propagating into the cold jet, and the synchrotron radiation produced
would be very effective at cooling electrons in the forward shock region. This
is because the peak of the reverse shock emission at the deceleration time is
typically at a few eV (Sari & Piran 1999a), which is of order vy, for electrons of
Ye ~ 108. Since v, ~ gy, then we can keep only the first term in (3.9), and use
(3.10) for flux in the calculation of the cooling time. The observed luminosity
(at the deceleration time) is given by Lopsa =~ 4wd3vyqF)y 4, where dy, is the
luminosity distance, and F}, ; and v, 4 are the observed external reverse shock

flux and peak energy at the deceleration time, respectively. Thus, the IC
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cooling time-scale for electrons in the external forward shock region, due to

the radiation produced in the reverse shock heated GRB-jet, is
troe  (4008) Ry 170G s 5Ves Vpa Fypas (3.14)

where I'y is the LF of the GRB-jet at the deceleration time, F}, 4 is in Jansky
(Jy) and v, 4 in €V; the reverse peak flux can be ~ 1 Jy for very bright bursts
such as GRB 990123 (Sari & Piran 1999b).

The total IC cooling time is

1

, 1 1 1
tlc - 7 ‘I‘ 7 ‘I‘ 7 (315)

rea  trew  Urce
and, finally, the total radiative cooling time, t/ ,, is given by

1 117t

tlcool = {— + —} . (3.16)
tlsyn t/IC’

3.2.3 Application to Fermi GRBs

In this section, we analyze 3 GRBs detected by Fermi: GRB 080916C,
090510 and 090902B (Abdo et al. 2009a,c,d). The relevant data for each
burst are tabulated in Table 3.1. We apply the above general results to these
three GRBs, and determine the time it would take for electrons in the external
forward shock for these bursts to be accelerated — via shock acceleration — to
LFs capable of producing synchrotron photons of energies 100 MeV and 1 GeV
(Table 3.2).

The external reverse shock emission depends on the highly uncertain

magnetic field strength in the GRB-jet, and it is therefore difficult to estimate
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GRB a v[MeV] Bu_s nggfggt LES

080916C 0 0.5 4 1.5 30
090510 0.4 2.8 2 3.6 1.6
090902B 0.4 0.7 2 1.2 1.7

Table 3.1: The main quantities used in our analysis for three Fermi: GRBs. «
is the approximate spectral energy index, during the prompt emission phase,
below the peak of the spectrum (f, oc v* for v < v,), v, is the observed peak of
the spectrum; B,, _5 is the average upstream magnetic field, in units of 10 uG,
obtained by modeling of the data for these bursts (Kumar & Barniol Duran
2010); LB20P and LES ., are the approximate observed isotropic equivalent
luminosities of the prompt y-rays and external forward shock emission at the
deceleration time, respectively. Data are taken from Abdo et al. (2009a,c,d).
B, was obtained by setting three simple constraints while modeling the ex-
ternal forward shock emission: 1. Its flux at 100 MeV should agree with the
observed value, 2. Its cooling frequency should be below 100 MeV at early
times for consistency with the observed spectrum, and 3. Its flux at 100 keV
should be smaller than the observed value during the observed steep decay,
so that the external forward shock emission does not prevent the 100 keV to
decay steeply (Kumar & Barniol Duran 2009, 2010).

/

'oo1 Dy neglecting the contribution of re-

with any confidence. We calculate ¢

verse shock emission to inverse-Compton cooling of electrons (t¢,.), and this

/

tcc Which is reported in Table 3.2 as a fraction of

provides a lower bound to ¢
the deceleration time, t/, = (1.7 x 10%s) Rd717F;§, for several Fermi bursts. We
also provide in Table 3.2 an upper limit for the external reverse shock peak
flux that is obtained by the condition that ¢/ , = t., at the deceleration time,

cool

when the contribution of the external reverse shock emission is included in the

/

calculation of ¢ ;.

GRB 080916C" The first >100 MeV photons arrived ~ 3 s after the trigger
time and then the 100 MeV light curve rose rapidly, as ~ t%, and peaked at ~ 5s
(Abdo et al. 2009a). After the peak, which we identify as the deceleration time,
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tq, the flux decayed as a single power-law (this power-law is consistent with
the expectation of the external forward shock model). So the first >100 MeV
photons arrived at t/tq ~ 0.6, and photons of energies >GeV were detected at
~ T7s (t/tg ~ 1.4). The highest energy photon, ~ 13 GeV, was detected ~ 16
s after the trigger time (t/tq ~ 3).

For electrons to produce 100 MeV photons their LF should be ~ 107 for
this burst, and for 1 GeV photons the required v, > 3 x 107; we used B, _5 ~ 4
as suggested by the data for this burst (Kumar & Barniol Duran 2009) — see
Table 3.1. The acceleration time for electrons to attain these LFs is calculated
using (3.5); note that our theoretical estimates are roughly consistent with the
observed time-scales for GRB 080916C to within a factor ~ 2 uncertainty of
our estimates (Table 3.2).

GRB 090510: For GRB 090510 (Abdo et al. 2009¢) there was a short delay in
the detection of >100 MeV photons by ~ 0.1 s (we take the trigger time to be
~ 0.5 s after the GBM trigger, because of the presence of a precursor). The 100
MeV light curve peaked at ~ 0.2 s (which we associate with the deceleration
time), and so the arrival of the first >100 MeV photons was at t/tq ~ 0.5.
Higher energy photons arrived later: >1 GeV photons started arriving at 4,
and ~ 10 GeV photons arrived slightly after ;. As shown in Table 3.2 these

results are roughly consistent with our estimates within a factor of 2.

GRB 090902B: The 100 MeV light curve for this burst peaked at ~ 10s, which
we identify as ¢4, and the first >100 MeV photons were detected at ~ 3s after
the trigger time (Abdo et al. 2009d), that is, t/t; ~ 0.3. Most of the GeV
photons arrived at ~ t;. The first 10 GeV photon is detected at ~ 12 s. The
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highest energy photon detected was ~ 30 GeV at 80 s, that is, at ~ 8t; 1. The
arrival time for the first >100 MeV photons from this burst agrees with the

electron acceleration time (Table 3.2).

To summarize the main results of this section, it takes a few seconds
for electrons in the external forward shock to be accelerated to a LF so that
they can produce 100 MeV photons, and it takes a bit longer time for them
to produce GeV photons. For this reason, GeV photons lag the 100 MeV
radiation. If the external reverse shock flux is high (~ 1 Jy), then the first
100 MeV photons will be detected after the deceleration time, and 10 GeV
photons will be detected much later (~ 10t4), when the reverse shock flux has
decreased substantially . If the external reverse shock flux is small (~ 10 mJy),
then the first 100 MeV photons will arrive at about a third of the deceleration
time, and GeV photons will be detected starting from close to the deceleration

time.

3.3 Steep rise of the high-energy photon light curve

In this section, we calculate the onset of light curves of high-energy pho-
tons (>100 MeV). According to the standard external forward shock model,
and assuming instantaneous acceleration of electrons, the observed flux rises
as t3 when the CSM-density is homogeneous. We show here that the light
curve rises much more steeply — similar to what is seen by Fermi/LAT data
— when finite time for electron acceleration is taken into consideration, as was

suggested by Kumar & Barniol Duran (2009).

LAt this time, the LF has dropped by a factor of 83/% ~ 2, and at z = 1.8, Vpaz, syn ~ 10
GeV, a factor of ~ 4 smaller than the observed value. It can be shown that inhomogeneous
magnetic fields lead to an increase of Vp,qz syn by about an order of magnitude.
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Expected Observed

GRB v tacc/td t/td Fﬁlam
080916C 100 MeV 0.3 0.6 0.30
1 GeV 0.6 1.4 0.02

090510 100 MeV 0.3 0.5 9.90
1 GeV 0.6 1 0.90

090902B 100 MeV 0.3 0.3 1.20
1 GeV 0.7 1 0.10

Table 3.2: t,../tq is the ratio of the time for electron acceleration to a specific
energy (corresponding to synchrotron frequency given in column 2) and the
deceleration time; it is a measure of the delay, with respect of the trigger
time, for photons of a given energy to arrive at the observer when the external
reverse shock emission is smaller than given in the last column of the Table.
The observed time delay of photons in column 2 with respect to the trigger
time is ¢/t4. F}i* (in Jy) is the maximum possible observed external reverse
shock peak flux, so that electrons can be accelerated to produce photons of
energy given in column 2 at t,.

We calculate the rise of the light curve using a simple model. The ex-
ternal shock emission at some frequency, v, is zero until the blast wave reaches
a radius Ry, which is set by the time-scale for electrons to be accelerated
to a LF so that they start radiating at v; this time is calculated in Section
3.2. Electron distribution function in the neighborhood of the desired LF is
assumed to grow with radius as o< R*, and the distribution attains its asymp-
totic power-law shape at some radius Ry ~ 2Ry. The rise of the light curve
depends on Ry, IRy, v and the deceleration radius; the rise also depends weakly

on the type of CSM and the energy spectral index.

We show in Figure 3.1 light curves for two different regimes Ry < Ry <
Ry (case 1) and Ry < Ry < Ry (case 2); for Ry < Ry < Rq the light curve

is similar to case 1 except that between t; (the observer time corresponding
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Figure 3.1: Top. The expected external forward shock light curve when the
non-zero acceleration time of the emitting electrons is taken into account. We
plot the specific flux (normalized to the flux at ¢4, f4) versus time (normalized
to the deceleration time, t;). We show two cases: (1) Ry < Rq < Ry (red
solid line), and (2) Ry < Ry < Ry (blue dashed line). Bottom. The light curve
temporal slope, 8 = dIn(f/f;)/dIn(t/t;). The horizontal black dotted line
shows the asymptotic value of the temporal decay index if we take electrons to
accelerate instantaneously; for ¢ < t,4 the light curve would rise as t3. However,
we find that the external forward shock light curve rises faster than ¢ due to
the finite time it takes electrons to accelerate.

to radius Ry) and t, the light curve rises as ~ t3. Guided by the estimates
provided in Section 3.2 we take Ry ~ R;/3 for 100 MeV photons, whereas
for 10 GeV Ry ~ R;. We show the results for these choices of parameters in
Figure 3.1; note the very steep rise of light curves which appear similar to the
fast rise of the observed 100 MeV light curve for GRB 080916C as reported in
Abdo et al. (2009a).
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3.4 Conclusions

In this chapter we have investigated the acceleration of electrons via
diffusion shock acceleration in the external forward shock of GRBs, and its
implications for the high-energy photon detection by the Fermi Satellite. The
external shock model, with a weak magnetic field, has been proposed as the
origin of the observed >100 MeV emission detected by the Fermi Satellite
from a number of GRBs (Kumar & Barniol Duran 2009, 2010). We find that
high-energy electrons of Lorentz factor ~ 10%, required for producing ~10 GeV
photons via the synchrotron process, can indeed be accelerated in an external
shock that is moving through a CSM with a magnetic field of strength a few
tens of puG; the electrons remain confined to the shock front as long as the

upstream magnetic field is 2 10uG.

We have also calculated the time it takes for electrons to be accelerated
to a Lorentz factor ~ 107 so that they can radiate synchrotron photons at
~100 MeV. We find this acceleration time to be a few seconds in the observer
frame; this calculation took into account radiation losses suffered during the
acceleration process. This result offers a straightforward explanation as to
why, for most Fermi GRBs, 100 MeV photons are not observed right at the
trigger time but a little later. This also explains, why 100 MeV photons are
observed before GeV radiation: it takes electrons radiating at GeV energies
even longer time to accelerate. Taking this acceleration time into consideration
while calculating high-energy light curves, we find that the light curve rises
very rapidly — much faster than it does for the external forward shock model
with instantaneous electron acceleration for which the flux rises as t* when
the CSM has uniform density (the ¢* rise reflects the increasing number of

swept-up electrons before the blast wave decelerates).
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The detection of the first 100 MeV photons at some fraction of the
deceleration time, the longer delays in the detection of higher energy photons?
and the fast rise of the 100 MeV light curve, follow the expectation of the
external forward shock model when the finite time for electron acceleration
is taken into account. Detection of synchrotron photons of different energies
provides an upper limit for the radiation flux produced in the reverse shock
heated GRB-jet. For instance, the peak flux for the external reverse shock
emission — if the peak of the spectrum is at a few eV — couldn’t have been
larger than about 300 mJy close to the deceleration time, for GRB 080916C,
otherwise it would prevent electrons from accelerating to a Lorentz factor of
~ 107 so that they can produce synchrotron photons of 100 MeV energy at
early times (see Table 3.2). Similarly, the reverse-shock flux should be <
20 mJy for GRB 080916C in order that electrons in the forward shock are
accelerated to a LF so that they produce 1 GeV photons.

We speculate that the lack of >100 MeV emission during the prompt
phase of GRBs might be due to the presence of a bright optical source with
observed flux larger than about 100 mJy, which would prevent electrons from
reaching high Lorentz factors. This, coupled with the fact that GRBs with
the largest LF's, which have small deceleration time, are the most likely bursts
to be detected by Fermi (Kumar & Barniol Duran 2009) might explain the
detection/non-detection of > 100 MeV radiation from GRBs.

We note that the shock-compressed magnetic field scenario requires

some cross-field diffusion of particles - presumably generated by turbulence -

2Note that this possible trend in the data goes in the opposite direction than in the
prompt ~ 1 MeV emission, where higher energy photons arrive earlier than lower energy
photons in long GRBs and there is no lag detected for short GRBs (Norris et al. 1986,
Norris & Bonnell 2006).
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to allow them to travel back to the upstream (e.g. Achterberg et al. 2001,
Lemoine et al. 2006). This turbulent layer probably occupies a small frac-
tion of the downstream region as suggested by recent simulations by Sironi &
Spitkovsky (2010). Therefore, the picture that seems to emerge from numeri-
cal simulations and Fermi observations, is that there might be a small region
of turbulence behind the shock front that aids in the acceleration of particles
across the shock, but that the radiation is mainly produced by particles that
are swept downstream where the value of the downstream field is consistent

with simple shock-compression of upstream field.

There exists also the possibility that the CSM seed field is actually a
few G and some instability produced ahead of the shock amplifies it to the
value of a few tens of uG we infer by our modeling of Fermi GRBs (Kumar
& Barniol Duran 2009, 2010). These instabilities have been studied by, e.g.,
Milosavljevié¢ & Nakar 2006, Sironi & Goodman 2007, Goodman & MacFadyen
2008, Couch et al. 2008. However, this possible amplification of a factor of
~10 is much smaller than the amplification customarily invoked to explain

afterglow observations.
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Chapter 4

Evidence for mild deviation from power-law
distribution of electrons in relativistic shocks:

GRB 090902B

4.1 Introduction

The external forward shock model (see, e.g., Rees & Mészaros 1992;
Mészaros & Rees 1993, 1997; Paczynski & Rhoads 1993; Wijers, Rees &
Mészaros 1997; Sari, Piran & Narayan 1998; Dermer & Mitman 1999) has
proven to be a very useful concept in the study of GRBs. The relativistic GRB
jet or outflow interacts with the surrounding medium of the progenitor star
(circumstellar medium or CSM) and drives a forward shock that accelerates
the particles in the CSM, which radiate via synchrotron and Inverse Comp-
ton mechanisms. By modeling GRB afterglows one can learn more about the
CSM medium properties (its density), general properties of the outflow (total
kinetic energy in the shocked medium) and some details of the shock pro-
cess (fractions of total energy in the shocked fluid imparted to electrons and
magnetic fields). Particles are likely accelerated in collisionless shocks by the
Fermi process and the resultant electron energy distribution is expected to
be a decaying power-law in electron energy with index p (see, e.g., Krymskii
1977, Axford, Leer & Skadron 1978; Bell 1978; Blandford & Ostriker 1978;
Blandford & Eichler 1987; Gallant & Achterberg 1999; Achterberg et al. 2001;
Sironi & Spitkovsky 2011). Various studies have attempted to calculate the
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value of p and to test for its universality among all bursts (see, e.g., Shen,
Kumar & Robinson 2006). Even though in previous studies a single value of p
is assumed for a particular burst, there is the possibility that the distribution

function might deviate from a single power-law.

In this chapter we study the late (2 0.5 d) afterglow of GRB 090902B
in the context of the external forward shock model. In Section 4.2, we study
the afterglow data for this GRB. In Section 4.3, we present alternatives to the
scenario proposed in Section 4.2. In particular, we devote most of this section
on a very detailed calculation of Inverse Compton losses, which might mitigate
some of the issues presented in Section 4.2. In Section 4.4, we show that the
only viable solution seems to be that the electron energy distribution is a little
steeper for the X-ray radiating electrons than for the optical electrons in the
external forward shock, that is, there is some curvature in the electron energy
distribution spectrum. In Section 4.5, we use the results of the previous section
to study the early (~ 50 s) high-energy gamma-ray data of GRB 090902B and
find it consistent with the same origin as the late time afterglow emission. In
Section 4.6, we explore the possibility that the additional power-law spectral
component found at ~ 10 s, in addition to the prompt Band function, has also
an external forward shock origin. We discuss our results in Section 4.7 and

present our Conclusions in Section 4.8.

4.2 Late time afterglow data of GRB 090902B

GRB 090902B (Abdo et al. 2009d) has been studied extensively for its
high energy emission during the prompt phase detected by the LAT (Large

Area Telescope) onboard of the Fermi satellite (see, e.g., Asano, Inoue &

Mészaros 2010; Feng & Dai 2010; Ghisellini, Ghirlanda & Nava 2010, Kumar
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& Barniol Duran 2010; Toma, Wu & Mészaros 2010; Liu & Wang 2011; Zhang
et al. 2011; Zhao, Li & Bai 2011). In this chapter we focus on the late
time afterglow behavior in the radio, optical and X-ray bands (Cenko et al.
2010, McBreen et al. 2010, Pandey et al. 2010) with the assumption that
radiation in these bands is produced by the synchrotron process in the external
forward shock. We study the afterglow data after about a day of the explosion,
because the optical data previous to this epoch seems to be dominated by the
external reverse shock (Pandey et al. 2010). Here and in the rest of the
chapter, we use the convention that the observed specific flux at a particular
energy, v, is given by f,(t) oc v%t=® where t is the observed time and j3
() is the spectral (temporal) index. The GRB 090902B observations for
t21 d can be summarized as follows. The optical data (2 eV), detected by
UVOT (Ultraviolet Optical Telescope) onboard of the Swift satellite, shows
Bopt = 0.76 £ 0.07 and aypr = 0.89 £ 0.05, whereas the X-ray data (1 keV),
detected by XRT (X-ray Telescope) also onboard Swift, shows (3, = 0.90+0.13
and a, = 1.36 £ 0.03 (Cenko et al. 2010).

We assume that electrons in the CSM are accelerated to a power-law in
the external forward shock model, such that the electrons energy distribution
is given by n(e) o< e P, where p is the power-law index. In this scenario both
the spectral index and the temporal decay index depend on p (Sari et al. 1998),
therefore, one can relate a and [ via the “closure relations” (see table 1 of
Zhang & Mészaros 2004). The values of the spectral and decay indices will
depend also on the region where the observed frequency falls in the synchrotron
spectrum. The synchrotron spectrum is characterized by three frequencies:
the self-absorption frequency (v, ), the injection frequency (v;), and the cooling

frequency (v.); v; and v, correspond to the synchrotron frequencies of electrons
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(just downstream of the shock front) whose energy correspond to the minimum
energy of injected electrons and to the electrons that cool on a dynamical time,
respectively, and v, is the highest frequency at which the system becomes

opaque to synchrotron absorption.

Trying to explain both the X-ray and optical late time data for GRB
090902B in the context of the external forward shock model is not straight-
forward. We use the common terminology “slow cooling” (“fast cooling”), for
Vi < Ve (Ve < 1;), and constant density CSM (wind medium) for s =0 (s = 2),
where the CSM density falls off as o« R~ and R is the distance from the center
of the explosion. For this GRB we have the following options:

Option 1: If the optical band, v,,, and the X-ray band, v,, are in the same
region of the synchrotron spectrum, that is, v; < vop < vy < 1, then 8, = Bop,
which is supported by the data. However, the temporal decay indices in these
two bands, which should be exactly the same, are very different. The X-ray
decay is considerable steeper than the optical one, Aav = oy —arop = 0.47£0.08,

and this particular issue is crucial for the rest of the chapter.

Option 2: If the optical band and the X-ray band lie in different parts of the
spectrum, for instance, v; < Vo < V. < Uy, then the spectral indices should
differ by AB = B, — Bopr = 0.5, which is not supported by the data. Moreover,
A« is expected to be —1/4 (wind) or 1/4 (constant density CSM), which is
also inconsistent with the data — the X-ray decays too quickly.

Option 3: If both optical and X-ray bands lie above the cooling frequency,
that is, v; < v, < Vg < Vg, the discrepancies with the expected data and
the observations are similar to Option 1. Since the temporal decay index is
independent of type of medium there is no way to discriminate its type (Kumar

2000). This case is analogous to the fast cooling case where v, < v; < Vgpt < Vs
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Option 4: Any possibility where v,y < v; is ruled out by the data. For the
case of slow cooling, the spectrum would be (,,; = —1/3 for both types of
medium, which is inconsistent with the observed optical spectrum. Moreover,
the optical light curve should be slowly rising (flat) for the constant medium
(wind) case, which is inconsistent with the decaying light curve. For the case
of fast cooling, if vy < v < v;, then By = —1/3, and if v, < Vo < V4, then
Bopt = 1/2 and ap = 1/4 - for both types of medium - which is inconsistent

with the optical spectrum and light curve.

We can see that Option 4 faces severe difficulties, thus we will not
consider it any further. We will explore Options 1-3 in detail throughout the
chapter.

First, we try to determine the type of medium that the blast wave is
running into. For Options 1 and 2, the wind medium case can be ruled out.
The reason is that, for Option 1, both the expected optical and X-ray decay
would be too steep compared with the observations. For Option 2, one would
expect Aa = a,; — ag = —1/4, that is, the optical decay should be steeper
than the X-ray one, which is the opposite to what it is seen. For these reasons,
the only viable possibilities left are Options 1 and 2 with constant CSM, and
for Option 3, optical and X-ray fluxes are independent of the type of CSM.

Pandey et al. (2010) and Cenko et al. (2010) have also analyzed GRB
090902B and they both prefer Option 2 with a constant density CSM. Pandey
et al. (2010) suggested a value of p = 1.8 £ 0.2, however, as the authors point
out, the optical spectrum and X-ray temporal decay are inconsistent with the
observed values. They appeal to optical extinction, which would make the
optical spectrum agree with the observed value; nevertheless, the expected

X-ray temporal decay is shallower than the observed one. Cenko et al. (2010)
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find p = 2.22105%, which naturally mitigates the problem Pandey et al. (2010)
have with the optical spectrum, but also gives an X-ray temporal decay that
is shallower than the observed one. They suggest radiative losses to make the
X-ray decay steeper - consistent with observations - however, as we will see in
the next section, this would also affect the optical decay, and therefore it is

not a viable option.

4.3 Saving the external forward shock model

In this section, we explore a number of different possibilities that might
modify the standard external forward shock model and help us reconcile the
theory with the observations for GRB 090902B. In particular, we are inter-
ested in mechanisms that could potentially make the X-ray light curve steeper
than expected in the simple external forward shock model. We consider the
following possibilities: (i) Radiative losses in the blast wave, (ii) Temporal
evolution of microphysical parameters, (iii) Temporal evolution of Compton-
Y parameter which would affect only the light curve of the observing band

above v, and (iv) Curvature in the injected electron spectrum.

Some of these possibilities have been discussed in the literature and
applied to a number of GRBs. Radiative losses in the blast wave was considered
by, e.g., Cohen, Piran & Sari (1998), Sari et al. (1998). Also, the possibility of
having the microphysical parameters vary with time in the external shock was
proposed by Panaitescu et al. (2006). Recently, Wang et al. (2010) considered
the possibility of having Klein-Nishina suppression weaken with time so as to
increase the Inverse Compton losses and steepen the > 100 MeV light curve
of Fermi GRBs. We now explore possibilities (i)-(iv) to find out if any of
these can help us understand the optical and X-ray afterglow data for GRB
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090902B.

4.3.1 Radiative losses or temporal evolution of microphysical pa-
rameters

For a constant CSM, the specific flux for an observed band v > v; is

given by (see, e.g., Sari et al. 1998, Kumar 2000, Panaitescu & Kumar 2000)

p+3 ptl 1 3(p-1) p—1 .
Bl it ey nat™" 1 v if v, <v<u,
fl/ M7 1 p—2 3p—2 P 1. (41)
Epiotegt tT T v 2(14+Y) ifr. <.

where €. and ep are the fractions of energy of the shocked gas in electrons and
magnetic fields, respectively, ¢ is the time since the beginning of the explosion
in the observer frame, Exp s is the isotropic kinetic energy in the shocked
medium, n is the density of the CSM and Y is the Compton-Y parameter,
which is the ratio of the Inverse Compton to the synchrotron loss rates. Equa-
tion (4.1) is valid for p > 2; closure relations for p < 2 can be found in table
1 of Zhang & Mészaros (2004).

According to Option 2, for p = 2.3, the expected optical decay (v; <

—-0.65

Vopt < Ve) 18 given by oc 79987065 consistent with both the optical decay and

spectrum within 2-o, while the expected X-ray flux (v. < v,) is oc t 7123y~ 115
consistent with the observed X-ray spectrum within 2-o, however, inconsistent
with the observed X-ray decay by more than 4-0. To be consistent, the X-ray

light curve must be steepened by oc t 7013,

If the X-ray band is above v. then, according to the second part of
equation (4.1), the way to steepen the light curve is by appealing to a decrease
with time of Exp so, € Or an increase of Y (the explicit dependence of €5 in

flux is extremely weak for v > v.). The decrease of Exp s and €. will also
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steepen the optical light curve, therefore, the increase of Compton-Y is the
only possibility that we consider. Let us explore these arguments in detail

now.

Radiative losses make the kinetic energy in the external forward shock
decrease with time. For the X-ray band (v, < v,) with p = 2.3, the observed
flux is o E}g%ﬁiso and, thus, Fx s, should decrease as o< 712 to steepen the
X-ray value to the observed value. However, since the flux in the optical band
(Vi < Vopr < Ve) 18 o B3, the optical light curve will steepen by oc 7019,
making the optical decay ay,, = 1.14 inconsistent with the observations by
5-0. Therefore, radiative losses cannot save the external forward shock model

in Option 2. Appealing to a temporal evolution of €. or ep faces similar

difficulties.

In Options 1 and 3, the X-ray and optical bands lie in the same spectral
regime, therefore their fluxes have the same dependence on energy and micro-
physics parameters. Appealing to a temporal change of any of these would
modify both light curves exactly the same way. For this reason, neither ra-
diative losses nor temporal evolution of microphysical parameters can explain

why the X-ray light curve decays faster than the optical one does.

4.3.2 Temporal evolution of Compton-Y

As mentioned above, another possibility could be that the Compton-Y
parameter increases with time as (1+Y) oc t%!3. Since Y only affects the flux
for v. < v — see equation (4.1) — it would only affect the X-ray band, not the
optical one (when v; < v, < 1.), and since the optical data already agrees

with the expected value, then this possibility is very attractive.

The Compton-Y parameter that needs to be calculated is the one for
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electrons radiating at 1 keV, Y,, since it is the X-ray flux at 1 keV that needs
to be steepened. Moreover, the temporal behavior (1+Y,) o t%!? should hold
during the entire period of X-ray observations, which start at ~ 12.5 h and
extend until ~ 15 d. In the following subsections, we search the 4-D parameter
space (€, €p, N, Frpiso) to determine if there is any part of the parameter
space that satisfies the condition that (1 +Y,) oc t%!3. Before this, we present
a very detailed calculation of Compton-Y parameter for electrons of arbitrary
Lorentz factor (LF'), where we take into account the effect of Inverse Compton
and synchrotron losses on the electron energy distribution self-consistently and
include the Klein-Nishina cross section and electron recoil effects on Compton

scatterings.

4.3.2.1 Calculation of Inverse Compton loss

A general calculation of Inverse Compton loss has been carried out by
a number of authors (see, e.g., Jones 1968, Blumenthal & Gould 1970, see
also, Blumenthal 1970). Inverse Compton loss has also been calculated in
the context of GRB prompt emission and afterglows (see, e.g., Panaitescu &
Kumar 2000; Sari & Esin 2001; and more recently Bosnjak, Daigne & Dubus
2009, Nakar, Ando & Sari 2010, Wang et al. 2010, Daigne, Bosnjak & Dubus
2011). The calculation of Inverse Compton loss, which allows us to calculate
Compton-Y', is not straightforward. Electrons cool via Inverse Compton scat-
tering when they interact with synchrotron photons, and the same electron
population is the one that emits the synchrotron photons. It is a problem
of feedback, because the electron population in turn depends on the cooling
the electrons experience. In this subsection we outline the calculation for

Compton-Y. We include Klein-Nishina effects and also relativistic corrections
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of the outgoing energy of the Inverse Compton scattered photons.

In the co-moving frame of the electron, the energy of an outgoing pho-
ton after the scattering off of an electron is given by (see, e.g., Rybicki &

Lightman 1979, hereafter RL79)
P v
Vol a/(1 —cos (0, —0))
where the subscript “1” corresponds to the outgoing photon and the super-

(4.2)

script (') means that the quantity is measured in the co-moving frame of the
electron before scattering. The quantity z’ () is defined as ' = h//m.c?
() = /) /me.c?), where /' (v]) is the frequency of the incoming (outgoing)
photon, and h, ¢ and m, are Planck’s constant, the speed of light and the
mass of the electron, respectively. The angle 6’ (0}) is that of the direction of
the incoming (outgoing) photon with respect to the direction of the electron’s

momentum before scattering (see Figure 4.1).

The frequency of the incoming photon in the electron rest frame before
scattering can be expressed in terms of the frequency measured in the lab

frame, v, by using the relativistic Doppler formula

V' = vy (l+ B.cosb)
v = V(1 — Pecost)

and the transformation between the angle of the incoming photon 6 in the

(4.3)

electron rest frame and the lab frame, 6, is given by

sin 6
Ye(1 + (. cos0)
where [, is the velocity of the electron divided by ¢, v, = 1/ \/1—7@2 is the
LF of the electron.

= (4.4)

sin ' = <V) sinf =
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Lab frame view

(a) (b) v,

1

\\V ’,’
0 ;> 0
1

f\\"‘< /\

Figure 4.1: Geometry for scattering of a photon by an electron. The electron
trajectory is denoted by a thick solid line, while the trajectory of the incom-
ing and outgoing photon is denoted by a thick dashed line. We present the
scattering viewed from the lab frame (top) and viewed from the rest frame
of the incoming electron, that is, the electron is at rest in this frame before
scattering (bottom). The diagrams before and after the collision are presented
in (a) and (b), respectively. The un-primed quantities are in the lab frame,
while the primed (") quantities are in the electron rest frame before scattering.
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The energy in a bundle of scattered photons in the electron rest frame

is given by

dE! = {dQ’du’ L0 )] doxn

hv' dQy

where I’, is the specific intensity (in units of erg s~ em ™2 sr~* Hz 1), d€0’ (d€2})

h, Y, dt’ (4.5)

is the differential solid angle of the incoming (outgoing) photons, doky/dS?; is
the differential cross section (the Klein-Nishina formula) and dt’ is the duration
of the event measured in the electron rest frame. The quantity in the square
bracket is the number of photons per unit time per unit area moving within

solid angle d€)" and frequency band dv/’ incident on the electron.

The component of the momentum vector of the scattered photons along

the electron velocity considered above is
Il’,,(é?’) dO’KN hl/i

/ — Q/ / 1 / / /. .
dp, = dQ'dv T 4, < cos 01d) dt (4.6)

The scattered photon energy in the lab frame is given by (see, e.g.,

RL79)

dEs = v.(dE. — Bdp.) = ve(1 — [ cos 6})dE.. (4.7)
Using the fact that the time interval in the lab frame is dt = 7.dt’, one finds

dE; dE!

— (1 — f.cos b)) ==, .
o ( B cos 67) T (4.8)

and combining this last equation with equation (4.5), we arrive to

dE, () , ,dogn /
7 —/deV = /alle/1 i, (1 — Becoshy). (4.9)
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In this last equation, both doky/d€?; and v} are functions of v/ and (0] — 6'),
and we can use equation (4.2) to eliminate ;. We thus find a general equation

that describes the energy loss of an electron due to Inverse Compton cooling

dE, 1— (. cosb doxn
— [aavr, @) | do ! 41
it / V1 )/d Tl —cos =0 a0

where the Klein-Nishina cross section is given by (see, e.g., RL79 eq. 7.4)

dogn _ 3or (VIN°[V v L.,
i =T o V_{_I_?_Sm 0, -6, (4.11)

and, again, one can use equation (4.2) to eliminate v}, which yields

dO’KN . 30’T 1 2 1
d, 167 |1+ 2/[1 — cos(8; — 6)] 1+ a'[1 —cos(0] — 0")]
+2'[1 — cos(6, — 0')] — cos*(6, — 0’)] . (4.12)

Equation (4.10) is general and contains no assumptions. To simplify
the calculation we now make two assumptions. The first assumption allows
us to simplify the expression of cos(#; — ¢') the following way. The integrand
of d€} in equation (4.10) depends on ¢, and both 2z’ and dogxy/d€2; also
depend on ¢ — see definition of 2’ and equations (4.3) and (4.12). The cross
section starts to fall-off steeply with angle only when |0} — 8’| 2 1/+/’; and also
0" ~ 71 — see equation (4.4). Thus, for parameters of interest to us, where
Ve 2103 and 2/ £10?, we have 07 ~ 0.1 and ¢ ~ 1073. In this case, we can
approximate cos(0] — 0’) = cos0]. We call this the “head-on” approximation,
since it corresponds to an incoming photon moving in the same direction as

the incoming electron velocity vector before the collision as seen in the electron
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rest frame. We note, however, that we cannot set ' = 0 in equation (4.3),
since that would overestimate v/ by a factor of ~ 2. The second assumption
we make is that the energy density in photons in the co-moving frame of the
source where the photons are generated is distributed isotropically, therefore,

we can write

N
dYdV' I, = dQdvl, (V;) = deVZ—;c%z(l + . cos )2, (4.13)

where u, is the source rest frame photon energy density. To derive the last
expression we have used the fact that I,,/v® is a Lorentz invariant quantity and
that dQ) = dQ(v/v')?. With these two assumptions we can rewrite equation

(4.10) as

dE; 2 ! — Bepy  dokn
=D [ avu, | du(l + 5. (414
dt / v / L et / “11+x(1—u1) a4

and the Klein-Nishina cross section is given by

dO’KN . 30’T 1 1

W "8 Mo =P [T+ 21— @)
where p = cos 6, p} = cosf}, and, as defined before, 2’ = hy.v(1 + Bept) /mec?
Combining equations (4.14) and (4.15) we find

b= ) - ()

dE, .
da —aTc%/ dtu/ dp(1 + ) / dul{[Hx,(l_M)P
— ) 12— 1)
[1 + T (1 — )P L4 2'(1— )P } (4.16)
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where we made another approximation, which is that . ~ 1, which is valid

for the case, where 7, > 1 studied here.

The p} integral in equation (4.16) can be carried out analytically. Let

us define a function

[ dyy
60 = | i e

It is straightforward to show that

Gilw) = U2,
1 1
Gn(z) = N {1 O 2$>n_1] , for n # 1. (4.18)

With this last equation, we can evaluate the p} integral of the first term in

equation (4.16), which is

! 1— ) 1d 2 (34 22")
! = ——— N=Z— "7 4.1
/_lal“1 [1+a/(1— )] 3 a7 = 3 (14 227)3’ (4.19)

and also the second term, which yields

1 /1_/2 /2 In(1 2/ 2(1 /
[l U5 G mtad) i)

1 1 [1+2/(1— )P 2 dar? - x’? C22(1 + 22/)?
(4.20)
To carry out the integral of the third term, we define a new function
1 ,u/
Jo(x) = / i} L : (4.21)
-1 1[1+$(1_#/1)]n
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which can be shown to be

Ji(x) = ZB; ! In(1+ 2z) — ;
1 1
Jo(z) = ORI [1 + i 2$)n_1} = 1)$Gn_1(x), (4.22)

for n =1 and n # 1, respectively.

Using partial fractions decomposition, the y} integral of the third term

in equation (4.16) can be written as

1 12 / / /

;o (=) 1 N 24z , 1+ ,
=——J J. — J. 4.23

/_ld:ul [1 + ,I/(l — H/l)]g [L’lz 1('I ) + z,g 2($) [L’/2 3('I )7 ( )

and by using equation (4.22), we find

1 12 / / 13 12 !
o (1 — phy) 2243 22" + 202" + 222" + 6
/ d/,,l& 1 ; — 1/ 3 = — 4 ln(l ‘I’ 237/) _I_ 13 N3
o [T — )] x x(1 + 22/)
(4.24)

Combining equations (4.19), (4.20) and (4.24), the p} integral in equation

(4.16) can be written as

2?22 +3 In(1 4 229 2(222"* + 752" 4+ 992'% + 512’ + 9)
_ L T _

K /
() z 307 (1 + 24/)3

(4.25)
In addition, we make one last transformation of equation (4.16) and that is

the following: Since x’ depends on p = cosf, we write it as

hve,
¢ = (14 Bocos p) ~ X(1+ ), (4.26)

e
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where we have defined a new variable X = hvvy./m.c?, and we again have
made use of the assumption that v, > 1, so that 5. ~ 1. With this, equation

(4.16) can be rewritten as

dE's 3 o v X(1+66)
= —opcy? / dl/u—3 de'z” K (z'). (4.27)
dt 16 0 X? Jx(-s)

The 2’ integral can be done analytically, except for one term in the integrand,
which is 2In(1+422")/2’, whose integral is a polylogarithm, specifically a dilog-

arithm or Spence’s function.

The rate of Inverse Compton energy loss can be expressed as

E, E,
i(mecz%) = d d

dt dt dt
where dE;/dt is given by equation (4.27), and the second term is the integral

+ /dl/ Uy O NC ~ — (4.28)

of photon energy before scattering which is negligible compared with dF;/dt
for v, > 1.

Finally, the Compton-Y parameter, defined as the ratio of the rate of
Inverse Compton energy loss and the rate of synchrotron energy loss, is given

by

dE,
Y(ve) = %- (4.29)
The only thing left to determine now is the energy density in photons,
u,. Since in the case of GRBs the entire source (jet) is moving relativistically
towards the observer, then the photon energy density needed is the one mea-

sured in the source co-moving frame. All quantities considered in the following

calculation will be in the source co-moving frame.
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The power emitted in 47 sr at frequency v by an electron in the shell

(in units of erg s7! st=! Hz™!) is (see, e.g., RL79)

3 1/3
p= b (L) , (4.30)

mec® \ vy

e

where e is the electron charge, B is the magnetic field in the shell co-moving
frame and v, is the synchrotron frequency of an electron with LF ~., which

is given by

eBy;

= . 4.31
2Tmec ( )

Uy,
The numerical factors in the last two expressions are different than the ones
in Wijers & Galama (1999) for 2 <p <3 by only less than ~ 10% and ~ 40%
for equations (4.30) and (4.31), respectively. P, in equation (4.30) is valid for
v < vy, for v > v, we take P, to vanish, even though strictly speaking it

decreases exponentially, which introduces a very small error.

We will now calculate the specific intensity, I,,, in the middle of the
shell (see Figure 4.2). Let us assume that the column density of electrons
(emitters) in the shell is N (number of emitters per unit area) and the shell
radius and LF are R and I', respectively. Since the photons cannot arrive at
a point in the middle of the shell from a distance larger than R/T", which is
the radius of the causally connected region, then the specific intensity in the

middle of the shell is approximately given by

B Nisecq| for 0<60<m/3and2r/3<0<m

I,(0) = (4.32)

LN for m/3 < 0 < 27/3,
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Figure 4.2: Schematic of a GRB jet. The width of the shell in the co-moving
frame of the shell is R/T", where R is the distance from the center of the
explosion and I' is the LF of the source. To calculate the specific intensity in
the middle of the shell one needs to take into account all photons produced by
electrons (emitters) within the causally connected region of radius R/I". Since
R/T' < R we assume a rectangular slab geometry.

91



where we have used a rectangular slab geometry since R/I" < R. Therefore,
we find that the energy density in photons of frequency v in the middle of the
shell is

U, = l/dQIV(a) i1l (m_2 + %) . (4.33)

c c 2

A similar analysis shows that the photon energy density near the inner or outer
edge of the shell is u, = P,N/2c. Thus, the average value of u, in the shell is
u, =~ 0.7P,N/c.

The column density of electrons can be written as a function of the
electron energy distribution, which is defined as n(v.) (number of electrons
per unit area per unit 7,.). We define the specific flux in the co-moving frame

of the shell, f, = P,N, thus, u, ~ 0.7f,/c. The specific flux is given by

fv= /d%n(%)Py, (4.34)

where n(7,) is calculated self-consistently by solving a coupled set of equations
for n(v.) and radiation (see below). Using equation (4.30) we rewrite the last

equation as

B %) €3B v 2/3
.fz/ - [{V d’}/en(’}/e) {@] (i) 9 (435)

where v, is the LF of electrons radiating at synchrotron frequency v, that is —

see equation (4.31) —,

9 2mmecy
eB

(4.36)
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The task now is to determine the electron energy distribution, 7(7. ), in
order to calculate the synchrotron flux given by equation (4.35). The electron

distribution function is determined by solving the following continuity equation

In(ve) 9
ot o

where the source term, S(7.), is given by

Hen(’}/e)] = S(’}/e)a (437>

N <k)_p Ve > Vi
S(ve) = i = (4.38)
0 Ve < Vis

N is the total number of electrons crossing the shock front per unit time per
unit area, and ~y; is the minimum LF of electrons injected in the shock.

We can solve equation (4.37) approximately the following way. Let

/

'oos 11 the shell co-moving frame, as

us define a cooling time for electrons, ¢
follows t/__;(Ve) = 7Ye/7e and a co-moving dynamical time, t/ , as t/ = R/(Tc).
The dynamical time in the shell co-moving frame is related to the one in
the observer frame, tus, as t., = I'tes/(1 + 2), where z is the redshift and
the column density is related to the shock radius, R, as nR/3, therefore,

N =nR/3t,,.

If ¢, > t., for a given 7., electrons of this LF have not cooled much

in the available time, therefore, equation (4.37) reads

n(%) ~~ t/coS(’}/e% fOI‘ t/cool > t/co‘ (439)

On the other hand, when t/_, < t. for a given 7., then n(v.) wouldn’t change

COO

with time and thus
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[en(ve)] = S(7e)- (4.40)

or

n(7e) = / dLS(1) / e fortly, <t (4.41)

Ve

To summarize, we solve numerically the following equations simulta-
neously to find Compton Y (7.): equation (4.37) to find the electron energy
distribution, equation (4.35) to find the synchrotron flux, equation (4.27) to
find the energy loss rate due to Inverse Compton and substituting all these

results into equation (4.29) gives Y (7).

4.4 Solution for GRB 090902B

We use the parameters of GRB 090902B, z = 1.8 (Cucchiara et al.
2009), luminosity distance of d;, = 4.3 x 10?® ¢cm and we also use p = 2.3 (see
Section 4.3.1) and investigate Option 2 (1; < Vepr < Ve < V) in detail. For

this, we use the formalism developed in the previous section.

We use a numerical code that scans the 4 external forward shock pa-
rameters, viz. €., €p, n and Ekxpg s, and finds the subset that satisfies a
set of chosen constraints (see below). The parameters are varied in the fol-
lowing ranges: €, = 1072 — 107%2, e = 107 - 107!, n = 107* — 10 cm™
and Expiso = 10° — 10°° erg. The value of the isotropic energy released
in gamma-rays for GRB 090902B was E. 5, = 3.63 x 10°* erg (Abdo et al.
2009d), this is the reason why we chose to vary Exg s, from being 30 times

smaller to ~ 10 times larger than F. ;5,. The radiation efficiency of the prompt
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gamma-ray emission is given by n = E«,,iso/ (E«,,iso + EkE,iso). This efficiency

will be useful when trying to further constrain our results.

We numerically calculate the allowed subspace of 4-D parameter space
for GRB 090902B by imposing only two constraints: (1) the theoretically
calculated X-ray flux at 1 keV at 12.5 h, the first X-ray data, must be consistent
within 1-0 with the observed value of 0.38 £+ 0.10 pJy (Cenko et al. 2010,
Pandey et al. 2010) and (2) the injection frequency (v;) at this same time
should be below the optical band (v; < 2 eV) so that the optical light curve
decays with time for ¢ > 12.5 h.

For the resulting subspace of 4-D parameter space we calculate a few
quantities of interest for this GRB. (1) Since we want to address the possibility
of the X-ray decay being faster due to a time dependence of the Compton-Y
parameter as (1 +Y,) o t%13 (for Option 2: v; < vy < Ve < 1), we calculate
Y, for electrons radiating at 1 keV at two times, t; = 12.5 h and t5 = 10t,,
which we define as Y, ; and Y 9, respectively. These times span almost the
entire duration of the X-ray observations for GRB 090902B. Steepening the X-
ray light curve to the observed value would require log,o[(1+Y22)/(1+Y1)] =
0.13. (2) We calculate the synchrotron cooling frequency at t; to see if it is
consistent with the orderings considered above, that is, Ve, < v, < v,. (3) We
calculate the optical flux at 21 h, which we compare to the observed value of
12.0 £ 0.1 pJy (Pandey et al. 2010). (4) The radio flux at 8.46 GHz is also
calculated at 5.6 d, and it is compared to the observed value of 130 4= 34 uJy
detected by the Very Large Array (Cenko et al. 2010). (5) We calculate the
Compton-Y parameter for electrons radiating at <2 eV (optical), Y,, at ¢; and
ta, to see if Y, and Y, behave differently or not. The results of our numerical

calculation are shown in Figure 4.3.
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Figure 4.3: We solve for the allowed 4-D external forward shock parameter
space for constant CSM and p = 2.3 (., €, N, Fxg,iso) by imposing only
two constraints: (i) The X-ray flux at t; = 12.5 h should be consistent with
the observed value and (ii) the injection frequency, v;, should be < 2 eV at
the same time (see text). For this allowed parameter space we calculate (blue
points) the cooling frequency at t; (top left), the optical flux at 21 h (top
right), the radio flux at 5.6 d (bottom left) and the Compton-Y for electrons
radiating at 2 eV, Y, (bottom right). All quantities are plotted as a function
of the ratio of Compton-Y for electrons radiating at 1 keV, Y,, at two times, t;
and to = 101, with subscripts “1”7 and “2”, respectively. We only plot the data
for which (1+4Y;) increases with time. In order to steepen the X-ray light curve
for GRB 090902B, with v; < v, < v < v, (Option 2), to make it consistent
with the observed behavior requires log,o[(1 + Y32)/(1 + Yz,1)] = 0.13, which
is not found for any point in the 4-D parameter space. Also, we find v, < 2
eV, inconsistent with Option 2 (the horizontal dashed line shows v, = 2 eV
— top left). Moreover, the optical and radio fluxes are inconsistent with the
observed values (horizontal dashed lines). The bottom right panel shows that
(1+Y;) x (147Y,), and therefore whenever the X-ray light curve is steepened
due to the increase of Y, with time, the optical light curve is also steepened
by the same amount.
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As can be seen from Figure 4.3, no part of the parameter space reaches
the desired value of log,[(1 + Y, 2)/(1 + Y;1)] = 0.13. The maximum value
reached is log;o[(1+ Yz 2)/(14+ Y. 1)] ~ 0.03, which means that the X-ray decay
would only steepen at most to t 2% which is inconsistent with the observed
value by more than 3-0. Moreover, the optical and radio fluxes are inconsistent
with the observed values by a factor of ~ 20 and ~ 100, respectively (Fig. 4.3).
More importantly, we also find that v, at 12.5 h is actually below the optical
band, which is inconsistent with the frequency ordering we are considering
here (see Fig. 4.3). All these issues rule out the possibility that the temporal

evolution of Compton-Y can explain the observed X-ray data.

In Option 1, the optical and X-ray bands are below r., and thus the
fluxes in these bands do not depend on Compton-Y — see equation (4.1). For
this reason the temporal evolution of Compton-Y cannot be invoked in this
case to reconcile the difference between the data and the expectation of the

external forward shock model.

Let us now explore Option 3, where both optical and X-ray bands
lie above the cooling frequency, therefore the fluxes in both bands in this
case depend on Compton-Y. For p = 1.5, the optical flux would decay as
o ¢~ BpH10)/16,,-p/2 — $=091,=0.75 5nd both the optical spectrum and optical
decay index are consistent with the observed values within 1-o. The X-ray
decay then, must be steepened by t =45 to match the observed value, therefore,
we check to see if (1+Y,) oc %45 is allowed by a subset of the 4-D parameter
space. Moreover, (1 + Y,) should evolve very slowly with time, otherwise the
optical light curve would also steepen and that would be inconsistent with the

observed optical data.

Our numerical code is unable to handle p < 2, thus we cannot calculate
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the allowed parameter space for p = 1.5. However, we can run our code for
p = 2.05 and compare our results with p = 2.3. We impose the same two
observational constraints as before. For p = 2.05 we find that the magnitude
of logyo[(1 + Yz2)/(1 + Y, 1)] remains roughly the same as it is for p = 2.3;
however, log,o[(1+ Ys2)/(1+Y,1)] increases by a constant factor of ~ 2. This
means that (14 Y,) increases with time faster than (1 + Y,). We expect this
behavior to continue when we decrease the value of p to p = 1.5 (there is
no reason for an abrupt change when p falls below 2) therefore, the effect of
Inverse Compton cooling on the electron energy distribution in this case is to
steepen the optical light curve more than the X-ray light curve. This suggests
that the temporal evolution of Compton-Y in Option 3 to explain the observed

data can be also ruled out.

4.4.1 What is the real solution?

If the X-ray, optical and radio data are consistent with the external
forward shock model predictions, then we should be able to find a subset of
the 4-D parameter space for which the optical and radio fluxes agree with the
observed values (the X-ray flux agrees with the observed value by design).
Although we just found out that this subspace does not exist when we require
(14Y,) to increase with time (see Figure 4.3), this subspace does exist when

(1+Y;) decreases with time (not plotted in Figure 4.3).

We take now the result of the parameter search in the previous subsec-
tion and further constrain it with the following conditions: (i) The external
forward shock optical flux at 21 h should be consistent with the observed
value within 1-0, and (ii) the external forward shock radio flux at 5.6 d should

be consistent with the observed value within 1-o. This gives us a subspace
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of 4-D parameter space for which the X-ray, optical and radio fluxes as pre-
dicted by the synchrotron process in the external forward shock agree with
the observed values within 1-o. We show this subspace projected on the eg-n
plane in Figure 4.4 and we show v, at 12.5 h as a function of Exg iso/E-.iso-
We compare our result of eg with the expectation of a magnetic field that is
shock-compressed CSM field with pre-shocked value of By. The value of ep
downstream of the shock-front resulting from the shock compressed CSM field
is e ~ By?/(2mnm,c?), where m, is the proton mass and nm, is the CSM
mass density. As shown in Fig. 4.4, By ~ 10 4G can explain all the after-
glow radiation without the need for a strong dynamo amplification of shock

compressed field.

We find that v, at 12.5 h is always 21 keV. Note that v, ~ 1 keV —
within a factor of ~ 3 — only for Expiso/E.iso <0.06, which would require
an extremely high efficiency of Z95% in producing the prompt gamma-rays.
The overwhelming majority of the parameter space agrees very well with the
expectations of Option 1, that is, v, is above 1 keV at 12.5 h. However, how
do we reconcile the different temporal decay indices of the X-ray and optical

light curves? This is addressed below.

4.4.2 Curvature in the injected electron spectrum

The only option left to explore is the possibility that the spectrum of
injected electrons exhibits some curvature, that is, that the value of p is not
the same for all observed bands, but that it is a function of electron energy.
In this scenario, we allow p to vary and determine the best p values — the ones
that give us the best agreement within the observed uncertainties — which are

consistent with: (i) the observed optical spectrum and temporal decay (popt),
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Figure 4.4: Allowed ep-n plane and v, at 12.5 h as a function of Ex g iso/E.iso
(left and right panels, respectively) for constant CSM and p = 2.3 when the
X-ray, optical and radio fluxes predicted by the external forward shock model
at 12.5 h, 21 h and 5.6 d, respectively, are consistent with the observed values
within 1-0 (Constraint 1). We further narrow down the allowed parameter
space with the following constraints: €, > 0.2 (Constraint 2 - see Section 4.5),
Expiso/Ey,iso > 0.2 (Constraint 3) and Exp iso/Ey.iso > 1 (Constraint 4). The
points are color coded according to the applied constraints (in parenthesis):
magenta (1), blue (1 and 2), green (1, 2 and 3) and cyan (1, 2 and 4). The
solid black lines show the expectations for the shock-compressed magnetic
field of seed values 1, 10, 60 and 450 uG (from bottom to top — see text).
The horizontal dashed line shows v, = 1 keV. The injection frequency at 12.5
h is v; ~ 0.04 eV. Notice that these figures have many more points than the
ones on Figure 4.3, since there are many more solutions for which (1 + Y)
decreases with time. For the points in these figures, we find that, at most,
(1 +Y,) oc t7%2 however, as seen in the right panel, v, < v, therefore, the
X-ray temporal decay index is unaffected.
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and (ii) consistent with the observed X-ray spectrum and temporal decay (p,).

We will consider the only viable option we have found — v; < vy, <
vy < v (Option 1) — and calculate the required values of p from the data.
From the observed a,,: and (., we find that p,, = 2.3 would consistently
explain the optical data to within 2-0, and for the observed values of a, and
0. we find that p, = 2.8 would consistently explain the optical data to within

1-0.

If v; < Vopr < Ve < v (Option 2), then the values of p,, and p, that
best fit the data are p,, = 2.3 (to within 2-0) and p, = 2.5 (to within 3-0).
On the other hand, if v; < v. < Vo < v, (Option 3), then the values of p,
and p, that best fit the data are p,, = 1.5 (to within 1-¢) and p, = 2.5 (to
within 3-0). Requiring a change in p in Option 3 from py,: = 1.5 to p, = 2.5
seems unlikely, since this change is exactly the change one expects due to
the cooling frequency, which for Option 3 should be below the optical band.
Moreover, the X-ray data only agrees within 3-o. For these two reasons, we
rule out Option 3. It might seem that Option 2 provides a good solution, since
Popt = Pz, however, according to Figure 4.4, for p = 2.3 (popr = p.) there is no
parameter space where v, < v,. If we repeat the calculation for p = 2.4, which
is an average of p,,: and p, in Option 2, we find that Figure 4.4 is basically
unchanged. For this reason, we rule out the possibility that Option 2 with a
curvature in the electron distribution function can explain the observed data.
Therefore, Option 1 is the only viable solution for the afterglow data of GRB
090902B.

In conclusion, we find that the external forward shock model can ex-
plain the afterglow data for GRB 090902B provided that the cooling frequency
(v.) is larger than 1 keV at ~ 0.5 d and v; < 2 eV. We also find that in order
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to explain the different temporal decay indices of the optical and X-ray light
curves, there must be a slight curvature in the electron energy distribution
function, where the spectrum of injected electrons steepens from oc 7,23 to
o .28, when 7. increases by a factor of ~ 30, corresponding to electron
synchrotron frequency increasing from optical to ~ 1 keV. This happens ef-

fectively at a LF which corresponds to synchrotron frequency v,. The energy

—-0.65 —0.9)

spectrum below (above) 1}, should be o« v (x v and the light curves
should decay as oc t7%9% (o< t7136). In the next section we determine this
break frequency (1), although, one should keep in mind that this break might

not be sudden but is probably gradual.

4.4.2.1 Break frequency

Using the X-ray and optical data at a specific time, we can determine
the effective break frequency necessary to explain the observations. At 21 h,
the optical flux (2 eV) is 12 pJy and the X-ray flux (at 1 keV) is 0.2 pJy
(Pandey et al. 2010). At this time, one can show that a single power-law

—0:65 yeconciles these two fluxes, which means that v, should

spectrum with v
be very close to 1 keV. We estimate v, at 21 h and find that it should be at
650 eV (this validates the calculation of the parameter space shown in Figure
4.4: at 21 h the curvature of the spectrum is just starting to be evident in the
X-ray data). One expects v, to decrease with time, therefore, the evidence for

the proposed curvature in the spectrum should become stronger with time.

We use the combined spectrum presented in Pandey et al. (2010) fig.
2 at 1.9 d to determine the location of v, at later times. The optical flux
(2 eV) at this time is 7 pJy and the X-ray flux (at 2.88 keV) is 0.03 ulJy.

—-0.65 (V—O.Q)

Again, assuming that the spectrum below (above) v, is v , We can
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determine v, to be =~ 160 eV. The values of v, at 21 h and 1.9 d allow us to

t—1.8

find that it decreases with time as ~ , which is roughly the same time

dependence as v;, which exhibits v; oc 715,

At the beginning of the Swift XRT observations at 12.5 h, we therefore
expect v, to be ~ 1.6 keV, and at 1.3 d, we expect 14, to be ~ 0.3 keV, which
is the lower bound of the XRT energy range. Therefore, there should be a
small difference in the spectrum and light curves between the 0.3 — 1.5 keV
and 1.5 — 10 keV bands during 12.5 h to about 1.3 d if our interpretation that

there is some curvature in the spectrum is correct.

4.5 Early high energy data

Using the parameter space we have obtained in Section 4.4.1 from late
times radio, optical and X-ray data, we can calculate the external forward
shock flux at high energies (Fermi/LAT band) at early times. We choose to
calculate the flux at 50 s and at 100 MeV. If the LAT emission has an external
forward shock origin, then this flux should be consistent with the observed
value of 220 nJy (Abdo et al. 2009d). On the other hand, the GBM band flux
(~ 100 keV) is dominated by the typical prompt variable source, whose origin
remains uncertain; this emission lasts for ~ 30 s and then it exhibits a sharp
decay in the flux. The external forward shock emission at 100 keV and 50 s
should be smaller than the observed 100 keV flux, which is ~ 0.4 mJy (Abdo
et al. 2009d), so that the external forward shock flux does not prevent the

observed flux to decay very rapidly (o< ¢t73) as it is observed.

The calculation of the external forward shock emission at early times
is not straightforward, since we find that the spectrum of injected electrons

has a curvature. This should be taken into account when extrapolating from
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Figure 4.5: 100 MeV flux as a function of €. Exp iso/E~iso and v. at 50 s
as a function of Exp iso/Eso in the left and right panels, respectively (for
p = 2.3). The dashed lines indicate the observed flux at 50 s and v. = 100
MeV, respectively. The injection frequency at 50 s is v; ~ 1 keV (2 keV) for
p = 2.3 (p = 2.55). The color coding is the same as in Figure 4.4.

about a day to a few tens of seconds. Using the estimated evolution of v, as
o 7% (Section 4.4.2.1), one finds that v, is ~ 300 MeV at 50 s. However,
the temporal evolution of v is highly uncertain and we do not know if it
monotonically extends to very early times. For this reason, we use two different
values of p when extrapolating from ~ 1 d to 50 s: p = 2.3, consistent with
the p used before and p = 2.55, which is the average of p,,; and p, obtained

in Section 4.4.2. The results of these calculations are presented in Figure 4.5.

We find a large range of values for the external forward shock flux at
100 MeV and 50 s and plot this flux against €.Ex g iso/ Ev.iso; We choose this
parameter because the flux above v, is roughly proportional to €. Fxp iso (se€

eq. 4.1) and we normalize Exp s to E, 5. Taking e, > 0.2 as found for
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many GRB afterglows by Panaitescu & Kumar (2001) and Ex g iso/Ex iso > 1
(so that n < 0.5), suggests that €.Expiso/Ey,iso > 0.2, and in that case the
calculated 100 MeV flux is consistent with the observed value to within a factor
of 1.4 (for p = 2.3). For p = 2.55 and €. Exp iso/E~iso > 0.2 the 100 keV flux
at 50 s is similar to the one obtained for p = 2.3 only shifted downwards by
a constant factor of 2.5, therefore, it is smaller than the observed value by a
factor of ~ 3. This is a remarkable agreement given the fact that we have
extrapolated the afterglow data from ~ 1 d to 50 s, and from radio, optical

and X-ray to 100 MeV.

It is also important to know the location of the cooling frequency at 50
s, which would allow us to determine the spectrum and temporal decay index
of the > 100 MeV light curve. For both values of p, the cooling frequency
is identical, and we plot it as a function of Expiso/Ey,iso in Figure 4.5. We
can see that for Expiso/Ey.iso > 1, 100 MeV S, $100 GeV at 50 s, therefore,
one expects three possibilities: (i) v. ~ 100 MeV and it will very shortly
fall below the 100 MeV band, and the > 100 MeV spectrum in this case
should be consistent with being oc »~7/2, (ii) v, is much higher than 100 MeV
and will thus remain above it until 10® s, which marks the end of the LAT
observations and (iii) v. > 100 MeV and it will cross the 100 MeV band during
the observations. For (i), the 100 MeV light curve would be f, oc =123y~ 115
for p = 2.3 or f, oc t714 7123 for p = 2.55. For (ii) the 100 MeV light curve
would be f, oc t7098p=0965 for p = 2.3 or f, oc t~ 16,7078 for p = 2.55, and,

lastly, for (iii) the light curve will transition from (i) to (ii).

The observed 0.1 — 300 GeV light curve for GRB 090902B decayed as
15801, =11£0-1 iy the time interval 25 — 1000 s (Abdo et al. 2009d). This

light curve could be explained by scenario (i) above, for p = 2.55, within
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1-o. This agrees nicely with the results shown in Figure 4.4; one can see
that the 100 MeV flux increases almost linearly with €. Exg ;5o as expected for
v, < 100 MeV and then reaches a plateau. The reason for this plateau is that
it corresponds to v, 2 100 MeV at 50 s, and the flux below v, has already been
precisely fixed by the X-ray flux at 12.5 h (one of the constraints), therefore,
the 100 MeV flux would also be fixed precisely. Shortly after 50 s, the > 100
MeV spectrum is consistent with being above v, as suggested by the data.
Scenario (ii) above can be ruled out, because the LAT light curve decreases
faster than predicted and also the predicted spectrum is too shallow compared
with the observed one. Finally, scenario (iii) can also be ruled out, since a
break in the LAT light curve was not detected in the data for GRB 090902B
(Abdo et al. 2009d). It is worth mentioning that there is a small steepening
of the > 100 MeV light curve by, at most, ~ t7%% when v, < 100 MeV, due
to the increase of (1 + Y') for electrons radiating at 100 MeV.

The flux from the external forward shock at 100 keV, which decays
as ~ t~! would dominate the observed 100 keV light curve and prevent it
from decaying quickly as it is observed (~ ¢73) unless the external shock
contribution to the 100 keV flux is much smaller than the observed flux. To
check this, we calculate the external forward shock flux at 100 keV and 50 s
and find it to be ~ 0.01 mJy (for both p values), which is a factor of ~ 40
smaller than the observed value. This allows the observed prompt 100 keV

flux to decay rapidly as observed.
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4.6 The additional power-law component extending to
10 keV

The GRB 090902B spectrum at early times displays a Band function
in the sub-MeV energy range. Time-resolved spectral analysis also shows a
significant power-law component that appears to extend from the GeV range
to the lowest energies (~ 10 keV) and it is more intense than the Band function
both for photon energy <50 keV and > 100 MeV (Abdo et al. 2009d). The
Band function is usually associated with the prompt emission and its origin
remains uncertain. We address here the question whether the extra power-law
component in the spectrum could have an external forward shock origin. We
do this at 7 s, which is the midpoint of interval b in the analysis of Abdo et al.
(2009), where the power-law contribution is best constrained and its spectrum

is #=10.94 4 0.02. The observed flux at 10 keV and 7 s is ~ 12 mJy.

For the external shock origin of the power-law component at 7 s, the
injection frequency should be below ~ 10 keV and the cooling frequency should
be above the highest photon energy detected at that time, which is a few GeV.
Using the same procedure as in the last section we calculate v;, v, and the flux
at 10 keV at 7 s'. We find that the injection frequency has a very narrow
range of allowed values, v; ~ 20 keV and v; ~ 40 keV for p = 2.3 and p = 2.55,
respectively. The cooling frequencies at 7 s for p = 2.3 and p = 2.55 are
identical and are just a factor of (50/7)/2 ~ 2.7 higher than the value at 50 s
(see Figure 4.5), that is, 300 MeV $v,.$300 GeV at 7 s for Expiso/Ey.iso > 1.

However, v, at 7 s cannot be larger than a few GeV, otherwise it will stay above

Note that the > 100 MeV light curve starts decaying at ~ 10 s, which might corre-
spond to the beginning of the deceleration phase of the external forward shock, however,
extrapolating back to 7 s does not introduce a significant error.
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100 MeV for the entire duration of the LAT emission, which is inconsistent
with the observed spectrum during this period. In addition, the expected
spectrum between v; and v, would be § = 0.65 and g = 0.78 for p = 2.3 and
p = 2.55, respectively, which is inconsistent with the observed value. Finally,
the expected flux at 10 keV and 7 s lies in a very narrow range, and it is ~ 0.5
mJy (for both p values), which is a factor of ~ 20 smaller than the observed
value. All these arguments suggest that the power-law detected in addition to
the Band spectrum at early times is unlikely produced by the external shock,

at least in the simplest version of this model.

4.7 Discussion

In this chapter we have considered the late afterglow data of GRB
090902B in the context of the external forward shock model. The optical data
is entirely consistent with this model. However, the X-ray flux decays faster
than expected for the observed X-ray spectrum. We consider three possibilities

that could have steepened the X-ray light curve falloff.

First, we considered radiative losses or evolving microphysical parame-
ters that might steepen the X-ray flux. However, since the optical and X-ray
fluxes have very similar dependence on these parameters, it is not possible to
steepen the X-ray light curve and at the same time not steepen the optical
light curve, that is, obtain a solution consistent with the observations. Sec-
ond, we carried out a very detailed calculation of the Compton-Y parameter
in hopes that its increase with time could steepen the X-ray data if the cool-
ing frequency is below the X-ray band. However, we find that its effect on
the steepening of the light curve is extremely small and unable to explain the

observed data.
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Another modification of the standard external forward shock model we
considered is the possibility that the spectrum of injected electrons at the
shock front is not a single power-law, but that it exhibits some curvature.
We find that this is the only modification that can reconcile the theoretical
expectations with the afterglow data of GRB 090902B.

The curvature we find in the spectrum of injected electrons might not
be able to be ruled out with the resolution and uncertainties in the most
recent particle-in-cell simulations of particle acceleration in relativistic colli-
sionless shocks (Sironi & Spitkovsky 2011). Simulations need to be able to run
for longer to achieve time-scales and energy range relevant to the GRB after-
glow. Future simulations should be able to explore our claim of the presence
of curvature in the electron energy distribution. The slight curvature, invoked
phenomenologically, is tied to the physics of particle acceleration, which sug-
gests in this case that the higher energy electrons — those radiating X-rays —
are accelerated slightly less efficiently than those radiating optical photons.
The fact that we find a “downward” curvature (p, > popt) is reassuring, since

the opposite would have been contrived.

The synchrotron frequency that corresponds to the electrons Lorentz
factor at which the spectrum curves should be at ~ 1.6 keV at the beginning
of the Swift/XRT observations.

The break frequency decreases with time as ~ ¢~'® and it falls below
the XRT band at about ~ 1.3 d (Section 4.4.2.1). An inspection of the 0.3-1.5
keV XRT light curve shows a slight flattening during this time in this light
curve compared to the 1.5-10 keV one, just as predicted (Evans et al. 2007).
A careful analysis of the XRT data shows that the 0.3-1.5 keV data are well fit
by a broken power-law as predicted, but the presence of this break in the light
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curve cannot be claimed with high statistical significance; the predictions of
this model however cannot be ruled out due to the sparseness of the data and
the fact that the theoretical decay slopes before and after the break (¢~
and ¢t713%) are very similar (Margutti, personal communication). Similarly,
the possible break in the spectrum cannot be found since the errors in the
spectrum are on the order of the difference between the two different indices

(before and after the break) that one expects.

This work assumes that the late afterglow in all bands is produced by
the same population of electrons. Can we abandon this scenario and invoke
one in which, for example, the X-ray and optical data are produced by two

different sources? It seems unlikely. We discuss this below.

Let us start with the assumption that the X-ray flux is originated in
the external forward shock, that is, by the interaction of the GRB jet with
the CSM. The optical data might have another origin. However, since the
optical flux decays as a single power-law for a long period of time, its origin
is also some form of an external shock. This external shock does not have
to necessarily be the same one that produced the X-ray afterglow. It could
be, for instance, that a lower LF cocoon material interacts with the CSM
and drives an external shock which produced the optical radiation. As can
be seen in Section 4.4.2.1, the optical and the X-ray fluxes close to 1 d fall
on a single power-law spectrum which is roughly consistent with the observed
optical and X-ray spectra. If we assume that for these two shocks €., €5, and
n are approximately equal, then Fxp s, should also be the same. Why should
Exp.iso for the two different and unrelated sources be the same? For this
reason, we think that this possibility is contrived and suggest the same origin

for both X-ray and optical photons.
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Even if X-ray and optical photons are produced by the same popula-
tion of electrons: Could it be that optical (and radio) photons are produced
via synchrotron while X-ray photons originate via Inverse Compton radiation
scattering of synchrotron photons? This interesting possibility can be ruled
out. At ~ 1 d, if we extrapolate the optical flux using optical spectrum to
radio band we overestimate the observed radio flux by a factor of ~ 700. This
means that there is a break in the spectrum, which would correspond to v;,
at ~ 1072 eV. At this frequency, the peak synchrotron flux is ~ 1 mJy. The
optical depth to Thompson scattering in the external forward shock at ~ 1 d is
T, ~ ornRk ~ 1077, while the ratio of X-ray flux to the peak synchrotron flux
at the same time is ~ 10™*. Therefore, this possibility can be safely ruled out
since the X-ray flux is at least 103 times larger than the maximum expected

flux for the synchrotron-self-Inverse Compton process.

We have also found that when we constrain the X-ray, optical and ra-
dio fluxes at ~ 1 d one finds a large allowed range for eg. When we further
constrain €, > 0.2, as found by Panaitescu & Kumar (2001) and take the
isotropic kinetic energy in the blast wave to be larger than the isotropic ra-
diated gamma-ray energy during the prompt phase (Expiso > Esis0), then
the magnetic field in the source is consistent with being produced via shock-
compressed CSM field as shown in Figure 4.4 and suggested by Kumar &
Barniol Duran (2009, 2010), Barniol Duran & Kumar (2010). The required
seed field — the upstream field — before compression is <10uG. The constraint
ExEiso > E, s is applied in order to avoid a radiative efficiency larger than
50%; however, even when we take Expiso > FE.is/5 — corresponding to a
radiative efficiency of 80% — we still find that the shock compression scenario

holds with just a slightly larger seed field of <60uG (see Figure 4.4).
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To obtain the region of ez-n plane allowed by the GRB 090902B data
we have used the X-ray, optical and radio fluxes at 21 d, since the external
reverse shock might dominate the optical data until ~ 0.7 d (see fig. 1 of
Pandey et al. 2010). There is the possibility, however, that the radio flux at
~ 1 d might still be dominated by the external reverse shock, since the external
reverse shock at the radio band might decay slower than at the optical band.
This is the reason why we have obtained the eg-n plane using the radio flux
at 5.6 d (Cenko et al. 2010). We expect that at this time the contribution
from the reverse shock to the radio flux is negligible. Nevertheless, if instead
of using the radio flux at 5.6 d we use the radio flux measured at 1.3 d at the
Westerbork Synthesis Radio Telescope (van der Horst et al. 2009), we find
that our general results are not modified: the requirements for the magnetic
field are the same; however, the density increases by a factor of ~ 10; points
shown in Figure 4.4 are shifted to the right by a factor of ~ 10 along the

diagonal bands in this case.

4.7.1 Electron acceleration and the upstream magnetic field

Recently, the detection of 100 MeV photons up to ~ 103 s in Fermi
GRBs has been used to calculate a lower limit on the upstream CSM field by
requiring that the Inverse Compton loss timescale is larger than the accelera-
tion timescale of electrons radiating at 100 MeV (Li 2010). For the subspace
of 4-D parameter space (€., €g, n, Fxp.iso) consistent with the data for GRB
090902B (Section 4.4.1) we calculate Compton-Y for electrons radiating at 100
MeV at 10 s (using p = 2.3), and use that to determine a lower limit to the
upstream field (Figure 4.6). We calculate another lower limit to the upstream

field by requiring that electrons radiating in the LAT band are confined to
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the shock front (Piran & Nakar 2010, Barniol Duran & Kumar 2011a); we
determine this lower limit for electrons radiating at 100 MeV and 10% s (see
equation (3) in Barniol Duran & Kumar 2011a). The true lower limit to the
upstream magnetic field is taken to be the larger of these two limits and the
result is shown in Figure 4.6. We find that for GRB 090902B the electron
confinement requirement gives a larger upstream field for much of the allowed
parameter space, and an upstream field of ~ 5uG is sufficient to confine elec-
trons producing 100 MeV radiation and to avoid excessive Inverse Compton

losses while electrons are traveling upstream of the shock front.

The lower limit on the upstream CSM magnetic field we find is much
smaller than the one found by Li (2010). This discrepancy arises mainly
because of the difference between the calculation of Inverse Compton loss —
Li (2010) used a simplified analytical calculation for Inverse Compton loss
whereas we have carried out an almost exact calculation numerically as de-

scribed in Section 4.3.2.1.

We note that the eg-n parameter space shown in Figure 4.4 should
be slightly revised to reflect our findings in Figure 4.6; results in Figure 4.4
did not include the constraints on magnetic field due to electron acceleration
arguments. However, the modification to the lower limit of the CSM field in
the eg-n parameter space is very small, and it is non-existent for the case when

EKE,Z'SO >FE 180+

4.8 Conclusions

We have analyzed the late time afterglow X-ray, optical and radio data
for GRB 090902B in the context of the synchrotron radiation mechanism in

the external forward shock model. We find that a curvature in the power-
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Figure 4.6: Lower limit on the upstream circumstellar medium magnetic field,
B,, as a function of the Compton-Y parameter for electrons radiating at 100
MeV at 10 s, Yz a7 (left panel). Y47 is calculated using the method described
in Section 4.3 for the allowed subspace of the 4-D parameter space (e, €g,
n, Fxgis) for GRB 090902B afterglow data shown in Figure 4.4 (for p =
2.3). B, was obtained by requiring that the Inverse Compton cooling time
for these electrons is larger than their acceleration timescale: Method 1. We
also calculate a lower limit on B, by requiring that the electrons radiating at
100 MeV at 10 s are confined to the shock front: Method 2 (B, obtained
by this method does not depend on Y7ar and has an extremely weak time
dependence). The maximum of these two values, By, maz, is the true minimum
of By, which for GRB 090902B is given by Method 2 (right panel) and it is
plotted as a function of Y, 47 to aid in the comparison between the two panels;
By maz 5 pG. The color coding is the same as in Figure 4.4.
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law electron energy distribution is needed in order to provide a good fit to
the late time optical and X-ray data; radiation losses, varying microphysical
parameters and an increase in Inverse Compton losses all fail to explain the
observed data. The late time afterglow fit gives an ep (fraction of total energy
in the shock imparted to magnetic fields) consistent with shock-compressed
circumstellar medium magnetic field of $10 uG and <60 puG if we take the

efficiency for producing gamma-rays to be ~ 50% and ~ 80%, respectively.

Particle acceleration in the external forward shock allows us to set a
lower limit on the upstream circumstellar medium magnetic field. We find that
the field strength in the unshocked medium in the vicinity of GRB 090902B
must be at least 2 uG in order to produce 100 MeV photons at 50 s <t <103 s
(Barniol Duran & Kumar 2011a).

The calculation presented in this chapter represents an improvement
in our previous afterglow modeling due to a more precise calculation of In-
verse Compton losses. Here, we include Klein-Nishina effects and also rela-
tivistic corrections of the outgoing energy of the Inverse Compton scattered
photons. We also calculate the electron energy distribution self-consistently
by determining the synchrotron emission and using it to determine the Inverse

Compton losses, which in turn modify the electron energy distribution.

The flux calculated at 100 MeV at 50 s using the external forward
shock parameters obtained from the late afterglow data is consistent with the
Fermi/LAT data, confirming our previous claims (Kumar & Barniol Duran
2009, 2010). We also calculated the expected external forward shock at 100
keV and 50 s. At this time, the observed 100 keV light curve is undergoing a
fast decay (~ t73). We find that the external forward shock at 100 keV and

50 s is smaller than the observed value by a factor of ~ 40, easily allowing the
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observed light curve to decay quickly (confirming our earlier results in Kumar
& Barniol Duran 2010). We speculate that for some small fraction of GRBs
this steep decay will not be seen, instead, one will see a smooth slowly decaying

(~ t71) light curve emerge after the main prompt, variable, emission is over.

We find that the cooling frequency at ~ 50 s is ~ 100 MeV for GRB
090902B. If this is correct, one should be able to track the cooling frequency
as it passes through the LAT band at earlier times (v. oc t~'/2). A presence
of this behavior in the data of this and other LAT detected GRBs would help

confirm an external shock origin for the LAT emission.

Finally, the prompt spectrum of GRB 090902B contains a power-law
component in addition to the usual Band function. We argue against the

external shock origin of the extra power-law component at 7 s (Section 4.6).
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Chapter 5

Adiabatic expansion, early X-ray data and the
central engine in GRBs

5.1 Introduction

The central engine of GRBs is hidden to direct observations and its
workings are largely unknown. The only information that we currently have
about the GRB is obtained from its electromagnetic radiation. We have to look
for signatures in the radiation mechanism to understand how Nature produces

these outbursts.

The Swift satellite has provided very early X-ray data that shows that
for most bursts there is a very steep decay lasting for about 10 minutes (Tagli-
aferri et al. 2005, Nousek et al. 2006 - see Zhang et al. 2006 and references
therein for possible physical explanations). These observations suggest that
the rapidly declining X-ray light curve (LC) and the burst are produced by
the same source, because the X-ray LC, when extrapolated backwards in time,
matches the gamma-ray LC (O’Brien et al. 2006). Therefore, a natural ques-
tion arises: Is the early X-ray data really just a rapidly declining continuation
of the central engine activity, originally seen in the gamma-ray band, but now
seen at lower energy? Or does the central engine switch off abruptly and the

early X-ray data does not reflect the activity of the central engine?

If the central engine completely shuts off when the gamma-ray photons’

flux falls below the gamma-ray detector sensitivity, then the emission from a
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cooling “ember” would be responsible for the early X-ray steep decay. This
source - which had just produced the gamma-ray emission - would be cooling
by adiabatic expansion (AE). In this chapter, we study the flux properties of
a “hot” shell that undergoes AE and cools. The goal is to determine if the
observed X-ray steep decay data is consistent with the AE scenario. If so, then
the central engine did shut off abruptly right after the gamma-ray emission
ceased. On the other hand, if it isn’t, then the data is reflecting the rapidly
declining activity of the central engine. The reason for this is that any other
process that does not invoke central engine activity to explain the early X-ray
data has problems explaining the smooth temporal connection observed in the

LC between the prompt emission and the early X-ray data.

AE has been studied before to predict the long-wavelength afterglow
from GRBs (Mészaros & Rees 1997) and also, the optical flashes from internal
and reverse shocks (Mészaros & Rees 1999, Sari & Piran 1999a). In this
chapter, we describe the evolution of a collisionless plasma due to AE and

show that this is in general different from AE of an ideal gas.

In this chapter, we first present the micro-physics of the AE for a colli-
sionless plasma in Section 5.2. Then, we use it to calculate the flux properties
of a source undergoing AE in Section 5.3. We look at what the current obser-
vations tell us in Section 5.4, and we put them in the context of the central
engine in Section 5.5. We summarize our results and give our conclusions in

Section 5.6.

5.2 Micro-physics of the Adiabatic Expansion

For an ideal gas, the pressure evolves due to adiabatic expansion as

P.; o« p% o V7% where a. = 4/3 for a relativistic gas and p and V are
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the co-moving density and ejecta volume, respectively. The collisions between
electrons are extremely rare in GRB relativistic shocks, therefore, one needs

to be careful in the use of this formulal.

For a collisionless magnetized plasma, assuming that no collective plasma
processes randomize the particles’ velocity due to scattering, particles move
along a magnetic field line and, by using the concept of adiabatic invariant
(Jackson 1998, Rybicki & Lightman 1979), we can calculate the particles’ en-
ergy. This invariant describes that, for slowly varying fields, the magnetic flux
through the orbit of the particle is a constant, or p? /B is an adiabatic invari-
ant, where p, is the component of the particle’s momentum transverse to B,
the co-moving magnetic field. For highly relativistic particles, p, &~ mecvy,, so

that

72 /B = constant (5.1)

can be used, where 7, is the Lorentz Factor (LF) of the electron in the trans-
verse direction, m, is the electron’s mass and c is the speed of light (from now
on, ¢ = 1). This relationship can be used because the magnetic field decays on

a much larger length-scale than the electron’s gyro-radius (see Appendix A).

'We have estimated the mean free path for Coulomb scattering between a hot electron and
a cold electron and find it to be much larger compared to the shell thickness. The electric field
associated with a relativistic hot electron is calculated using the Liénard-Wiechert potential,
and we find the cross-section for a significant interaction, that is, leading to a fraction of
the energy of the hot electron transfered to a cold electron, is close to the Thomson cross
section (0 =~ or/3). The mean free path is A = (no)~1, where n is the electron density.
From the total energy FE, the distance of the shell from the center of explosion R, the
source LF I, and the co-moving shell width A’, we find n = E/(I'm,c?47R?>A’). Using the
usual notation Q,, = Q/10", we obtain: \/A’ ~ T00R3;['2F5,". For scattering between hot
electrons, the conclusion is the same. Therefore, Coulomb scattering between the electrons
is not significant.
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It is worth noting that the parallel component of the electron’s momentum

remains unchanged; this will be briefly discussed in the last section.

In the next sections, we will make use of (5.1) to predict the evolution
of the electrons’ LF in a hot shell that undergoes AE. We will use it to cal-
culate the properties of its synchrotron and synchrotron-self-Compton (SSC)

radiation.

5.3 Analytical light curves of an adiabatically cooling
ember

Let’s assume that the GRB ejecta was heated by some process (shocks
or magnetic dissipation) and suddenly the central engine switches off com-
pletely. There is no other energy injection mechanism at hand, so it begins to
coast (the LF of the ejecta is constant, see Section 5.3.6) and cools via AE.

We will calculate the flux properties of this cooling ember.

5.3.1 Ejecta width and magnetic field

In the following subsections we will provide the basic ingredients for
the radiation calculation. First, we need to determine the co-moving thickness

of the ejecta, which could be:

A"=R/T or A" = Ay.

We will call these cases: thin ejecta shell (an ejecta that undergoes significant
spreading) and thick ejecta shell (an ejecta that experiences no significant
spreading), respectively. The observed time is ¢ o« R/T'?, where R is the

distance of the source from the center of the explosion and I' is the LF of the
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source with respect to the rest frame of the GRB host galaxy.

The magnetic field in the GRB ejecta could be a combination of frozen-
in field from the central explosion and field generated locally. We prescribe the
decay of the field by using the flux-freezing condition (Panaitescu & Kumar

2004), which gives:

By o< (RA")™ and  Bjo R

We will use the field that decays slower, although this is highly uncertain. This
is because the magnetic field generation mechanism for GRBs is still not well

understood, so the relative strength of B, and B is unknown.

5.3.2 Electrons’ energy distribution

For an adiabatically expanding source, no more energetic electrons are
injected in the system when the shock has run its course. This means that,
after some time, there will be few electrons with energies higher than the
cooling electron LF, 7.. Therefore, the electron population above v, will be
truncated due to radiation losses and the emission for v. < v will rapidly shut
off (v, is the synchrotron frequency corresponding to electrons with ~.). At
this point, the electron distribution will follow o v7? for v; < v < 7., where
v; is the typical LF of the electrons, since we would be dealing only with
adiabatic electrons. Moreover, since the radiative cooling quickly becomes less
important than the adiabatic cooling because the magnetic field decays rapidly

with the expansion of the ejecta, both v; and 7, will evolve in the same way.

For the case 7. < 7;, the radiation losses would dominate and, after

some time, they would make the whole electron distribution collapse to a value
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close to 7.. A narrower range in the electron distribution would be responsible

for the radiation. In this chapter we focus on the ~; < 7. case.

5.3.3 Basics of Synchrotron and SSC

The electrons’ four-momentum is given by P = m.(, v cos o/, ysin/, 0),
which can be also written as P = me(7,7),7L,0), where - is the component
of the electrons’ momentum parallel to B. The pitch angle, which is the an-
gle between B and the velocity of the electrons, is o’. In this notation, the
electron’s LF is then 7? = vﬁ + 2. According to the prescription of the adi-
abatic invariance, v, evolves following (5.1) and v remains unchanged. We
assume that at the onset of the adiabatic expansion v, ~ ), then quickly
when time doubles, the radius would have also doubled, making the magnetic

field decrease by at least that factor and reducing v, making ~ > ~1, which

2
Y=/l + 7—5 ~ 7 and sina/ = SN 7—l- (5.2)
ol v N

As the transverse component of the momentum decreases, due to the decay

gives:

of the magnetic field, the pitch angle decreases, which makes the electron’s

momentum more aligned with the local magnetic field.

Knowing the electrons’ energy distribution, the emission at any given

frequency and time can be calculated using the synchrotron spectrum:

(V/va)?(Va /i) v < vy
F,=F,{ (v/vy)'/? Vo <V <Y (5.3)
(v/v;)~(P=1)/2 v <v <,

for the case v, < v; < 1., where v, is the self absorption frequency and it is
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obtained using equation (52) of Panaitescu & Kumar (2000) (see, e.g., Katz &
Piran 1997, Sari & Piran 1999b). The characteristic synchrotron frequencies

are obtained from the corresponding electrons LFs:

eBy; I
Vie = 7—"——
T 2mme(1 + 2)

where 7, . and sina’ are given by (5.2). The observed peak flux is

sin o/, (5.4)

1 3SN.BT
F, = (L+2)v3e sin o/, (5.5)

' 4d3 (z)me

where dj, is the luminosity distance, N, is the number of radiating electrons

(which in this scenario is constant), z is the redshift and e is the electron’s

charge.

For the SSC case, the flux peaks at v;7? with magnitude 7.F),, where
7. = Neor/(4m R?) is the optical depth to electron scattering. We will calculate
SSC emission for photons above r,. We will use the same synchrotron piece-

wise spectrum, which is just a very crude approximation.

5.3.4 Temporal and spectral properties

For synchrotron emission of a cooling ember undergoing AE, we find:

E, oct3t732), v oct3t7?), v, o 712 (75) (5.6)
and
t2(t?)v? v <,
F, o { t72(t~Ht/3 Ve <V <Y (5.7)

t_s(p+1)/2(t_3(p+1)/4)]/_(p_l)/z V; << Ve,
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where the time dependences are reported for the thin ejecta shell and paren-

thesis are used for the thick ejecta shell.

Using the same notation as above, for SSC emission, we find:

F, 2 t2(t77?), VieVie X t3(t7%/?) (5.8)
and
=4 (t3)t/3 vSun?
F, x { t—(3p+7)/2(t—(3p+11)/4)y—(p—1)/2 Vi SvS vl (5.9)

One can see that for the synchrotron case, the flux decays rapidly
for v; < v < v,; for the SSC case, the flux decays even more rapidly for
viv? Sv Swvey?. For both cases, the peak frequencies of the spectrum also show
a fast decrease with time. Also, for both cases, the thin ejecta case gives a
faster time decay, since the shell spreads significantly, allowing the ejecta to

cool faster.

To compare our theory with the observations, we provide relations be-
tween the temporal decay index o and the spectral index (3 in Table 5.1, using

the convention F, ot~ v 5.

To summarize, the emission from an adiabatically cooling source has

the following properties:

1. Its spectral index must be equal to the one at the end of the prompt

emission phase of the gamma-ray burst, 3,.

2. The temporal decay index must obey one of the closure relations in Table

5.1.
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Synchrotron SSC
v < v < U VY2 SV SV

Thick ejecta
a=150+15 a=1580+35

(A" = Ay)
Thin ejecta

a=33+3 a=33+5
(A= R/T)

Table 5.1: Closure relations between a (decay index) and (3 (spectral index)
for a cooling ember undergoing AE (ty = t., see Section 5.3.5).

3. The peak frequency of the spectrum should decrease with time as pre-

dicted in (5.6) and (5.8).

4. After some time, on the order of ¢. (defined below), the spectrum should
have an exponential cut-off at frequencies greater than the cooling fre-

quency.

Points 2 and 3 above have to correspond to the same radiation mecha-

nism (synchrotron or SSC) and the same ejecta width case (thin or thick).

If one were to consider the electrons’ energy as given by the adiabatic
expansion of an ideal relativistic gas, instead of using the methods of adiabatic
invariance, then 7 oc V~1/3 (Section 5.2, see also Section 3 of Mészaros &
Rees 1999). In this case, the velocity distribution of the electrons during the
adiabatic expansion phase is isotropic, therefore, sina’ is a time independent
constant of order unity. We calculate the temporal decay indices as done above
and find the following results. For synchrotron: a = 2.3+ 1 and o = 45 + 2,
and for SSC: a = 3.7+ 3 and a = 6 + 4, for the thick and thin ejecta cases,

respectively. The difference in the temporal decay indices for the synchrotron
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case compared to the ones on Table 5.1 is <20% for § € [0.5 — 2|. Because

SSC has a stronger dependence on ~, the difference we find in « is larger.

So far, we have considered only the flux-freezing condition to prescribe
the evolution of the magnetic field, but we can also determine the magnetic
field using the equipartition consideration, that is, the energy density in the
magnetic field is a constant fraction of the electrons’ internal energy density
(Sari, Piran & Narayan 1998). To obtain this last quantity, one needs to
know ~, which could be obtained either using the adiabatic invariance methods
or by the ideal gas law - as mentioned in the last paragraph. But for the
equipartition consideration we will only consider the ideal gas law, because if
there is a mechanism that maintains an equipartition between magnetic energy
and electron energy, then that same process is also likely to keep different
components of electron momentum coupled and that will lead to an ideal gas
expansion law for electrons. Therefore, the magnetic field in this case is given
by B? o< V=43, where V o< R?A’. The synchrotron and SSC emission decays,
for the thick case, are both steeper by 0.33 4 0.3 than the ones presented on

the last paragraph, but both thin cases remain unchanged.

5.3.5 Large Angle Emission

If the central engine switches off abruptly and the gamma-ray producing
ejecta has a opening angle 6;, such as §; > I'"!, Large Angle Emission (LAE)
will be also present (Fenimore & Sumner 1997, Kumar & Panaitescu 2000).
The LAE flux declines as a = 2 + 3 and the peak frequency of the spectrum
decays as t~!. Therefore, the AE flux generally? decays faster than LAE’s and
the AE’s peak frequencies always decrease faster than LAE’s.

2Except when 3 < 1 for the AE case of synchrotron emission from a thick ejecta shell.
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The time-scales for these two phenomena, LAE and AE, are essentially

the same, they are set by

R
o1
LAE and AE start at the same time, ty, and same site, Ry: right after the

(5.10)

[

central engine has switched off, and the fluxes decline with time as:

FV:F0<1+t;tO)_a, (5.11)

[

where Fj is the flux at ¢y and « is the decay index of either LAE or AE. The
shape of the LC depends on the values for ¢y and t. (Figure 5.1); for Section
5.3.4, to = t.. The case ty < t. is unphysical, since it implies that when AE
starts, the shell’s electrons have not yet cooled substantially, that is, the shell’s

radius hasn’t doubled.

If §; <!, then there will be no LAE, so AE would be the only emission
present after the central engine turns off. On the other hand, if §; > '™, then
LAE will dominate over AE (see footnote 2). LAE will cease with the detection
of the last photons coming from 6¢; and, at this time, the flux will smoothly
become dominated by the AE emission, that is, there will be a break in the
LC to the power law decay for AE (Figure 5.1: Right). The photons from 6;
will arrive at a time t; ~ to + RQ?/Z =19+ Qifztc.

5.3.6 Electron-positron pair-enriched ejecta

When the ejecta cools by adiabatic expansion, the thermal energy of
the protons and electrons is converted back to bulk kinetic energy of the shell,

increasing I'. Even in an extreme case where all the electrons’ energy goes into
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LAE and AE (t, > t)

Normalized Flux density

Normalized Flux density

10710k e 8
1072 ey
100 1000

t[s] t[s]

1000

Figure 5.1: The normalized flux density, equations (5.11) and (5.12), plotted
vs. observed time, assuming that the observed frequency v is always between v;
and v, (if v. < v, then there is no AE, only LAE if 6; > I'1, see Section 5.3.2).
This emission is produced by the last ejected shell, because contributions from
previously ejected shells would be buried in the emission of subsequent shells,
since both LAE and AE decay very fast. Left panel: Using ¢, = 100 s and
t. = 10 s. The LAE and AE-Baryonic decay indices correspond to o = (3, 6),
respectively, and the AE-Pair has § = 8 (8 = 1, using AE: Synchrotron - thin
ejecta). Right panel: Using ¢ty = t. = 100 s and the same «a’s and § as above.
In this illustrative example we have §; = 2/I", therefore, LAE dominates over
AE until ¢; = 500 s, when AE-Baryonic takes over. This break in the LC from
the LAE to the AE power law decay (which should be a smooth transition and
it is done in the figure for display purposes) has never been observed.
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the shell expansion, I' increases only by a factor of ~ 2, if the protons and
electrons energy is <m,c%3 Therefore, the effect of this change to the observed
flux is less than a factor of 2, a relatively small effect. For this reason, we have

used a constant I' for the calculations done so far.

On the other hand, if the ejecta consists of e pairs, then the increase
in I during the adiabatic expansion would be considerable, and it would scale
as o< 7! (the observed energy in the shell is a constant and scales as o< YI').
Since I' increases, then the observed time is t — to = flf; dR/(21'?). For the

thin ejecta case, we find:

t—to\
FV:F<1— ) , 5.12
0 3 (5.12)

with characteristic frequencies oc [1—(t—t0)/(3t.)]*, where § = (43+4,4(3+10)
for the synchrotron (v; < v < v,) and SSC (v Sv Sv.y?) cases, respectively.
The time decay index, for the ty = t. case, is ¢ ( ﬁ/tt/ot)o), therefore, the LC
steepens continuously. It decays even faster than the AE-Baryonic case, since

the observed time gets compressed because I' is increasing considerably. If
6; > T, then LAE prevents it from steepening more than 2 + 8: completely

taking over the emission since essentially ¢y (Figure 5.1: Right).

3We have assumed a co-moving observer sitting in the middle of an infinite parallel shell
that sees the left and right halves of the shell move away from him. Assuming the electrons’
LF in the shell rest frame is 10% (and that the protons are essentially cold since the heating
mechanism energized all particles equally), the LF of the shells would be 14+103m. /m,, = 1.5.
An observer far away would mainly detect radiation from the half moving towards him, since
the radiation is beamed. This observer would see that the LF of this half has increased by
a factor of ~ 2.
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5.3.7 Reverse Shock emission

In this short subsection, we explore the possibility that the GRB ejecta,
that just produced the prompt emission, interacts with the interstellar medium
(ISM) and a reverse shock (RS) crosses it. The ejecta cools adiabatically after
the RS has passed through it and we assume that it follows the Blandford-
McKee self similar solution (Blandford & McKee 1976), during which I' decays

in time.

Using the same methods as in the previous subsections, we can calculate
the LF of the electrons in the ejecta after the passage of the RS (see Appendix
B). We find that the RS flux decays as oc =411 (P+1)/568 — =253 (gynchrotron
emission: v; < v < ., for a thin shell, using B, and p = 2.5), which gives
the closure relation: a = 1.455 4 1.45 (and o = 1.455 4 1.67 for SSC). If we
determine the electrons’ LF using the ideal gas law, then the RS synchrotron
flux would decay as oc t~(20P+7)/24 — =2:38 (

is still steeper than the oc ¢t~(73P21)/96 — $=212 derived by Sari & Piran (1999a),

for the same case as above), which

1/3

where they used v o« V72 and the equipartition consideration.

5.4 Application to the GRB early “afterglow”

AE, together with LAE, dictates the emission of the source after the
central engine has completely turned off. In this section, we will determine if

the early X-ray steep decay observed by Swift obeys our theoretical LCs for
AE and LAE . We will do this for each one of the cases considered in the

4If the prompt emission is attributed to synchrotron, then, for some fraction of the
parameter space, the radiative cooling timescale, t,,4 is less than ¢t.. However, shortly after
the onset of the adiabatic expansion, t,,q > t., since the magnetic field decays rapidly with
the expansion of the ejecta. For the SSC case, t,qq 2 t. is very likely at the onset of the
adiabatic expansion, making the radiative cooling unimportant.
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previous section.

The early X-ray data shows a single power law decay with 3<a<5h
(Nousek et al. 2006, O’Brien et al. 2006, Willingale et al. 2007). With
this information, the ty > t. case can be ruled out, since, for this case, the
theoretical shape of the LCs for LAE and AE-Baryonic is inconsistent with the
early X-ray observations and the AE-Pair LC decays extremely fast (Figure

5.1: Left). Therefore, we focus on the ty, = t. case only.

The next possibility we explore is to see if the early X-ray data obeys
LAE or AE (from a baryonic ejecta). To check the validity of these two
scenarios, respectively, we will take a sample of bursts and see how many

cases are possibly consistent with either LAE or AE.

Our sample consists of 107 GRBs for which their spectral index during
the early X-ray decay ((,) and their temporal decay index during this phase
have been previously determined (the sample of Willingale et al. 2007). We
first select the bursts for which 3, = 3., which cuts down the sample to
55 bursts. Eight of these bursts show strong spectral evolution, inconsistent
with LAE and with AE (Zhang et al. 2007: Zhang et al’s sample essentially
contains all our sample), which leaves us with 47 bursts. Moreover, we check
how many of these satisfy the relations between o and [ for LAE or AE (Table
5.1) within about a 90% confidence level, and that narrows down the sample
to 20 bursts. In conclusion, only a small percentage of the sample, 19%, is
consistent with LAE or AE, which leads us to suggest that, for most bursts,
the early X-ray data results from some other process, and the most natural

conclusion is continued central engine activity.

It has also been claimed that the y-ray emission extrapolated to X-ray

energies, together with the early X-ray data, can be well fitted with a falling
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exponential followed by a power law (O’Brien et al. 2006). At first, this could
be thought to be explained by a pair ejecta with ; S<I'~! undergoing AE, since
its LC also steepens continuously (Figure 5.1: Right). However, for 3 bursts
that show this continuous steepening: GRB 050315 (Vaughan et al. 2006,
Lazzati & Begelman 2006), GRB 050724 (Barthelmy et al. 2005) and GRB
060614 (Mangano et al. 2007), the theoretical LC decays too fast and can'’t fit
the observed early X-ray LC. Therefore, we rule out the possibility that the

observed early X-ray decay is from a pair ejecta undergoing AE.

Finally, we use our sample to test if the observed early X-ray steep
decay is consistent with the closure relations derived for the RS (Section 5.3.7).
In this case, the condition 3, = 3, is not necessary, therefore we start with
the entire sample: 107 bursts. We eliminate 19 of these, which show strong
spectral evolution, inconsistent with RS. Out of the remainder, only 26 bursts
(24%) are possibly consistent with the RS (16 of these are simultaneously
consistent with LAE and AE). However, this scenario could be ruled out since
it would be difficult to explain the connection observed in the LC between
the prompt emission and the early X-ray data. The only way they could be
smoothly connected is if the prompt gamma-ray emission is produced also by

the RS, for which we lack evidence.

5.5 Discussion: The central engine

The results of the last section lead us to believe that the observed
early X-ray decay for 270% of GRBs is produced by the rapidly declining
continued activity of the central engine, if we assume that there is a one-
to-one correspondence between the temporal behavior of the central engine

activity and the observed emission (Figure 5.2).
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There are two other arguments that support the idea that, for most
bursts, neither LAE nor AE might be consistent with the observed early X-
ray decay. First, for some bursts, a break frequency has been seen passing
through the X-ray band during the early steep decay, and it evolves faster
than the oc t7! expected in LAE: o t2 for GRB 060614 (Mangano et al.
2007°) and o< t73 — ¢t=* for GRB 060904A (Yonetoku et al. 2008). Second, if
AE is entirely responsible for this phase, then ; has to be very small. If this
is the case, then we should have observed the edge of the jet (a jet break with
a o tP optical LC) very early on. After inspecting many optical LCs (Butler
& Kocevski 2007, Liang, E.-W. et al. 2007, Liang, E.-W. et al. 2008, Melandri
et al. 2008, Panaitescu & Vestrand 2008), we can conclude that most bursts
with available early optical data do not show this expected jet break starting

at very early times, i.e. t < a few hours.

One way that we might have missed these early jet breaks could be
explained by the “porcupine” model. In this model, the central engine ejects
many very small angle (6; SI'™!) jets. One of these jets, directed towards the
observer, produces the gamma-ray emission. The central engine shuts off, and
then the AE emission is produced. After a short time, all these small jets
combine and give rise to a single jet with #; > I'"! that interacts with the
interstellar medium, giving rise to a forward shock (optical afterglow). This
model leaves no sign of a jet break. Another possible explanation for the lack
of a very early jet break is that there is energy injection to the forward shock,
making the oc t77 optical LC more shallow. This last scenario is unlikely, as

a large amount of energy is required - more than a factor of 10 increase - to

®Mangano et al. (2007) mention in their work that this could be attributed to the v,
decrease due to adiabatic cooling of shock heated shells after an internal shock.
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make a oc 7P LC as shallow as ~ ¢!, which is the usual observed optical LC

decay.

It has been suggested that the observed early X-ray decay is produced
by the forward shock (FS) driven by the ejecta interacting with the ISM
(Panaitescu 2007). This scenario has problems explaining the smooth tem-
poral connection in the LC between the prompt emission and the early X-ray

steep decay.

The model presented in this chapter has several uncertainties. For ex-
ample, we are not specifying how the magnetic field is generated during the
prompt emission. We are assuming: (i) that the magnetic field coherence
length-scale is larger than the electron gyro-radius, based on the observations
(see Appendix A), and (ii) that there are no collective plasma effects that ran-
domize the electrons’ velocity. These assumptions allow us to use the adiabatic
invariant presented in Section 5.2. If, for some reason these conditions are vi-
olated, then the adiabatic invariance of electron magnetic moment can’t be
used. However, the light-curve from an expanding shell is similar whether we
follow electron cooling via adiabatic invariance or ideal gas law and therefore,
the main conclusions we have presented here are unchanged. Another assump-
tion made in the application of this model is that Swift’s X-ray telescope band
lies between v; and v, (in that order), which can be inferred from the spectral
information of most bursts during this phase. If, however, v. < v;, then there
will be no emission coming from the part of the shell that lies within an angle
of I'™! to the observer line of sight - the only emission would be from LAE (if
6; >T71).
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Figure 5.2: Two possible scenarios for the contribution of LAE (dotted), AE
(dashed) and the rapidly declining central engine activity (solid), as seen in the
X-ray band. The two “humps” represent the y-ray detection (from Swift BAT),
extrapolated to the X-ray band, attributed to activity of the central engine.
Top panel: The case for which the central engine activity drops extremely fast
and LAE and AE appear. Only ~ 20% of our sample is possibly consistent
with this scenario. Bottom panel: Our preferred scenario, where the central
engine activity is the dominant contribution and it decays slower than the
theoretical LCs for LAE and AE.
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5.6 Conclusions

We have explored the situation in which the central engine shuts off and
the ejecta cools via adiabatic expansion (AE). We have derived and discussed
this emission’s temporal and spectral properties using a new treatment for the
micro-physics of the AE: the adiabatic invariant 72 /B, describing the electron
momentum normal to the magnetic field (see summary in Section 5.3.4). At
the onset of the adiabatic expansion, as B decays rapidly, this component of
the momentum decreases while the parallel one remains unchanged, making
the electrons more and more aligned with the local magnetic field as the ejecta
expands. The adiabatic invariant enables us to calculate the electrons’ energy
for a collisionless magnetized plasma, if no other collective plasma effects that

randomize the electrons’ velocity are present.

In regards to the central engine activity, we can draw a conclusion: The
fastest way that the observed flux can decline after the central engine shuts
off is set by the Large Angle Emission (LAE) and the Adiabatic Expansion

cooling (depending on the value of 6;).

The early X-ray steep decay shown in most of Swift bursts has been
attributed to LAE. In this chapter, we consider both AE and LAE for the very
early X-ray data. LAE and AE both start with the assumption that the central
engine shuts off abruptly. Only ~ 20% of our sample of 107 bursts is possibly
consistent with either LAE or AE, thereby suggesting that the observed early
X-ray steep decay for a large fraction of bursts might be produced by the

rapidly declining continuation of the central engine activity.

The component of the electron’s momentum parallel to the magnetic
field is unconstrained by the adiabatic invariance. This component would prob-

ably cool via Inverse Compton scattering with synchrotron photons. Another
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possibility is that the electrons are scattered by small scale fluctuations in the
magnetic field, which would effectively couple the parallel and perpendicular
components of their momentum, resulting in an adiabatic cooling similar to

that in the ideal gas case, Section 5.2 (personal communication, Granot).

Any process that does not rely on the central engine activity to explain
the observed early X-ray steep decay (for example: RS, FS) has problems
explaining the smooth temporal connection observed in the LC between the

prompt emission and the early X-ray steep decay.
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Chapter 6

Conclusions

We analyze the >100 MeV data for 3 GRBs detected by the Ferm:
satellite (GRBs 080916C, 090510, 090902B) and find that these photons were
generated via synchrotron emission in the external forward shock (Kumar &
Barniol Duran 2009, 2010). We arrive at this conclusion by four different
methods as follows. (1) We check the light curve and spectral behavior of the
>100 MeV data, and late time X-ray and optical data, and find them consis-
tent with the so called “closure relations” — which is a relation between the
spectral and temporal decay indices — for the external forward shock radia-
tion. (2) We calculate the expected external forward shock synchrotron flux
at 100 MeV, which is essentially a function of the total energy in the burst
alone, and it matches the observed flux value. (3) We determine the external
forward shock model parameters using the >100 MeV data (a very large phase
space of parameters is allowed by the high energy data alone), and for each
point in the allowed parameter space we calculate the expected X-ray and
optical fluxes at late times (hours to days after the burst) and find these to
be in good agreement with the observed data for the entire parameter space
allowed by the >100 MeV data. (4) We calculate the external forward shock
model parameters using only the late time X-ray, optical and radio data and
using these parameters estimate the expected flux at >100 MeV at the end
of the sub-MeV burst (and at subsequent times) and find that to be entirely
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consistent with the high energy data obtained by Fermi/LAT. The ability of
a simple external forward shock, with two empirical parameters (total burst
energy and energy in electrons) and two free parameters (circumstellar den-
sity and energy in magnetic fields), to fit the entire data from the end of the
burst (1 - 50 s) to about a week, covering more than eight decades in photon
frequency — >10% MeV, X-ray, optical and radio — provides compelling con-
firmation of the external forward shock synchrotron origin of the >100 MeV
radiation from these Fermi GRBs. Moreover, the parameters determined in
points (3) and (4) show that the magnetic field required for synchrotron radi-
ation in these GRBs is consistent with shock-compressed magnetic field of the

circumstellar medium with pre-shocked values of a few tens of micro-Gauss.

We investigate whether electrons can be accelerated to energies such
that they radiate synchrotron photons with energy up to about 10 GeV in the
external forward shock scenario with a weak magnetic field (Barniol Duran &
Kumar 2011a) — consistent with shock compressed upstream magnetic field of
a few tens of micro-Gauss. We do this using two methods: (i) we check if these
electrons can be confined to the shock front by the weak upstream magnetic
field; and (ii) we calculate radiative losses while they are being accelerated.
We find that these electrons remain confined to the shock front, as long as
the upstream magnetic field is 2 10uG, and do not suffer substantial radiative
losses; the only condition required is that the synchrotron radiation produced
by the external-reverse-shock heated GRB jet be not too bright: peak flux
less than 1 Jy in order to produce photons of 100 MeV, and less than ~100
mJy for producing 1-GeV photons. We also find that the acceleration time
for electrons radiating at 100 MeV is a few seconds (in observer frame), and

the acceleration time is somewhat longer for electrons radiating at a few GeV.
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This could explain the lack of >100 MeV photons for the first few seconds after
the trigger time for long GRBs reported by the Ferm: Satellite, and also the
slight lag between photons of GeV and 100 MeV energies. We model the onset
of the external forward shock light curve in this scenario and find it consistent
with the sharp rise observed in the 100-MeV light curve of GRB 080916C and

similar bursts.

We carried out a detailed analysis of the late time afterglow data of
GRB 090902B using a very careful accounting of the Inverse Compton losses
(Barniol Duran & Kumar 2011b). We find that in the context of the external
forward shock model, the only viable option to explain the X-ray and optical
data of GRB 090920B is to have the electron energy distribution deviate from
a power-law shape and exhibit some slight curvature immediately downstream
of the shock front (we explored other models that rely on a single power-law
assumption, but they all fail to explain the observations). We find the fraction
of the energy of shocked plasma in magnetic field to be ~ 107¢ using late time
afterglow data, which is consistent with the value obtained using early gamma-
ray data. Studies like the present one might be able to provide a link between
GRB afterglow modeling and numerical simulations of particle acceleration in
collisionless shocks. We also provide detailed calculations for the early ( <103
s) high energy (> 100 MeV) emission and confirm that it is consistent with
origin in the external forward shock. We investigated the possibility that the
~ 10 keV excess observed in the spectrum during the prompt phase also has

its origin in the external forward shock and found the answer to be negative.

Finally, the Swift satellite early X-ray data shows a very steep decay in
most of GRBs light curves. This decay is either produced by the rapidly de-

clining continuation of the central engine activity or by the left-over radiation
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when the central engine shuts off. The latter scenario consists of the emission
from an “ember” that cools via adiabatic expansion, and the large angle emis-
sion if the jet angle is larger than the inverse of the source Lorentz factor. In
this work, we calculate the temporal and spectral properties of the emission
from such a cooling ember, providing a new treatment for the micro-physics
of the adiabatic expansion. We use the adiabatic invariance of p? /B (p, is
the component of the electrons’ momentum normal to the magnetic field, B)
to calculate the electrons’ Lorentz factor during the adiabatic expansion; the
electron momentum becomes more and more aligned with the local magnetic
field as the expansion develops. We compare the expected X-ray flux during
the adiabatic expansion (and the large angle emission) with the current ob-
servations of the early X-ray data and find that only ~ 20% of our sample of
107 bursts is potentially consistent with this model. This leads us to believe
that, for most bursts, the central engine does not turn off completely during
the steep decay of the X-ray light curve; therefore, this phase is produced by
the continued rapidly declining activity of the central engine (Barniol Duran

& Kumar 2009).
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Appendix A

Electron gyro-radius versus Magnetic field
length-scale

The observed peak energy in the prompt phase of a GRB is given by
v; = (1.15x1078eV) By?T'(1+2) !, assuming synchrotron emission. The value
of I" can be constrained to be a few hundred. There is a wide range of allowed
values for ;. For v; = 103, v; = 100 keV, I' = 100 and z = 1, then B = 2 x 10°

G, and in that case, the electrons’ gyro-radius is r = m.c*v;/(eB) ~ 10 cm.

If the magnetic field responsible for the prompt emission is the frozen-in
field from the central explosion, then it decays on a length-scale on the order
of the source size, which is much larger than the electrons’ gyro-radius and

the adiabatic invariant presented in Section 5.2 can be used.

If the field is produced locally (e.g. by the Weibel instability), then
we need to estimate its coherence length and compare it with the electrons’
gyro-radius. For instance, magnetic field generated by the Weibel instability
will have a coherence length on the order of the plasma length A\ = ¢/wy,
where w, = (4me*n/m.)"/? = 6 x 10*(n)/? s7! and n is the co-moving electron
number density in units of cm 3. For the prompt emission, recent studies have
shown that the radius of emission is on the order of 1015716 cm or even larger
(Kumar et al. 2007, Racusin et al. 2008, Zou, Piran & Sari 2009, Kumar &
Narayan 2009), therefore n = 5 x 105~ cm™ (see footnote 1 in Section 5.2),

which gives A\p = 20 — 700 cm, making A\p larger than r by at least a factor of
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2. Moreover, this magnetic field decays extremely fast in time (in about w.- b,
which would be less than 1078 s in the source co-moving frame or 1071° s in the
observer frame. This locally generated magnetic field cannot be responsible for
the prompt emission, unless it is sustained for at least ~ 1 s (the co-moving
time-scale of a few millisecond prompt pulse), which would require a much
larger Ap (Keshet et al. 2009 mention that the field must persist over 101%\
downstream, which in this case would be ~ 10'? cm). Therefore, it is safe to
assume that even if the field is generated locally r << Apg, allowing us to use

the adiabatic invariant.

The prompt emission phase could also be attributed to the SSC emis-
sion, which requires smaller values for 7; and B. For 7; = 10%, then B = 2x 103
G, which gives r &~ 100 cm ~ Ap. But as mentioned above, the field has to be
coherent on length-scale ~ 102 cm in order that it does not decay away on

time <1 s.
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Appendix B

Reverse Shock emission calculation

After the RS has crossed the ejecta, it roughly follows the Blandford-
McKee self-similar solution (Blandford & McKee 1976), in which the bulk LF
and pressure of the shocked ISM are given by:

17—4s

Y(tr) =X E, P t) = dmyctn[y ()]0, (B.1)

where y(t) oc R~37%)/2 is the LF of material just behind the shock, n oc R~*
is the ISM particle number density, x is the similarity variable and m,, is the

proton mass (see, e.g, Sari 1997).

Let us assume that the ejecta is at x.; and it has a pressure F,; and
a LF I'c;, which - because of pressure and velocity equilibrium at the contact
discontinuity - should be the same as the bulk LF and pressure of the shocked
ISM at x.; (B.1). The pressure in the ejecta for the thin case (A’ = R/I';) is
given by P.; oc V~1y,, where V oc R*A’, and using the adiabatic invariance

(equation 5.1), we can use 7y, Bi/z, where B, is given in Section 5.3.1.

Therefore, we have P.; R_4F‘23/»2 and using (B.1) and the contact disconti-

nuity equilibrium conditions we obtain:

17—4s

Loy =YX s Poy = dmpcnly(6) P, (B.2)

D=
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. . . _ 2(63—325+4s2)
We can solve for I'c; in terms of R, which gives I';; o< R 32-7s . For

uniform ISM (s = 0), we can determine the observed time by t — t; =
i) g) dR/(2I'?;) and following the procedure on Section 5.3.3, we can find that

the RS shock flux decays as oc t~411(PH1/568 — ¢=253 for p = 2.5 (1; < v < 1,).

We can also determine the electrons’ LF by using the ideal gas law.
For this case, v oc V~1/3 therefore the pressure in the ejecta is P,; oc V~4/3,
For the thin ejecta case, we can repeat the calculation done before (B.2),
just modifying P.;, and we obtain I';; o R™7729/2, To calculate the RS
synchrotron emission for uniform ISM, we can use B; oc (RA’)™! and we can
follow the procedure on Section 5.3.3, but as mentioned before, for this case
sinao/ ~ 1. We find that the RS decays in this case as oc t~(20P+7)/24 — 4~2.38
for p = 25 (1, < v < 1,). If we determine the magnetic field using the
equipartition consideration and determine the electrons’ LF with the ideal gas

law, then we get the same result reported by Sari & Piran (1999a).
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