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We analyze the prompt emission of two of the brightest Gamma-Ray Bursts (GRBs) observed by
Fermi at MeV energies but surprisingly faint at > 100 MeV energies. Time-resolved spectroscopy
reveals a sharp high-energy cutoff. We first characterize phenomenologically the cutoff and its
time evolution. We then fit the data to two models where the high-energy cutoff arises from
intrinsic opacity to pair production within the source. Alternative explanations for the cutoff,
such as an intrinsic cutoff in the emitting electron energy distribution, appear to be less natural.
Both models provide a good fit to the data with very reasonable physical parameters, providing a
direct estimate of bulk Lorentz factors on the lower end of what is generally observed in Fermi
GRBs. Particularly low E, values may prevent detection by Fermi-LAT, thus introducing a bias
in the Fermi-LAT GRB sample against GRBs with low Lorentz factors or variability times.
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1. Introduction

Long Gamma-Ray Bursts are thought to be produced during the collapse of a very massive
star, and specifically from within the relativistic jet that is produced during or immediately after
the collapse. However, the mechanism capable of accelerating the jet as well as the process re-
sponsible for extracting energy from the jet and radiating it in y-rays are still debated [1]. In the
context of fireball models, where the jet is barionic and moving with a large Lorentz factor, the
highly-variable prompt signal is often attributed to synchrotron emission produced in so-called in-
ternal shocks. These ultra-relativistic shocks are produced by the collision within the jet occurring
when a faster part of the ejecta catches up with a slower part of the jet. This naturally generates
non-thermal spectra similar to what is observed in GRBs. However, this scenario presents two
main problems: i) the efficiency of internal shocks in extracting energy from the jet is limited and
it does not seem to be enough to explain the flux observed in some GRBs, unless the difference
in Lorentz factor between different parts of the jet is large [2]; ii) the non-thermal spectrum of
some GRBs does not resemble the spectrum expected from synchrotron emission [3, 4, 5]. In order
to overcome these problems, a new class of fireball models has emerged. We will call them for
simplicity “photospheric models”. In these models, the non-thermal spectrum observed in GRBs is
the result of the reprocessing within the jet of an initial thermal or quasi-thermal spectrum coming
from the photosphere. There are many photospheric models, differing for the mechanisms and pro-
cesses responsible for the reprocessing of the thermal spectrum and consequently for the required
characteristics of the jet (baryon poor or baryon dominated, magnetized or non-magnetized, and so
on). Many of these models predict a spectral cutoff between few MeV and few GeV [6, 7, 8].

2. GRB 100724B and GRB 160509A

In this contribution we analyze the prompt emission of two bright GRBs detected by the Fermi
Gamma-ray Space Telescope, namely GRB 100724B and GRB 160509A. Details about the analy-
sis and the results can be found in [9]. In this contribution we summarize the main results.

GRB 100724B and GRB 160509A are unique in that they present a very bright low-energy
emission, as observed by the Gamma-ray Burst Monitor (GBM) onboard Fermi, but a faint high-
energy emission as observed by the Large Area Telescope (LAT) onboard Fermi (as shown in fig. 1).
This sets them apart from GRBs of comparable low-energy fluence, such as GRB 080916C or
GRB 090926 [10], which present also a bright high-energy emission. Moreover, for the two GRBs
considered here and again in contrast with the other LAT-detected bright GRBs, the long lasting
high-energy emission picks up very late, well after the prompt emission has finished. This high-
energy component is believed to originate from a different region and due to a different mechanism
with respect to the prompt emission. Therefore, we have here the possibility of studying the prompt
emission without contamination from the high-energy component.

Since the scenario originating GRBs is still uncertain, as detailed in section 1, we first describe
in section 2.1 the spectrum of the two GRBs phenomenologically, without depending on a specific
physical picture. Then, in section 2.2, we adopt two specific models (among many possibilities)
and, starting from first principles, we fit their physical parameters to the data in order to verify
whether they are viable physical pictures for these two GRBs.
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Figure 1: Left: Composite light curve of GRB 100724B showing Nal, BGO and LAT/LLE data. There is no
photon spatially and temporally associated with the GRB with energy above 100 MeV, thus we do not show
LAT standard data. The dashed red vertical lines represent the trigger time, while the other vertical lines
correspond to the intervals for our time-resolved spectral analysis. Right: similar plot for GRB 160509A.
This time there is a signal in LAT standard data (above 100 MeV, shown in the bottom panel). However,
most of the photons (yellow dots) have energies below 500 MeV.

2.1 Phenomenological modeling

The time-integrated spectrum of both GRBs is historically well modeled by a Band spectrum
[11]:

E%exp <E—f) E < (a—P)Ey

fan E :K
Band (E) [(a—ﬂ)Eo]“fﬁeXP(ﬁ—O‘)Eﬁ E>(a—P)Ey

; 2.1)

This spectrum models well the low-energy part of both GRBs, but significantly overestimate the
emission in the > 10 MeV energy range. Therefore, we consider a model with fp,,,; multiplied by
an exponential cutoff:

Fottee(E) = faana exp (— ,f) (2.2)

The significance of the cutoff with respect to the Band model alone is much larger than 5 o for
both GRBs. We have tried also many other phenomenological models, but the fppy.. spectrum
provides consistently a better description of the data with the minimum number of parameters.
We have also performed a time-resolved spectral analysis in the time intervals indicated in fig. 1.
The fpp.. model describes successfully the spectrum in all time intervals with the least number of
parameters with respect to the other phenomenological functions. The significance of the cutoff in
the time-resolved analysis is larger than 4 ¢ in all intervals with good statistic. We also performed
a goodness of fit evaluation using Monte Carlo simulations, and we have found that the probability
of obtaining a fit equal or worse than what we observe in the data if fpgy, is the true model is > 0.1
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Figure 2: Temporal evolution of the parameters of the fpp.. model (eq. 2.2) for GRB 100724B (left) and
GRB 160509A (right).

in all time intervals. We therefore conclude that the fpy.. model is a satisfactory description of the
data in all intervals. We show in fig. 2 the best fit parameters for the time-resolved analysis, and
in the upper panels in fig. 3 the VF, spectra for the time-resolved analysis. The two GRBs show a
similar behavior: there is a general hard-to-soft evolution in both GRBs (left panels), and the cutoff
energy E. increases slightly with time (bottom right panels) suggesting a source that is becoming
less compact.

2.2 Physical modeling

In both the internal-shock and the photospheric frameworks a cutoff such as the one observed
in GRB 100724B and GRB 160509A can be explained through opacity effects. In this section we
consider, among many possibilities: i) the semi-phenomenological internal-shock model of [12]
featuring a detailed modeling of pair production opacity which accounts for the opacity build up
during a pulse in the light curve, and ii) the photospheric model of [ 7], where the cutoff is originated
by delayed pair breakdown in a highly-magnetized jet. These models provide a natural explanation
for the spectral cutoff, and we have readily available numerical codes which provide the spectra
foreseen by the two scenarios as a function of physical parameters. In particular, we obtain direct
estimates of the bulk Lorentz factor I from both models. The internal-shock model also provide
a direct estimate of the emission radius R and of the relative size of the emission region. Details
about the models as well as the fitting procedure can be found in [9].

We show in the middle and bottom panels in fig. 3 the VF, spectra for the best fit models for
each time interval for both GRBs. The photospheric model (middle panels) looks more similar to
the phenomenological model (upper panels) than the internal shock model (lower panels). Despite
their different shape, however, we find that the quality of the fit obtained with the two physical
models is very similar to the one obtained with the phenomenological model. Indeed, despite their
differences in the VF, spectrum, these models result in remarkably similar counts spectra due to
the energy dispersion effects in both the LAT and the GBM. An example for one interval is shown
in fig.4.

For both models we obtain values for the physical parameters self consistent with the assump-
tions of the two models. For example, for GRB 160509A and the internal shock scenario we obtain
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Figure 3: Best fit VF, spectra for GRB 100724B (left) and for GRB 160509A (right), for the three models
considered in this work. The dashed lines mark intervals where the improvement given by the addition of

the cutoff is lower than 3 ©.

an emission radius between ~ 103 and ~ 10'* cm, well in agreement with the expectations [13].
We also can measure directly the bulk Lorentz factor of the jet as a function of time. We report in
fig. 4 the results for the two physical models, and for the analytic model of [14] which is normally
used to estimate the Lorentz factor for GRBs. The latter case corresponds to a simple one-zone
model in which the radiation in the outflow’s frame is uniform, isotropic and time-independent.
This model consistently yields a higher Lorentz factor than the internal shock model with pair pro-
duction opacity that we have considered, where the radiation field starts from zero at the emission
onset and is calculated self-consistently as a function of time, space and direction. The photo-
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Figure 4: (Left) Count spectra for interval 6 of GRB 160509A. The red line corresponds to the phenomeno-
logical model fpp.c, while the blue and the green dashed lines correspond respectively to the internal shock
and the photospheric models. (Right) Comparison of the bulk-LFs obtained from three different models for
GRB 160509A. The three models are the semi-analytic internal-shock model with pair production opacity
of [12] (BG), the photospheric model of [7] (GT), and (LSO1) analytic model of Lithwick & Sari (2001).
For all time intervals, LSO1 consistently yields the highest I".

spheric model gives a even lower estimate for the Lorentz factor. The GRBs reported here are the
two best examples of high-energy cutoffs in LAT GRBs. The others LAT GRBs with comparable
low-energy fluence have either higher Lorenz factors, or higher lower limits on the Lorentz factor
[10]. For example the bright GRB 080916C has I" > 600 throughout the burst, while GRB 090902
has I > 1000.

3. Conclusions

GRB 100724B and GRB 160509A are two bright LAT-detected GRBs showing a clear cutoff
in the sub-GeV energy range during the prompt emission. By using a phenomenological model,
independent of physical assumptions, we measure a cutoff in the range 20-60 MeV and 80-150
MeV respectively. This cutoff can be interpreted as a due to pair production opacity at the source. In
particular, the semi-phenomenological model of [12], which features a detailed and self-consistent
computation of yy opacity in a highly variable source, describes the data well and yields results in
agreement with the expectations of the internal shock model. The photospheric model that we have
considered, featuring opacity deriving from the delayed pair breakdown in a highly-magnetized
jet and described in details in [7], can also describe very well the data. We cannot therefore rule
out either explanation. The estimate of the bulk Lorentz factors derived with these models are
a factor of a few to several smaller than the measurements or the lower limits derived for bright
LAT-detected GRBs. Because of opacity to intrinsic pair production, slower GRBs tend to be
fainter in the LAT energy range while they can be just as bright in the GBM energy range, and are
therefore more difficult to detect for the LAT. This may produce a selection bias against deriving
lower Lorentz factors from the detection of high-energy cutoffs.
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