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The debate regarding the emission mechanism in gamma-ray bursts has been long-standing.
Here, we study the spectral signatures of photospheric emission, accounting for subphotospheric
dissipation by a radiation-mediated shock. The shocks are modeled using the Kompaneets RMS
approximation (KRA). We find that the resulting observed spectra are soft, broad, and exhibit an
additional break at lower energies. When fitting a collection of 150 mock data samples generated
by the model, we obtain a distribution of the low-energy index « that is similar to the observed
one. These results are promising and show that dissipative photospheric models can account for
many of the observed properties of prompt gamma-ray burst emission.
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1. Introduction

The prompt emission mechanism in gamma-ray bursts (GRBs) remains elusive despite many
decades of debate. One promising avenue is photospheric emission, which is due to radiation
escaping once the initially optically thick fireball transitions to optically thin. Due to the ultra-
relativistic velocity of the jet, this emission appears to the observer as a short duration pulse of
~ 1 MeV photons [1, 2]. Early models of photospheric emission predicted that the observed
spectrum should be similar to that of a blackbody. However, it has become clear that quasi-
blackbody spectra cannot explain the observations, since observed GRB spectra are generally much
broader [e.g., 3].

One way to broaden the observed spectrum is via energy dissipation below the photosphere
[4]. Here, we consider subphotospheric energy dissipation via radiation-mediated shocks (RMSs),
which has been suggested by many authors [e.g., 5-8]. We focus on the spectral signatures of such
emission and compare them to observations.

2. The Kompaneets RMS Approximation

We model the RMS using the Kompaneets RMS Approximation [KRA, 9, 10]. The numerical
code that implements the KRA is called Komrad. The KRA is valid for photon rich RMSs in regions
of negligible magnetic fields and for mildly relativistic or slower RMSs. These conditions are likely
met in the subphotospheric region of GRBs [7, 11, 12]. Within this domain, the KRA has been
compared to the full-scale radiation hydrodynamic simulation code radshock [13] and found to
give very good agreement (see Figure 1). Komrad takes ~ 4 orders of magnitude less computational
time to run compared to the full-scale radiation hydrodynamic simulation. This massive time
reduction allows us to study RMSs quantitatively (see Section 4). Furthermore, Komrad is quick
enough for the model to be well suited to fitting GRB data and the first ever RMS model fit for
GRBs was performed on a time resolved spectrum in GRB 150314A in [9].

3. Evolution of a typical spectrum

To get a feeling for the evolution of the photon distribution from thermal upstream to observed
spectrum, we show four different stages of the evolution in four different panels in Figure 2. Here,
the RMS is assumed to result from a subphotospheric internal collision between two shells. Below
each panel is a schematic showing the jet at the corresponding time, with the photosphere being at
the rightmost edge of the cartoon jet.

In the first stage (upper left panel) the quicker of the two shells has just caught up with the slower
one. The spectrum shows the initial unperturbed upstream distribution, which in the simulation
is taken to be a thermal Wien distribution. Two shocks start propagating into the two blobs, all
the while the whole ejecta is moving outwards ultra-relativistically. If the masses and comoving
densities are similar for the two shells, the two resulting shocks have similar properties [9]. This
allows us to model only one of the two shocks.

Photons are continuously injected from the upstream into the shock region, where they are
energized via bulk Comptonization. Additionally, photons are advected from the shock region into
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Figure 1: Comparison between the full scale RMS simulation radshock (solid lines) and the approximation
Komrad (dashed lines) for three different runs. Red lines show the photon distributions in the shock region,
while the green lines show the photon distributions downstream of the shock. Figure originally appeared in

[O].

the downstream. This creates a power-law spectrum within the RMS [13, 14]. The spectrum within
the RMS at the moment where the RMS has crossed the entire upstream is shown by a solid red
line in the upper right panel. The green dashed line shows the initial distribution for comparison.

Since the shock has crossed the upstream before the jet has become optically thin, the photon
distribution must still be tracked up until the photosphere. The photons in the downstream are
allowed to interact with the thermal population of electrons, leading to the high-energy photons
losing energy while the low-energy photons gain energy. Thus, the photon distribution relaxes
towards a thermal equilibrium. However, if the optical depth of the collision is not too high
(r < few 100), the photon distribution will not have time to fully thermalize before the ejecta
reaches the photosphere. The partially thermalized downstream spectrum at the photosphere is
shown in the bottom left panel by a solid purple line. Furthermore, the whole spectrum has
decreased in energy as a consequence of adiabatic cooling. The shock spectrum from the upper
right panel, accounting for adiabatic cooling, is shown by a dashed red line for comparison.

Finally, we account for the fact that the observed spectrum consists of a superposition of
comoving spectra, emitted at different optical depths and angles to the line of sight. This leads to
a broadening and smoothening of the spectrum. The broadened spectrum is shown by the solid
purple line in the bottom right panel, compared to the comoving spectrum shown by the dashed
line.

In Figure 3, the observed spectrum is shown. It is identical to the spectrum shown by the solid
purple line in the bottom right panel of Figure 2, but Doppler boosted into the observer frame using
a bulk Lorentz factor of I' = 300 and accounting for redshift with z = 1. The spectrum is shown
compared to a Planck distribution in dashed green and a typical GRB spectrum in dashed blue. The
latter is modeled by a Band function [15] with power-law indices @ = —1 and § = —2.5. The purple
shading shows the sensitivity of the Gamma-ray Bursts Monitor [GBM, 16] on board the Fermi
Gamma-ray Space Telescope, with darker shading indicating higher sensitivity.

From the figure, it is evident that the observed KRA spectrum is much broader and much softer
compared to the Planckian. Therefore, it is not correct to say that photospheric emission in GRBs
is necessarily hard. Indeed, the low-energy part of the spectrum is similar to the typical low-energy
slope @ = —1, as evident when comparing with the Band function. Additionally, the spectrum
exhibits a double power-law behavior at low energies, which is interesting as this has been detected
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Figure 2: Four different stages in the evolution of the photon distribution from initial thermal upstream (top
left) to the emitted spectrum (bottom right). Below each panel is a schematic of the GRB jet at each time.
Details about the evolution and each panel can be found in Section 3.

in several bright GRBs [17-20].

4. Distributions of o and Epc,x

To estimate the observational characteristics of the model more quantitatively, we show his-
tograms of the parameter values obtained from 150 fits to mock data sets in Figure 4. The mock data
sets are generated as follows. We consider the internal collision between two blobs with different
Lorentz factor I'y and I's. The collision radius and strength of the shock is then determined by the
ratio I's /I’y [21, 22]. We assume the collision occurs at an optical depth 7. These three parameters,
together with the initial radius ry and initial Lorentz factor Iy at the base of the jet, are sufficient
to uniquely determine the observed spectrum [assuming similar mass and comoving density in the
two blobs, see 10, for details]. By fixing rg = 10'° cm and Ty = 4, and varying 'y, I'y, and 7, we

generate 150 mock spectra. These spectra are forward-folded through the GBM response matrix to
generate the mock data sets.
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Figure 3: Final observed spectrum, shown compared to a Planck function and a typical Band function as
indicated in the legend. The Band function has a low-energy index @ = —1 and a high-energy index 8 = —2.5.
The purple shading shows the GBM energy sensitivity, with darker shading indicating higher sensitivity.
The observed spectrum is much broader and softer compared to the Planck function. In contrast to the Band
function, the KRA spectrum exhibits a hardening at lower energies.

Once the 150 sets of mock data are obtained, we fit each with a cutoff power-law function
(CPL). The CPL function is characterized by only two parameters: a power-law index a (Ng o« E¢,
where NE is the photon number flux) and a peak energy Epeak, above which there is an exponential
cutoff. The histograms obtained for the two parameters are shown in Figure 4. The solid dark
green line shown the distributions in the latest time-resolved Fermi catalogue [23]. The obtained
distributions are quite similar to the observations, indicating that dissipative photospheric models
are promising avenues for the prompt emission in GRBs.

5. Summary and Conclusion

We have studied the spectral signatures of photospheric emission including subphotospheric
dissipation via an RMS. The RMS is modeled using the KRA, which allow for quantitative studies
due to its low computational cost. The observed spectra are broad, soft, and exhibit an additional
break at lower energies. So far, the KRA has been used to successfully fit a time resolved spectrum
in GRB 150314A [9] and future work will determine how the model fares against a larger sample
of GRBs.
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Figure 4: Histograms obtained by fitting 150 mock data sets with a CPL function (see section 4 for details).
The left panel shows the distribution of the low-energy index « and the right panel shows the distribution of
the peak energy Epeak. The solid dark green line shows the distributions obtained in the time-resolved Fermi
catalogue [23]. Figure originally appeared in [10].
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