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Recently, thermal radiation from gamma-ray burst (GRB) jets attracts attention as the origin of
the GRB prompt emission. In order to treat the thermal radiation from GRB jets properly, both
the radiative transfer in the jets and the complicated inner structures of the jets should be taken
into account. We developed a numerical code to calculate the radiative transfer in relativistic jets,
based on the Monte-Carlo method. The code enables us to calculate the Compton scatterings by
energetic electrons as a postprocessing in relativistic media with complicated structures obtained
by 2D relativistic hydrodynamical calculations. In this paper, we investigated the influence of the
location of the photon injection site on a GRB spectrum of the location. We show that the GRB
spectrum has a higher peak energy for the deeper photon injection site.
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1. Introduction

Recently, thermal radiation from gamma-ray burst (GRB) jets attracts attention as the origin
of the GRB prompt emission because of high conversion efficiency to radiation and the fact that
some GRBs show thermal components, e.g.[1], in the spectra of the prompt emission.

Hence thermal radiation from GRB jets have been investigated in the previous studies, e.g.
[2][3][4]. The authors calculated the light curves and spectra only by superposing blackbody ra-
diation emitted from the photosphere, i.e. from the surface of τ = 1 where τ is optical depth for
electron scattering.

However, the observed photons should be generated in the inner layer with τ > 1. In order
to treat the thermal radiation from GRB jets properly, both the radiative transfer in the jets and
complex structures of the jets and cocoon should be taken into account.

In this paper, we present results of the calculation of radiative transfer in the relativistic jets.
The hydrodynamical structure is derived by 2D special relativistic hydrodynamical calculation of
the jet propagating in the Wolf-Rayet star. We investigated the influence on a GRB spectrum
of the location of the photon production site. In section 2, we describe the initial conditions of
hydrodynamical calculation whose result is used for hydrodynamical background and describe our
radiative transfer code. In section 3, we present the results of the radiative transfer calculation.

2. Method

First, we calculated the jet structure with 2D relativistic hydrodynamical code with newto-
nian self gravity [5]. A computational domain ranges from rin = 109 cm and is captured by 600
logalithmical grids in the r-direction and 150 uniform grids in the θ -direction. The relativistic
jet is injected by imposing boundary conditions at rin. The conditions are the total jet luminosity
Ljet = 5.3×1050 erg s−1, the initial Lorentz factor Γ0 = 5, the half opening angle of the jet θ0 = 10◦,
and the thermal to total energy density ratio fth = 0.9925 which corresponds to the conditions of
specific internal energy ε0/c2 = 80. A 13M⊙ Wolf-Rayet star with the main-sequence mass of
40M⊙ is used for the progenitor star [6].

The radiative transfer in the complex hydrodynamical background is calculated using Monte-
Carlo method. The photons are injected at the surface of τ = τinj on the snapshot of the above
calculation at t = 40 s. Here, we adopt the optical depth for Thomson scattering defined as [7]

τ =
∫ ∞

z
σTΓ(1−βcosθ)nedz, (2.1)

and take τinj=1, 5, 7, and 10. The energies of injected photons are determined as to obey the Planck
distribution with its local plasma temperatures. The propagation directions of the injected photons
are isotropic in the fluid rest frame.

After the injection, the photons propagate through the jet with some scatterings by electrons
and freely escape from the jet when the optical depth decreases to one or so. The Compton scatter-
ing by the electrons is treated as follow: (1)the “4-momentum” of a photon in the observer frame
is Lorentz transformed twice, i.e. into the fluid rest frame and the electron rest frame, (2)the “4-
momentum” of a photon after Compton scattering with Klein-Nishina cross section in electron rest
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Figure 1: The emergent spectra for the models with τinj =1 (red), 5 (green), 7 (blue), and 10 (magenta).

frame is calculated using random numbers at each scattering indexes, (3)the “4-momentum” in the
observer frame can be obtained doing inverse Lorentz transformation twice again.

We collect the photons escaped along the jet axis and construct the emergent energy spectrum
observed by the on-axis observer.

3. Results and Discussion

Figure 1 shows the emergent spectra for the models with τinj =1, 5, 7, and 10.

The peak energy of the emergent spectrum is higher for larger τinj. The Band function param-
eter α (low energy index of the photon counts) is α = 0 for all models. This index is harder than
observational typical value, α =−1, but softer than Planck function, i.e. Rayleigh-Jeans tail which
has α = 1.

When the optical depth is large, the photons are coupled with electrons via Compton scatter-
ing and cool adiabatically. However, as the optical depth decreases to moderate value, e.g. τ < 10,
adiabatic cooling no longer works efficiently, e.g. [8] [9]. Therefore, if the photons are injected at
τ ≫ 10, the plasma temperatures at the injection sites may not affect the emergent spectra because
of the efficient adiabatic cooling. On the other hand, if the photons are injected at moderate optical
depth, the plasma temperatures at the injection sites affect the emergent spectra because the ener-
gies of injected photons are underestimated in such cases and the peak energies for the model with
larger τinj become higher. Recent study shows that the peak energy forms at the radius with the
optical depth τ > 30 [10]. So we have to calculate with much higher τinj than that are taken here.

In this article, we used a snapshot of the jet structure at t = 40 s. However, the time dependence
of the jet structure should affect the emerging spectrum. The time dependent calculation will be
done by the forthcoming papers.
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