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Abstract

Results of special relativistic hydrodynamical calculations of a jet emanating from a massive star
are presented. I consider models with various energy injection rates and succeed in reproducing ultra-
relativistic and failed jets. Especially, effects of hydrodynamical interactions between the ejected material
and the circumstellar medium (CSM) are investigated.
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1. Introduction

Long-duration gamma-ray bursts (GRBs) with luminosi-
ties significantly smaller (Lγ,iso ∼ 1046-1048 erg s−1)
than those of normal bursts are called ”low-luminosity
GRBs”. They are outliers of the so-called Amati rela-
tion, which is an empirical relation between the spectral
peak energy Epeak and the isotropic gamma-ray energy
Eiso for long-duration GRBs. Their connection to ac-
companied supernovae is also an important issue to ad-
dress. For example, GRB 980425, 060218, and 100316D
are classified into low-luminosity GRBs and associated
with SN 1998bw, 2006aj, and 2010bh, respectively (see,
Woosley & Bloom 2006, for review).

In the standard picture of log GRB, ultra-relativistic
jets launched from the core of a massive star is thought
to be responsible for the prompt gamma-ray emission.
From theoretical point of view, it has been claimed that
cases in which jets fail to penetrate the progenitor stars
could produce low-luminosity GRBs

In this work, I carried out a series of numerical calcu-
lations of a GRB jet emanating a massive star for various
energy injection rates and the density of the circumstel-
lar medium.

2. Numerical calculations for GRB jets

2.1. Setups and Results

I numerically integrate equations of special relativis-
tic hydrodynamics in two-dimensional spherical coordi-
nates. Details of the code and the setup of the simula-
tions can be found, for example, in Suzuki & Shigeyama
(2013). I inject a jet into a Wolf-Rayet progenitor with a
mass of 14M� and a radius of ∼ 4×1010 cm prior to the
core collapse (Woosley & Heger, 2006). The star is sur-
rounded by the circumstellar medium, which is assumed

to be a steady wind with a velocity of 103 km s−1. At
first, the mass-loss rate is assumed to be 10−7 M� yr−1.
The jet injection is realized by specifying the following
parameters at the inner boundary r = 109 cm, the ini-
tial Lorentz factor Γ0 = 5, the specific internal energy
ε0/c2 = 20, the opening angle of the jet θj = 10◦, the to-
tal energy Eexp = 5 × 1052 erg, and the energy injection
rate Ė. I calculate models with energy injection rates,
Ė = 200, 100, 50, 20, 10, 5, and 2 × 1051 erg s−1. Figure
?? show some snapshots of resultant spatial distributions
of the Lorentz factor and the density of the ejecta.

2.2. Kinetic energy distribution

The following quantity is useful to make quantitative
comparison of models calculated above,

Ek(> Γβ) =
∫

Γ(Γ − 1)ρc2dV, (1)

where the volume integration runs over ejecta moving
at 4-velocities larger than a threshold value Γβ. This
is called the kinetic energy distribution of the ejecta. I
calculate this quantity for numerical models to clarify the
difference of models. Resultant distributions are shows
in Figure ??.

For models with smaller energy injection rates, flat-
ter distributions are realized, which indicates that an
ultra-relativistic jet successfully forms and most of the
injected energy is carried by the jet as its kinetic energy.
On the other hand, models with larger energy injection
rates, such as Ė = 100 and 200 × 1051 erg s−1 show
steeper distributions. The power-law distribution with
the exponent of −5.1 is corresponding to almost spher-
ical ejecta (Tan et. al. 2001). Thus, in these cases, the
jet penetration is completely failed. Furthermore, there
are a few cases showing intermediate features. In these
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Fig. 1. Results of one of the numerical calculations of a GRB jet. In
each panel, spatial distributions of the Lorentz factor (left) and
the density (right) are shown.

cases, trans-relativistic ejecta are realized and they could
produce low-luminosity GRBs.

3. CSM interaction

Next, I investigate a possibility that the hydrodynami-
cal interaction between mildly relativistic ejecta and the
circumstellar medium surrounding the progenitor star
could give rise to X-ray and gamma-ray emission. I car-
ried out numerical calculations of GRB jet with a fixed
energy injection rate, Ė = 50 × 1051 erg s−1 and vari-
ous values of the CSM density. For the density profile, I
have assumed a steady wind with a wind velocity of 103

km s−1 and constant mass-loss rates of Ṁ = 10−3, 10−4,
10−5, 10−6, and 10−7 M� yr−1.

Figure ?? shows resultant radial profiles of the Lorentz
factor and the pressure. In models with high mass-loss
rates, such as, Ṁ = 10−3 and 10−4 M� yr−1, the re-
verse shock forms and propagates in the ejecta. On the
other hand, models with lower mass-loss rates show for-
ward shocks and rarefaction waves. This is the most
prominent difference between models with high and low
mass-loss rates.

4. Conclusions

In this work, I present results of a series of numerical
simulations of jets injected into a massive star for vari-
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Fig. 2. Kinetic distribution of the ejecta calculated in this work.
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Fig. 3. Radial profiles of the Lorentz factor (top) and the pressure
(bottom).

ous sets of the energy injection rate and the CSM den-
sity. In models showing the formation of a reverse shock,
the kinetic energy of the ejecta is converted into the in-
ternal energy, suggesting efficient production of highly
energetic photons in X-ray or gamma-ray energy ranges.
Further investigations are needed to predict the emis-
sion expected from the region between the forward and
reverse shocks. Especially, what kind of radiative pro-
cess is responsible for the production of photons in the
region is a crucial problem.

Numerical calculations were in part carried out on Cray
XC30 system and the general-purpose PC farm at Center
for Computational Astrophysics, National Astronomical
Observatory of Japan.
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