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A jet is injected radially through the inner boundary at 2.0x 108 cm within § < 20° of the polar axis. In the sim-
ulations presented here, we inject a jet at a constant energy deposition rate ~ 1()'510rp,/s, In nature, variable
injection rates are expected and these will be simulated in the future. Two simulations were done with initial
Lorentz factors of 10 and 50. The jets were injected with ratios of thermal energy to total energy in the labo-
ratory frame (fc) of 0.28 and 0.67, respectively. Adiabatic expansion of the jet after injection converts thermal
energy into kinetic energy resulting in Lorentz factors of ~ ﬁf higher than the initial values. In this poster,
we present the simulation with initial Lorentz factor of 50.

t=7.2s

In order to study the relativistic jets from collapsars, we have developed a special relativistic multi-dimensional
hydrodynamics code similar to the GENESIS code (Aloy et al., ApJS, 122, 151). The code is based on the
PPM interpolation algorithm and Marquina’s Riemann solver. Using this code, we have simulated the propaga-
tion of axisymmetric jets along the rotational axis of collapsed rotating stars (collapsars). Using the progenitors
of MacFadyen, Woosley, and Heg 3 relativistic jet is injected at a given inner boundary radius. This radius,
the opening angle of the jet, its Lorentz factor, ratio of thermal energy to kinetic energy, and its total energy
are parameters of the problem

0.05
0.5
= c
((_) 7(_)
= > 0.0
> >
-0.5

()

-0.5 0.0 0.5

-0.05 0.00
X (10"em)

1"
X (10"em)
. The minimum and maximum values for pressure are

. The minimum and maximum values for pressure are Figure 2: Pressure, density, radial velocity and Lorentz factor at

Figure 1: Pressure, density, radial velocity and Lorentz factor at
1 8and , for density, — and 5 58, for radial velocity, — and1 , and for Lorentz and , for density, —5 and5 , forradial velocity, — and1 , and for Lorentz
factor, and 1 . The color bar indicates the interpolation between these two extrema. Note the back o w in the cocoon factor, and 1. The color bar indicates the interpolation between these two extrema. The white circle indicates the
and the collimation of the beam. This plot shows only the inner 8 1 or 1 ofthe star. edge of simulation region which is at radius of 1
T T T T i i
101 190E t=20s 4 100 k| =
&
>
'y r=8.0e10cm z
] . 5
. 5
Job6F i 2 <3
3 N 2 -
5 £ 10p E
[ £ 10 E
0.41 3 ] Q
3 \Ef -2
0.2 2 4
g
= -6
0.0 L L 1 L L g -8
108 10° 10'0 108 10° 10'0 10" @
r (em) v (em) 1
. . 30 0 20 40 80 80 100 120
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mass energy. All of these energy densities are measured in
the laboratory frame. In the unshocked region, the thermal
energy of beam material is converted into kinetic energy by
adiabatic expansion. At the head of the unshocked region,
most of the kinetic energy is converted back into thermal en-
ergy by shock dissipation. In the shocked region, there are
uctuations of all uid variables due to the complex ow pat-
terns seen in Fig. 1 & 2. At the head of the jet, the fraction of

the head of the unshocked beam is 1 before the jet
breaks out. The head of jet moves at 1 . Both are
accelerated due to the decreasing density and pressure in the
star when moving outwards. Between these two heads, there
is signi cant variability in the Lorentz factor due to the interac-
tion of back o w with the beam (see Fig. 1). In the unshocked
region, the ow is very steady because of the constancy of
the injected jet.

thermal energy decreases when the unshocked stellar gas is
shocked and its kinetic energy increases.

In these simulations, a highly collimated jet is shown to propagate to the surface of a helium star of radius
8x10! cm. A mildly relativistic cocoon is formed containing large amounts of kinetic and thermal energy which
may have very interesting effects on the supernova explosion.

The head of the jet, which
propagates at velocity ~ 10! c¢m/s, breaks out in ~ 7s. Because the density of the environment is very low and
the jet contains a lot of thermal energy, it will accelerate after it breaks out. The material between the head of
the jet and the head of the unshocked jet is mildly relativistic (see, for example, Fig. 4 where at 6.0 seconds
the mildly relativistic region is between 10" ¢m and 5x10' cm). This energetic, mildly relativistic ( )
ejecta can produce a hard X-ray precursor seconds before the highly relativistic jet beam ( )0) escapes
the star. The propagation of the boundary between the unshocked jet and the shocked jet is slow. It moves
at velocity ~ 10 cm/s before the breakout of the head of the jet. After the head of the jet breaks out, the beam

shock propagates faster.

example, the red line at the bottom panel gives 1 for
the mass at 5 5, this means that the total mass of mate-
rial with Lorentz factor 5 5lis 1 . Blue lines
are the integral of red lines. For example, the blue line at the
top panel gives 1  for the kinetic energy at 1 , this
means that the total kinetic energy of material with Lorentz
factor 1 is 1

beam is unshocked and has been signi cantly compressed
by stellar pressure gradients. Near the surface, the jet has a
half opening angle of only , so that the relativistic ejecta
isbeamedto 1 of the sky. Note the Lorentz factor de-
creases very quickly at the edge of the jet.

Results
*The jet is initially focussed by star to 3 degrees, i.e. 1/700 of
sky, at breakout.
*The jet dynamics imprints time structure on an initially con-
stant jet. This may contribute to GRB time structure.

* After breakout, the jet opening angle increases with time as
cocoon expands laterally.

See movies at http://www.ucolick.org/ zhang/movie



