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(a) Model A: 2.1 s�
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(b) Model A: 7.2 s�

Figure 1: The rest-mass density for model A at times of ��� � , and �	� ��
 after initiation of the jet. The parameters of model A are,

energy deposition rate �


��

� � � � � � ��
 ��� , initial opening angle � �

�

� � � , initial Lorentz factor ���

���

� , and the ratio of kinetic energy

to the total energy � �

�

���   . In (a), only the inner region of the star is shown. The jet consists of elements of Blandford & Rees

�twin exhaust model�: a supersonic beam, a cocoon made of shocked jet material, shocked medium gas, a terminal bow shock, a

working surface, and back�o ws. In model A, the beam and cocoon are thicker than those of model B (Fig. 2). Before the jet breaks

out, the average velocity of the head of the jet is � � �"!#� ���

��$ %


 ��� . The jet breaks out the star at &

�('

� )�
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(a) Model B: 0.7 s�
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(b) Model B: 3.5 s�

Figure 2: The rest-mass density for model B at times of ��� � , and  	�

�


 after initiation of the jet. The parameters of model B are,

energy deposition rate �


*�

� � � � � � �+
 ��� , initial opening angle � �

�,�

� , initial Lorentz factor �-�

�.�

� , and the ratio of kinetic energy

to the total energy � �

�

���   . In (a), only the inner region of the star is shown. The jet consists of elements of Blandford & Rees

�twin exhaust model�: a supersonic beam, a cocoon made of shocked jet material, shocked medium gas, a terminal bow shock, a

working surface, and back�o ws. In model B, the beam and cocoon are thicker than those of model A (Fig. 1). Before the jet breaks

out, the average velocity of the head of the jet is ���

�

!/� ���

��$ %


 �-� . The jet breaks out the star at &
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Figure 3: Lorentz factor at  

�


 after the jet starts to propagate in the stellar wind for: (a) model A2 ( 6 7 8 9 ), and (b) model B2 ( : ; < =�9 ).

In both models, when the jet starts to propagate in the stellar wind, the initial parameters are, opening angle �

�,�

� , the energy

deposition rate �


>�

� � � � � � ��
 ��� . The initial Lorentz factor is 10 and 50, for models A2 and B2, respectively. And, the initial ratio of

the kinetic energy to the total energy is 0.0667 and 0.333, for models A2 and B2, respectively. In the �rst � �0
 , the jet is injected at a

constant rate. Then both the energy �ux and the Lorentz factor dies gradually in the next � ��
 . This causes a wide tail. Because of

its low Lorentz factor and high internal energy loading, the jet in model A2 has large lateral expansion. The opening angle at &

�

 

�




is �

�

� and
�

� , for models A2 and B2,respectively. In both models, the Lorentz factor near the edge is bigger than that in the center

because material near the edge experiences more lateral expansion.
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Figure 4:The Lorentz factor vs. radius along the polar

axis. Different lines are for three different times: (a) &

�

��� ��


(green line), &

�HG

� �0
 (red line), and &

�

� ��� �0
 (blue line); (b)

&

�

� � ��
 (green line), &

�(I

� �0
 (red line), and &

�

� ��� �0
 (blue

line).

Figure 5:The energy �ux at J

�

)+!K� �	�

��$ % . Different lines

are for different times: (a) &

�LG

� � �0
 (black line), &

�

� ��� � ��


(red line), &

�

�

'

� � �0
 (green line), and &

�

�	� �

G �


 (blue line);

(b) &

�*I

� � �0
 (black line), &

�M'

� � �0
 (red line), &

�MG

� � �0


(green line), and &

�

� ��� � �0
 (blue line). The radius of the

star is at
G
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Figure 6:Lorentz factor vs. time. Red lines show current

Lorentz factor of material on the axis at J

�

)S!T� �
�

�
$ % .

Green lines show the terminal Lorentz factor if all internal

energy is converted into kinetic energy and there is no en-

ergy loss or gain.

Figure 7:Energy �ux vs. angle at &
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 . after breakout

Here, the energy means total energy, including both kinetic

and internal energy. Different lines show results at different

locations: J

�*�

�

�

!T� �	� �

$ % (red lines), J

�

�	�

�

!U� �	� �

$ %

(green lines), and J

�

� �	� V

$ % (blue lines).

We examine the propagation of two-dimensional relativistic jets
through the stellar progenitor in the collapsar model for gamma-ray
bursts. We have run two series of simulations of relativistic jets from
collapsars. In the �rst series of simulations, we follow the jet propa-
gation inside the star. Our initial model is a W	XZY\[ helium star which
has already collapsed for W ]Z^ . An axisymmetric jet is injected radially
through the inner boundary at _a`,W ]

G�b c

within an initial opening angle
d

�

. The results from the �rst series of simulations provide the base for
the second series of simulations. In the second series of simulations,
we follow the jet propagation and expansion in the stellar wind after it
breaks out the star.
In agreement with previous studies, we �nd that the jet is collimated
by its passage through the stellar mantle. Our calculations show that,

insensitive to the initial opening angle, that a jet originating near the
center of a collapsing massive star will emerge with an opening angle

eMfhg . The jet that breaks out the star has a moderate Lorentz factor but
a very large internal energy loading. When it starts to propagate in the
stellar wind, the jet will expand laterally. The �nal opening angle of the
jet will depend on its initial Lorentz factor and internal energy loading
when breaking out the star (Fig. 3).
We �nd that the Helmholtz instability of the jet with the surrounding
star acts to modulate the beam appreciably. Even for a constant beam
energy and angle at the base, what emerges at the top has a highly
variable time structure and opening angle. A narrower jet experiences
more instabilities (Fig. 4) and therefore the GRB is more variable. For a
given total energy input at the bottom, a narrower jet also carries more

energy per solid angle. Perhaps this explains the observed correlation
between luminosity and variability.
When it is moving in the stellar wind, the jet can no longer be focused
by the medium. The jet will have a very wide tail when the central
engine starts to die and the jet breaks out at a moderate Lorentz fac-
tor(Fig. 3). Also the channel in the star through which the jet �o ws
gradually opens. These imply that what is seen may vary greatly from
angle to angle. At small angles, the normal GRBs might be observed.
At large angles, the GRBs may not begin until quite late and conse-
quently may be weaker. It is also possible that the jet material at large
angle cannot make a GRB but only afterglows. In particular, we predict
the existence of a large number of low energy bursts resembling GRB
980425.

See movies at http://www.ucolick.org/ i zhang/movie
Supernova Science Center: http://www.supersci.org


