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Abstract Optical and radio afterglows arising from shocks by relativistic conical
ejecta running into pre-burst massive stellar winds are revisited. Under the homo-
geneous thin-shell approximation and a realistic treatment for the lateral expansion
of jets, our results show that a notable break exists in the optical light curve in most
cases we calculated in which the physical parameters are varied within reasonable
ranges. For a relatively tenuous wind which cannot decelerate the relativistic jet to
cause a light curve break within days, the wind termination shock due to the ram
pressure of the surrounding medium occurs at a small radius, namely, a few times
1017 cm. In such a structured wind environment, the jet will pass through the wind
within several hours and run into the outer uniform dense medium. The resulting
optical light curve flattens with a shallower drop after the jet encounters the uniform
medium, and then declines deeply, triggered by runaway lateral expansion.
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1 INTRODUCTION

Gamma-ray Bursts (GRBs) are becoming gradually understood since the BeppoSAX after-
glow era (Piran 1999; van Paradijs, Kouveliotou & Wijers 2000; Cheng & Lu 2001; Mészáros
2002). Standard afterglow models have been set up within the hydrodynamical context of rel-
ativistic external shocks of spherical explosions running into either interstellar medium (Sari,
Piran & Narayan 1998) or stellar winds (Chevalier & Li 2000), with synchrotron emission as the
main radiation mechanism. Granot & Sari (2002) have obtained more accurate results by using
the well-known Blandford & McKee (1976) self-similar inner structure of relativistic blastwave
instead of the thin shell approximation. However, the famous energy crisis under isotropic as-
sumption (Kulkarni et al. 1999), together with the sharp decline of some well observed optical
afterglows led to the conjecture of a jet-like form of this phenomenon (Rhoads 1997; Sari, Piran
& Halpern 1999). Because of the relativistic beaming effect, the early afterglow from a jet is
no different from a spherical blastwave. As the jet decelerates and the beaming effect weakens,
the whole surface of the jet unfolds to the observer and the light curve declines more deeply
with the decreasing radiating extent compared to the spherical blastwave. Additionally, the jet
will decelerate much more rapidly when a significant or runaway lateral expansion takes place.
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Based on the homogeneous thin shell assumption, many authors have numerically studied the
jet dynamics and the behavior of the afterglow light curve (Panaitescu, Mészáros & Rees 1998;
Huang et al. 2000a; Huang, Dai & Lu 2000b; Moderski, Sikora & Bulik 2000). Tremendous
efforts have been devoted to the fitting of the GRB afterglows of interest (Panaitescu & Kumar
2001, 2002). The jet kinetic energy is found to be surprisingly similar in different bursts, being
tightly clustered around 3× 1050 erg. Frail et al. (2001) found the genuine gamma-ray energy
releases are also clustered around 5 × 1050 erg after the jet initial aperture θj inferred from
afterglows are accounted for (a factor of 3 is amplified by Bloom, Frail & Kulkarni 2003). The
total energy budget of a GRB is therefore close to that of a common supernova. Late time
X-ray luminosity has been recognized to be largely independent of the types of environment
(Kumar 2000; Freedman & Waxman 2001). Subsequent statistics of the X-ray luminosities of
several GRBs at 10 hours since burst led to the conclusion that LX,10hr corrected for the jet
aperture is again clustered around 1044 − 1045 erg s−1 (Berger, Kulkarni & Frail 2003a). The
above three independent estimations all identify the GRB as a standard energy reservoir and
hence as a possible probe of the Universe.

The discovery of optical transient in GRB 030329 (Price et al. 2003) and its association
with SN 2003dh (Stanek et al. 2003) provides strong evidence for GRB-Supernova connection
and removes any lingering doubt on the association of GRB 980425 with SN 1998bw. These
two associations together with several GRBs with late time re-brightening strongly imply near
simultaneity of GRBs and SNe, with trigger time difference no more than 1 to 2 days (Wu
et al. 2003; Hjorth et al. 2003). Although the detailed physical processes are still uncertain,
the central engine of at least long GRBs has thus been confirmed to be the core collapse of
massive stars, called collapsars by Woosley (1993) as well as hypernovae for their energetics by
Paczyński (1998). Previous studies favored the interstellar medium (ISM) as the environment of
GRBs, albeit there were indications of wind environment for several GRBs within the spherical
wind interaction model (Dai & Lu 1998b; Mészáros, Rees & Wijers 1998; Chevalier & Li 1999,
2000; Li & Chevalier 1999, 2001, 2003; Dai & Wu 2003). The preference is partly due to the
conclusion, based on the previous works (Kumar & Panaitescu 2000; Gou et al. 2001), that a
jet in a stellar wind cannot produce a sharp break in the light curve. In fact, radiative loss of jet
energy was improperly neglected in these works, because the radiative phase lasts for hours or
even one day due to the large wind density in the early afterglow. This fast cooling radiation will
reduce the jet energy by about one order of magnitude. Realistic jets with energy losses in the
stellar wind environments are found to be consistent with several GRB afterglows (Panaitescu
& Kumar 2002). Another origin of the bias against the wind environment came from the
relatively large χ2 or even impossibility of fit in some bursts. This result may be understood if
the complicated mass loss evolutions of the progenitors at different stages and their interactions
with larger scale environments are taken into account (Chevalier 2003). However, the region
near the progenitor (within sub-pc) will not be affected and will be reflected in the intra-day
afterglow. Even in the case of a supernova taking place 2 days earlier than the associated GRB,
the supernova ejecta moving with one tenth of the light speed will reach no more than 1016 cm,
which is the typical deceleration radius marking the beginning of the afterglow.

According to the above review of the recent progress in the GRBs and the wind environment,
it seems worthwhile to revisit the evolution and radiation of homogeneous jets in a stellar wind
environment. In this paper, we will study the dynamics and radiation in the jet plus wind model
in Section 2. Numerical results with afterglow light curves clarifying the effects of different
parameters are presented in Section 3. In Section 4 we give our discussion and conclusions.
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2 DYNAMICS AND RADIATION

The dynamics of a realistic jet with radiative loss and lateral expansion running into a
homogeneous interstellar medium is well described in Huang, Dai & Lu (2000b) and Huang
et al. (2000a). Gou et al. (2001) studied in detail the evolution of a jet in a stellar wind
environment, but they did not consider the radiative loss. We will follow these works and
consider the radiative loss which is especially important in the wind environment case. We will
also extend our calculation of the light curves into the radio band. Here we first give a brief
description of our improved model.

2.1 Dynamics

The evolution of the radius R, swept-up mass m, half-opening angle θ and Lorentz factor
γ of the beamed GRB ejecta with initial baryon loading Mej and Lorentz factor γ0 is described
by (Huang et al. 2000a; Huang, Dai & Lu 2000b)

dR
dt

= βcγ(γ +
√

γ2 − 1), (1)

dm
dR

= 2πR2(1− cos θ)nmp, (2)

dθ

dt
=

cs(γ +
√

γ2 − 1)
R

, (3)

dγ

dm
= − γ2 − 1

Mej + εm + 2(1− ε)γm
, (4)

where t is the observer’s time, β =
√

γ2 − 1/γ, n is the proton number density of the surround-
ing medium, mp is the mass of a proton, and ε is the radiative efficiency. For a stellar wind
environment, the number density is given by (Chevalier & Li 1999, 2000)

n = AR−2, (5)

where A = Ṁ/4πmpvw = 3× 1035A∗ cm−1, Ṁ being the mass loss rate and

A∗ =
Ṁ

10−5M�yr−1

( vw

103km s−1

)−1

(6)

is the wind parameter. The comoving sound speed cs is (Huang et al. 2000),

c2
s = γ̂(γ̂ − 1)(γ − 1)

1
1 + γ̂(γ − 1)

c2, (7)

where γ̂ ≈ (4γ + 1)/(3γ) is the adiabatic index, which is appropriate for both relativistic and
non-relativistic equations of state (Dai, Huang & Lu 1999).

To estimate the radiative efficiency ε, we assume the shock-accelerated electrons and the
amplified magnetic field in the ejecta comoving frame each carry a constant fraction, ξe and ξB,
of the total thermal energy. The magnetic energy density and the minimum Lorentz factor of
the shock accelerated power law electrons in the comoving frame are then determined by

B′2

8π
= ξB

γ̂γ + 1
γ̂ − 1

(γ − 1)nmpc2, (8)
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γm = ξe(γ − 1)
mp(p− 2)
me(p− 1)

+ 1, (9)

me being the electron mass and p, the index in the electron power law energy distribution.
The radiative efficiency of the ejecta is determined by a combination of the available fraction
of energy to radiation contained in the electrons and the efficiency of the radiation mechanisms
(Dai et al. 1999),

ε = ξe

t′−1
syn

t′−1
syn + t′−1

ex

, (10)

where t′ex = R/(γc) and t′syn = 6πmec/(σTB′2γm) are the comoving-frame expansion time and
synchrotron cooling time, respectively.

2.2 Synchrotron Radiation and Self-absorption

The distribution of electrons newly accelerated by the shock is assumed to be a power
law function of the electron kinetic energy. Recently Huang & Cheng (2003) stressed that the
distribution function should take the following form, dN ′

e/dγe ∝ (γe − 1)−p with γm ≤ γe ≤
γM, where γM = 108(B′/1G)−1/2. This is especially important in the deep Newtonian stage.
Radiation will cool down the electrons and thus change the shape of the distribution. The
cooling effect is significant for electrons with Lorentz factors above the critical value (Sari,
Piran & Narayan 1998),

γc =
6πmec

σTγB′2t
. (11)

In the comoving frame, the synchrotron radiation power at frequency ν′ from electrons of
known distribution is given by (Rybicki & Lightman 1979)

P ′(ν′) =
√

3q3
eB′

mec2

∫ γM

min(γm,γc)

(dN ′
e

dγe

)
F

( ν′

ν′e

)
dγe, (12)

where qe is the electron charge, ν′e = 3 sin ϑγ2
e qeB

′/4πmec is a typical emission frequency of the
γe electron, and

F (x) = x

∫ ∞

x

K5/3(k)dk , (13)

with K5/3(k) the Bessel function. As emphasized by Wijers & Galama (1999), the random
pitch angle ϑ between the velocity of the electron and the magnetic field will have some effect
on the modelling of GRB afterglows. We choose the isotropic distribution of ϑ and have

ν′e =
3γ2

e qeB
′

16mec
. (14)

The characteristic frequencies corresponding to γc, γm and γM electrons, are denoted by ν′c, ν′m
and ν′M.

In the wind environment the early radio afterglow flux density is reduced significantly by
synchrotron self absorption (SSA). This effect can be calculated using the analytical expressions
derived by Wu et al. (2003). We give a more direct and convenient formula for the optical depth
by SSA for different electron distributions as follows:

1. For 1 ≤ γc ≤ γm,

dN ′
e

dγe
=

{
C0(γe − 1)−2 (γc ≤ γe < γm),
C1(γe − 1)−(p+1) (γm ≤ γe ≤ γM),

(15)
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where

C0 =
[( 1

γc − 1
− 1

γm − 1

)
+

1
p(γm − 1)

(
1− (γm − 1)p

(γM − 1)p

)]−1

Nele, (16)

C1 = C0(γm − 1)p−1, (17)

and Nele is the total electron number of a jet element. The self-absorption optical depth is

τν′ = csa
qe

B′C0
Ncol

Nele
×



γ−6
c (

ν′

ν′c
)−5/3 (ν′ ≤ ν′c),

γ−6
c (

ν′

ν′c
)−3 (ν′c < ν′ ≤ ν′m),

γ−6
m (

ν′

ν′m
)−(p+5)/2 (ν′m < ν′ ≤ ν′M),

γ−6
m (

ν′

ν′m
)−5/2(

γm

γM
)pe1−ν′/ν′

M (ν′M < ν′),

(18)

where csa is (Wu et al. 2003)

csa = 10.4(p + 2)/(p + 2/3), (19)

while
Ncol =

m

2π(1− cos θ)R2mp
(20)

is the column density through which the synchrotron photons will experience synchrotron self
absorption before emerging from the jet surface. Here we do not consider the corresponding
correction on the optical depth by the exact distribution of electrons, since the SSA coefficients
are deduced under the assumption of soft photons and ultra-relativistic electrons, and when
the bulk of the electrons are in the non-relativistic region the emitting source has already been
optically thin to SSA.

2. For γm < γc ≤ γM,

dN ′
e

dγe
=

{
C2(γe − 1)−p (γm ≤ γe < γc),
C3(γe − 1)−(p+1) (γc ≤ γe ≤ γM),

(21)

where (Huang & Cheng 2003)
C2 = C3/(γc − 1), (22)

C3 =
[ (γm − 1)1−p − (γc − 1)1−p

(γc − 1)(p− 1)
+

(γc − 1)−p − (γM − 1)−p

p

]−1

Nele. (23)

The optical depth is

τν′ = csa
qe

B′C2
Ncol

Nele
×



γ
−(p+4)
m (

ν′

ν′m
)−5/3 (ν′ ≤ ν′m),

γ
−(p+4)
m (

ν′

ν′m
)−(p+4)/2 (ν′m < ν′ ≤ ν′c),

γ
−(p+4)
c (

ν′

ν′c
)−(p+5)/2 (ν′c < ν′ ≤ ν′M),

γ
−(p+4)
c (

ν′

ν′c
)−5/2(

γc

γM
)pe1−ν′/ν′

M (ν′M < ν′) .

(24)
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3. For γc > γM, we have

dN ′
e

dγe
= C4(γe − 1)−p (γm ≤ γe ≤ γM), (25)

where (Huang & Cheng 2003)

C4 =
p− 1

(γm − 1)1−p − (γM − 1)1−p
Nele. (26)

The optical depth is

τν′ = csa
qe

B′C4
Ncol

Nele
×


γ
−(p+4)
m (

ν′

ν′m
)−5/3 (ν′ ≤ ν′m),

γ
−(p+4)
m (

ν′

ν′m
)−(p+4)/2 (ν′m < ν′ ≤ ν′M),

γ
−(p+4)
m (

ν′

ν′m
)−5/2(

γm

γM
)p−1e1−ν′/ν′

M (ν′M < ν′). (27)

The radiation power is assumed to be isotropic in the comoving frame. Let Θ be the angle
between the velocity of an emitting element and the line of sight and define µ = cos Θ, the
observed flux density at frequency ν from the emitting element is

Sν =
1 + z

γ3(1− βµ)3
1

4πD2
L(z)

1− exp(−τ [γ(1− βµ)(1 + z)ν])
τ [γ(1− βµ)(1 + z)ν]

P ′[γ(1− βµ)(1 + z)ν], (28)

where the luminosity distance is

DL(z) = (1 + z)
c

H0

∫ z

0

dz′√
ΩM(1 + z′)3 + ΩΛ

, (29)

with ΩM = 0.3, ΩΛ = 0.7 and H0 = 65 km s−1 Mpc−1 adopted in our calculations. The total
observed flux density can be integrated over the equal arrival time surface determined by

tobs = (1 + z)t = (1 + z)
∫

1− βµ

βc
dR ≡ const. (30)

3 NUMERICAL RESULTS

We investigate the effects of various parameters on the afterglow light curve in our realistic
jet+wind model. For convenience, we chose a set of ‘standard’ initial parameter values as
follows: Eiso = 2 × 1053 erg, θ0 = 0.1, θv = 0, γ0 = 300, ξe = 0.1, ξB = 0.1, p = 2.2, and
A∗ = 1.0. Here θ0 is the jet half-opening angle while θv is the observer’s viewing angle with
respect to the jet axis. The GRB in our calculations is assumed to be at z = 1.0, and the
luminosity distance is about DL = 7.1 Gpc.

Figure 1 shows the optical and radio light curves with Eiso varying between 1052 and 1054

erg while the other parameters are fixed at their standard values. The early optical light curves
resemble roughly those of spherical ones (for analytical jet+wind model, see Livio & Waxman
2000). The theoretical temporal evolution of the optical flux density changes from t−1/4 to
t−(3p−2)/4 ( t−1.15 for p = 2.2) when νm crosses the optical band, at time (Chevalier & Li 2000),

tm = 0.1
(1 + z

2

)1/3( ξe

0.1

)4/3( ξB

0.1

)1/3

E
1/3
iso,53ν

−2/3
R days, (31)
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where νR = ν/4.36 × 1014 Hz is scaled to the R−band frequency and where we have adopted
the convention Q = 10xQx. The actual indices of the light curves in our calculations deviate
slightly from the ideal spherical predictions. Wei & Lu (2002a, 2002b) suggested that some
sharp breaks come from a spectral origin. Nevertheless, the radiative loss of kinetic energy
and the effect of equal arrival time surface (EATS) cause several differences in the temporal
evolution. For the extremely high isotropic energy case, viz. Eiso,53 = 10, there are two breaks
in the light curve, as it evolves from t−0.95 to t−1.6, and finally approaches the jet-like behavior
t−2.0. This temporal behavior is also seen in the ‘standard’ Eiso,53 = 2 case, except that the
scaling law evolves from t−1.14 to t−1.8 and finally reaches t−2.0. For other low Eiso cases, the
light curves have only one break, while before the jet break the temporal index β is ∼ 1.3− 1.4
and after the jet break β ≈ 2.0 (Fν ∝ t−β). The theoretical change of β in the spherical wind
model takes place at (see also, Chevalier & Li 2000)

tc = 3.8× 103
(1 + z

2

)3( ξB

0.1

)3

E−1
iso,53A

4
∗ν

2
R days, (32)

which is much later than the moment when significant lateral expansion is included. After that
νc will cross the R band and β changes from (3p − 2)/4 to (3p − 1)/4 (i.e. from 1.15 to 1.4
for p = 2.2). The difference of β between the jet model and the spherical model is ascribed to
the EATS effect (see also fig. 2 of Kumar & Panaitescu 2000). The radiative loss of energy also
plays an important role for the diversity of the light curves. A crude estimate of the energy
loss can be made by considering the synchrotron radiation within the spherical fireball model.

When the fireball is in the fast cooling stage, the observed power is P⊕ = −dEiso

dt⊕
≈ ξe

Eiso

t⊕
and

the fireball energy evolves as

Eiso = Eiso,i

( t⊕
ti

)−ξe

, (33)

where Eiso,i is the initial energy and ti = tdec = 1.5× 10−6(
1 + z

2
)Eiso,53A

−1
∗ (

γ0

300
)−4 day is the

initial time of the afterglow, which begins at the deceleration radius. The fast cooling stage

ends at t0 = 2
(1 + z

2
)( ξe

0.1
)( ξB

0.1
)
A∗ days (Chevalier & Li 2000). The kinetic energy decreases

to Eiso,0 ∼ 0.25Eiso,i (ξe = 0.1) at t0. The synchrotron power in the slow cooling stage is

P⊕ ≈
ξe

3− p

( t⊕
t0

)−(p−2)/2 Eiso

t⊕
. The final fireball energy is

Eiso,f ≈ Eiso,0exp
[
− 2ξe

(3− p)(p− 2)

]
≈ 0.07Eiso,i, (34)

in which we have put p = 2.2 and ξe = 0.1. Early works neglected such tremendous loss of
the jet energy and assumed relatively large isotropic energy and jet opening angle, leading to
inconspicuous jet breaks (Gou et al. 2001). However, we show that notable breaks of optical
light curves exist in all cases, as can be seen in Fig. 1. Although the temporal indices both
before and after the break (see Fig. 1, t ∼several×104 seconds) vary with Eiso, the change of
the temporal index in each case is nearly the same, ∆β ≈ 0.65, and is well within one decade
of time. Kumar & Panaitescu (2000) found that in a stellar wind β increases by ∼ 0.4 over
two decades of time, while in a uniform density medium β increases by ∼ 0.7 within about one
decade of time. However, their conclusion is based on ignoring the energy losses by radiation.
Our present results thus make the jet+wind model competitive with the jet+ISM model. Radio
afterglows are affected by the synchrotron self-absorption due to the dense wind medium at early



462 X. F. Wu, Z. G. Dai, Y. F. Huang, & H. T. Ma

times. A rapid rise of radio flux density proportional to t2 in Fig. 1 is consistent with theoretical
expectation. As Eiso decreases, the transition to the optically thin regime becomes later than
tm, and the radio light curve changes from type D to type E of Chevalier & Li (2000). At late
times, the radio afterglow decays as t−p because of lateral expansion.

Fig. 1 Effects of the parameter Eiso on the optical (R−band, left panel) and radio (4.86 GHz,
right panel) light curves. The solid line corresponds to the ‘standard’ jet with Eiso = 2× 1053 erg,
θ0 = 0.1, γ0 = 300, ξe = 0.1, ξB = 0.1, and p = 2.2 running into a stellar wind with A∗ = 1.0.
Other lines are drawn with only Eiso changed.

The effect of the wind parameter A∗ on the afterglow light curve is shown in Fig. 2. The
early optical light curves (less than ∼ 103 s) and late-time radio light curves (when jet lateral
expansion is significant) show little difference in the three cases with different A∗. The jet break
in the optical band is indistinct when A∗ = 0.3, contrary to the denser wind cases, in which
an obvious optical break occurs around one day. The early radio afterglow is suppressed more
strongly in denser winds. The radio light curves changes from type D to type E as A∗ increases.

Fig. 2 Effect of the parameter A∗ on the optical (R−band, left panel) and radio (4.86GHz, right
panel) light curves. The solid line corresponds to the ‘standard’ jet with Eiso = 2 × 1053 erg,
θ0 = 0.1, γ0 = 300, ξe = 0.1, ξB = 0.1, and p = 2.2 running into a stellar wind with A∗ = 1.0.
Other lines are drawn with only A∗ changed.
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For a relatively tenuous wind which cannot decelerate the relativistic jet to cause a sharp
break around one day, the wind termination shock due to the ram pressure balanced by the
surrounding medium occurs at a small radius, i.e. several times 1017 cm (Ramirez-Ruiz et
al. 2001). Different mass loss histories of the progenitors or different large-scale environments
surrounding the winds will lead to diverse environments for the GRB afterglow (see the review
by Chevalier 2003). At least four kinds of GRB environment have been considered so far,
stellar wind (Dai & Lu 1998b; Mészáros et al. 1998; Chevalier & Li 1999), the ISM, dense
medium (Dai & Lu 1999) and density jumps (Dai & Lu 2002). A complex, stratified medium
resulting from interaction between the winds or between a wind and an outer dense medium
has been recently proposed to explain GRB 030226 by Dai & Wu (2003). This complicated and
more realistic environment has the potential of unifying the diverse media, and, especially, of
explaining the peculiar afterglow of GRB 030329 that included a large flux increase and several
fluctuations. Fluctuations subtracted from the power-law light curve of GRB 021004 indicate
clouds and shells around the wind of a Wolf-Rayet star, which is the progenitor of an SN Ib/c
and a collapsar (Schaefer et al. 2003; Mirabal et al. 2003). In the complicated wind case, the jet
will reach the wind termination shock radius at the observed time (Ramirez-Ruiz et al. 2001;
Chevalier & Li 2000),

tt = 1.5
(1 + z

2

)
A2
∗,−1E

−1
iso,53nout hrs, (35)

where nout is the number density of the outer uniform medium in units of cm−3. After this
time the jet enters the outer uniform medium. We calculate the light curve of such a jet with
A∗ = 0.1 and nout = 1 cm−3. The density ratio of the outer medium to the wind at the
termination shock radius is ∼ 4, which will not lead to a reverse shock propagating into the jet.
As illustrated in Fig. 3, the resulting optical light curve flattens from an initial t−1.5 before 6
hours to t−1.2 after entering the uniform medium, and then declines steeply as t−2.3 after ∼ 9
days due to runaway lateral expansion. This result provides the first piece of evidence that in

Fig. 3 Optical (R−band, left panel) and radio (4.86 GHz, right panel) afterglows from jets in
a wind environment surrounded by a uniform medium. The solid line corresponds to the jet
with Eiso = 2 × 1053 erg, θ0 = 0.1, γ0 = 300, ξe = 0.1, ξB = 0.1, and p = 2.2 running into a
circum-stellar wind with A∗ = 0.1 and then entering the outer uniform medium of nout = 1.0
cm−3 when R > Rc = 4 × 1017 cm. An entire stellar wind situation is calculated (dotted line)
for comparison.
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the tenuous wind case an obvious sharp break can be caused by the medium outside the wind
termination shock. The radio flux density will increase by a factor of a few times since tt and
thereafter follows the behavior of the jet+ISM model, which exhibits a jet break and shows a
late time flattening when the shock becomes spherical and enters the deep Newtonian phase.

The previous estimate of the jet half-opening angle θ0 comes from direct fitting of afterglows
and observed jet break time (Panaitescu & Kumar 2001, 2002; Frail et al. 2001; Bloom et al.
2003). The statistics shows a large dispersion of θ0, ranging from 2◦ to ∼ 40◦. Here we calculate
the effect of θ0 on the light curves, the result is shown in Fig. 4. A large θ0 reduces the jet edge
effects. For the case of θ0 = 0.2, the temporal index β for the R band varies from 1.1 to 1.55
and then to 2.0 at ∼ 100 days. However, jets with relatively smaller θ0 will experience the jet
break at earlier times. For the cases of θ0 = 0.075 and 0.05, β evolves from 1.3− 1.4, to 2.0 at
around 1 day. The corresponding ∆β is 0.7 and 0.6, respectively. The radio light curves show
no difference at early times, due to the relativistic beaming effect and the same energy per solid
angle.

Fig. 4 Effects of the parameter θ0 on the optical (R−band, left panel) and radio (4.86GHz, right
panel) light curves. The solid line corresponds to the ‘standard’ jet with Eiso = 2 × 1053 erg,
θ0 = 0.1, γ0 = 300, ξe = 0.1, ξB = 0.1, and p = 2.2 running into a stellar wind with A∗ = 1.0.
Other lines are drawn with only θ0 changed.

As we know, the strong correlation between Eiso and θ0 makes the GRBs a standard candle.
A reliable treatment of the effect of Eiso or θ0 on the jet light curve should include their intrinsic
connection. We calculate the afterglows under the assumption of standard energy reservoir,

Ej ≈ Eiso
θ2
0

2
≡ 2 × 1051 erg, and illustrate the results in Fig. 5. The characteristic feature of

sharp breaks still remains for the narrow jets. For the case of θ0 = 0.2, β for the R band evolves
from 1.16 to 1.7, which is relative shallower than typical jet-break. The temporal index will
further approach 1.86 tens of days later. For a standard candle with a smaller angle of θ0 = 0.05
(θ0 = 0.025), β evolves from 1.25 (1.3) to 1.85 (1.9) and then reaches 2.05 (2.06). Comparing
with Fig. 4, the light curves in Fig. 5 are more diverse at early times because the energy per
solid angle is not a constant. Larger θ0 will result in a smaller value of energy per solid angle
and cause a lower level of flux density of both the optical and radio afterglows. However, the
late time light curves are almost the same.

We also investigate the effects of ξe and ξB on the light curves. Their most important effect
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is in the jet dynamics due to radiative loss, as illustrated in Eqs. (33) and (34). Figure 6 shows
the effects of ξe on the afterglows. In the case of ξe = 0.2, β changes from 1.2 to 1.95. In
the case of ξe = 0.4, β changes from 1.5 to 2.2. Both cases show sharp breaks of ∆β ≈ 0.7
at around one day. The effect of ξB is more complicated, since changing ξB significantly alters
the type of the optical light curve. According to Eq. (32), tc is very sensitive to ξB. A small ξB

will result in a type B optical afterglow, in which β = (3p − 1)/4 (Chevalier & Li 2000). The
reason is that the three characteristic time scales depend on ξB respectively as tc ∝ ξ3

B, t0 ∝ ξB

and tm ∝ ξ
1/3
B . Decreasing ξB will alter these three times significantly and lead to a type B

afterglow, i.e. tc < t0 < tm. Figure 7 shows that, for ξB = 10−2 and 10−3, the β of the optical
light curve evolves from 1.6 at early times to ∼ 2.1 ten days later. Although ∆β ≈ 0.5, the
break is still obvious since it is completed within one decade of time in these cases.

Fig. 5 Optical (R−band, left panel) and radio (4.86GHz, right panel) afterglows from jets under the

standard energy reservoir assumption, i.e. Ej = Eiso
θ2
0

2
≡ 2× 1051 erg. The solid line corresponds

to the ‘standard’ jet with Eiso = 2 × 1053 erg, θ0 = 0.1, γ0 = 300, ξe = 0.1, ξB = 0.1, and p = 2.2
running into a stellar wind with A∗ = 1.0. Other lines are drawn with only θ0 changed while keeping
Ej the same.

It is interesting to study the effect of the electron energy index, p, on the light curves. Theo-
retically p is very likely to lie within 2.2−2.4, but observations of GRB afterglows indicate that
p may cover a rather wide range. Figure 8 shows the behavior of the afterglows with different p.
It should be pointed out that the jet dynamics is not affected by p in our considerations. The
light curves show no difference at very early times. For the optical afterglow, β evolves from
1.28 to 2.0 and 2.25 at very late times in the case of p = 2.4, and from 1.48 (1.6) to 2.2 (2.4)
and finally to 2.55 (2.8) in the case of p = 2.6 (p = 2.8). The former breaks with ∆β ∼ 0.7−0.8
are sharp enough to make the jet+wind model capable of fitting most of the observed breaks
in afterglows.

It is also important to determine the jet initial Lorentz factor through fitting the afterglows.
Previous works have discussed the optical flash arising from a reverse shock when a fireball shell
interacts with its circum-progenitor wind (Chevalier & Li 2000; Wu et al. 2003). The Lorentz
factor can be determined from the optical flash. The imprint of Lorentz factor is also expected
to appear in very early afterglows. Figure 9 illustrates the difference in the early optical and
radio afterglows caused by different initial Lorentz factors. We see that lower Lorentz factors
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give lower flux densities at early times. However, late time afterglows depend mainly on the
total energy of the jet and so the light curves in Figure 9 differ from each other only slightly at
late stages.

Fig. 6 Effects of the parameter ξe on the optical (R−band, left panel) and radio (4.86GHz, right
panel) light curves. The solid line corresponds to the ‘standard’ jet with Eiso = 2 × 1053 erg,
θ0 = 0.1, γ0 = 300, ξe = 0.1, ξB = 0.1, and p = 2.2 running into a stellar wind with A∗ = 1.0.
Other lines are drawn with only ξe changed.

Fig. 7 Effects of the parameter ξB on the optical (R−band, left panel) and radio (4.86GHz, right
panel) light curves. The solid line corresponds to the ‘standard’ jet with Eiso = 2 × 1053 erg,
θ0 = 0.1, γ0 = 300, ξe = 0.1, ξB = 0.1, and p = 2.2 running into a stellar wind with A∗ = 1.0.
Other lines are drawn with only ξB changed.

Lastly, we examine the effects of the viewing angle within our jet+wind model and illustrate
the results in Fig. 10. This study may be of some help to our understanding of orphan afterglows,
which are afterglows whose parent bursts were not observed because they lay off-axis with
respect to our line of sight (Huang, Dai & Lu 2002).

The actual profile of GRB jets is likely to be Gaussian (Zhang & Mészáros 2002a). It is
interesting that the afterglow behavior of a Gaussian jet is very similar to that of a simple
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uniform jet, especially when the uniform jet is assumed to have no lateral expansion. This
conclusion is supported by the hydrodynamical simulations of Kumar & Granot (2003), who
showed that the lateral expansion velocity (vθ) of a Gaussian jet is significantly less than the
local sound speed. In other words, we can approximate a Gaussian jet with a uniform jet with
lateral expansion velocity set at vθ = 0. In Fig. 11, we illustrate the effect of vθ on the afterglow
light curves. It is clearly shown that although the absolute intensities are different, the jet
breaks in the R-band light curves are similar in the two cases. In the vθ = 0 case, β evolves
from 1.0 to 1.7, so that the light curve breaks by about ∆β = 0.7 at around one day.

Fig. 8 Effects of the parameter p on the optical (R−band, left panel) and radio (4.86GHz, right
panel) light curves. The solid line corresponds to the ‘standard’ jet with Eiso = 2 × 1053 erg,
θ0 = 0.1, γ0 = 300, ξe = 0.1, ξB = 0.1, and p = 2.2 running into a stellar wind with A∗ = 1.0.
Other lines are drawn with only p changed.

Fig. 9 Effects of the parameter γ0 on the optical (R−band, left panel) and radio (4.86GHz, right
panel) light curves. The solid line corresponds to the ‘standard’ jet with Eiso = 2 × 1053 erg,
θ0 = 0.1, γ0 = 300, ξe = 0.1, ξB = 0.1, and p = 2.2 running into a stellar wind with A∗ = 1.0.
Other lines are drawn with only γ0 changed.
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Fig. 10 Effects of the parameter θv on the optical (R−band, left panel) and radio (4.86GHz,
right panel) light curves. The solid line corresponds to the ‘standard’ jet with Eiso = 2× 1053 erg,
θ0 = 0.1, γ0 = 300, ξe = 0.1, ξB = 0.1, and p = 2.2 running into a stellar wind with A∗ = 1.0.
Other lines are drawn with only θv changed.

Fig. 11 Effects of lateral expansion velocity vθ on the optical (R−band, left panel) and radio
(4.86GHz, right panel) light curves. The solid line corresponds to the ‘standard’ jet with Eiso =
2 × 1053 erg, θ0 = 0.1, γ0 = 300, ξe = 0.1, ξB = 0.1, and p = 2.2 running into a stellar wind with
A∗ = 1.0, with vθ = cs. The dotted line corresponds to no lateral expansion, i.e. vθ = 0.

4 DISCUSSION AND CONCLUSIONS

The recently observed association of GRB 030329 and SN 2003dh strongly suggests a mas-
sive star origin for long GRBs. In the context of massive star evolution, a type Ib/c SN is
expected to explode from a Wolf-Rayet star. The environment is thus likely to be a high speed
stellar wind ejected from the progenitor. Despite the above basic physical reasoning, results
of previous works favored instead an interstellar medium environment. This preference was
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partly due to the fact that the previous authors thought that the jet+wind model was unable
to produce sharp breaks in the optical afterglow light curves. In this paper we have revisited a
more realistic jet+wind model and studied the effects of various parameters, such as Eiso, θ0,
A∗, ξe, ξB, etc.. Our more realistic model includes radiative energy loss and lateral expansion as
well as the equal-arrival time surface effect. Inverse Compton scattering of synchrotron photons
is not considered in this model, which can additionally decrease the cooling electron Lorentz
factor γc, leading to a further decrease of the jet energy. We find that obvious breaks can in
fact be seen in the optical light curves. Temporal evolution of the jet energy due to radiative
loss may be the main ingredient that gives rise to the notable break. Inverse Compton spectra
components emerge always in the X-ray band, and will not significantly affect the temporal
behavior of the optical afterglows in our calculations. Our results strongly suggest that breaks
in the light curve can also be produced by jets expanding into stellar winds. The change of
temporal index ∆β of these breaks, generally ranging from ∼ 0.6 to 0.8, happens from less than
a day to several days since the GRB while the transitions are generally well within one decade
of time. The smallest break ∆β ≈ 0.5 in our calculation occurs in a very weak wind. In reality,
the stellar wind may be surrounded by an outer homogeneous medium, which would greatly
complicate the physics of the afterglow.

Despite the overwhelming success of this simple jet model, the structure of GRB jets has
recently been intrigued the model constructors, although it has already been considered in early
works (Mészáros et al. 1998; Dai & Gou 2001). The motivation is driven by the large dispersion
of both the isotropic gamma-ray energy releases and the jet apertures, compared to their tight
correlation resulting in a standard candle as discussed above. There are two simple treatments
of the jet structure that keep to the axial symmetry of the jet. One common treatment is to
assume the energy per solid angle and the Lorentz factor (therefore the baryon loading) decrease
as power law functions of the angle from the jet axis. There exists a uniform and very narrow
inner cone at the center in order to keep the total energy finite. This kind of structured jet
has the advantage of being able to explain the observed larger jet aperture with lower isotropic
luminosity simply as a viewing angle effect, if the power law index of the energy distribution is
about −2. It is also capable of reproducing the sharp breaks of some optical afterglows, as well
as the observed luminosity function (Rossi, Lazzati & Rees 2002; Zhang & Mészáros 2002a).
As the transverse gradient of energy density is much smaller in the structured jet than in the
homogeneous jet which has a definite boundary with the environment, the lateral expansion
almost never approaches the local sound speed in the co-moving frame and can essentially
be neglected in the analytic solutions (Kumar & Granot 2003). Detailed re-examination of
structured jet is now available both numerically (Kumar & Granot 2003) and analytically (Wei
& Jin 2003; Granot & Kumar 2003; Panaitescu & Kumar 2003; Salmonson 2003). However,
the most probable profile of power law structured jet is the one with energy index −2 and a
constant Lorentz factor, constrained by the existing afterglows (Granot & Kumar 2003). The
other treatment is to assume the energy per solid angle is a Gaussian function of the angle from
the jet axis (Zhang & Mészáros 2002a; Zhang et al. 2004). This Gaussian jet, despite relatively
small lateral expansion, will not deviate from the simple homogeneous jet significantly in their
afterglow behaviors (Kumar & Granot 2003; Zhang & Mészáros 2002a).

Although the power law structured jet model has the potential virtue of interpreting the
large dispersion of GRBs within a unified picture, it is still confronted by several difficulties.
(1) It is not supported by the simulations of relativistic jet formation during the core collapsing
of massive stars by MacFadyen & Woosley (2001). In their J32 model, the profile of the energy
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distribution at the emergence from the progenitor envelope is much better described by a
Gaussian function, i.e. a Gaussian jet. In fact, the index should be −4 rather than −2 between
5◦ and 10◦ if a power law energy distribution is assumed. Zhang, Woosley & Heger (2004) have
calculated the propagation of a relativistic jet within its massive stellar progenitor (see also
Zhang, Woosley & MacFadyen 2003). The ultimate structure at emergence is characterized
by a uniform core component of a higher Lorentz factor spanning a few degree, with a sharp
decline boundary adjoining a wider component with a lower Lorentz factor. (2) The power
law structured jet model unifies most GRBs at the expense of introducing another adjustable
parameter, θc, the half-opening angle of the uniform core component. Different central engines
will lead to different jet half-opening angles θ (MacFadyen & Woosley 2001). To maintain
the merit of power law structured jet model we have to regard θc as a universal constant for
all GRBs, and this has to be confirmed by observations through data fitting. (3) The most
probable distribution of the Lorentz factor is a homogeneous one within the jet. However, it
is difficult to imagine such a distribution can be sustained at large angles and not affected
by abundant baryon loading outside a very narrow funnel. The homogeneous jet model also
appreciably suffers from this problem for a few GRB afterglows with large apertures, and can
be settled by considering a two-component model as recently proposed (Berger et al. 2003b;
Huang et al. 2004). (4) Another difficulty for the power law structured jet model may be
the pre-break flattening predicted by a few authors (Wei & Jin 2003; Kumar & Granot 2003;
Granot & Kumar 2003). The flattening is due to the emergence of the core component before
the jet break of the light curve while the observer’s line of sight is outside θc. Such a flattening
will even develop to a pre-break bump if θc is within 1◦ (Salmonson 2003). This new type of
bump has been proposed to explain the peculiar behavior of GRB 000301C, as an alternative to
energy injection, density jump or microlensing scenarios (Dai & Lu 1998a; Zhang & Mészáros
2002b; Dai & Lu 2002; Garnavich, Loeb & Stanek 2000). However, it is suspect because
some well-observed afterglows with large jet aperture such as GRB 000926 (θj = 8.1◦) have
not shown this pre-break bump behavior (Panaitescu & Kumar 2002). Future observations
of very early afterglows in the upcoming Swift era will help to discriminate the structure of
GRB jets. As proposed by Zhang & Mészáros (2002a), the actual profiles of GRB jets may be
Gaussian. The sideways expansion can be neglected since the gradients of physical parameters
in a Gaussian jet are much smaller than in an ideal uniform jet with a clear-cut lateral boundary
to its environment. In such a case, a sharp break exists as well. With the self-absorption of
synchrotron radiation included in our realistic jet+wind model, we are able to do broad-band
fittings of observed GRB afterglows.
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