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Abstract If X-ray flashes (XRFs) and X-ray rich Gamma-ray Bursts (XRRGs) have the same
origin as the Gamma-ray bursts (GRBs) but are viewed off-center from structured jets, their
early afterglows may differ from those of GRBs, and when the ultra-relativistic outflow inter-
acts with the surrounding medium, there are two shocks formed, a forward shock (FS), and
a reverse shock (RS). We calculate numerically the early afterglow powered by uniform jets,
Gaussian jets and power-law jets in the forward-reverse shock scenario. A set of differen-
tial equations govern the dynamical evolution. The synchrotron self-Compton effect has been
taken into account in the calculation. In the uniform jets, the very early afterglows of XRRGs
and XRFs are significantly lower than the GRBs and the observed peak times of RS emission
are later in the interstellar medium environment. The RS components in XRRGs and XRFs
are difficult to detect, but in the stellar wind environment, the reduction of the very early
flux and the delay of the RS peak time are not so remarkable. In nonuniform jets (Gaussian
and power-law jets), where there are emission materials on the line of sight, the very early
light curve resembles equivalent isotropic ejecta in general although the RS flux decay index
shows notable deviations if the RS is relativistic (in stellar wind).
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1 INTRODUCTION

Late time GRB afterglow emission has been well observed and studied since the first detection in 1997 (van
Paradijs et al. 1997; Costa et al. 1997). After the launch of Swift , the early afterglow, especially in X-ray
band, has also been observed intensively. This early afterglow may provide important information about the
initial parameters of the burst and shed light on the explosion mechanism. In the standard baryonic GRB
fireball model, prompt GRB emission is produced by collisions of internal shocks and the afterglow comes
from interactions between burst-ejected materials and the circum-burst medium. After the internal shock
phase, when the fireball has been decelerated by the circumburst medium, usually a pair of shocks emerges
(Mészáros & Rees 1997; Sari & Piran 1999). One is a forward shock expanding outward to heat the external
medium, the other is a reverse shock (RS) propagating into the ejecta and heats the cold initial shell. Energy
is gradually transferred from the center to the outer medium through the shocked medium and ejecta. The
early afterglow studied in this paper is during this transition stage.
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Mészáros & Rees (1997) pointed out that the RS should emit detectable optical synchrotron photons.
This prediction has been confirmed by the optical flash and radio flare detected in GRB 990123 (Akerlof
et al. 1999; Kulkarni et al. 1999; Sari & Piran 1999; Mészáros & Rees 1999; Nakar & Piran 2004). The
later more detailed investigations suggested that the RS region may be magnetized (Fan et al. 2002; Zhang,
Kobayashi & Mészáros 2003; Panaitescu & Kumar 2004). Now, the RS emission has been studied inten-
sively from a theoretical standpoint, for instance, the RS emission in stellar wind medium (Chevalier & Li
2000; Wu et al. 2003; Koboyashi & Zhang 2003; Zou, Wu & Dai 2005); that powered by magnetized out-
flow or neutron-fed outflow (Fan et al. 2004b; Zhang & Kobayashi 2005; Fan et al. 2005a); and the pair-rich
RS emission (Li et al. 2003a; McMahon, Kumar & Piran 2005), but on the observational side, there have
only been a few additional candidates, namely, GRB 021211 (Fox et al. 2003; Li et al. 2003b; Wei 2003;
Kumar & Panaitescu 2003), GRB 041219a (Blake et al. 2005; Fan et al. 2005b), GRB 050525a (Klotz et
al. 2005; Shao & Dai 2005), GRB 050904 (Boër et al. 2006; Wei et al. 2006), and GRB 060111b (Klotz
et al. 2006). Whether the lack of RS emission events is due to observational limitations or some theoretical
problems may be settled by further observations.

XRFs are an interesting phenomenon which resembles GRBs. They are similar to GRBs in many as-
pects except their lower peak energies (∼10 keV) and lower isotropic energies (∼10 51 erg). Several models
have been proposed so far (Dermer, Chiang & Böttcher 1999; Heise et al. 2001; Huang, Dai & Lu 2002;
Barraud et al. 2003; Lamb, Donaghy & Graziani 2005). Among them the structured jet model is widely
discussed (see Zhang 2007 for a recent review). According to this model, observers at different viewing
angles see different phenomena. GRBs are observed near the axis of the jet and XRFs may be detected at
the edge of the jet. Between them are the XRRGs whose peak energy and isotropic energy are in between
the two. Possible jet models for the XRFs and XRRGs include the off-beam uniform jet model (Ioka &
Nakamura 2001; Yamazaki, Ioka & Nakamura 2002), the Gaussian jet model (Zhang & Mészáros 2002;
Lloyd-Ronning, Dai & Zhang 2004; Zhang, Dai & Lloyd-Ronning 2004), and the power-law jet model
(Mészáros et al. 1998; Jin & Wei 2004). The very early afterglow powered by structured jets has been
calculated by Fan et al. (2004a) analytically. In this work, we present our numerically obtained results.

The dynamical evolution is described in Section 2. The radiation calculation procedure is described in
Section 3. Afterglows from different jets are presented in Section 4. In section 5, our results are summarized,
together with a discussion.

2 DYNAMICAL EVOLUTION

Consider a homogenous cold shell ejected from the central engine with an isotropic energy E iso and width
∆0. It expands relativistically with Lorenz factor η, then its mass is mej = Eiso/ηc2. When an FS and an
RS are formed, there is a shocked region which consists of two parts: the shocked medium and the shocked
shell, separated by the contact discontinuity surface. The shocked region is assumed to have homogenous
bulk velocity and energy density, that is, γ2 = γ3, e2 = e3 (hereafter the subscript 2 denotes the shocked
medium, subscript 3, the shocked shell and subscript 4, the cold ejecta). However, the number density
and random particle velocity in the comoving frame are discontinuous at the contact surface. The random
Lorentz factor of the shocked protons is (γ2 − 1) in region 2 and (γ34 − 1) in region 3 (Blandford & Mckee
1976), where γ34 is the relative Lorentz factor of the shocked shell to the cold shell.

The kinetic energies of the shocked medium, the shocked shell and the unshocked shell are respectively:

E2 = (γ2 − 1)m2c
2 + (1 − ε2)γ2U2,

E3 = (γ3 − 1)m3c
2 + (1 − ε3)γ3U3,

E4 = (η − 1)(mej − m3)c2,

where U2 = (γ2 − 1)m2c
2 and U3 = (γ34 − 1)m3c

2. U2 and U3 are the internal energies in the comoving
frame. If a fraction ε of the energy in the fresh shocked material is radiated, the radiated thermal energies of
the shocked medium and the shocked shell are ε2γ2(γ2 − 1)dm2c

2 and ε3γ3(γ34 − 1)dm3c
2, respectively.

With energy conservation, we have

d(E2 + E3 + E4) = −ε2γ2(γ2 − 1)dm2c
2

−ε3γ3(γ34 − 1)dm3c
2 . (1)
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If GRBs are located in the interstellar medium (ISM), the number density of the external medium n 1 is
constant. If GRBs are born in stellar winds, then n1 = AR−2, where A = Ṁ/4πmpvw = 3×1035A∗ cm−1

and A∗ = (Ṁ/1×10−5M� yr−1)(vw/103 km s−1)−1 (Dai & Lu 1998; Chevalier & Li 2000). The swept-
up mass of FS evolves as

dm2

dR
= 4πR2n1mp . (2)

The comoving number density of the ejecta n4 = mej/4πmpR
2∆η, where ∆ = max(∆0, R/η2),

which is the width of shell after allowing for spreading. The spreading radius R s = ∆0η
2. When R is

smaller than Rs, ∆ ≈ ∆0. If R > Rs, ∆ ≈ R/η2 > ∆0. The swept-up mass of RS evolves as

dm3

dR
= 4πR2(β4 − βRS)η n4mp , (3)

where βRS = γ3n3β3−γ4n4β4
γ3n3−γ4n4

, which is the Lorentz factor of the RS (Fan et al. 2004b). From Equations (1)–
(3), it is found that γ2 evolves as

dγ2

dR
= −4πR2 Q

P
, (4)

where

Q = (γ2
2 − 1)n1mp + (γ2γ34 − η)(ηn4mp)(β4 − βRS),

P = m2 + m3 + (1 − ε2)(2γ2 − 1)m2 + (1 − ε3)(γ34 − 1)m3

+(1 − ε3)γ2m3[η(1 − β2β4) − ηβ4

γ2
2β2

].

The overall dynamical evolution of RS-FS can be obtained by solving Equations (2)–(4) combined with

dR =
β2

1 − β2

cdt

1 + z
, (5)

where t is the time measured by the observer and z is the redshift.
Let ηe denote the electron radiative efficiency, that is, a fraction η e of the electron energy is radiated. In

the fast cooling stage, electrons cool immediately and ηe = 1. In the slow cooling stage, ηe = (γm/γc)p−2

(Sari & Esin 2001), where γm is the minimum Lorentz factor and γc is the cooling Lorentz factor of the
shocked electrons (see detail in the next section). Usually it is assumed that electrons share a fraction ε e of
the internal energy, then the radiative efficiency is

ε = εeηe = εe min[1, (γm/γc)p−2], (6)

with ε = 0 for the adiabatic case and ε = 1 for the fully radiative case.
Sari & Piran (1995) introduced ξ ≡ (l/∆0)1/2η−4/3 to describe the strength of the RS, where l is

the Sedov length. At the RS crossing time (t×), if ξ < 1, the RS is relativistic (RRS). If ξ > 1 at t×,
the RS is non-relativistic (NRS). In the stellar wind case, Wu et al. (2003) found a similar parameter ζ ≡
(l/∆0)1/2η−2 to determine the strength of RS. Our results are consistent with theirs. The scaling laws are
exactly the same as the analytical results though differences exist in the absolute values. In our numerical
results, it is found out that γ34 − 1 can be well fitted by

lg(γ34 − 1) = −0.64991− 1.64406 lg ξ

−0.59494(lg ξ)2 − 0.13656(lg ξ)3, (7)

lg(γ34 − 1) = −0.88759− 1.20563 lg ζ

−0.28507(lg ζ)2 − 0.04115(lg ζ)3, (8)

for 0.01 < ξ(ζ) < 10 (Fig. 1).
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Fig. 1 Strength of the reverse shock at the reverse shock crossing time. Here γ34 is the relative Lorentz
factor of the shocked shell to the cold shell, ξ and ζ are dependent on the initial parameters of the ejecta
(see Sect. 2 for details).

After the RS crosses the shell, the shocked medium and the shocked ejecta evolve somewhat inde-
pendently. The FS continues to spread outwards, collects external medium, and the shocked medium is
gradually shaped into BM self-similar profile. Energy conservation still applies:

dE2 = −ε2γ2(γ2 − 1)m2c
2 , (t > t×) . (9)

Then the forward shock evolution can be solved together with Equations (2), (5) and (9). At the same
time, the shocked ejecta cease to increase, i.e., m3 = mej = const. for t > t×. Koboyashi & Sari (2000)
showed that its evolution is approximately consistent with the BM solution, that is, γ 3 ∝ R−7/2+k (k = 0
applies to ISM and k = 2 to wind). They also inferred that the shocked ejecta spread with the speed of light
in the comoving frame and evolve adiabatically.

3 RADIATION

Both the FS and RS heat the cold materials to higher temperatures, accelerate the protons and electrons as
well as generate a random magnetic field. Here we calculate the synchrotron radiation and the synchrotron
self-Compton cooling of the shocked electrons. The internal energy density of the FS shocked medium
is e2 = 4γ2

2n1mpc2 (Blandford & Mckee 1976). For the ejecta shocked by the RS, e 3 = e2 before t×,

otherwise e3 ∝ t−
4(3+g)
3(1+2g) (g = 7/2 − k), here εe and εB are defined to be the fraction of internal energy

belonging to the electrons and magnetic field. It is easy to obtain the magnetic field B =
√

8πεBe. As to
the electrons, in the absence of energy loss, they are assumed to be shocked to a power-law distribution,
dNe/dγe ∝ γ−p

e (γm < γe < γM, p > 2), with the minimum Lorentz factor

γm,2 = εe(γ2 − 1)
mp(p − 2)
me(p − 1)

+ 1,

γm,3 = εe(γ34 − 1)
mp(p − 2)
me(p − 1)

+ 1,

and maximum Lorentz factor γM = 108(B/1G)−1/2 (Wang, Dai & Lu 2001). Here e and B are all
measured in the comoving frame. Following Sari et al. (1998), we introduce the cooling Lorentz factor
γc = 6π(1+z)mec

σTγB2t to describe the synchrotron radiation loss of the shocked electrons. Note that γ c,3 = γc,2

before t×. The actual electron distribution should be given as following (see also Fan et al. 2004b): (i) For
γc ≤ γm, i.e., the fast cooling case,

dNe

dγe
= C1

{
γ−2
e , (γc ≤ γe ≤ γm),

γp−1
m γ

−(p+1)
e , (γm < γe ≤ γM),

(10)
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where

C1 =
[ 1
γc

− p − 1
p

1
γm

− γp−1
m γ−p

M

p

]−1

Ntot ,

Ntot is the total number of radiating electrons involved; (ii) For γm < γc ≤ γM, i.e., the slow cooling case

dN ′
e

dγe
= C2

{
γ−p
e , (γm ≤ γe ≤ γc),

γcγ
−(p+1)
e , (γc < γe ≤ γM),

(11)

where

C2 = [
γ1−p
m

p − 1
− γ1−p

c

p(p − 1)
− γcγ

−p
M

p
]−1Ntot.

In the comoving frame, the synchrotron radiation of the two-segment distribution of electrons can
be well described by a power-law spectrum consistingg of several segments. The spectrum peaks at
min(ν′

m, ν′
c) with flux (Wijers & Galama 1999)

F ′
max = Φp

√
3e3BNtot

mec2
, (12)

where Φp is a function of p (for p � 2.5, Φp � 0.60). The break frequencies corresponding to γm and
γc are ν′

m = 3γ2
meB/(4πmec) and ν ′

c = 3γ2
ceB/(4πmec). The absorption frequency ν ′

a, below which the
synchrotron self-absorption cannot be ignored, is calculated according to Wu et al. (2003). These three break
frequencies divide the spectrum into four segments. The spectrum indices are, for increasing frequencies,

(i) for ν ′
a < ν′

m < ν′
c, [2, 1/3, (1− p)/2,−p/2];

(ii) for ν ′
a < ν′

c < ν′
m, [2, 1/3,−1/2,−p/2];

(iii) for ν ′
m < ν′

a < ν′
c, [2, 5/2, (1− p)/2,−p/2];

(iv) for ν ′
c < ν′

a < ν′
m, [2, 5/2,−1/2,−p/2];

(v) for ν ′
m < ν′

c < ν′
a and ν ′

c < ν′
m < ν′

a, [2, 5/2, 5/2,−p/2].
We assume that the synchrotron power is radiated isotropically in the comoving frame, dF ′(ν′)

dΩ′ =
F ′(ν′)

4π . The angular distribution of power in the observer’s frame is (Rybicki & Lightman 1976; Huang et
al. 2000)

dF (ν)
dΩ

=
1 + z

γ3(1 − βµ)3
dF ′(ν′)

dΩ′ =
1 + z

γ3(1 − βµ)3
F ′(ν′)

4π
, (13)

where ν = ν′
(1+z)γ(1−µβ) and µ = cosΘ, Θ is the angle between the radiation region and the viewing line

in the burst frame. Then the observed flux density at frequency ν is

Sν =
1
A

(
dF (ν)

dΩ
A

D2
L

)

=
1 + z

γ3(1 − βµ)3
1

4πD2
L

F ′ ((1 + z)γ(1 − µβ)ν) , (14)

where A is the area of our detector and DL the luminosity distance (we assume H0 = 65 km s−1 Mpc−1,
ΩM = 0.3 and Ω∧ = 0.7).

After the RS crosses the shell, no new electrons are accelerated in the shocked shell and all the electrons
cool at the same rate by the adiabatic expansion of the fluid. No electrons exist above γ c, so the flux above
ν′
c drops exponentially.

At any given time t, the photons received by the observer come from an equal arriving time surface
determined by (Huang et al. 2000)

t = (1 + z)
∫

1 − β cosΘ
βc

dR ≡ const. (15)

We also consider synchrotron self-Compton (SSC) effect. It will reduce the cooling Lorentz factor to

γc =
γsyn
c

1 + Y
, (16)
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where Y is the Compton parameter, expressed as (Wei & Lu 1998; Sari & Esin 2001; Wang, Dai & Lu
2001)

Y =
LICS

Lsyn
=

ηeεe/εB
1 + Y

=
−1 +

√
1 + 4ηeεe/εB

2
. (17)

Insert this in Equation (16), and γc can be solved numerically. At the early time, the forward shocked
material is in the fast cooling phase and the cooling frequency will be reduced significantly due to the SSC
radiation. As to the RS, whether it is in the fast or slow cooling phase depends on the parameters. However,
even if it is in the slow cooling phase, the cooling frequency will be suppressed by SSC if ε e/εB 	 1, which
is usually the case.

4 NUMERICAL RESULTS

In this section we first present the early afterglow from the isotropic ejecta. We then calculate the afterglows
powered by different types of jets. Three types are considered: the uniform jet, the Gaussian jet, and the
power-law jet. Sideways expansion of the jet is ignored in our calculation.

The obstacle we encountered in the current work is the poorly known initial Lorentz factor of the jets,
especially for the structured ones (the Gaussian jet and power-law jet). By now, the spectra of most XRFs
are non-thermal. The emitting region should be optically thin, i.e., the optical thickness τ = n eσTR′ < 1,
where R′ is the comoving width of the emitting region, n e ≈ L

16πεeη5mpc4δtR′ is the comoving number
density of electrons contained in the emitting region, L the isotropic luminosity of the burst, and δt the
typical variability timescale of the burst lightcurve. Assuming that the XRFs are powered by internal shocks,
the optical thin (τ < 1) condition yields (e.g., Fan & Wei 2005)

η ≥ 30L
1/5
49 δt

−1/5
−2 . (18)

Kumar & Granot (2003) have made a numerical investigation on the hydrodynamical evolution of a
Gaussian jet by assuming η(θ) is also Gaussian. In the Monte Carlo simulation of Zhang et al. (2004), η(θ)
was taken as a free function but it was found that a flat or only small fluctuation angular distribution of
Lorentz factor is actually required. Therefore, and partly for convenience, we take η = 300 for an off-axis
uniform jet, the Gaussian jet, and the power-law jet. As a test of this assumption, we estimate the initial
Lorentz factor of XRF 050406 (Romano et al. 2006) and 050416A (Mangano et al. 2007). Following Zhang
et al. (2006), with the given kinetic energy of the outflow and the earliest X-ray power-law decay time
(excluding the very early sharp drop), we have Γ ≥ 100. Our assumption is thus reasonable.

For each jet model, light curves with typical parameters from three viewing angles are presented, which
may respectively correspond to the GRBs, XRRGs and XRFs. The light curves differ from each other al-
though there are some properties in common. Viewing from the center of a jet, the light curve is approxi-
mately the same as that powered by isotropic ejecta at the early time and a break occurs when the emission
from the edge comes into view. When we observe off-axis, the flux is lower at the early time but gradually
converges to the light curve from the center when the whole jet can be seen.

4.1 Isotropic Ejecta

The upper panel of Figure 2 shows the early R band light curve from isotropic ejecta in the ISM case
with typical parameters. The RS dominates the very early part of the light curve, peaks at about 14mag,
and is non-relativistic at t× with νRS

m < νRS
a < νR < νRS

c . Therefore, t× ≈ 45 s is greater than the
prompt duration Tdur = (1 + z)∆0

c ≈ 20 s. The R band rising index is ∼ 2.5, which is slower than the
analytical estimation of NRS (Koboyashi 2000; Fan et al. 2002). It varies with time as well as with the initial
parameters (Nakar & Piran 2004). After t×, the decay index is ∼ 2 until νRS

c = νR. Then a break occurs
followed by a faster decay. The flux after the break comes from the equal arriving time surface emitted at
the lower radius. Since νc is reduced by SSC, it reaches the R band and the RS flux encounters a faster
decay shortly after t×. Due to the rapid decay of the RS emission, the later emission is mainly contributed
by the FS. It is interesting to note that the late FS emission bump vanishes when the SSC effect is taken into
account. The physical reason is that with the SSC effect, the FS flux peak time appears earlier at ν R = νFS

c

during the fast cooling. Since νFS
c ∝ t−1/2, νFS

m ∝ t−3/2 and F FS
max ∼ const., the decay index following

the peak flux is quite flat (–1/4) and changes to −(3p − 2)/4 after νR = νFS
m .
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Fig. 2 R band afterglow from an isotropic ejecta with typical parameters. The upper panel shows the
ISM case and the lower panel the wind case. Thin lines are the RS emission and thick lines are the total
emission. The SSC effect is ignored in the dashed lines and is taken into account in the solid lines. In
the ISM case, the shape of the light curve changed since νRS

c , νFS
c ∼ νR around t×. The RS shows a

more rapid decay and the bump caused by the FS vanishes. In the wind case, both the RS and FS flux are
reduced since max(νRS

c , νFS
c ) < νR. Parameters: η = 300, ∆0 = 3 × 1011 cm, Eiso = 1 × 1053 erg,

n1 = 1 cm−3 for ISM, and η = 300, ∆0 = 1 × 1012 cm, Eiso = 5 × 1052 erg and A∗ = 1.0 for wind,
εe = 0.3, εB = 0.01, p = 2.5 and z = 1.

In the stellar wind environment, the RS also dominates the very early R band light curve with typical
parameters: see the lower panel of Figure 2. The peak flux is about 13mag. The RS is relativistic at t × with
νRS
c < νRS

a < νR < νRS
m , and t× ≈ 40 s coincides with Tdur ≈ 65 s. The R band rising index is ∼ 0.5,

which is much flatter than in the ISM case. After t×, the flux decays with –2.5, which is contributed by
the emission from smaller radii in the equal arrival time surface. Since both the RS and FS are in the fast
cooling case and max{νRS

c , νFS
c } < νR, the R band flux is reduced by a factor of 1 + Y � 1 +

√
εe/εB

(about 2 magnitudes on taking εe/εB = 30) when the SSC effect is taken into account.

4.2 Uniform Jet

The Uniform jet is a simple model which assumes that all the ejected materials are confined to a collimated
uniform cone. GRBs are detected within the cone (on-beam). XRFs and XRRGs are viewed out of the
jet (off beam). If our viewing angle Θv is slightly larger than the jet opening angle θ jet, we will have the
observed frequency

νoff = aνon, (19)

with a ≈ [1 + γ2(∆Θ)2]−1 (γ is the bulk Lorentz factor of the jet) and ∆Θ = Θv − θjet. Taking the peak
energy of XRFs, Ep,XRF ≈ 0.1Ep,GRB, XRFs should be observed at ∆ΘXRF ≈ 3/η. The observed flux
can be estimated by an empirical formula (e.g. Fan et al. 2004)

Fνoff (∆Θ, tobs) ≈ a3

2
Fνon(0, t), (20)

where dtobs = dt/a. It implies that if γ > 1/∆Θ,the observed flux is dramatically lower and the observed
time is longer. The early afterglow powered by the uniform jets is presented in Figure 3.
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In the ISM case, the flux increases rapidly at the early time. The RS component reaches its peak flux at
a time longer than viewing on-beam. The peak flux of the RS emission for ∆Θ = 3/(2η) (i.e., the XRRG)
is about 17.5 mag at about 100 s. It is bright enough to be detected. The rising index of RS is about 3.5 and
the peak flux of the RS emission for ∆Θ = 3/η (i.e., the XRF) is about 21 mag at about 250 s. Then it is
hard to detect by UVOT on Swift or ground telescopes. The rising index is about 4.2. After t × the observed
FS flux continues to rise for a while, and peaks several hours later. The peak FS emission flux of the XRRG
is about 17 mag and 17.5 mag for the XRF. Therefore, in XRFs the RS component can hardly be seen and
the later FS component around 1 hour will be much brighter. In the XRRG the RS emission is detectable
but will not be significant. The light curve is nearly flat for t <1 hour.

In the wind case, the off-beam RS very early flux increases at the same rate as in the on-beam case
since both γ and a are constant, but the flux is lower. The peak time of the off-beam RS is slightly later,
∼ 50 s for the XRF. The RS peak flux is about 15mag and significantly brighter than the FS. After t ×, as
the Lorentz factor decreases the light curve gradually converges to the one from the center.

4.3 Nonuniform Jet

Different from uniform jets, there are emission materials on the line of sight in nonuniform jets (Gaussian
or power-law). The XRFs and XRRGs are viewed within the jets but have lower isotropic-equivalent energy
than GRBs. The observed early emission is mainly contributed by materials on the line of sight. However,
we find that the light curve shows notable deviations when the RS is relativistic.

4.3.1 Gaussian Jet

The jet energy in a Gaussian jet with an angular distribution is

E(θ) = E0e
−θ2/2θ2

0 , 0 ≤ θ ≤ θjet. (21)

For a typical value of Eiso,XRF = 10−2Eiso,GRB, the viewing angle of the XRF should be Θv,XRF ≈
3.04θ0. We also calculate the light curve with Θv,XRRG ≈ 2.15θ0, which may correspond to the XRRG
(taking Eiso,XRRG = 10−1Eiso,GRB). The R band afterglow from a Gaussian jet is shown in Figure 4.

In the ISM case, the off-axis RS flux is exactly the same as the isotropic emission taking E iso = E(Θv).
The RS is non-relativistic and the Lorentz factor is high at early time. So the jet structure can not change
the light curve significantly. As Θv increases, t× of the light curve gets earlier; and the peak RS emission
flux gets lower, at about 17 mag for XRRG and 19.5 mag for XRF; (iii) the rise before t × gets flatter; (iv)
tRc (the time νR = νc) gets longer, hence a longer time interval for the ∼ −2 delay after t×.

In the stellar wind case, the off-axis RS flux is slightly different from the isotropic emission E iso =
E(Θv), the RS is relativistic and the Lorentz factor is sufficiently low as a reflection of the jet structure.
The isotropic emission with decreasing Eiso from GRB to XRF has (i) nearly constant t×, a constant rising
index 0.5 before t× and a decay index −2.5 after t×; (ii) a lower peak flux, about 16.5 mag for the XRRG
and 19 mag for the XRF. What the actual light curve differs from the isotropic one is the decay index of the
RS flux. Viewing from the center, the RS flux decays faster. With increasing viewing angle, the start time
of the faster decay increases, and from t× to this time, the flux is flatter than the isotropic emission. The
surplus emission comes from the center of the jet with θ < Θv.

4.3.2 Power-law Jet

In this model, the jet energy as a function of the viewing angle is

E(θ) =
{

Ec , 0 ≤ θ < θc,
Ec(θ/θc)−2 , θc ≤ θ ≤ θjet.

(22)

Eiso,XRF = 10−2Eiso,GRB and Eiso,XRRG = 10−1Eiso,GRB correspond to Θv,XRF ≈ 10θc and
Θv,XRRG ≈ 3.16θc, respectively. The early afterglow from a power-law jet is shown in Figure 5.

In the ISM case, the RS is also exactly the same as the isotropic emission with E iso = E(Θv), as found
in the Gaussian jet model. In the wind case, the RS flux also resembles that in the Gaussian jet except the
decay index departs more from the isotropic emission.
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Fig. 3 R band afterglow from a uniform jet. Upper
panel shows the ISM case and the lower panel
the wind case. Thin lines are the RS emission
and thick lines are the total emission. ∆Θ =
0, 3/2η, 3/η for the solid, dashed and dotted
lines, respectively. Parameters: θjet = 0.1, other
parameters are the same as in Fig. 2.

Fig. 4 R band afterglow from a Gaussian jet. The
upper panel shows the ISM case and lower panel
the wind case. Thin lines are the RS emission and
thick lines are the total emission. We take Θv =
0, 2.15θ0, 3.04θ0 in the solid lines, dashed lines
and dotted lines, respectively. Parameters: E0 =
1 × 1053 erg for ISM and E0 = 5 × 1052 erg for
wind, θ0 = 0.05, θjet = 0.2, other parameters are
the same as in Fig. 2.

5 CONCLUSIONS AND DISCUSSION

So far, there are several RS emission candidates reported in Swift era, including GRB 041219a,
GRB 050904, GRB 060111b, and possibly GRB 050525a. It is very interesting to note that all these re-
verse shock regions are likely to be mildly magnetized (Fan et al. 2005b; Wei et al. 2006).

However, among all the bursts targeted in optical band within few minutes after the prompt emission,
most have no RS emission component (e.g., Ronning et al. 2006). The physical reason is so far not clear.
One speculation is that the GRB/XRF/XRRG outflow is Poynting-flux dominated, even after the prompt
γ−ray emission phase (Zhang & Kobayashi 2005; Fan et al. 2004b). However, we still need direct evidence
for such a model. Recently Molinari et al. (2007) reported the non-detection of infrared RS component in
GRB 060418 and GRB 060609A. Jin & Fan (2007) attributed the weak reverse shock emission in these two
bursts to a very small νRS

m . They also argued that this interpretation could account for the weak reverse shock
emission in a group of Swift GRBs. One may also think the extinctions of the host galaxy plays an important
role. Here we do not go further and just outline the lack of bright optical flashes in GRBs/XRFs/XRRGs as
a major puzzle among the community.

In this paper, we numerically calculated the early afterglow powered by various kinds of jets. The
dynamical evolution is solved from a set of differential equations. This is different from the analytical treat-
ment of Fan et al. (2004a) and gives similar but more exact results. We find that the most of the uncertainty
of estimation comes from γ34 − 1, which results in the overestimation of νm and a too rapid increase of
νm before t× in the previous treatment. This is especially significant in the ISM case since, there, the RS is
mildly relativistic for the typical parameters taken here. At the same time, ν c was overestimated previously



786 T. Yan, D. M. Wei & Y. Z. Fan

Fig. 5 R band afterglow from a power-law jet. The upper panel shows the ISM case and the lower panel
the wind case. Thin lines are the RS emission and thick lines the total emission. Θv = 0, 3.16θc, 10θc in
the thick lines, dashed lines and dotted lines, respectively. Parameters: Ec = 1 × 1053 erg for ISM and
Ec = 5 × 1052 erg for wind, θc = 0.015, θjet = 0.2, other parameters are the same as in Fig. 2.

because of ignoring the SSC effect. Considering these two factors, the peak flux of the reverse shock should
be lower, which may help us to explain the lack of detection of optical flashes in most GRBs. It also needs
to point out that electrons may be cooled not only by the SSC process but also by the external photons(e.g.,
prompt emission) through inverse Compton scattering. Then ν c may reduce further and lead to even fainter
very early optical radiation.

We calculated the early afterglow from both uniform and structured jets. We find that the early afterglow
varies significantly with different viewing angles and is dependent on the jet structure.

Swift XRT detection has revealed that early X-ray flare may be a common characteristic of GRB X-ray
afterglow. Fan & Wei (2005) and Zhang et al. (2006) suggested that the RS synchrotron emission can hardly
produce very early X-ray flares. Our calculation confirms their results. We also tried to simulate it with RS
SSC emission within a large parameters space, but failed. The RS SSC X-ray emission is always lower and
generally far lower than the FS synchrotron emission.
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Zou Y. C., Wu X. F., Dai Z. G., 2005, MNRAS, 363, 93


