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Abstract. The fireball model of gamma-ray bursts pre-
dicted that when the energetic blast wave encountered the
surrounding medium, there will be afterglow emission, and
the subsequent afterglow observations appeared to con-
firm this prediction. In this simplest fireball model, the
electrons have been accelerated to a power law energy dis-
tribution in a relativistic blast wave, then they give after-
glow emission through synchrotron radiation. Up to now
synchrotron radiation is believed to be the main mecha-
nism of GRB emission, however, here we will show that
under some circumstances, the inverse Compton scatter-
ing (ICS) may play an important role, and can change
the light curves of GRB afterglows. Here we investigate
the effects of ICS in the relativistic case (the surround-
ing medium density p o< 772) and in the non-relativistic
case (for both p = constant and p o< r=2), we find that
in the relativistic case the effect of ICS is usually impor-
tant, while in the non-relativistic case, this effect is usually
unimportant, unless the surrounding medium density is
very high. We show that if ICS is important, then it can
flatten and steepen the light curves of GRB afterglows,
and this may provide the explanation for some afterglow
observations.
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1. Introduction

The observed properties of GRB afterglows are in approx-
imate accord with the models based on relativistic blast
wave at cosmological distances. In this standard fireball

model, the huge energy released by an explosion is con-
verted into the kinetic energy of a shell expanding at ultra-
relativistic speed. After the main GRB event has occured,
the fireball continues to propagate into the surrounding
medium. The expanding shock continuously heats fresh
gas and accelerates electrons to very high energy, which
produce the afterglow emission through synchrotron radi-
ation (Meszaros & Rees 1997; Vietri 1997; Waxman 1997a,
1997b; Wijers, Rees & Meszaros 1997; Wei & Lu 1998a).

In the simplest models, the surrounding medium den-
sity is assumed to be constant. However, there has been
increasing evidence that at least some GRBs have massive
star progenitors, as suggested by the link between some
GRBs and supernovae, which means that the GRB blast
wave should be expanding into the stellar wind of the pro-
genitor star, the densiy p oc 7=2 (Dai & Lu 1998; Chevalier
& Li 1999a, 1999b). Chevalier & Li (1999a, 1999b) have
shown that in this wind density the afterglow light curves
should be steeper than that in the constant density.

Although, in principle, the standard fireball model
can approximately explain the afterglow light curves well,
there are still some problems that cannot be explained by
this simplest model. For example, it is well known that
in some GRB afterglows, the light curves cannot be de-
scribed by a simple power-law, but show sharp breaks (e.g.
for GRB990123, see Castro-Tirado et al. 1999; Kulkarni
et al. 1999; Fruchter et a. 1999; Galama et al. 1999; for
GRB990510, see Stanek et al. 1999; Harrison 1999; and
for GRB000301c, see Rhoads & Fruchter 2000; Masetti et
al. 2000). These observed breaks have generally been in-
terpreted as evidence for collimation of the GRB ejecta
(Rhoads 1999), but a difficulty with this model is that
the predicted break is quite smooth , while the observed
breaks are rather sharp (Panaitescu & Meszaros 1999;
Moderski, Sikora & Bulik 2000; Kumar & Panaitescu
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2000; Wei & Lu 1999a). The transition of blast wave from
relativistic to non-relativistic regime has been proposed
as another mechanism for light curve breaks (Dai & Lu
1999).

We note that, in the fireball model, the synchrotron
radiation has been regarded as the main mechanism for
GRB emission, while the effect of inverse Compton scat-
tering has been neglected. However, we have shown earlier
that, when the relativistic blast wave passing through the
constant surrounding medium, the ICS may have an im-
portant effect on the emission spectrum and on the tempo-
ral behavior of afterglows (Wei & Lu 1998b). Here we ex-
tend our discussion to a more general case, the surround-
ing medium density can be not uniform, p x r~2, and
the blast wave can be in the non-relativistic stage, here
we only consider the case that the electrons are slow cool-
ing, which pertains to most of the afterglow phase. We find
that, in the relativistic case, the effect of ICS is usually im-
portant, which can flatten and steepen the afterglow light
curves, while in the non-relativistic case, the effect of ICS
is usually not important unless the surrounding medium
density is very high. In next section, we investigate the ef-
fect of ICS in the relativistic case for wind density p oc 77 2.
In section 3, we discuss the situation that the blast wave
is non-relativistic and the surrounding medium density is
both uniform and non-uniform. Finally some discussion
and conclusions are given in section 4.

2. The effect of ICS in the relativistic case

The process of inverse Compton scattering has been dis-
cussed by several authors (e.g. Waxman 1997a; Dermer,
Boettcher & Chiang 1999; Panaitescu & Kumar 2000; Sari
& Esin 2000), and here we will consider the influence of
ICS on GRB afterglow in details. There is a simple way
to estimate the intensity of ICS, i.e. by calculating the
ratio of the synchrotron radiation energy den51ty (ugyn)
to the magnetic energy density (ug), R = ug, /up, where
ug = B"? /87, and ul,, ~ n, Pl 7', n, is the electron num-
ber density in the comoving frame, n, = ﬁFfll n, I' is the
bulk Lorentz factor of the blast wave, 4 is the adiabatic
index, and 4 = 4/3 for relativistic case and 4 = 5/3 for
non-relativistic case, n is the surrounding medium den-
sity, Psfyn is the synchrotron radiation power of a single
electron, and 7/ ~ r/I'c. The value of R indicates which
process is more efficient for electron energy loss. If R > 1,
then the effect of ICS is important. It is easy to show that

R= 10*24§2TP*1MTL (1)
-1

where 7 is the distance from the burst source, 72 is the

average value of electron Lorentz factor square, 7, is the

minimum electron Lorentz factor, 7. = & (T — 1)2—‘22%?,

& is the energy fraction occupied by electrons, and p is

the index of electron distribution, for p = 3, we have ~, ~

900&.(I" — 1), and 42 ~ 1042. This formula is valid for
both the relativistic and non-relativistic cases, now we first
consider the relativistic case.

We have shown earlier that in the relativistic case and
for uniform density (n ~ 1em™3), the effect of ICS is
usually important, the value R = 48(5 n 1/2E1/2 ;aly/z
(Wei & Lu 1998b). Now we extend to the case for non-
uniform density, p oc r=2.

Chevalier & Li (1999a,b) have discussed the blast
wave dynamical evolution in the wind environment, and

they gave v = 4.2(1+Z)1/4E1/4A 1/415';;8,/4, r = 29 x

1017 (4£2) 2 B2 A P2 em, where A = My, /4nVi, =
5 x 10" A, gem ™!, M, is the mass loss rate, and V, is
the wind velocity, the reference value of A corresponds to
My, =1 x107Mg yr~! and V;, = 1000 kms~!. Thus we
obtain

2 z
R=sa(E)( ) A, ®)

We see that the emission power of ICS is not smaller
than that of synchrotron radiation, thus, the effect of ICS
should not be neglected.

Now let us consider the effect of ICS on GRB af-
terglow. The GRB emission spectrum should consist of
two components, below the critical frequency v, the spec-
trum is dominated by synchrotron radiation, and above
Ve the spectrum is dominated by ICS. We assume that
in the comoving frame the synchrotron radiation inten-
sity has the form I, « v~ for v < 1, and I, vh
for v > vy,. Since in our situation the soft photons pro-
duced through synchrotron radiation are scattered by the
same electrons, the Compton-scattered spectrum should
have nearly the same form as that of synchrotron radia-
tion. Therefore the total emission intensity is I, oc v~ for
V< Uy OF Ve <V < Uy, and I, x v=P for vy, < v < v, or
v > vy, where v, = ¥2vy, is the peak frequency of the ICS
spectrum, and vyI,, = Rvpy1,_ . Then, from the relation
L, (UC/Vm)_'B =1, (ve/vn)”® we can obtain

v 1+ 2 — oo ha
Ve gy PRy A T g ()
m

where a1 = 5407757 (900 x 4.2)"F=". So this critical
frequency is dependent on the fireball parameters, i.e.
the fireball energy, surrounding gas density, energy frac-
tions in electrons and magnetic field, and the spectrum
index of synchrotron radiation. As an example, we take
a =0, =1 (these valus are typical for observed GRB

spectra), then the value of v, is given by

£2 . B 12 —3/2
ve = 10%(=2 12 A2 Bt}
0 (O 1)(01) 52Yrmday

eV (4)
where we have taken the peak frequency of synchrotron
radiation v, = 0. 4(1+Z)1/2( )(EB V2R 7a?’y/2 eV,
where z is the source redshift. We see that if we take
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& ~ 1078 and A, ~ 5, then the critical frequency v,
may cross the optical band at about one day after the
burst. On the other hand, we can further calculate the
peak frequency of ICS as

142z, , €2

B
(S

Vn = 6.5 x 105( V2ATYPEt2 eV (5)

day
Obviously, if we take the same parameters as above, then
vy should cross the optical band about 6 days after the
burst.

The afterglow light curves will also be greatly modi-
fied by ICS. It has been shown that the electron Lorentz
factor 7. o< t~1/4, the typical synchrotron radiation fre-
quency vy o t=3/2, and the comoving specific intensity of
synchrotron radiation at peak frequency is I,,, t=5/4,
From the relation I, /I, ~ Ry;?2, it is easy to show
that the intensity of ICS at peak frequency is I,,, t7/4,
and v, o t2, then the observed peak flux F},_ oc t~/2,
and F,, oc t~1. Therefore, we conclude that if our ob-
servation is fixed at frequency v, then the observed flux
has four components: F,, o< Fy,, (v/vm)~® oc t~(1432)/2 for
V< U, B, o F,, (v/vm) P oc t7039/2 for vy, < v < 1,
F, < F, (v/vy)~® o« t=(+29) for v, < v < 1y, and
F, x F,, (v/va)™? o t=0+28) for v > v,. So we can see
that, if take &« = 0, 8 = 1, then F,  t~/2 for v < vy,
F, xt 2 for vy, <v <uvg, F, xt™! for v, < v < vy, and
F, xt=3 for v > v,.

3. The effect of ICS in the non-relativistic case

For non-relativistic blast wave, ¥ = 5/3, and T ~ 1, then
2

R=2x 10’3(%)ﬂ5ntday. We now consider two cases (the

density p o< 7~*%) for both uniform density (s = 0) and for

wind density (s = 2).

3.1. s=0

In this case, the evolution of blast wave velocity is f =
(t/txr)~>/°, where txg =~ 168(1—J5Z)E512/3n*1/3 days. Then
it is easy to show that R(tngr) = O.34(§%)E§é3n2/3, and
R(t) = R(tnr)(t/tnr) 2. So we see that in general case
the ICS is unimportant unless the surrounding density is
very high.

If the ICS is important, then, as in the previ-
ous section, we can write the typical quantities as fol-
lows: vy (tng) = 2.8 x 10~ (01)(5B Y1/2p1/2 eV, and
Um(t) = Vm(tNR)(t/tNR) 3 for «¢ = 0, B = 1,
ve(txr) = L5(E5)(58) 2B P00 oV, and we(t) =
Vc(tNR)(t/tNR) 17/5
vn(tnr) = 0. 63( ) (EB 12012 eV, and v,(t) =
v (tNr) (t/tNR) ™ 27/5 The specific intensity at peak fre-
quency is I, o<t~ 1/5, I, o t'/% and the observed peak
flux F,, o t3/5 F, o t. Therefore, the observed flux at
fixed frequency v is F oc t3/573% for v < vy, F o< t3/5=38

for vy < v < ve, F oc t—27a=5)/5 for yo < v < 1y, and
F o t—@76-5)/5 for v > vy,

3.2. s=2

In this wind environment, Chevalier & Li (1999b) and
Wei & Lu (1999b) have given the blast wave evolu-
tion B = (t/txr)” /%, where tNR ~ 1000E52A; . Then
we can obtain R(tng) = 0. 09( )AQES2 , and R(t) =
R(tnr)(t/txr) 2. It is also obv10us that the ICS is usually
unimportant unless the mass loss rate is very high.

We can write the typical quantities as before:

Um(txg) = 6 x 107 ( )(53)1/2143/2 eV, and

I/m(t) = Vm(tNR)(t/tNR) 7/3, for a = 0, ﬂ = 1,
_ &2\ Ep\1/2 4—1/2 _

ve(tnr) = 1.25(55)(55%)"°Ax 77 eV, and v.(t) =

ve(twr) (t/tvr) /%,

vn(tNr) = 0.14(%)2(%)1/2AE/QE5_21 eV, and v,(t) =

)
Un(tnr)(t/txr)~1/3. The specific intensity at peak fre-
quency is I, oc t=°/3 I, oct~7/3 and the observed peak
flux F,, o t=Y3 F, o t~'. Therefore, the observed
flux at fixed frequency v is F o t~ (4793 for v < vy,
F o t—F78)/3 for vy < v < vg, F o t~GH110)/3 for
Ve <V < Uy, and F oct=GHUB/3 for > 1.

4. Discussion and conclusion

The detection of GRB afterglows has greatly furthered
our understanding these objects. In particular, the shape
of the afterglow light curves provides important imfor-
mation for exploring their emission mechanism. Here we
have calculated the effects of ICS on the GRB afterglows.
We have shown that, when the blast wave is relativistic,
the ICS emission is usually important for both uniform
medium and wind environment, while when the blast wave
is non-relativistic, the effect of ICS is usually unimportant
unless the surrounding medium density is very high, such
as n ~ 105cm~2 as proposed by Dai & Lu (1999).

When the ICS contribution is important, then it may
have great influence on the shape of afterglow light curves,
i.e. it can flatten or steepen the light curves. In order to
verify our analytical results, we make a numerical calcu-
lation. Fig.1 gives our numerical results, where we take
& ~ 03, ~ 1077, A, ~ 10, p = 3. We see that al-
though the break is not as sharp as predicted, the flatten
and steepen of the light curve is still obvious.

Although we have shown that the light curves of GRB
afterglows may consist of four components if ICS is im-
portant, it should also be noted that not all the GRB
afterglows could have so many components; the necessary
condition for having four components is v, < vy, other-
wise there are only two components. The effect of ICS is
strongly dependent on the model parameters, such as the
energy fraction occupied by electrons, the total burst en-
ergy, the surrounding medium density, and the spectral
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Fig. 1. The possible shape of afterglow light curves when in-
cluding the effects of ICS.

index of synchrotron radiation. In particular, the contri-
bution of ICS is more important for those bursts with large
spectral indices and dense medium.

Up to now there are total three bursts (GRB990123,
GRB990510 and GRB000301c) for which strong breaks in
their light curves are clearly observed. They are usually
interpreted as evidence for collimation of the GRB ejecta
(Rhoads 1999) or the transition from relativistic to non-
relativistic phase (Dai & Lu 1999). Here we suggest that
the effect of ICS can also produce the break in the after-
glow light curves, which can either flatten or steepen the
light curves, make the temporal behavior complicated.
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