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Extensive multi-band afterglow data are available for GRB 980703. Especially, its
radio afterglow was very bright and was monitored until more than 1000 days after
the trigger time. Additionally, there is no obvious special features, i.e., no re-
brightenings, no plateau, and no special steep decay or slow decay in the mul-
ti-band afterglow light curves. All these conditions make GRB 980703 a precious
sample in gamma-ray burst research. Here we use the observational data of GRB
980703 to test the standard fireball model in depth. It is found that the model can
give a satisfactory explanation to the multi-band and overall afterglow light curves.
The beaming angle of GRB 980703 is derived as ~ 0.23 radian, and the circum-burst
medium density is ~ 27 cm™. The total isotropic equivalent kinetic energy of the
ejectais ~ 3.8 X 10* ergs. A rest-frame extinction of Ay ~ 2.5 mag in the host galaxy
is also derived.

gamma ray bursts, jets and outflows

1 Introduction

Gamma-ray bursts (GRBs) are attractive astrophysical phenomena and had puzzled astronomers
for a long time since their discovery in 1973, The discovery of long-lived afterglow emission
from GRBs, which spans from radio to X-ray and lasts from minutes to years, is a watershed in the
field * *. The detection of afterglow makes it possible for us to obtain broadband observational
data, to identify the host galaxy, and to determine the redshift of GRBs. The so-called fireball
model has been favored as the standard model and has been wildly discussed.

In the standard fireball model” "

with the surrounding medium to form an external shock. This shock will accelerate electrons to

], the outflow of GRB, which moves relativistically, interacts

relativistic velocities. At the same time, a fraction of shock energy will be transferred to the
magnetic field. These shock-accelerated relativistic electrons move in the magnetic field and emit

synchrotron radiation. The resulting spectrum and light curve can be approximated as broken

[12

power-law functions''?, which can describe the main observed features of GRB afterglows well.
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Within this framework, a lot of progress has been made on various aspects of GRB physics. For
example, the total isotropic equivalent kinetic energies £, of many GRBs have been estimated; the
geometry of the ejecta and the density structure of the surrounding medium have been revealed;
and the values of some microphysics parameters of the shocks are studied in depth!> "L Also,
valuable information about GRB host galaxies has been acquired by investigating the extinction
law in the hosts!'® 7.

Today, although afteglows have been detected for several hundred GRBs, and although a lot of

B3 18 191 detailed fitting to mul-

theoretical investigations have been done by many authors!
ti-band afterglows is still lacking, especially when the late afterglows are involved. To fit the
overall afterglow light curves, we need to consider both the ultra-relativistic stage and the
non-relativistic stage, and even the deep Newtonian stage[zo], thus it can be done only numerically.
To demonstrate the correctness of the fireball model, it is necessary to find a good GRB sample,
which has multi-band and long-lasting afterglow data. We then can use this sample to test the
fireball model in detail, by fitting the copious afterglow data.

In this paper, we present a detailed numerical study, by using the standard fireball model, on the
multi-band afterglows of GRB 980703, which is special for having more than 1000 days of radio
afterglow data at 1.43, 4.86 and 8.46 GHz and multi-band optical/NIR data from K to B bands. The
outline of our paper is as follows. We review the observations of GRB 980703 in Section 2. In
Section 3 we introduce our afterglow model, including the dynamics, the radiation process and
other additional effects. Our numerical results and the fit to observations are presented in Section 4.
Finally, Section 5 presents the conclusion and discussion.

2 Observations

GRB 980703 was detected on 1998 July 3.18 UT by the All-Sky Monitor (ASM) on the Rossi
X-ray Timing Explorer (RXTE)*"), Ulysses®, the Burst and Transient Source Experiment (BATSE)
on the Compton Gamma-Ray Observatory'™! and the GRB monitor on BeppoSAX**). The BATSE
data showed that the event is consisted of two pulses, each approximately lasting for 100 s, with a
total duration of about 400 s, suggesting that it is a long-duration GRB'**!. The peak flux of the
burst is 2.42 + 0.06 photons cm™ s (50-300 keV; integrated over 1 s) and the fluence is (4.59 +
0.42) x 107 erg cm™ (> 20 keV) L. After that, comprehensive observations had been done by
astronomers on detecting the afterglows of the burst.

About 22 hr after the burst, Galama et al.* observed the RXTE/ASM error box of GRB980703
by using the Narrow Field Instruments (NFI) on the BeppoSAX satellite and found a previously
unknown X-ray source (1SAX J2359.1+0835), which was confirmed as the X-ray afterglow of
GRB 980703 subsequently.

The discovery of radio and optical counterparts of GRB 980703 was first reported by Frail et
al.” by using the VLA and Keck/Palomar respectively. The Keck observations suggested that the
optical afterglow was at the position of @ =23"59™06°.69, & =+08° 35' 07" .26 (J2000.0),
corresponding to the Galactic extinction of 4= 0.192 mag and Ez_, = 0.058 mag'*”. More detailed
observations and studies on GRB 980703 were subsequently obtained by many groups.

Bloom et al. ** reported their optical/NIR observations of GRB 980703. They found a bright
host galaxy with R =22.6 mag. A rest-frame extinction of 4= 0.9 + 0.2 mag was derived from the
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analysis of the broadband spectrum.

Castro-Tirado et al.**! monitored the afterglow of GRB 980703 in both the R and H bands 22.5
hours after the burst. Their observations confirmed the power-law decay of the afterglow, after
subtracting the contribution from the host galaxy with R =22.49 + 0.04 mag and H =20.5 £ 0.25
mag. A reddened spectrum was also observed and a rest-frame extinction of 4, = 2.2 mag was
derived. This indicates that the burst may be surrounded by a dense medium.

Vreeswijk et al.;¥ reported their X-ray and optical/NIR observations of GRB 980703. Their
results are consistent with an extinction 4, =1.50 = 0.11 mag.

The host galaxy of GRB 980703 was also widely observed by astronomers at optical bands™' ~**.
Several emission and absorption features were detected and a redshift of z = 0.966 was deter-
3132 1t is also found that the host galaxy is undergoing active star-formation. Three lines of
the Balmer series were observed, which suggest the rest-frame extinction in the host galaxy as Ay~
0.3 + 0.3 magt®?.

Radio data of GRB 980703 were also obtained. Berger, Kulkarni & Frail®*! presented their radio
observations from 350 to 1000 days after the burst. The host galaxy was discovered with flux
densities of 39.3 £4.9, 42.1 + 8.6 and 68.0 £ 6.6 1 Jy at 8.46, 4.86 and 1.43 GHz respectively.
This is the first GRB host detection at radio wavelengths. They concluded that the burst locates in a
region of star formation which is near the center of the host and the radio emission from the host is

mined!

dominated by this region. The radio data from VLA observations before 250 days after the trigger
were reported by Frail et al.['.

In short, we believe that GRB 980703 is a good sample for us to study the standard fireball
model. It has multi-band afterglow data, ranging from radio to optical wavelengths. The data are
very complete in each band: in radio band, the observation spans from ¢ ~1 day to ¢ ~1000 day; and
in optical bands, the observaion spans from # < 1 day to ¢ ~700 day. Additionally, there is no any
special structures in the afterglow light curves, i.e, no rebrightenings, no plateau, no special steep
decay or slow decay etc. It means that we do not need to consider many post-standard effects, such
as the energy enjection, the density jump in the circum-burst medium, and so on. Below, we will
use this event to check the correctness of the standard fireball model in depth.

3 Afterglow M odel

3.1 Dynamics

20367381 46 describe the dynamics of the

We use the convenient equations developed by Huang et al.!
ejecta. The evolution of the bulk Lorentz factor ( ), the shock radius (R), the swept-up medium
mass (m), and the half opening angle of the jet ( ¢), are described by four differential equations,

dy__ y !
dn  m;+em+2(1-g)ym

%=ﬁ07(7+m) (2)

(1)
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i—ﬁzZﬂRz(l—cosﬁ)nmP (3)
de Cs(7+\/7’z—1)

— 4
dt R )
with the comoving sound speed ¢, given by

1
=y 7-D(r-)———¢ (5)
(0015050

where m, is the mass of proton, M,; is the initial mass of the outflow, » is the number density of the
environment, S=+7"—1/7, and 7= (4}/+ 1) / (3}/) is the adiabatic index”). ¢ is the

radiative efficiency, which equals 1 for the highly radiative case, and equals 0 in the adiabatic case.
Equation (1) is a generic description of the deceleration of the external shock. It is applicable for
both radiative and adiabatic shocks, and in both the ultrarelativistic and the nonrelativistic phases.
Since the GRB ejecta becomes adiabatic several hours after the trigger, in this paper we assume the
fireball is completely adiabatic all the time, so that ¢ = 0. In the simplest case, the interstellar
medium (ISM) should be homogeneous. So, we take the number density (7) of the circum-burst
environment of GRB 980703 as a constant value.

3.2 Radiation Process

The broadband afterglows are mainly from the synchrotron radiation of shocked electrons. But the
synchrotron self-absorption is also unnegligible, especially in radio bands'*”’. As usual, we assume
that the energy fraction of electrons and magnetic field with respect to the total energy are ¢, and
¢ g respectively.
In the comoving frame, the synchrotron radiation power at frequency vfrom a single electron

with a Lorentz factor of ¥, is given by!*"

P(v.7,)= ﬁesBF[lJ (6)

2
m,c 1%

C

where m, is the mass of electron, e is the electron charge, B is the comoving magnetic field strength
and vV, = 3}/3z eB/ (47rmec) . The function F(x) is defined as

F(x)=x[ Ky, (k)dk (7)

with Ks/; (k) being the Bessel function. The total synchrotron radiation power from all the shock

accelerated electrons, which may basically follow a power-law distribution dN,/dy, o<

(7/6 - 1)7;7 (201 at frequency v is!*!

Ve max dN
P, = I <P(v,y,)dy, (8)
min{}/@‘mm ,;/“,} d7/e
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Correspondingly, the self-absorption coefficient at frequency Vv is*"

p + 2 Ve max dN 1

v }
8Tm V 7
e mm{}ﬁ min »Ye LJ ¢ e

P(V’ ye)dye (9)

Self-absorption reduces the synchrotron radiation flux by a factor of (1 e )/ 7,,where 7, is

the optical depth.

In some cases, inverse Compton scattering may also play a role in GRB afterglows'* ), but we
ignore it because it usually does not affect the radio and optical/NIR afterglows significantly. In our
calculations, we use the more realistic electron distribution function proposed by Huang &
Cheng®, which is correct even in the deep Newtonian phase.

3.3 Additional effects

Since the speed of light is finite, photons received by the observer at a particular time ¢ are not
radiated simultaneously but come from a distorted ellipsoid[44], which is determined by

t—IMdR_const (10)

within the jet boundaries, where & is the angle between the velocity of emitting material and the
line of sight. This is the so-called equal arrival time surface (EATS). In our calculation, we inte-
grate over the EATS to obtain an accurate observed flux.

Radio radiation from a compact extragalactic source will be scattered by the inhomogeneous
interstellar plasma in our Galaxy. It will lead to large amplitude variations in the radio afterglow!**".
We use the method suggested by Walker***"! to estimate the scintillation amplitude in our simu-
lations. Scattering in the GRB host galaxy itself is not important as compared with the scattering in
our Galaxy and can be negligible!*!.

Dust extinction in GRB host galaxy and the Milk Way may reduce the observed optical/NIR flux.
We use the extinction maps proposed by Schlegel, Finkbeiner & Davis?” to correct for the ex-
tinction of our Galaxy. The extinction law in GRB host galaxy is quite uncertain and we will try to
derive the extinction curve from our fit. The luminosity of GRB host galaxy can not be neglected
and we also take it into account in our modeling.

4 Numerical Results

In this section we reproduce the radio and optical/NIR afterglows of GRB 980703, using the model
described in Section 3. We take the radio data from Berger, Kulkarni & Frail®* and Frail et al.!"”]
and the optical/NIR data from Bloom et al.l?* **
Vreeswijk et al.”%! Holland et al.”*! and Sokolov et al.”*!. In our study, we use an assumptive
cosmology of Hy = 65 km st Mpc'l, 2v=030and 2.1 =0.70. Therefore, the redshift z = 0.966

corresponds to a luminosity distance of D = 6.81 x 10° kpc (used to calculate flux density) and an

, Djorgovski et al.®!! Castro-Tirado et al.l*”)

angle distance of D , = 1.76 x 10° kpc (used to estimate scintillation amplitude). The parameter
values of our best fit are presented in Table 1.
The observed radio afterglow light curves of GRB 980703 at 8.46, 4.86 and 1.43 GHz and our

KONG SiWei et al. Sci China Ser G-Phys Mech Astron | ? 2009 | vol. ? | no. ? | ?-? ?



| (o)}

best fit are illustrated in Figure 1. The solid lines are our theoretical curves, and the dotted lines
are the estimated scintillation amplitude. Contribution from the host is 39.3, 42.1 and 68.0 1 Jy at
8.46, 4.86 and 1.43 GHz respectively in our modeling, consistent with the observations of Berger
et al.’?). Generally speaking, the theoretical light curves predicted by the standard fireball model
can explain the observed multi-band radio afterglows quite well during the whole observing span
of t~1d — 1000 d. Note that the flux level at 1.43 GHz is much lower than that at 8.46 and 4.86
GHz. This is due to the more significant self-absorption at longer wavelength. Our calculations
also show that the scattering effect should be more obvious at lower frequency due to the inho-
mogeneous interstellar plasma in our Galaxy. It is consistent with the observation, which reveals
large amplitude variations at 1.43 GHz and 4.86 GHz.

Figure 2 illustrates the observed optical/NIR afterglow light curves of GRB 980703, and our
best fit by using the same parameter values as in Figure 1. The observational data points have been
corrected for the Galactic extinction™”. The solid lines are our theoretical curves. Contribution
from the host galaxy is included in our modeling. In most bands, the afterglow decreases to the
level of the host galaxy after several tens of days. Interestingly, we see that the model gives a sat-
isfactory fit to the light curve in all the seven optical/NIR bands.

GRB 980703 resides in its host galaxy. The extinction from the host galaxy is unnegligible. In
plotting Figure 2, we have assumed different extinction magnitude in different bands, with the
V-band extinction being 4= 2.5 mag. We plot our extinction curve of GRB 980703 host in Figure
3. Comparing with the extinction laws of the local galaxies (i.e. the Large Magellanic Cloud, the
Small Magellanic Cloud and the Milky Way) **), we find that our extinction curve is most close to
that of our Milky Way, as shown by the solid curve in Figure 3. However, note that our extinction
coefficient at lower frequencies deviate from the solid curve significantly. This is not surprising.

Similar phenomena have already been found by other researchers in recent studies'® .

5 Discussion and Conclusion

GRB 980703 is a very important and attractive event. It has extensive broadband afterglow data.
More importantly, its radio afterglow was very bright and monitored until more than 1000 days
after the burst. Bright radio afterglows are rare in Swift era. This makes GRB 980703 one of the
most valuable samples in GRB researches, especially in investigating the behavior of afterglows in
the deep Newtonian phase!*”. Comparing with optical and X-ray observations, radio afterglows are
distinctive in determining the circum-burst medium density”” and the intrinsic kinetic energy".

In this paper, we chose GRB 980703 as a special sample to check the standard fireball model in
depth. The overall dynamical evolution of the GRB ejecta is described by a generic dynamic equ-
ation, which has the virtue of being applicable for both radiative and adiabatic cases and in both
ultrarelativistic and nonrelativistic phases. We assume that the GRB progenitor resides in the
simplest environment, i.e., the ISM is homogeneous. We calculate the theoretical afterglow light
curves numerically. It is found that the observed multi-band and long-lasting afterglow can be
satisfactorily explained by the fireball model.

According to our calculations, the derived total isotropic equivalent kinetic energy in the after-
glow phase is 3.8 x 10° ergs, and the half opening angle is 0.23 radian. It suggests that the intrinsic
kinetic energy is ~ 10°" ergs for a double-sided jet, consistent with the standard energy reservoir
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hypothesis”!. The deduced ISM density of n = 27.6 cm™ is a typical value and is usual in the star
formation regions. It is also consistent with the result of Djorgovski et al.*?], who have found that
the host galaxy of GRB 980703 is undergoing active star formation. Note that the isotropic
equivalent energy emitted in gamma rays is £, ~ 6.01 x 10> ergs for GRB 980703 The effi-
ciency for producing gamma rays in the fireball, which is defined as 7 ,= E ,/( E ,+E)), then can be
derived as ~ 60%. This value seems to be a bit too high. However, remember that we have omitted
the highly radiative phase that lasts for a few hours since the GRB trigger. If we added the energy
loss in the radiative phase into Ey, then 77, can be reduced significantly.

Our estimated extinction value is Ay = 2.5 mag. Although it is larger than some earlier estima-

(2830, 32_34], this value is still reasonable. In previous studies, the derived 4, for GRB 980703

tion
is highly dispersed, ranging from 0.3 to 2.2 . Currently it is difficult to determine which value is
more exact. In the future, multi-band observations (especially including X-ray observations) will
help to give a better constraint on the extinction of other GRB hosts. It is interesting to note that
Rol et al. ! have given a large lower limit of 4, ~ 4.4 mag for the host galaxy of GRB 051022.

Frail et al.!"*! have analytically modeled the broadband afterglow of GRB 980703. However,
their method is not ideal since they had to divide the afterglow light curve into a few segments,
such as the ultra-relativistic phase and the non-relativistic phase. The light curve cannot transit
smoothly from one segment to another segment in their calculations. In other words, their model
cannot exactly describe the light curve behavior near the transition time. Our model is more real-
istic and is suitable for both the ultra-relativistic phase and the non-relativistic phase. It is correct
even in the deep Newtonian phase *. Additionally, they did not include the EATS effect in their
calculations. Thus our study is a more reliable test of the fireball model, especially at very late
stages. However, note that in X-ray band, the afterglow light curve of GRB 980703 is poorly de-
termined observationally, so that we can not give a meaningful comparison in X-rays. In the fu-
ture, we will try to find better samples to carry out more detailed study.
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Figurel  Our best fit to the multi-band radio afterglow light curves of GRB 980703. The observed data points are taken from Berger,

Kulkarni & Frail®®® and Frail et al.!"®. The solid lines are our theoretical curves, and the dotted lines are estimated scintillation ampli-
tudes. Contribution from the host has been added in our modeling.
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Ay=2.5 mag). As a comparison, the solid line is the Galactic extinction curve proposed by Pei
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The black dots illustrate our derived rest-frame extinction in the host galaxy of GRB 980703 along the line of sight (with

[49]

Table1 Modeling parameters of GRB 980703
Ej (ergs) 6y (radian) n (cm™) p & &g Host Ay (mag)
3.8x10™ 0.23 27.6 2.1 0.27 1.8x10 2.5
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