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GRB 030329 displayed one of the brightest optical afterglows ever. We have followed the radio
afterglow of GRB 030329 for over 5 years using GMRT (India) at 1280 MHz and 610 MHz frequencies. This
is the longest as well as the lowest frequency follow up of any GRB afterglow ever.

Radio observations of a GRB afterglow provide a unique probe of the physics of the blast wave at late
times, when the expansion of the fireball slows down to non-relativistic speeds. Our GMRT observations
suggest that the afterglow of GRB030329 entered the non-relativistic phase around 60 days after the burst.
The estimate of the fireball energy content, ∼ 1051 erg, in this near-isotropic phase is much less susceptible to
the collimation-related uncertainties arising in the relativistic phase. We have also been closely monitoring
the evolution of the afterglow to look for possible signatures of emission from a counter jet, but no conclusive
evidence has so far been found.

1 The afterglow of GRB 030329 and GMRT observations

GRB 030329 has been a very distinct event in many respects. Residing at a redshift of 0.1685 [1], it is the
second nearest GRB for which an afterglow has been observed. The afterglow of GRB030329 is one with
the longest follow up ever. It was also the first GRB to have provided an unambiguous evidence of the long
suspected association between GRBs and Supernovae e.g. [2].

GRB 030329 was detected and localized by the HETE-II satellite [3] on 29th March 2003. It was
followed by an extremely bright X-ray afterglow [4] and the brightest optical afterglow to date [5,6]. A
bright radio afterglow of 3.5 mJy at 8.46 GHz was detected by VLA [7].

We first detected this radio afterglow with the GMRT at 1280 MHz on 31st March 2003, 2.3 days
after the burst [8]. We have since then follow-up observations at 1280 MHz, 610 MHz and 325 MHz. While
the aftewrglow continues to be detectable at 1280 and 610 MHz bands, we were unable to detect it at 325
MHz. Our observations at 610 MHz represent the lowest frequency detection of a GRB afterglow ever.

In this paper we present five years of GMRT observations of this afterglow at 1280 and 610 MHz
bands (Fig 1). A part of these data have been published earlier in [9,10].

2 Modeling the Multifrequency Radio Afterglow

In the fireball model [11,12] the afterglow of a GRB is attributed to synchrotron radiation by electrons accel-
erated in the shock driven into the circumburst medium by the relativistically expanding ejecta. The shock
wave decelerates as it proceeds, and the outflow, initially tightly collimated, widens in angle. Eventually,
after a few weeks, the shock wave would become non-relativistic. By this time the flow is also expected to
become nearly spherical and isotropic.

Much of the duration of our follow-up of GRB030329 afterglow has been through the non-relativistic
phase. As described in detail by [13], in this phase the evolution of the shock wave can be described using the
Sedov-von Neumann-Taylor (SNT) self similar solutions. Broadband observations of the afterglow during
this phase can be used to estimate several physical parameters related to the explosion, including its total
energy content.
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These parameters can also be independently estimated by modelling the evolution of the afterglow
in the relativistic phase, but this suffers from uncertainties related to collimation geometry and relative
orientation of the observer, problems that do not plague the non-relativistic phase.

Because most of the GRBs occur at high redshift, i.e. large distances, they are too faint to be detected
at late times, in particular in the non-relativistic phase. GRB 030329, being one of the closest GRBs, provided
us with an unique opportunity of late time observations deep into the non-relativistic phase.

The observed behaviour of the light curves presented in Fig 1 can be well explained by a transition of
the blast wave from relativistic to the non-relativistic phase of evolution at tNR ∼ 60 days, the epoch of light
curve flattening [9,13,14]. The fitted spectral parameters are: at a reference time t0 = 500 d, the synchrotron
peak frequency νm0,GHz = 1.88 × 10−3 and the peak flux Fm0,mJy = 37.9. The synchrotron self-absorption
frequency νa0,GHz = 0.775, and the slope of the electron energy distribution p = 2.1. The fitted model along
with the data are displayed in Fig 1.
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Light curves of GRB 030329 afterglow : GMRT observations of GRB 030329 radio afterglow (points)
compared with the predictions from non-relativistic evolution of the fireball (lines). The boxes at the top
right in the both the panels indicate the observing frequencies.

2.1 Physical Parameters

The fitted spectral parameters may now be used to derive the physical parameters of the explosion. The
break frequencies and the peak flux, estimated deep in the non-relativistic phase, can be used to yield an
estimate of the blast wave energy EST and the ambient baryon density ni, using the SNT solution for
the blast wave [13]. Two other physical parameters that determine the evolution of the radiation are the
fraction of total energy in relativistic electrons (εe) and that in the post-shock magnetic field (εB). In order
to determine these four quantities, one requires the measurement of four spectral parameters, traditionally
three break frequencies and the flux normalisation. In the late phase, however, direct determination of the
synchrotron cooling frequency νc is difficult, since the afterglow is not detectable at frequencies above radio
bands. We therefore express the physical parameters as a function of the ratio εr ≡ εe/εB: εr = 1 would
signify an equipartition of energy between the magnetic field and the relativistic particles.
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Using the redshift of z = 0.1685 for GRB030329 we estimate, using the spectral parameters quoted
above,

EST = 0.82 × 1051 erg

(

ǫr

η10

)0.12

(1)

ni = 1.3 cm−3

(

ǫr

η10

)0.41

(2)

where η = 10η10 is the ratio of the radius of the blast wave to the thickness of the layer containing the shocked
material. The blast wave radius at 500 d works out to be r0 = 0.3 pc (ǫr/η10)

−0.06. The corresponding
postshock magnetic field is B0 = 0.057 G (ǫr/η10)

−0.24, and the lower cutoff of electron Lorentz factor
distribution at that time is γ0 = 3.7(ǫr/η10)

0.12. These yield ǫe = ǫrǫB = 0.15(ǫr/η10)
0.24.

3 Discussion

The observations of GRB 030329 afterglow give an unprecedented view on the non-relativistic evolution
phase of a GRB blast wave, because of the wide range covered in both frequency and time. This gives us the
opportunity to compare the physical parameters that we have derived from the very late-time data with the
physical parameters derived from the early-time data, when the blast wave was still extremely relativistic.
From the emerging physical picture we put constraints on the emission from the counter jet.

3.1 Relativistic versus Non-Relativistic

In section 2.1 we calculated the total energy in the blast wave EST and the density of the circumburst
medium ni as functions of the ratio εr ≡ εe/εB, assuming that the blast wave was in its non-relativistic
phase.

Similarly, we have determined these parameters using only the relativistic evolution of the afterglow

(< 40 days). Our best fit parameters yield an isotropic equivalent energy of the afterglow Eiso
K = 5×1050 ν

1/4
c13

erg, the ambient density n = 0.6 ν
3/4
c13

cm−3, ǫe = 0.2 ν
1/4
c13

and ǫB = 0.4 ν
−5/4
c13

. Using the best fit jet break
time ∼ 13 day the jet opening angle is estimated to be ∼ 21.5◦ and hence the collimation-corrected energy

works out to be Ecorr
K = 1050 ν

1/4
c13

.

Our estimates of beaming corrected energy using only the relativistic phase of afterglow turns out to
be smaller by a factor of ∼ 8 compared to EST using non-relativistic phase while estimated ambient density
in both the phases of evolution turns out be comparable.

If the difference between the two energy estimates is significant, then two possible explanations may
be advanced for this: either the beaming angle in relativistic phase is underestimated, giving a smaller value
for the beaming corrected energy; or EST is over-estimated because of non-isotropy in the emission coming
from the blast wave in the non-relativistic phase. In the latter case it could be that the blast wave is not
completely spherical yet, but still the evolution is well described by the SNT solution, or that the blast wave
is spherical, but the emission is not coming from the blast wave isotropically; in both cases the value of EST

that we derived would be an over-estimation of the true value.

3.2 Counter Jet Emission

As stated above, the outflow from a GRB is thought to consist of two counterpropagating ultra-relativistic
jets. The observed emission is initially dominated by that from the forward jet directed towards the observer,
because of its doppler boost (and the corresponding de-boost of the counter-jet). Eventually when the jets
become non-relativistic and emission is no longer strongly beamed, a rebrightening in the radio light curve
due to the contribution arriving from the counter jet is predicted around 5 × tNR [15,16].
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Adopting our values of tNR ∼ 60− 80 days the rebrightning is expected at ∼ 300− 400 days after the
burst. From Fig 1, however, it is clear that such a feature has not been observed, which was also noted, with
observations up to 2 years after the burst, by [17]. One reason for this is that emission at the frequencies
at which data exist at such late times, reached its peak only in the late non-relativistic phase. As a result,
the difference in the arrival time of the peak emission from the two jets would at best be of the order of the
peak time itself, serving to just stretch the duration of the peak by about a factor of two. Such a signal may
indeed be present in the data, but we cannot establish this for certain because of poor statistics.

4 Summary

• In this paper, we have presented a study of the late-time radio afterglow of GRB 030329 using 5 year
observations by the GMRT, at 610 and 1280 MHz bands.

• We estimate the epoch of non-relativistic transition to be ∼ 60 days after the burst. Using evolution
of the afterglow during the non-relativistic phase we estimate the energy of the blast wave to be
8.2× 1050 erg. These are comparable to findings by several studies using a smaller duration of follow-
up observations.

• In contrast with some predictions, a radio re-brightening due to the counter jet becoming non-
relativistic, is not observed. The existence of a counter jet can not be ruled out, since it is possible
that the peaks of the light curves at low radio frequencies are flattened due to this counter jet.
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