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ABSTRACT
Current models suggest gamma-ray bursts could be used as a way of probing Population-III
stars � the �rst stars in the early Universe. In this paper, we use numerical simulations to
demonstrate that late-time radio observations of gamma-ray burst afterglows could provide
a means of identifying bursts that originate from Population-III stars, if these were highly
massive, independently from their redshift. We then present the results from a pilot study
using the Australia Telescope Compact Array at 17 GHz, designed to test the hypothesis that
there may be Population-III gamma-ray bursts amongst the current sample of known events.
We observed three candidates plus a control gamma-ray burst, and make no detections with
upper limits of 20�40 µJy at 500�1300 d post-explosion.

Key words: radiation mechanisms: non-thermal � gamma-ray burst: general � radio contin-
uum: general � X-rays: general.

1 INTRODUCTION

The �rst stars in the Universe (so-called Population-III, or Pop-III,
stars) are believed to have formed from the metal-free gas available
in the very early Universe, in pristine conditions. Their redshift
distribution is still a matter of debate. Theoretical arguments suggest
Pop-III stars could form at redshifts as low as z � 5�7 (Tornatore,
Ferrara & Schneider 2007; Maio et al. 2010; de Souza, Yoshida &
Ioka 2011), and be the dominant population up to z � 20. Recently
it has been shown that Pop-III gamma-ray bursts (GRBs) could be
the dominant population among transients detected at z > 12�15
(Campisi et al. 2011; Salvaterra 2015).

Determining the role that Pop-III stars played in the early Uni-
verse is an important question. It has been long postulated that the
start of the epoch of re-ionization could have been set off by the
�rst generation of stars (e.g. Lamb & Reichart 2000); Pop-III stars
could have played a signi�cant role in chemically enriching the
primordial intergalactic medium (see Karlsson, Bromm & Bland-
Hawthorn 2013, for a review), and could constitute the seeds of
primordial black holes.

The nature of Pop-III stars is a subject of much discussion. Pop-
III stars could be extremely massive (M� > 100 M�; see e.g. Abel,
Bryan & Norman 2002; Ciardi & Ferrara 2005; Toma, Sakamoto
& M·esz·aros 2011), or have masses as low as few-to-several tens
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of M� (Stacy, Greif & Bromm 2010; Nakauchi et al. 2012). In
either case, the low-opacity envelope should keep large amount of
gas bound till the pre-explosion phase (Woosley, Heger & Weaver
2002). The black hole formed would be more massive than the ones
formed by Pop-II stars, and would experience a longer than usual
accretion phase (Komissarov & Barkov 2010; M·esz·aros & Rees
2010). Observing GRBs from Pop-III stars would give us a way of
learning something about their early Universe progenitors.

Long (>2 s) GRBs (LGRBs) are the brightest transients known in
the Universe. According to the standard collapsar model (Woosley
1993) GRBs signpost the birth of a black hole. In the standard
model, the collapse of a massive star, such as a Wolf�Rayet (Hjorth
& Bloom 2012), leads to the formation of an accretion disc or torus
that accretes on time-scales of tens of seconds on to the newly born
black hole, and a jet is formed. If jets can escape the stellar envelope,
and successfully reconvert a fraction of their kinetic energy into
radiation, X-rays and � -rays are produced as prompt emission (Rees
& Meszaros 1994). At a later stage, when the rest of the bulk
kinetic energy is converted, the afterglow emission takes place at
lower frequencies and lasts up to months after the prompt emission
(Meszaros & Rees 1993).

Approximately 300 LGRBs with a measured redshift have been
detected to date, largely by the Swift satellite (Gehrels et al. 2004).
The redshift distribution of the known LGRBs peaks at around z =
2 (Salvaterra et al. 2012), with a tail extending to higher redshifts.
The highest redshift spectroscopically con�rmed Pop-II GRB (GRB
090423) lies at z = 8.2 (Salvaterra et al. 2009; Tanvir et al. 2009)
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and the highest redshift photometrically con�rmed one is at z = 9.4
(Cucchiara et al. 2011).

Current models suggest that detection of a GRB afterglow from a
Pop-III star is within the capability of current facilities (see e.g.
Ioka & M·esz·aros 2005; Nakauchi et al. 2012; de Souza et al.
2013, and references therein). An exceptionally high-energy budget
(Ekin, iso=1056 erg) and long � -ray duration compared to the rest of
the GRB population would be distinctive properties of Pop-III pro-
genitors. None the less, these objects have proven to be elusive so
far. It has long been known that the � -ray band alone is ineffective
in selecting candidates, because the intrinsically long durations,
coupled with the very high z, produce barely detectable signals
with the standard �rate trigger� criteria of the Swift/BAT telescope
(Barthelmy et al. 2005).

The infrared (IR) band is somewhat more promising. Mesler
et al. (2014) indicated that both the Wide�eld Infrared Survey Tele-
scope (Spergel et al. 2013) and the James Webb Space Telescope
(JWST) could observe rather weak afterglows in the �rst tens of
days post-burst. Macpherson, Coward & Zadnik (2013) estimated
the detection probability and prospects for Pop-III progenitors ob-
served either by the Space Infrared Telescope for Cosmology and
Astrophysics (SPICA) and JWST. They found that the most likely
mode of detection was through follow-up of high-energy triggered
events, and so the success of these instruments in detecting Pop-
III GRBs depends on which high-energy instruments are available
during the period in which SPICA and JWST are operating.

Given these constraints, it is possible that the radio band could
be the most promising region of the spectrum to look at (see also
Macpherson & Coward 2015). As discussed by Toma et al. (2011), if
a Pop-III GRB is a scaled-up version of a standard GRB in terms of
the kinetic energy budget, then its radio �ux would peak at late times
(several weeks) at gigahertz frequencies, and be brighter than a stan-
dard Pop-II GRB. The challenge is how to identify the most promis-
ing Pop-III GRB candidates to follow-up at late times. The focus
of previous works has been investigating the detection prospects
for future facilities. However, due to the negative k-correction, it is
possible to use radio observations with existing instruments to test
whether Pop-III GRBs are already present in the Swift sample.

In this paper, we explore the hypothesis that particularly long and
dim GRBs detected by Swift and with no IR detection could originate
from Pop-III progenitors. To this aim, we search for bright late-time
emission in the radio band which is expected according to some Pop-
III GRBs models (Toma et al. 2011). These GRBs, identi�ed from
Swift/BAT triggers, would initially appear indistinguishable from
standard GRBs. However, at late times they could be identi�ed
by their radio brightness. We have conducted a pilot experiment
with the Australian Telescope Compact Array (ATCA), in order to
test this hypothesis. In Section 2, we detail how we modelled the
afterglow emission. In Section 3, we present the sample selection
methodology and describe our observations. We present our results
in Section 4 and discuss the implications of our results in Section 5.

2 SIMULATIONS OF AFTERGLOW EMISSION

In the radio band, synchrotron self-absorption suppresses the after-
glow emission from the forward shock in the �rst few days after the
explosion. As a result, this component is expected to rise until the
dominant frequency (be it the injection frequency of the electrons
in the shock, or the synchrotron self-absorption frequency itself)
passes through the observational band. This effect produces a spec-
tral peak in the light curve of a GRB afterglow. After the transition
from the �thick� to the �thin� regime, the �ux density of the afterglow

declines as a power law, with an index that depends on the slope of
the electron distribution in the shock that generated it.

To model the afterglow emission, we used BOXFIT (van Eerten &
MacFadyen 2011; van Eerten, van der Horst & MacFadyen 2012).
This code is based on 2D numerical simulations of the jet dynamics,
and radiation is posited to be synchrotron from shock-accelerated
electrons. Only the forward shock of the afterglow phase is con-
sidered, and only the adiabatic approximation (no radiative losses
are considered; see Nava et al. 2013). Another caveat is that the
code does not take into account the possible contribution to the
observed radiation of a self-Compton component. The �ux density
at any given frequency therefore depends on a set of macrophysical
parameters such as the kinetic energy of the jet (Ekin ), the redshift
of the GRB, and the opening angle of the jet. The microphysical
free parameters prescribe how the energy is partitioned at the shock
front between electrons (�e) and magnetic �elds (�b), and the slope
p of the initial electron energy distribution. Finally, the circumburst
medium density n is assumed constant.

2.1 X-ray light curves

To set a baseline for our modelling, we investigated whether the af-
terglow model con�rmed that looking at the X-ray afterglows only
would not be suf�cient to identify the Pop-III nature of the progen-
itor stars. To do this, we compared the results of our simulations
with the X-ray afterglows of all the Swift GRBs from the so-called
BAT6 sample (Salvaterra et al. 2012). This is a �ux-limited sample
of GRBs which is 97 per cent complete in redshift. For this reason,
no bias induced by the measure of z should affect it. The high-
�ux cut-off (2.6 ph cm�2 s�1, in the energy range 15�150 keV)
ensures BAT6 to be free from the threshold biases that affect the
GRB detector. It has been extensively used for a number of studies
that bene�t from its completeness, e.g. optical afterglows (Melandri
et al. 2014), the luminosity function of LGRBs (Pescalli et al. 2015),
the absorption properties in the X-ray afterglows (Campana et al.
2012), as well as a number of studies of the radio properties of
LGRBs both pointing to the Earth (Ghirlanda et al. 2013) and or-
phan afterglows (Ghirlanda et al. 2014). It also served as a baseline
for making predictions on rates of GRB detections by the Square
Kilometre Array (Burlon et al. 2015).

The X-ray light curves come from the Swift/XRT light-curve
repository (Evans et al. 2007, 2009) and are in units of mJy at
10 keV, i.e. they have been extrapolated to the upper boundary
of the XRT energy band, and are effectively monochromatic �ux
densities. This is readily comparable to the output of the set of
simulations.

2.2 Simulation parameters

The set of microphysical parameters (e.g. �e, �b, p, n) in our sim-
ulations is poorly constrained by observations due to the fact that
a true multiwavelength sampling of afterglows exists for a limited
number of GRBs. Panaitescu & Kumar (2000) derived this set �ve
years before the launch of the Swift satellite, and only a handful of
estimates have been collected in more recent years (see for example,
Piro et al. 2005; Cenko et al. 2011; Granot & van der Horst 2014;
Macpherson & Coward 2015).

An alternative approach is to use simulations to determine which
set of parameters best reproduces the distribution of �ux densi-
ties of the whole population of GRBs in various energy bands.
Ghirlanda et al. (2013, radio) and Ghirlanda et al. (2015, optical,
X-ray) showed that, on average, the X-ray, optical and radio �ux
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