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ABSTRACT

Current models suggest gamma-ray bursts could be used as a way of probing Population-III
stars — the first 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 Wy 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 first 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-I1I 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
first generation of stars (e.g. Lamb & Reichart 2000); Pop-III stars
could have played a significant 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
& Mészaros 2011), or have masses as low as few-to-several tens

*E-mail: davide.burlon@gmail.com (DB); tara@physics.usyd.edu.au (TM)

of Mg (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; Mészaros & 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 y -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 confirmed 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 confirmed one is at z = 9.4
(Cucchiara et al. 2011).

Current models suggest that detection of a GRB afterglow from a
Pop-I1I star is within the capability of current facilities (see e.g.
Ioka & Mészdros 2005; Nakauchi et al. 2012; de Souza et al.
2013, and references therein). An exceptionally high-energy budget
(Exin, so=10° erg) and long y-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 y-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 Widefield Infrared Survey Tele-
scope (Spergel et al. 2013) and the James Webb Space Telescope
(JWST) could observe rather weak afterglows in the first 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 Tomaetal. (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 flux would peak at late times
(several weeks) at gigahertz frequencies, and be brighter than a stan-
dard Pop-1I GRB. The challenge is how to identify the most promis-
ing Pop-1II 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, identified from
Swift/BAT triggers, would initially appear indistinguishable from
standard GRBs. However, at late times they could be identified
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 first 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 flux density of the afterglow
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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 flux density
at any given frequency therefore depends on a set of macrophysical
parameters such as the kinetic energy of the jet (Eyi, ), 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 (€,) and magnetic fields (€,), and the slope
p of the initial electron energy distribution. Finally, the circumburst
medium density z is assumed constant.

2.1 X-ray light curves

To set a baseline for our modelling, we investigated whether the af-
terglow model confirmed that looking at the X-ray afterglows only
would not be sufficient 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 flux-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-
flux cut-off (2.6 ph cm™2 s7!, 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 benefit from its completeness, e.g. optical afterglows (Melandri
etal. 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 mly at
10 keV, i.e. they have been extrapolated to the upper boundary
of the XRT energy band, and are effectively monochromatic flux
densities. This is readily comparable to the output of the set of
simulations.

2.2 Simulation parameters

The set of microphysical parameters (e.g. €., €,, 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 five
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 flux 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 flux

MNRAS 459, 3356-3362 (2016)

0202 Ke Z0 uo 1s9nb Aq £GZS65Z/9SEE/E/6GHA0BISAE-O[0ILIE/SEIU/WO0"dNO"dILSPEOE/:SANY WOI) PEPEOUMO(



3358 D. Burlon et al.

102 [T

10-8 T | sl L1 i|||||.

0.01 0.10 1.00 10.00
Time [days]

100.00

Figure 1. X-ray (10 keV) and radio (17 GHz) light curves of simulated GRBs. Bottom left: comparison of the observed X-ray data at 10 keV of the BAT6
GRBs (grey dots; the periodicity is given by the orbits of the Swift satellite) with the envelope of mock X-ray light curves from a set of simulations (see text for
details). The green band represents the area of the plot occupied by standard GRBs across in the redshift range 1.6 < z < 15 and kinetic energies in the range
4.4 x 107 <FEyjn<5 x 10% erg s~!'. The purple band represents where a Pop-IIl GRB with energy Exin=1 x 10°% erg s~! would lie, in the same redshift
range 1.6 < z < 15. Upper right: evolution of the simulations at 17 GHz up to 1000 d after the GRB trigger. The colours of the two bands match the description

given for the bottom-left part of the plot.

density distributions of the complete sample of Swift bursts can be
reproduced assuming (p, €., €,) = [2.3, 0.02, 0.008], with some
dispersion in the range [2.3, 0.01-0.05, 0.001-0.01]. We adopted
these fiducial set of microphysical parameters for our simulations
in Fig. 1.

2.3 The predictive power of radio observations

Despite the knowledge that the X-ray afterglow of a GRB is likely
contaminated by the long-lasting activity of a central engine (e.g.
Evans et al. 2009; Chincarini et al. 2010), or late-time reactivation
of the same engine (e.g. Ghisellini et al. 2008; Bernardini et al.
2013), we wanted to test whether a very energetic Pop-III GRB in
the current data set could be identified through X-ray observations.

In Fig. 1, we compare the X-ray light curves of the whole BAT6
sample' at 10 keV (grey dots in the background), with synthetic
light curves generated with BoxriT. We simulated a whole range of
events, varying the microphysical and macrophysical parameters to
see what parameter space the resulting simulated light curves at
10 keV would span. We notice that the largest contributors to the
spread in the simulated light curves are, by far, Ey;, and z.

The resulting green-shaded area in the lower-left area of the plot,
represents the envelope of simulated possibilities with varying mi-
crophysics, jet and observing angles: we chose a GRB with the
highest Ej, ever observed, corresponding to Eyinise=5 x 10> erg
put at z = 15, for the upper boundary. For reference, we chose a
GRB at the average redshift and energetics of the BAT6 sample: z
= 1.6 and Eyjj0=4.4 x 103 erg (which corresponds to log(Eis,)
= 52.94, i.e. the average value reported in Melandri et al. 2014).
This corresponds to the lower boundary of the simulated X-ray
afterglow light curves. Note that our modelling considers just the

! With the exception of GRB 110503A, which was missing from the website.
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afterglow component, therefore it is not surprising that other addi-
tional components in the observed X-ray afterglows are ‘missed’ by
the modelling. In other words, the lower boundary of the green area,
is a safety-check on the assumptions we made on the distribution
of parameters.

In a similar fashion, the purple-shaded area in the lower-left
area of the plot shows the span of simulated light curves for a
very energetic event Eyip iso=1 X 10%¢ erg in the redshift range
1.6 <z < 15.

We can draw several conclusions from Fig. 1:

(i) the two macrophysical parameters Ey;, and z are degenerate;
they dominate over the microphysical parameters in the variance
of the light-curve evolution: small variations in the observing angle
or equipartition parameters produce light curves, which are well
within the span of light curves which are plotted in green and purple
colours;

(ii) all simulated X-ray curves are consistent with the BAT6 X-
ray afterglow parameter space, which in turn means that even the
most energetic (a potential Pop-1I11, close-by) case would not show
up as an obvious outlier in X-ray observations;

(iii) the ‘reference case’ scenario lies at the lower boundary of the
observed XRT data. This is not surprising since BoXFIT only models
the external shock component of an afterglow, which we know is just
part of the observed X-rays. In fact, the X-ray afterglow component
has to be seen just a lower limit to the real radiative output of an
actual GRB (especially at relatively early times);

(iv) in the first 12 h after the GRB, the reference case is indis-
tinguishable from a GRB 10 times more energetic (i.e. albeit still
consistent with the current Ejy, distribution of observed GRBs),
but placed at z = 15. According to Campisi et al. (2011), roughly
50 per cent of GRBs at that redshift still come from Pop-I/II stars.

In summary, we conclude that the X-ray observations are not
good predictors for the nature of the progenitor star.
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Figure 2. The peak flux of the Swift/BAT-detected GRBs is plotted against
their duration. The ‘image triggers’ are represented with blue squares. The
grey-shaded area is where the candidates have been looked for, and the stars
represent our sample of three targets plus one normal GRB selected as a
control.

In the upper-right section of the plot, we run the same set of
simulations, this time at 17 GHz. Some interesting features can
immediately be appreciated:

(i) the most energetic events peak at several tens of days after the
GRB trigger, and they could peak at >10 mJy;

(ii) at >100 d the flux densities for all simulated GRBs span a
very large range, depending on the specific parameters setting. In
the case of energetic events (the purple band), they should easily be
visible independently from their distance because their peak flux is
well within the capabilities of current telescopes;

(iii) the effect of negative k-correction, particularly visible in the
purple upper-shaded band, shows that at a fixed energy, even an
extreme difference in distance produces just a small difference in
peak time. The peak flux is more affected, with the z = 15 GRB
having a smaller flux, as expected.

Hence, a late-time observation (later than ~100 d) in the GHz
regime that resulted in a clear detection, would point to an extreme
energy of the GRB explosion. In the regime that can be currently ob-
served routinely with existing facilities [tens of pJy, but see Burlon
et al. (2015) for the prospects for the SKA telescope], one detection
would already point to the extreme nature of the event. A set of ob-
servations distributed around the time of the peak would constrain
the possible combinations of Ey;, and z.

Our simulations confirmed that a Pop-III GRB even with an out-
of-the-ordinary energy budget and distance, would still produce
an X-ray afterglow consistent with the flux density level typically
observed in low-redshift GRBs. As a result, observations of early
X-ray afterglows do not seem like a good way of selecting candidate
Pop-I1I progenitors, while the radio regime seems to herald a much
stronger predictive power on the extreme nature of a GRB, provided
that its flux peaks and is still bright at very late times (tens to
hundreds of days).

3 SAMPLE SELECTION AND OBSERVATIONS

As our simulations have shown, X-ray afterglows alone are not
good predictors of the extreme nature of a Pop-III GRBs. Hence,
we based our candidate selection on the Swift/BAT properties of
GRBs. In Fig. 2, we show a plot of the peak flux of the GRB prompt
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emission as seen by BAT versus the duration of the event in the
energy range 15-350 keV (black dots). This is the full sample of
872 long-duration GRBs detected between the launch of the Swift
satellite and the end of 2012 December.

Given that we expect a long, dim afterglow both due to the com-
bined effect of cosmic dilation and the assumption that a Pop-III
progenitor could be a very massive star, we selected our candidates
according to the following criteria:

(i) prompt duration longer than 100 s in the observer’s frame;

(ii) peak flux (in the 15-350 keV energy range) smaller than
0.6 phcm=2s71;

(iii) triggered BAT in Image Trigger mode.”

The first two criteria select the bottom-right area of the plane in
Fig. 2. The objects that satisty the Image Trigger mode condition
are shown as blue squares in the plot. The BAT image trigger mode
is more sensitive to slower and dimmer transients that the standard
rate trigger mode, which looks for a sudden increase in the source
light curve. Applying these criteria resulted in a sample of 26 GRBs.

From this sample, we further selected sources for which there
was no measured redshift (i.e. no distance information). This is
because we expect extremely high redshift candidates being unde-
tected in the optical and IR bands, preventing a direct measure of
their distance.

Finally, candidates had to be at a reasonably low latitude to be
observed with the ATCA. These additional selection criteria re-
sulted in three candidates: GRB 110210A, GRB 121001A, and
GRB 111215A. To these we added GRB 120401A, which satisfied
all the selection criteria, with the exception of the distance informa-
tion — as it has a photometric redshift of z ~ 4.5 (Sudilovsky et al.
2012). We used GRB 120401A as a control candidate, for which we
expected to not be able to reach the flux density needed to observe
the afterglow.

For each of these three candidates, we aimed at obtaining a de-
tection. We fine-tuned the parameters of the mock light curves at
10 keV in order to be consistent with the observed Swift data. We
verified that both a standard GRB and a Pop-III GRB would be able
to roughly reproduce the X-ray observations. With these parameter
choices, we generated the light curves at 17 GHz at late times, to
estimate the expected order-of-magnitude radio flux in both a ‘stan-
dard’ and a Pop-III scenario. Given that all of the Pop-III estimates
were within reach of the ATCA (while the ‘standard’ ones were or-
der of magnitudes dimmer), once we had a confirmed observational
window, we double-checked again the predicted flux at that exact
time. The predictions can be found in Table 1, and the correspond-
ing light curves are shown by solid blue (standard) and red (Pop-11I)
lines in Fig. 3.

3.1 Observations and data reduction

We observed our four sources using the ATCA, located at latitude
—30° in Narrabri, New South Wales. The ATCA has six 22 m radio
dishes with a maximum baseline of 6 km. Our observations were
taken using the 15 mm receiver, with two bands centred on 17 and
19 GHz.

GRB 120401A was observed on 2014 May 3 using the 1.5D array
configuration. Both bandpass and gain calibration were done with
a4 min scan of 1934-638. Phase calibration was done with a 2 min

2 We used the catalogue of (Donato et al. 2012, personal communication)
which is more sensitive to slow increase in the flux.
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Table 1. Sample of the observed candidates. Column 3, 4, 5 represent the
time from the trigger in days, the predicted flux density at 17 GHz, the
observed rms upper limit, respectively.

GRB RA Dec. 3) ) 5)
(d) (Wy) (Wy)
110210A 00521358 40746469 1320 50 <17
121001A¢  182407.84 —05395530 650  ~1000 <18
111215A% 23181331  +322939.18 970  ~2000 <36
120401A°  035219.82  —173808.5 760 - <21

Notes. “GROND detection only NIR bands. ’See van der Horst et al. (2015),
declination is at the limit of ATCA elevation. “Zppotometric ~ 4.5, included as
‘control candidate’.

scan of 0403-132 after each 8 min observation cycle of the target
source. The total time on source was 6.1 h.

GRB 121001A and GRB 11215A were observed on 2014
September 13 using the H75 array configuration. We used a 10 min
scan of 1253-055 for gain calibration, and a 4 min scan of 1934—
638 for bandpass calibration. GRB 121001 A was phase calibrated
with 2 min scans of 1829-106 after each 8 min block on source and
similarly GRB 111215A was phase calibrated with 22154-158. The
total time on source was 6.45 h for GRB 121001A, and 1.8 h for
GRB 111215A.

GRB 110210A was observed on 2014 September 28 using the
H214 configuration. We used a 10 min scan of 1921-293 for gain
calibration, and a 4 min scan of 1934-638 for bandpass calibration.
We observed the phase calibrator, 0402—-132, for 2 min scans after
each 8 min block on source.

We reduced our data using the MIRIAD software package (Sault,
Teuben & Wright 1995) using standard techniques. We used au-
tomatic and manual flagging to remove radio-frequency interfer-
ence and then applied bandpass, gain and phase calibration before
imaging.

4 RESULTS

‘We made no detection for any of our four target sources. A summary
of our measured limits is given in Table 1, with brief notes on each
source below.

GRB 121001A

Flux [mly]

‘102 TT IIIIIII T IIIIIIII TT IIIIIII T IIIIIIII T IIIIIIII T T 11T
10k -~ 10kev i
— 17GHz
10(] - .
Eh . Poplil 3
E _\9\,\ 4 Standard
[}
E] 2L N e, _
= 10 “a. v
10°F AN .
10*F AN -
107; 11 IIIIIII 11 IIIIIII 1 I\I\‘JTIH\ 11 IIIIIII 11 IIIIIII 11
0.01 0.10 1.00 10.00  100.00
Time [days]

GRB 120401A: there is no detection in this image down to a
lo rms of 21 pJy. As GRB 120401A was our control source: we
expected no detection 760 d after its prompt emission.

GRB 110210A: there is no detection in this image down to a
lo rms of 17 wly. This source was observed more than 1300 d
after the prompt emission of the GRB, which reduces the chance of
making a detection. In fact, also in the Pop-III progenitor scenario,
our prediction was at the limit of the ATCA capabilities. This source
is plotted in Fig. 3 in the right-hand panel.

GRB 111215A: the image had some phase structure visible, pos-
sible due to the low elevation of the observations. In addition, some
data was flagged due to array shadowing reducing the sensitivity of
the observations. There was no detection in the image down to a 1o
rms of 36 ply.

GRB 121001A: these observations were also at low elevation and
present some phase structure. We made a tentative detection of a
source with a peak flux of 80.72 py, a significance of 50. However,
this source was several arcminutes out of the XRT error radius, and
therefore unlikely to be connected to the GRB afterglow. Hence, we
report that GRB 120401 A was also a non-detection with a 1o rms
of 18 wly. This GRB is represented in Fig. 3 in the left-hand panel.

5 DISCUSSION

Although our experiment was based on only a small sample (three)
of potential candidates, the lack of detection at one to two orders of
magnitude below our predicted flux suggests one of the following
possibilities.

First, it could be that one or more of the assumptions in our
simulations is wrong, even though the forward shock of a Pop-
IIT progenitor follows the same standard model implemented by
the BoxFIT code. For example, it may be that the macrophysics
parameters we adopted do not apply to this case. It might well be
that Pop-III stars have no exceptionally large masses, but rather
lie in the few tens of solar masses, just like the progenitors of
the GRBs we know of. If that were the case, the kinetic energy
available as a reservoir for conversion into radiation would not be
substantially different than normal GRBs. Another macrophysical
assumption could relate to the redshift distribution of the elusive
population of Pop-III stars. There are indications (see e.g. Campisi
et al. 2011) that the Pop-III progenitors could be ~10 per cent of

GRB 110210A

10° T T T T T T
l - . 10keV 4
— 17GHz
10[] | 4
L PoplII )
A Standard
10°F R 4
.~
AN .
) NN
4 ’Q RN
107 ."¢ \’: %\ ,O.‘ 7]
» g ]
AR TN
10° | | gt | |

0.010  0.100  1.000  10.000 100.000 1000.000
Time [days]

Figure 3. Example of how the simulated X-ray light curves (dashed lines) can reproduce equally well the X-ray observed data (black dots). The simulation
is then run at 17 GHz (solid lines), keeping all parameters fixed, and the difference in behaviour becomes evident. The left-hand (right-hand) panel shows
GRB 121001A (GRB 110210A), respectively. The ATCA upper limits obtained with our pilot program are shown with a vertical arrow. The two scenarios

investigated are plotted with different colours.
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the whole population at z > 6 and as high as 40 percent at z >
10. Another possibility is that the microphysics assumptions are
incorrect. For instance, if the circumburst particle density were
orders of magnitude smaller than the range we simulated, the flux
density would be consistent with a non-detection.

Secondly, but less likely in our opinion, is the possibility that
the assumptions are reasonable while at the same time the physics
governing the external shock of a Pop-III progenitor producing a
GRB is different than the one simulated. This would require more
exotic solutions, the discussion of which is beyond the scope of this
paper.

Thirdly, there could have been a combination of the aforemen-
tioned possibilities, and a truly exceptional GRB is needed to be
observable by current facilities. A more thorough search through
the whole sample of GRBs is needed, and a close eye kept on the
promising candidates. In particular, we would like to point out that
there is also the case of ‘dark bursts’, i.e. GRBs that come from stan-
dard progenitors but likely exploded in non-standard circumburst
environments which absorb most of their optical photons (prevent-
ing a fast measurement of their distance) that will contaminate our
sample (and may be larger in number). Indeed, during the comple-
tion of this manuscript, one of the sources in our sample, i.e. GRB
111215A was revealed to belong to this class by a large observa-
tional campaign spanning over two years. We refer the reader to van
der Horst et al. (2015) for a detailed discussion of the — now avail-
able — radio and IR properties of this GRB, as well as a discussion
on the deep observations of its host galaxy.

Finally, we should consider using this initial result, to test more
refined ways to select the potential Pop-III progenitors.

6 CONCLUSIONS

GRBs from a Pop-III progenitor have proven so far elusive, and
therefore belong only to the realm of theoretical simulations. None
the less, if these objects do exist, they might not only be observable
by the next generation of facilities, but could have been hiding
already in our samples, disguised as more ‘standard’ objects.

The inspection of a single energy band cannot give us the hint we
have been looking for. The X-ray band is not a good predictor of
the extreme energy (or not) of the initial explosion, since the kinetic
energy budget and the redshift z are degenerate in this respect. The
optical/Near Infrared (NIR) flux is severely affected by the shift of
the Ly « break in the observed band, and hence very high redshift
Pop-III GRBs are unlikely to be detectable.

Our simulations have shown that late-time radio observations
may be the best diagnostic for distinguishing a Pop-1II GRB from
a standard one. The former is expected to be orders of magnitude
brighter than the latter, and within the reach of current radio fa-
cilities. More importantly, a single detection of a radio afterglow
peaking at late times (hundreds of days) would immediately rule
out the ‘standard’ nature of its progenitor.

We used the hydrodynamical code BoxriT (van Eerten et al. 2012),
which allows us to compute the synchrotron flux at any frequency,
at any time, given a set of fixed parameters, to set up an experiment
with the ATCA at GHz frequencies. We selected the candidates
by means of the combined low y-ray peak flux, the long duration
of the prompt emission, the lack of optical/IR information that
would help measure at least a lower limit on the GRB distance,
and the image trigger criterion of the BAT instrument. We fixed
the parameters which regulate the physics of the shock to values
that allow us to be consistent with the observed X-ray data. We
showed that, despite being indistinguishable at X-ray energies in
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the first day, the different nature of the progenitors would produce
remarkably different behaviours at GHz frequencies, both in the
peak flux density reached and in the time at which the transition
to the optically thin regime would take place, producing a radio
peak. With a few hours of observations on three candidates, we
did not have a detection. We attribute this to a number of possible
reasons, which could be either physical in nature (e.g. the Pop-III
progenitors do not have substantially different mass distributions,
or — like in the case of GRB 111215A —to its ‘dark’ nature, see van
der Horst et al. 2015) or observational (e.g. a sample of just three
candidates is not big enough to claim the non-existence of Pop-III
progenitors).

We encourage none the less the community to use this initial result
to envisage more detailed methods to select promising candidates
in the quest for the observation of the first Pop-III progenitor star,
before these objects become directly observable by future facilities.
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