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ABSTRACT

Short gamma-ray bursts (GRBs) are explosive transients caused by binary mergers of compact objects containing at least one
neutron star. Multiwavelength afterglow observations provide constraints on the physical parameters of the jet, its surrounding
medium, and the microphysics of the enhanced magnetic fields and accelerated electrons in the blast wave at the front of the
jet. The synchrotron radio emission can be tracked for much longer than in other spectral regimes, and it can pin down the
evolution of the spectral peak. We present the results of a systematic observing campaign of eight short GRBs with the MeerKAT
radio telescope. Additionally, we present observations of four of these short GRBs using the ATCA radio telescope and two
of these short GRBs with the e-MERLIN radio telescope. Using these results we report one possible detection of a short GRB
afterglow from GRB 230217A and deep upper limits for the rest of our short GRB observations. We use these observations to
place constraints on some of the physical parameters, in particular those related to electron acceleration, the circumburst density,
and gamma-ray energy efficiency. We discuss how deeper observations with new and upgraded telescopes should be able to
determine if the gamma-ray efficiency differs between long and short GRBs. We also report detections of the likely host galaxies
for four of the eight GRBs and upper limits for another GRB, increasing the number of detected host galaxies in the radio with
implications for the star formation rate in these galaxies.
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GRBs, based on the observed duration and spectral hardness of their

1 INTRODUCTION prompt gamma-ray emission (Kouveliotou et al. 1993). Long GRBs

Gamma-ray bursts (GRBs) are among the most powerful explosive
transients in the Universe, accelerating electrons to extremely high
Lorentz factors and emitting photons with up to TeV energies (e.g.
Abdalla et al. 2019; MAGIC Collaboration 2019). These extreme
sources can be divided into two varieties: long-soft and short-hard
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are caused by the collapse of massive stars (Woosley 1993), with
nearby ones often associated with supernovae (e.g. Hjorth et al. 2003)
(see however, Rastinejad et al. 2022; Troja et al. 2022; Levan et al.
2024). Short GRBs are caused by binary mergers of compact objects
(Eichler et al. 1989), with some of them associated with kilonovae
(e.g. Tanvir et al. 2013). In 2017, the electromagnetic emission of a
short GRB was coincident with a gravitational wave event providing a
wealth of information including conclusively linking binary neutron
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star mergers with short GRBs (Abbott et al. 2017). Following the
GRB prompt gamma-ray emission, irrespective of the progenitor,
an afterglow is observed across the electromagnetic spectrum, due
to the interaction between the ejected material and the surrounding
medium (Sari, Piran & Narayan 1998; Chevalier & Li 1999; Wijers &
Galama 1999).

Multiwavelength observations of GRBs provide constraints on the
physical parameters of the collimated GRB outflow, i.e. the jet, its
surrounding medium, and the microphysics of the enhanced magnetic
fields and accelerated electrons in the blast wave at the front of the
jet (Sari et al. 1998). D’ Avanzo et al. (2014), for example, examined
a sample of 36 short GRB X-ray observations from the Neil Gehrels
Swift Observatory (hereafter Swift; Gehrels et al. 2004) finding
redshifts for 16 of the included GRBs and uncovering information
about the binaries from which they originate. Radio observations
provide a set of constraints that are particularly valuable such as
tracking of the spectral breaks due to self-absorption and due to the
minimum electron energy over time. Additionally, due to the power-
law time evolution of the synchrotron emission and the ability to track
the emission well into the non-relativistic phase, the radio emission
of the afterglow can be tracked and well defined over a long period
of time (see e.g. Granot & van der Horst 2014, for a review).

Radio detections of long GRBs are becoming increasingly com-
mon. Chandra & Frail (2012) analysed all long GRBs that were ob-
served in the radio band pre-dating 2011, resulting in a radio-detected
fraction of ~ 30 percent. A more recent study that performed
an unbiased radio follow-up campaign of 139 GRBs at a single
frequency (at 15.7 GHz using the Arcminute Microkelvin Imager
Large Array; Zwart et al. 2008) indicated that the detectable fraction
could be higher at ~ 44 — 56 per cent, and that radio afterglows can
be detected within 24 h post-burst (Anderson et al. 2018). The radio
afterglows of short GRBs, on the other hand, are difficult to detect,
with a little over a dozen detected (Berger et al. 2005; Soderberg
et al. 2006; Fong et al. 2014, 2015, 2017, 2021; Lamb et al. 2019;
Laskar et al. 2022; Schroeder et al. 2023a, b; Schroeder, Fong &
Laskar 2023c; Rhodes et al. 2023a, b; Anderson et al. 2023, note
that this list does not include GRB 170817A/GW 170817 as the jet
was likely off-axis, with the radio afterglow rising at late times). The
radio afterglow of about half of this sample faded below detectability
less than 2 d after the gamma-ray trigger (e.g. Berger et al. 2005;
Soderberg et al. 2006; Fong et al. 2014, 2021; Anderson et al. 2023;
Schroeder et al. 2023b); in these cases, the radio emission may be
attributed to the reverse shock in the blast wave. In fact, all but two
of the radio-bright short GRBs have been detected around 1 d after
the trigger or earlier. This motivates the need for rapid follow-up
observations of short GRBs at radio frequencies (e.g. Anderson et al.
2021). It is important to note that there is also a sample of short
GRBs that remain detectable in the radio band for tens to hundreds
of days (Lamb et al. 2019; Fong et al. 2021; Laskar et al. 2022),
with one GRB even switching on at ~ 11 d, which was likely the
result of late-time energy injection (Schroeder et al. 2023a). The
latter suggests that previous radio monitoring campaigns of short
GRBs that stop after one or two weeks may be missing late-time
brightening or rebrightening episodes.

A larger and more complete sample of radiomonitored short GRBs
needs to be compiled, covering multiple frequencies from very early
(hours) to hundreds of days, in order to properly understand their
environments, energetics, and jet properties. The most comprehen-
sive study of the short GRB population thus far was conducted by
Fong et al. (2015), who used broad-band modelling, including radio,
to derive their physical parameters. This study seems to suggest that
the energetics of short GRBs is quite low, and that the same is true
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for the particle density in their environment, with densities as low as
those found in the intergalactic medium, i.e. 10~ cm~3. O’Connor,
Beniamini & Kouveliotou (2020) discuss that such low densities may
not be the correct interpretation of the observations and that, based on
afterglow modelling, the host galaxy maybe misassociated resulting
in an incorrect redshift determination. Furthermore, recent state-of-
the-art modelling (Aksulu et al. 2022) indicates that the energy of
the blast wave is similar in long and short GRBs, which would mean
that the difference in the observed gamma-ray energetics between
short and long GRBs is due to differences in gamma-ray efficiency,
while this efficiency is quite homogeneous in the population of long
GRBs (Beniamini, Nava & Piran 2016).

Various afterglow models (e.g. Granot & Sari 2002; van Eerten,
van der Horst & MacFadyen 2012) have been used to derive physical
GRB parameters by fitting multiwavelength observations across
various observing frequencies and time-scales. Since the physical
parameter space is large and complex, some methods have been
derived to pin down one or two of the parameters using just a
few observables. Most relevant for the work that we present here
is that one can use the peak in radio light curves and spectra
to constrain parameters related to electron acceleration in these
sources (Beniamini & van der Horst 2017). In this study, the authors
determined typical values for the fraction €. of the shock energy that
goes into the population of accelerated electrons and established
a fairly narrow distribution for this parameter. Duncan, van der
Horst & Beniamini (2023) followed up on this work by additionally
constraining the fraction &, of electrons that gets accelerated by
the blast wave into a power-law distribution of Lorentz factors, and
the minimum Lorentz factor y,, of this distribution of accelerated
electrons. While this was done for a large sample of long GRBs, 49
to be exact, this has not been applied to a sample of short GRB radio
afterglows.

These recent developments in modelling populations of GRBs,
combined with a relatively small sample of short GRBs with radio
detections (Fong et al. 2021), are a strong motivation to perform
more radio studies of short GRBs. We have therefore carried out
high-cadence radio monitoring of eight short GRBs, combining
observations taken with MeerK AT, the Australia Telescope Compact
Array (ATCA), and e-MERLIN. The MeerKAT observations were
taken as part of the ThunderKAT project (Fender et al. 2016),
to systematically observe a sample of short GRBs. The ATCA
observations form part of a programme that utilizes the observatory’s
rapid-response mode to automatically trigger observations of short
GRBs detected with Swift (Anderson etal. 2021). This system enables
ATCA to be on target within minutes of the GRB discovery (or when
it has risen above the horizon) to target early radio afterglow emission
seen to rise within 1 d post-burst in the radio-detected sample of short
GRBs. While we do not significantly detect the radio counterpart of
any short GRB in our sample, we are still able to put constraints on
some physical properties of the GRB blast waves. In particular we
place constraints on the gamma-ray efficiency, which is the efficiency
of converting the total energy into gamma-ray emission, and the
electron density of the external medium.

In this paper, we will use the MeerKAT, ATCA, and e-MERLIN
observations of a sample of short GRBs presented in Section 2
to find upper limits on possible GRB afterglows. In Section 3 we
present the results of our multi-epoch observations of eight short
GRB fields, and use the flux measurements and limits to constrain
some GRB parameters and their environments. We also use our
sensitive observations to constrain star formation rates in likely host
galaxies of some of the GRBs in our sample. In Section 4, we discuss
the implications of our measurements and place constraints on the
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Table 1. Summary of our sample of MeerKAT short GRB observations at ~ 1.3 GHz, their locations, position uncertainties, start time of each observation, 1o
rms noise in each image, and forced flux measurements at the GRB afterglow location (both integrated and peak flux).

GRB Name RA Dec Pos. Unc. Position Ref. Days post-trigger  RMS noise Fint Foeax
(deg) (deg) (arcsec) (Wy) (1dy) (1dy)
GRB200219A 342.6384 —59.1195 1.8 Osborne et al. (2020a) 0.3 —047 9 31+£13 29+7
GRB200219A ” ” > > 221 —2.38 7 18+ 10 16+5
GRB200219A ” ” ” > 4.2 —4.36 7 31£10 30+6
GRB200219A ” ” > > 8.27 — 8.44 8 13+ 11 11+5
GRB200219A ” ” ” > 916.72 — 916.9 7 19+ 10 17+5
GRB200411A 47.6642 —52.3176 1.5 Osborne et al. (2020b) 1.12 — 1.29 7 24+ 11 22+6
GRB200411A ” ” ” > 3.3 —-347 7 52+ 11 51+8
GRB200411A ” ” ” > 7.13 —-17.3 6 37410 36+ 6
GRB200411A ” ” ” > 862.91 — 863.08 7 35+ 10 34+6
GRB200522A 5.6818 —0.2827 32 Beardmore et al. (2020) 0.81 — 0.99 22 29 +38 11+9
GRB200522A ” ” ” > 1.77 — 1.95 27 59 +36 524+19
GRB200522A ” ” ” > 6.61 — 6.79 20 21+29 7+6
GRB200522A ” ” ” i 14.61 — 14.78 29 21 £41 —6+7
GRB200522A ” ” ” > 816.49 — 816.66 18 23 +26 13+8
GRB200907B 89.0290 6.9062 1.8 Evans et al. (2020) 0.27 — 0.45 13 9423 —-9+13
GRB200907B ” ” ” > 2.3 —248 12 —9+26 17 £ 30
GRB200907B ” ” ” > 6.29 — 6.47 12 —2+25 117 £ 970
GRB200907B ” ” ” > 17.32 — 17.5 12 —4+26 54 + 208
GRB200907B ” ” ” > 710.44 — 710.62 15 —2+27 109 + 760
GRB210323A 317.9472 25.3692 1.6 Malesani et al. (2021) 1.35 — 1.53 9 26+ 14 23+7
GRB210323A ” ” ” > 3.34 — 3.52 9 14+ 14 10+6
GRB210323A » ” ” > 8.33 — 8.51 8 15+13 11+6
GRB210323A ” ” ” > 11.72 - 11.9 9 19+ 15 15+7
GRB210323A ” ” ” > 517.93 — 518.11 9 15+ 14 11+6
GRB210919A 80.2546 1.3120 0.5 Kann et al. (2021) 1.05 — 1.23 17 —7+32 43 +£119
GRB210919A ” ” ” > 5.11 —5.29 18 —9+30 24 +45
GRB210919A ” ” ” > 8.05 — 8.23 31 —-9+50 80 4248
GRB210919A ” ” ” > 335.2 — 335.38 18 —32+32 —21+12
GRB220730A 225.0143 —69.4959 6.6 Dichiara et al. (2022) 212 -23 8 20+ 16 16 +7
GRB220730A ” ” ” > 4.03 — 4.21 6 0+ 10 31+177
GRB220730A ” ” ” > 10.98 — 11.16 6 9410 5+3
GRB220730A ” ” ” > 39.99 — 40.17 6 3+9 —-8+17
GRB220730A ” ” ” > 276.37 — 276.55 7 15+ 11 1345
GRB230217A 280.7706 —28.8379 0.3 Schroeder et al. (2023b) 517 —5.34 7 25+10 23+5
GRB230217A ” ” ” > 10.16 — 10.33 8 13+ 10 10+5
GRB230217A ” ” ” > 20.26 — 2043 7 0+9 —139 £+ 3590
GRB230217A ” ” ” > 40.07 — 40.24 8 1+9 —20+ 82
GRB230217A ” ” ” > 155.78 — 155.95 8 1+10 —24 £ 105

gamma-ray efficiency and electron density of the external medium.
‘We use these constraints to determine the possibility of future short
GRB detections in radio with new large observatories. Finally, we
provide a brief summary and conclusions in Section 5.

2 OBSERVATIONS AND DATA ANALYSIS

2.1 MeerKAT observations

The MeerKAT radio telescope (MeerKAT; Jonas & MeerKAT Team
2016) is a radio interferometer in South Africa that will be integrated
into the middle frequency component of the Square Kilometer Array
(SKA; Dewdney et al. 2009). The aim of the project presented here
was to observe short GRBs, all of which were detected with Swift,
that had follow-up observations in at least one other waveband (X-
rays, ultraviolet, optical and/or near-infrared) and are visible to the
MeerKAT radio telescope. The observing campaign started in early
2020, with the last observations in 2023 July. A total of nine GRBs
met this criteria. Of these, GRB 210726A is presented in Schroeder
et al. (2023a) and not included in this work, thus leaving a total of
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eight GRBs presented here. We performed multi-epoch observations
of these eight GRBs, spanning days to weeks, and in six cases even
years (the 7th GRB occurred in 2022 July and the 8th in 2023 May).
This resulted in 37 total observations for our sample of eight short
GRBs, with a central frequency of 1.3 GHz. All observations lasted
approximately 4 h, resulting in 1o noise levels down to 7 — 9 uly
in most fields. In some cases the image noise was significantly
higher, up to a few tens of plJy, due to bright sources causing
strong artefacts. The observing details and results are summarized in
Table 1.

Each observation was processed using the PROCESSMEERKAT
pipeline (Collier et al., in preparation) for calibration. The imaging
was performed with Common Astronomy Software Applications
(casA; THE CASA TEAM 2022) using the task TCLEAN. An initial
shallow image was made, then self-calibration and refined flagging
for radiofrequency interference was performed, followed by making
a final, deep image. W-projection with 128 w-projection planes
was used to correct for the non-coplanar baselines. The multiterm
multiscale imaging algorithm was used with two Taylor terms and at
least three different scales, always including 0, 5, and 15.
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Figure 1. MeerKAT observations of the eight short GRBs in our sample, with forced peak flux measurements shown as circles and 3o upper limits based on

the image rms noise shown as triangles.

Even though the vast majority of our observations resulted in deep
images, none of the ones presented here had significant detections
at the GRB location. Some of the observations resulted in possible
detections of a host galaxy, which will be discussed in Section 3. The
short GRB 210726A was also observed as part of our campaign,
resulting in some detections, which are presented as part of a
multiwavelength study in Schroeder et al. (2023a).

Given the non-detections of the GRBs in our sample, forced flux
measurements at the GRB location were performed with the LOFAR
transients pipeline (TraP; Swinbank et al. 2015) by supplying a
fixed location of the short GRB afterglow along with using standard
parameter settings; the image noise was also measured with the TraP.
The light curves of the forced peak flux measurements along with
30 upper limits are shown in Fig. 1.

Note that almost all the forced peak flux measurements for GRB
200411A are higher than the 30 upper limits because the host galaxy,
which is offset from the GRB position by only 4.6 arcsec and constant
in time, is contributing to the flux at that position due to the restoring
beam size being between 6 to 9 arcsec. Fig. 2 shows combined images
of the observed GRBs with host galaxy counterparts, excluding GRB
200522A due to artefacts from bright sources in the field. The cross-
hair marks the host galaxy location and the red circle marks the
localization of the GRB afterglow. The host galaxy of GRB 200411A

is close to the GRB localization and appears to be contributing to
the flux measured at the GRB location. Therefore, the flux measured
from this GRB is from this galaxy, which is likely its host galaxy,
and not from the GRB afterglow. We investigate these host galaxies
further in Section 3.

2.2 ATCA observations

ATCA is a 6-dish interferometer with a maximum baseline length of
6 km based in New South Wales, Australia. Since 2018, we have been
using ATCA to trigger rapid-response and monitoring observations of
short GRBs under project code C3204 (PI Anderson; Anderson et al.
2021). For all observations, we use the dual 4 cm receiver with central
frequencies of 5.5 and 9 GHz, each having a 2 GHz bandwidth. The
programme followed up four of the eight short GRBs monitored
by MeerKAT, with the details listed in Table 2. Any triggered
observations take place within 1d post-burst and are then followed
by up to three quasi-logarithmically spaced, manually scheduled
observations over the next ~ 2 — 3 weeks. The first observations
of GRB 200411A and GRB 200907B were taken using the rapid-
response observing mode, with ATCA being on target and observing
GRB 200907B just 3 min post-burst.

MNRAS 532, 2820-2831 (2024)
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Figure 2. A combined image of all of our MeerKAT observations for the GRBs in which there is a host galaxy detection reported. The GRB localization is
indicated by a small circle and the host galaxy location is marked with the cross-hair. Note how close and bright the host galaxy is in comparison to the GRB

location for GRB 200411A.

The observations were calibrated in CASA by first using the task
IMPORTATCA to convert the RPFITS data format into measurement
sets. The data were then calibrated using standard CASA tasks to
flag, generate calibration tables, and apply calibration tables. After
calibrating the data, the CASA task TCLEAN was then used to make
images of the field. In all cases, the standard gridder and default
Hogbom deconvolution algorithm were used. For the GRB 200219A
and GRB 220730A fields, multiple rounds of self-calibration were
necessary due to a bright source in the field. The initial round of
cleaning used a relatively shallow threshold followed by phase-
only calibration. The following rounds were cleaned progressively
deeper and after a few rounds of phase-only calibration, phase, and
amplitude calibration was performed. The GRB 200411A field did
not require self-calibration. The GRB 200907B field was calibrated
and imaged using Miriad (Sault, Teuben & Wright 1995) using
standard techniques. However, we were unable to perform a forced-
fit to the GRB location in TraP due to the synthesized beam being too
elongated. Therefore we report only the rms noise. The force-fitted
flux density measurements listed in Table 2 were performed in the
same way as was described in Section 2.1, with the 5.5 and 9 GHz
measurements plotted in Fig. 3. Note that although we appear to
have detected the GRB afterglow in the third observation of GRB
220730A, this is likely due to a sidelobe from a nearby bright source.

MNRAS 532, 2820-2831 (2024)

2.3 e-MERLIN observations

The enhanced Multi-Element Remotely Linked Interferometer Net-
work (e-MERLIN) is a UK-based radio facility consisting of seven
antennas with a longest baseline of 217 km. Our observations were
taken under the long running program ‘High-resolution observations
of short GRBs beyond the LIGO horizon’ (CY10002, PI: Rhodes).
We observed two short GRBs: GRB 200907A and 210323A. GRB
200907A was observed for one epoch on 2020 September 8. GRB
210323 A was observed for eight epochs between 2021 March 25 and
April 3. The observations were made at 4.8 GHz. Each observation
was reduced using the e-MERLIN pipeline (Moldon 2021). The
pipeline performs flagging for radio frequency interference and
applies apriori flags including antenna shadowing. It then averages
down the data for calibration. Bandpass calibration is performed
using 140742827 (Mrk 668) as the calibrator followed by complex
gain calibration with 133143030 (3C286) and J2114+2832 as the
flux density and phase calibrators, respectively.

On receiving the data, we use CASA (Version 5.8.0) to perform
further flagging and image the data. A full summary of the observa-
tions is given in Table 3 with the limits plotted in Fig. 4. For these
observations we only report the rms noise which was measured by
TraP due to the resolution of the instrument being much finer than
the localization region of the GRB afterglow.
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Table 2. Summary of our sample of ATCA short GRB observations, their locations, position uncertainties, the observing frequency, the start and end time of
each observation, 1o rms noise in each image, and forced flux measurements at the GRB afterglow location (both integrated and peak flux).

GRB Name RA Dec Pos. Unc. Position Ref. v Days post-trigger RMS noise Fint Fpeak
(deg) (deg) (arcsec) (GHz) (1dy) (Wy) (Wy)
GRB200219A  342.6384  —59.1196 1.8 Osborne et al. (2020a) 5.5 3.49 — 3.77 16 15+ 36 —12+16
GRB200219A » » » » 9.0 3.49 — 3.77 15 0+29 587 + 20721
GRB200411A  47.6642  —52.3176 15 Osborne et al. (2020b) 5.5 0.07 — 0.28 12 20+ 17 15+7
GRB200411A » » » » 9.0 0.07 — 0.28 10 8+ 19 —7+10
GRB200411A » ” » ” 5.5 3.07 —3.22 13 —14+22 242
GRB200411A » » » » 9.0 3.07 —3.22 13 10 £+ 26 —14+21
GRB200411A » ” » ” 5.5 5.92 — 6.06 12 —13+21 242
GRB200411A » » » » 9.0 5.92 — 6.06 11 31+16 2949
GRB200411A » » » ” 5.5 11.07 — 11.19 16 —14+31 10+ 13
GRB200411A » » » » 9.0 11.07 — 11.19 15 —21+26 —10+7
GRB200907B  89.0290 6.9062 1.8 Evans et al. (2020) 5.5 0.002 — 0.15 24 - -
GRB200907B » »” » » 9.0 0.002 — 0.15 18 - -
GRB200907B » ” » » 5.5 2.06 —2.16 32 - -
GRB200907B » »” » » 9.0 2.06 — 2.16 50 - -
GRB200907B » ” » » 5.5 6.18 — 6.31 40 - -
GRB200907B » »” » » 9.0 6.18 — 6.31 28 - -
GRB200907B » » » » 5.5 12.06 — 12.12 30 - -
GRB200907B » »” » »” 9.0 12.06 — 12.12 40 - -
GRB220730A  225.0143  —69.4959 6.6 Dichiara et al. (2022) 5.5 0.38 — 0.87 12 —12+28 11+15
GRB220730A » » » »” 9.0 0.38 — 0.87 7 18+ 19 12+7
GRB220730A » ” » » 55 1.72 — 1.86 20 —47 + 49 —30+18
GRB220730A » »” » ” 9.0 172 — 1.86 11 25+25 17+ 10
GRB220730A » ” » » 55 3.58 —3.84 16 —16+ 41 18 4+ 26
GRB220730A » » » ” 9.0 3.58 — 3.84 10 36 £26 29+ 12
GRB220730A » ” » » 55 10.43 — 10.72 15 —16+33 6+7
GRB220730A » » » ” 9.0 10.43 — 10.72 9 12423 —4+5
GRB200219A GRB200411A GRB200907B GRB220730A
102/ 102 102 vy 102
> > > v
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Figure 3. ATCA observations at 5.5 GHz (top) and 9 GHz (bottom) of four of the short GRBs in our sample, with forced peak flux measurements shown as
circles and 30 upper limits based on the image rms noise shown as triangles.

3 MODELLING RESULTS AND HOST
GALAXIES

3.1 Constraining GRB afterglow physics

We use our deep MeerKAT, ATCA, and e-MERLIN observations
to constrain some of the physical parameters of GRB afterglows
for our sample of short GRBs. One approach could be to perform

In this section we put our results in the context of GRB modelling
and host galaxy studies.
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Table 3. Summary of our sample of e-MERLIN short GRB observations, their locations, position uncertainties, the observing
frequency, the start and end time of each observation, and 1o rms noise in each image.

GRB name RA Dec Pos. Unc. Position ref. v Days post-trigger ~ RMS noise
(deg) (deg) (arcsec) (GHz) (Wy)
GRB200907B 89.0290 6.9062 1.8 Evans et al. (2020) 4.8 1.27 — 1.93 28
GRB210323A  317.9472 25.3692 1.6 Malesani et al. (2021) 4.8 1.27 — 1.63 17
GRB210323A > > ” ” 4.8 2.16 — 2.75 17
GRB210323A > > ” ” 4.8 3.16 — 3.75 17
GRB210323A > ” ” ” 4.8 4.16 — 4.75 15
GRB210323A > > ” ” 4.8 5.60 — 5.90 20
GRB210323A ” > ” ” 4.8 8.15 — 8.50 24
GRB210323A > > ” ”? 4.8 9.21 —9.32 34
GRB210323A > ” 7 7 4.8 10.21 — 10.32 27
GRB200907B GRB210323A 12 i
_ (p—2) p—067 l—Ey n,1/46 %__3/2 (2)
10? 10? T 0177(p=1) \ p+0.14 € 0 Teve
= =
=X =2
s >
= =
[T [T
10! 10! This parameter is derived from the ratio of the theoretical equa-
tions for the peak flux and peak frequency. It can be expressed

10-1 10° 10! 107 103
Time (days)

10-1 10° 10! 102 103
Time (days)

Figure 4. ¢-MERLIN observations at 4.8 GHz of two of the short GRBs in
our sample, with 3o upper limits based on the image rms noise shown as
triangles.

multiwavelength modelling covering a wide range of time-scales and
frequencies, but the amount of data available for this is limited. The
reason for this is two-fold: (1) short GRBs are typically faint across
the electromagnetic spectrum, and that is also true for the GRBs in our
sample; and (2) due to the global COVID-19 pandemic, there were
limited observations, in particular in the optical, during a significant
fraction of our follow-up campaign. Therefore, we focus here on the
MeerKAT, ATCA, and e-MERLIN observations, and what can be
learned from the deep limits we obtained on their radio brightness.
We model our MeerKAT observations by comparing the 30 upper
limits to the theoretical expectations of peaks in radio light curves
and spectral energy distributions from Beniamini & van der Horst
(2017) and Duncan et al. (2023). For every observation, we can
consider the measured upper limit to be a limit on the theoretical
peak flux if it would be at that time and frequency. Given the
quasi-logarithmic spacing of our observations, similar flux limits
at various times for a given GRB, and the power-law flux evolution
of GRB afterglows, it is unlikely that we would have missed the radio
peak in the gaps between our observations, except possibly for the
observations between a few weeks and one or two years after the
GRB as can be seen by a slight date gap in measurements in Fig. 1.
For every observation, we calculate the W parameter from Be-
niamini & van der Horst (2017) and Duncan et al. (2023). The
W parameters is a proxy for €, and &, and can be expressed
as a combination of observables related to the peak in the radio
light curve. For reference we reproduce the W equation for the
homogeneous environment (which is expected for short GRBs):

1/2
261.4(1 +2)' v, PEY2 Y
= ]OISdzngvpmax(l,tp/tj)l/z

)
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in terms of observables and in terms of physical parameters, thus
allowing us to draw conclusions about the physical parameters using
our observations. The observables are the peak observing frequency,
Vv, peak observation time ¢,, the jet break time, ¢;, peak flux, FVP,
redshift, z, luminosity distance, d,g, and isotropic-equivalent gamma-
ray energy, E, i, 53. We show the redshift and isotropic equivalent
gamma-ray energy values used, and their references, in Table 5. For
the two GRBs without a known redshift, we use the average redshift
of the other six GRBs. The luminosity distance of each GRB was
calculated using Wright (2006), and we assume that the peak time,
t,, occurs before the jet break time, ¢;.

The parameter W strongly depends on two parameters related to the
electron acceleration process: the fraction €, of the shock energy that
goes into the population of accelerated electrons, and the fraction &.
of electrons that gets accelerated by the blast wave into a power-law
distribution of Lorentz factors: ¥ o €, £%/%. It weakly depends on
the power-law slope p of the Lorentz factor distribution, the density
ng of the circumburst medium, and the gamma-ray efficiency, €, . We
note that we are using the W equations from Duncan et al. (2023)
for a homogeneous medium, since that is the typically assumed
environment of a short GRB (rather than a stellar wind, which one
may expect for long GRBs).

We use the 30 upper limits on the peak flux to estimate lower
limits on the W parameter, which are shown in Tables 6, 7, and 8. In
this analysis we treat GRB 230217A as upper limits. The possible
detection of GRB 230217A is at approximately 3¢ and occurs in the
first observation. The limits for the W parameter are calculated only
for observations in the first 40d since this methodology only holds
for a relativistic GRB blast wave. In Fig. 5 we show histograms of
the lower limits on W using all of our observations, the MeerKAT
observations only, the e-MERLIN observations only, and the ATCA
observations only, and in Table 4 we report the average upper limits
in log-space on W for each of these sets of observations along with
values from Beniamini & van der Horst (2017) and Duncan et al.
(2023). This distribution of lower limits on W can be compared to
the distribution of estimated W values for a large sample of long
GRBs (Duncan et al. 2023); the implications of this are discussed in
Section 4.
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3.2 Constraining host galaxy star formation rates

While we do not have significant detections of the GRBs presented
here, our images include many other sources, including some steady
sources very nearby GRB locations. Given that many short GRBs
reside in the outskirts or possibly even outside of their host galaxy,
we explored the possibility that some of these nearby sources are
associated with the potential host galaxies. For six GRBs in our
sample, host galaxy locations in optical images have been published.
One of these GRBs is GRB 200522A, which we omit from the host
galaxy analysis, since the MeerKAT image has significant artefacts
from two very bright sources in the field of view. For all of the other
sources we give the MeerKAT location and peak flux in Table 9.
Since we expect the host galaxies to be relatively constant in flux,
and in order to improve sensitivity and uv coverage, the fluxes were
measured in deep combined images of each field (12 to 16 h of
observing time in total for each field), by force fitting the flux at
the host galaxy location using the TraP. We show these combined
images along with the GRB localization, marked as a red circle, and
host galaxy location, marked as a cross-hair in Fig. 2. In four of
the five cases, we have a Z 30 detection, with the exception being
GRB 200907B, in which case we adopt a 3¢ upper limit. In all four
of these cases, the source at the location of the host galaxy is either
significantly offset from the afterglow position or is not variable even
on time-scales beyond a year. With these detections, the number of
detected short GRB host galaxies is significantly increased. Klose
et al. (2019) carried out a dedicated search at 5.5 and 9.0 GHz with
the Karl G. Jansky Very Large Array (VLA) (Perley et al. 2011) and
ATCA observing the locations of 16 short GRB host galaxies and
detected one.

There are various possible reasons for, and contributions to, the
1.3 GHz flux measured for these GRB host galaxies candidates. If we
assume that the observed emission can be attributed to star formation
and not from an active galactic nucleus, it is typically dominated
by two components: thermal bremsstrahlung around star-forming
regions, and non-thermal synchrotron emission from cosmic-ray
electrons accelerated in the galaxy’s magnetic field. The latter is
most dominant at low radio frequencies and can be related to the
supernova rate in a galaxy, and through the supernova rate to the star
formation rate. We can estimate an upper limit on the star formation
rate in each host galaxy from the measured flux, using the formalism
and equations from Murphy et al. (2011); and the results are shown
in Table 9 as well. These star formation rates may be higher than
star formation rates that can be derived from other observations in,
for instance, the optical, because the radio observations provide a
tracer that is unobscured by dust. Having said that, we consider
the star formation rates in Table 9 to be upper limits, since there
may be other contributions to the observed radio flux that are not
taken into account in the star formation rate estimates we made,
for instance the neutral hydrogen gas in these galaxies which is
close to the centre of our observing band with MeerKAT. We can
compare our measurements with Nugent et al. (2022), who used
optical observations along with stellar populations to model star
formation rates, as opposed to using radio observations. We can
see that our rates are an order of magnitude higher on average. In
particular, GRB 210323A and GRB 210919A have radio-derived
star formation rates that are almost two orders of magnitude higher.
This significantly higher rate could suggest that the emission from
the neutral hydrogen gas is indeed a significant factor. However, the
redshift of these GRBs pushes the emission from neutral hydrogen
gas towards the lower end of the observing band, and in the case of
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Figure 5. Histogram of lower limits on W for all measurements within the
first 40 d after the gamma-ray trigger.
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Table 4. The log-space mean values of the upper limits on W for the
observations from each telescope in this study, for all telescopes combined
in this study, for Carbone et al. (2017) ISM and wind environments, and for
Duncan et al. (2023) ISM and wind environments. Note that the Duncan et al.
(2023) are weighted by uncertainties.

Data set Average W upper limit
Combined 0.1
MeerKAT 0.1

ATCA 0.13
e-MERLIN 0.07
Beniamini & van der Horst (2017) ISM 0.15
Beniamini & van der Horst (2017) Wind 0.13

Duncan et al. (2023) ISM 0.11

Duncan et al. (2023) Wind 0.14

GRB 210323A even outside of the observing band. This suggests
that the star formation is in fact obscured in the optical.

4 DISCUSSION

4.1 Comparison with other studies

Comparing our upper limits on the afterglow emission with the upper
limits in e.g. Fong et al. (2015, 2021) shows that our limits are about
as deep as the deepest ones in other short GRB studies; and in fact,
our limits are close to many of the low-level detections of some short
GRBs. Our observations are complementary to those other studies
since we observe every GRB in the L-band, i.e. at 1.3 GHz, in contrast
with the higher observing frequencies used in many other studies.
Furthermore, since we carry out our multi-epoch observations to
at least one month, no matter if the GRB was detected or not in
earlier observations, we are able to narrow down the observational
parameter space.

For most of the short GRBs with detections, the peak of the radio
emission at 5.5 and 9 GHz is within the first week (Fong et al.
2021). That peak should have been caught in 1.3 GHz observations
out to about 1 month after the initial gamma-ray trigger, so our
sample should not be missing such a light-curve peak in our
MeerKAT observations. Additionally, in the ATCA 5.5 and 9 GHz
observations, all but one of the observations began within a day of
the initial gamma-ray trigger. Furthermore, the e-MERLIN 4.8 GHz
observations started within two days of the trigger and for GRB
210323A continued almost daily out to about 10 d post-trigger. We
note that we did not detect GRB 200522A at 1.3 GHz, which was
detected at higher radio frequencies (Fong et al. 2021), but this may be
due to a significantly higher noise level in our MeerKAT images due
to nearby bright sources in the field. From the measurements given

Table 6. Lower limits on W estimated from 3o upper limits on the radio
flux in MeerKAT observations at ~ 1.3 GHz. In this analysis we treat GRB
230217A observations as upper limits. The detection of GRB 230217A is
at approximately 30 and occurs in the first observation. Note that the W
parameter is calculated only for observations in the first 40d since this
methodology only holds for a relativistic GRB blast wave.

GRB Days Flux upper 2
post-burst limit (pJy) lower limit

GRB200219A 0.3 27 0.03
GRB200219A 2.21 21 0.13
GRB200219A 4.2 21 0.21
GRB200219A 8.27 23 0.34
GRB200411A 1.12 21 0.04
GRB200411A 33 20 0.09
GRB200411A 7.13 18 0.18
GRB200522A 0.81 87 0.01
GRB200522A 1.77 89 0.02
GRB200522A 6.61 96 0.05
GRB200522A 14.61 97 0.09
GRB200907B 0.27 28 0.01
GRB200907B 2.3 26 0.04
GRB200907B 6.29 27 0.09
GRB200907B 17.32 27 0.2
GRB210323A 1.35 24 0.03
GRB210323A 3.34 23 0.05
GRB210323A 8.33 24 0.1

GRB210323A 11.72 24 0.13
GRB210919A 1.05 54 0.03
GRB210919A 5.11 51 0.1

GRB210919A 8.05 60 0.14
GRB220730A 2.12 25 0.07
GRB220730A 4.03 18 0.14
GRB220730A 10.98 19 0.29
GRB220730A 39.99 19 0.76
GRB230217A 5.17 22 0.31
GRB230217A 10.16 23 0.5

GRB230217A 20.26 21 0.87
GRB230217A 40.07 23 1.41

by Fong et al. (2021), W is between 0.014 and 0.018. Comparing
this with our W limits in Table 6 reveals that our first observation
has lower limits that are consistent with the detections, but the later
observations give higher limits on W. This implies that our first
observation was not sensitive enough to detect the GRB afterglow,
but the following ones should have detected it if the detections from
Fong et al. (2021) were indeed emission from the forward shock. We
also note that GRB 230217A was detected at higher frequencies as
reported in Anderson et al. (2023). From these measurements, along

Table 5. Trigger date, redshift, isotropic-equivalent gamma-ray energy for the short GRBs in our sample, including references. For GRBs without a known

redshift, the average of the other redshifts is used: 0.533.

GRB Trigger Date Redshift Ey iso

GRB200219A 2020-02-19 7:36:49 0.48 £0.02 Fong et al. (2022) 3.74 x 10°'  Svinkin et al. (2020)

GRB200411A 2020-04-11 4:29:02 0.6 £0.1 O’Comnoretal. (2022)  7.17 x 10  Bissaldi et al. (2020)

GRB200522A  2020-05-22 11:41:34 05536 £0.0003  Chambers etal. (2016) ~ 1.39 x 10  Ukwatta et al. (2020)

” ” > Fong et al. (2021) > >

GRB200907B  2020-09-07 18:51:11 0.56%0% Fong et al. (2022) 1.28 x 10%  Krimm et al. (2020)

GRB210323A  2021-03-23 22:02:18 0.733£0.001  Fongetal. (2022) 2.18 x 10°  Frederiks et al. (2021)

GRB210919A  2021-09-19 00:28:34 0.27 £0.12 O’Comnoretal. (2021)  5.53 x 10*  Minaev, Pozanenko & GRB IKI FuN (2022)
GRB220730A  2022-07-30 15:48:55 - - 9.09 x 10%  Frederiks et al. (2022)

GRB230217A  2023-02-17 21:53:11 - - 1.55 % 102 Veres & Fermi GBM Team (2023)
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Table 7. Lower limits on W estimated from 3o upper limits on the radio flux
in ATCA observations.

GRB Days vy Flux upper v
post-burst (GHz) limit (Jy) lower limit

GRB200219A 3.49 5.5 49 0.25
GRB200219A 3.49 9.0 45 0.34
GRB200411A 0.07 5.5 35 0.01
GRB200411A 3.07 5.5 40 0.13
GRB200411A 5.92 5.5 37 0.22
GRB200411A 11.07 55 49 0.31
GRB200411A 0.07 9.0 29 0.01
GRB200411A 3.07 9.0 40 0.17
GRB200411A 5.92 9.0 34 0.3
GRB200411A 11.07 9.0 46 0.41
GRB200907B 2.06 5.5 79 0.05
GRB200907B 6.18 5.5 96 0.1

GRB200907B 2.06 9.0 58 0.07
GRB200907B 6.18 9.0 78 0.14
GRB220730A 0.38 5.5 36 0.03
GRB220730A 1.72 5.5 60 0.08
GRB220730A 3.58 5.5 48 0.16
GRB220730A 10.43 55 46 0.37
GRB220730A 0.38 9.0 21 0.06
GRB220730A 1.72 9.0 33 0.15
GRB220730A 3.58 9.0 29 0.27
GRB220730A 10.43 9.0 26 0.62

Table 8. Lower limits on W estimated from 3o upper limits on the radio flux
in e-MERLIN observations.

GRB Days vp Flux upper v
post-burst (GHz) limit (Jy) lower limit

GRB200907B 1.27 4.8 85 0.03
GRB210323A 1.27 4.8 50 0.03
GRB210323A 2.17 4.8 51 0.05
GRB210323A 3.17 4.8 45 0.07
GRB210323A 4.17 4.8 61 0.07
GRB210323A 5.6 4.8 72 0.08
GRB210323A 8.15 4.8 72 0.11
GRB210323A 9.21 4.8 103 0.1

GRB210323A 10.21 4.8 81 0.13

with a redshift of 0.533 taken from the average of the other GRB
redshifts in this study, we calculate a W value ranging from 0.016
to 0.025. Comparing this to our lower limits in Table 6 shows that
they are much higher, again implying that the detection reported in
Anderson et al. (2023) may not be produced in the forward shock.
However, full broad-band modelling would be needed to further
investigate the discrepancy between the reported detections and our
marginal or non-detections.

4.2 Implications on GRB parameters and environments

As described in Section 3, our deep upper limits can be used to
constrain some of the physical parameters that can be derived from
peaks in radio light curves and spectral energy distributions. When
comparing the W values and distributions from Beniamini & van
der Horst (2017) and Duncan et al. (2023) with our lower limits
on WV using our ATCA, e-MERLIN, and MeerKAT observations, as
shown in Tables 6, 7, and 8 along with Fig. 5, it can be seen that
our lower limits for the short GRBs are around the same values as
the detections for a large long GRB sample. Also note in Table 4
that the average in log-space of our W values are quite close to the
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values from Beniamini & van der Horst (2017) and Duncan et al.
(2023). Additionally, the lower limits on W calculated from only the
ATCA observations have quite a few lower limits that are close to the
upper end of the values shown in Beniamini & van der Horst (2017)
and Duncan et al. (2023). This means that either our noise levels
in most of the images are very close to what is needed for having
detections of these short GRBs, or the physical parameters in short
GRBs are different than those for long GRBs. We will first discuss
the latter option, and in the next subsection we will further discuss
radio detectability of short GRBs.

The value of W strongly depends on two parameters related to
electron acceleration: it has a linear dependence on €., and is pro-
portional to £.3/2. Both of these physical parameters are efficiency
factors related to how relativistic shocks accelerate electrons. Since
both long and short GRBs have relativistic shocks at the front of their
jets, and one may expect the microphysics of this process to be the
same or similar for all relativistic shocks, it would be unexpected
for €. and & to be very different between short and long GRBs.
Therefore, we will explore other physical parameters that may be
different for the two GRB classes.

While W depends strongly on €, and &,, it depends weakly on other
physical parameters. Most notably, ¥ depends on the gamma-ray
efficiency €, and the circumburst density ng as gy ngm((l —
€,)/€,)"/*. Previous studies have presented conflicting conclusions
on the typical values of the gamma-ray efficiency of GRBs and
whether they differ significantly between long and short GRBs. Some
studies (Fan & Piran 2006; Beniamini et al. 2015; Beniamini, Nava &
Piran 2016) suggest that €, has a fairly narrow distribution around
~ 0.15. However, based on multiwavelength modelling of a sample
of long and short GRBs, Aksulu et al. (2022) find that the gamma-ray
efficiency of short GRBs is significantly lower than for long GRBs,
potentially by orders of magnitude. Deep radio observations could
potentially distinguish between these two possibilities. If we look
again at the parameter scalings for W, we can see that ¥ o« (€, /ng)'/*
for €, << 1. This means that for keeping W roughly the same, any
change in €, must have a roughly similar change in the density, or
at least there cannot be a difference of orders of magnitude. In other
words, if the gamma-ray efficiency is lower by orders of magnitude,
as suggested by Aksulu et al. (2022), the density will have to be lower
by orders of magnitude as well, or otherwise the lower limits on W
we find in our study are violated. In Aksulu et al. (2022), however,
the densities of the circumburst media are relatively high, similar to
the densities for long GRBs.

Another point to consider is the scaling of the peak flux with
the density, i.e. the peak flux being proportional to n(l)/ %, Using
the aforementioned scaling relations, we can conclude that if the
physical parameters in short and long GRBs are the same, including
the densities and gamma-ray efficiencies, our study should be close
to or marginally detecting these short GRBs since our lower limits for
W (shown in Tables 6 and 7) are approximately the same as the values
of W in Duncan et al. (2023). If instead the gamma-ray efficiency
of short bursts is much lower, this would require the densities to be
lower as well, in which case we could still be close to detecting the
short GRB afterglows. However, if the efficiencies are the same and
the densities are much lower, the actual W values will be much higher
than our lower limits (and therefore in agreement).

Our sample of deep upper limits seems to show that there may be
some differences in the physical parameters between long and short
GRBs. Our potential detection of GRB 230217A at a relatively low
flux value also provides some further hints about these parameters. It
suggests that we should be close to detecting many of these sources,
and that the sensitivity required to detect a much larger fraction of
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Table 9. GRB host galaxy locations, forced fit flux measurements (and one 3o upper limit) from deep combined images, and star formation rates if the measured

radio flux were completely attributed to star formation activity.

GRB RA Dec Host galaxy references Fpeax (1Y) SFR (Mg yr™1)
GRB200219A 342.63795 —59.11988 Schlegel et al. (2021); Fong et al. (2022) 20+ 4 12+2
GRB200411A 47.66306 —52.31654 Schlegel et al. (2021); Fong et al. (2022) 46+3 48+3
GRB200907B 89.02896 6.90629 Fong et al. (2022) <22 <18
GRB210323A 317.94717 25.36944 Fong et al. (2022) 18+6 28+9
GRB210919A 80.25814 1.31112 Schlegel et al. (2021); Fong et al. (2022) 67+ 16 11+2

short GRB afterglows could be less than an order of magnitude. If this
is true, it would suggest that perhaps there could be a difference in
the gamma-ray efficiencies. Caution is warranted however, since this
difference needs to be verified with further observations of future
short GRBs. New and upgraded facilities may help resolve these
different scenarios.

4.3 Guiding future observations towards detections

In the previous section, we discussed two scenarios in which we
could be close to detecting short GRB afterglows in our observations.
Our combinations of a potential detection along with non-detections
suggests that gamma-ray efficiencies may indeed differ between long
and short GRBs, as suggested by Aksulu et al. (2022). However
in order to verify this, next generation observatories, such as the
Square Kilometer Array (SKA; Dewdney et al. 2009) or the Next
Generation Very Large Array (ngVLA; Murphy et al. 2018), should
be able to detect these sources. The first phase of the SKA, i.e.
SKA-1, will have a sensitivity of about half an order of magnitude
better in L band than MeerK AT, which may be sufficient for detecting
these GRBs and allow for a more detailed analysis to determine all
physical parameters from detailed radio analyses and multiwave-
length modelling. Additionally, ATCA will soon be upgraded with a
new correlator that will provide wider bandwidth, and consequently
lower noise for future observations. As discussed earlier, our ATCA
observations provide excellent limits on W, with many of our lower
limits approaching the highest values of W show in Beniamini & van
der Horst (2017) and Duncan et al. (2023). These tight constraints on
W imply that we should be very close to detecting these short GRB
afterglows, thus with even modest improvements in sensitivity we
expect to detect a much larger sample of these short GRB afterglows.

We also discussed the possibility that our lower limits on W
indicate much lower densities for short GRBs. In this case, it could
be that the full SKA or the ngVLA would be required to start
probing the full observational parameter space of short GRBs in the
radio. In all cases, further observations with SKA-1 will disentangle
these scenarios: if a thorough follow-up campaign of short GRBs
with SKA-1 is performed and regularly detects them, we can really
probe the physical parameter space; but if the result is mostly non-
detections, we know that the gamma-ray efficiencies are the same
between long and short bursts and that the densities must be very low,
as indicated by some multiwavelength modeling efforts (e.g. Fong
et al. 2015).

5 CONCLUSION

We have presented 38 observations of 8 short GRBs and measured
deep upper limits on their radio afterglows at 1.3 GHz with MeerKAT,
11 observations at both 5.5 and 9 GHz for 4 of these short GRBs
with ATCA, and 9 observations at 4.8 GHz of two GRBs with
e-MERLIN with 8 of these observations being of GRB 210323 A. Due
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to the multi-epoch observations on a fairly dense, quasi-logarithmic
cadence over the first month after the initial GRB trigger, we can
constrain the peaks of the light curves at these radio frequencies, with
in one case a potential detection. We use these limits to constrain
the parameter W, which provides insights in the microphysics of
GRB afterglows and the densities of their environments. Using these
constraints, and assuming that the physical parameters of long and
short GRBs are similar, we estimate that we are very close to or
marginally detecting these afterglows. We explored the possibility
that some parameters may be different between short and long GRBs,
for instance the gamma-ray efficiency or circumburst density. We
show that a future survey of short GRBs with an upgraded ATCA
and/or SKA-1 can help with determining whether or not the gamma-
ray efficiency differs between long and short GRBs. If we continue
to find mostly non-detections in a search with ATCA or SKA-1, we
need to go even deeper with the full SKA or the ngVLA to probe the
role of densities of the environments for short GRBs.

We also presented detections of possible host galaxies of four of
the short GRBs in our sample, and constrained the star formation rate
in those galaxies. Future studies comparing these measurements to
observations at other wavelengths may be able to determine further
properties of the host galaxies for these short GRBs.
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