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Abstract

Many short gamma-ray bursts (GRBs) originate from binary neutron star mergers, and there are
several theories that predict the production of coherent, prompt radio signals either prior, during, or
shortly following the merger, as well as persistent pulsar-like emission from the spin-down of a magnetar
remnant. Here we present a low frequency (170-200 MHz) search for coherent radio emission associated
with nine short GRBs detected by the Swift and/or Fermi satellites using the Murchison Widefield
Array (MWA) rapid-response observing mode. The MWA began observing these events within 30 to
60 s of their high-energy detection, enabling us to capture any dispersion delayed signals emitted by
short GRBs for a typical range of redshifts. We conducted transient searches at the GRB positions on
timescales of 5s, 30s and 2 min, resulting in the most constraining flux density limits on any associated
transient of 0.42, 0.29, and 0.084 Jy, respectively. We also searched for dispersed signals at a temporal
and spectral resolution of 0.5s and 1.28 MHz but none were detected. However, the fluence limit of
80 — 100 Jy ms derived for GRB 190627A is the most stringent to date for a short GRB. Assuming the
formation of a stable magnetar for this GRB, we compared the fluence and persistent emission limits
to short GRB coherent emission models, placing constraints on key parameters including the radio
emission efficiency of the nearly merged neutron stars (e, < 1074), the fraction of magnetic energy in

~

the GRB jet (ep <2 x 107%), and the radio emission efficiency of the magnetar remnant (e, < 107%).
Comparing the limits derived for our full GRB sample (along with those in the literature) to the same
emission models, we demonstrate that our fluence limits only place weak constraints on the prompt
emission predicted from the interaction between the relativistic GRB jet and the interstellar medium
for a subset of magnetar parameters. However, the 30-min flux density limits were sensitive enough to
theoretically detect the persistent radio emission from magnetar remnants up to a redshift of z ~ 0.6.
Our non-detection of this emission could imply that some GRBs in the sample were not genuinely short
or did not result from a binary neutron star merger, the GRBs were at high redshifts, these mergers
formed atypical magnetars, the radiation beams of the magnetar remnants were pointing away from
Earth, or the majority did not form magnetars but rather collapse directly into black holes.
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1 INTRODUCTION

Short Gamma-ray bursts (GRBs) originate from bi-
nary neutron star (BNS) or neutron star - black hole
*E-mail: jun.tian@postgrad.curtin.edu.au (NS-BH) mergers at cosmological distances (Narayan




et al., 1992). These compact binary mergers are gravita-
tional wave (GW) emitters, as confirmed by the near-
coincident detection of GRB 170817A (Goldstein et al.,
2017) with peculiarly low luminosity (Bégué et al., 2017)
and GW170817 (Abbott et al., 2017), increasing interest
in a multi-messenger era for short GRB observations.

In addition to a short-duration (< 2s) sudden increase
in gamma-ray flux, short GRBs have been detected
at other wavelengths. These include the detection of
X-ray afterglows from many short GRBs by the Neil
Gehrels Swift Observatory (hereafter referred to as Swift;
Gehrels et al. 2004), with a considerable fraction of the
resulting light curves showing a plateau phase during
the X-ray decay (Evans et al., 2009), which suggests
continued energy injection after the prompt emission
phase of the GRB (Burrows et al., 2006; Soderberg et al.,
2006). Either a BH or a quasi-stable, highly magnetised,
rapidly rotating NS (magnetar) may be formed via the
merger depending on the NS equation of state (Duncan &
Thompson, 1992; Usov, 1992; Lattimer, 2012), and both
of them can supply energy for the extended emission
through different channels. While the accretion onto the
black hole is likely to finish within a short time (Rezzolla
et al., 2011), the magnetar model can account for on-
going energy injection, and has been fitted to the X-ray
light curves observed in a significant fraction of short
GRBs (Rowlinson et al., 2013). In this paper, we consider
the magnetar model to explain the origin of the X-ray
emission after the BNS merger.

Apart from the X-ray emission, radio synchrotron
afterglows that result from ejecta (likely from the rela-
tivistic jets) interacting with the circum-merger media
that last ~1-10days have been observed among a few
short GRBs at GHz frequencies (e.g. Fong et al. 2015,
Fong et al. 2021, Anderson et al. 2021b). However, until
recently, low radio frequency studies of short GRBs have
been limited, particularly as the fireball model (Cavallo
& Rees, 1978; Rees & Meszaros, 1992) does not pre-
dict synchrotron radio emission to be very bright below
300 MHz (e.g. van der Horst et al. 2008). However, there
are several models that predict short GRBs may produce
coherent low-frequency radio emission (e.g., Lyutikov
2013, Zhang 2014, Usov & Katz 2000, Totani 2013).
At least four potential mechanisms that predict either
prompt, fast radio burst (FRB) like signals or persistent
pulsar-like emission during different phases of the com-
pact binary merger have been explored in the context of
current low-frequency radio facilities (Chu et al., 2016;
Rowlinson & Anderson, 2019). The earliest prompt FRB-
like signals could come from the inspiral phase, where
GWs may excite the surrounding plasma, or through
interactions of the NS magnetic fields just preceding
the merger (Lyutikov, 2013). During the merger, an ex-
tremely relativistic jet may be launched that may then
produce an FRB-like signal when it interacts with the
interstellar medium (ISM; Usov & Katz 2000). If the
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merger remnant is a magnetar, the coherent radio emis-
sion powered by dipole magnetic braking may appear
as persistent or pulsed emission during the lifetime of
the magnetar (Totani, 2013). Finally, if the magnetar
cannot support its high mass due to spinning down, a
final FRB-like event may be produced as it collapses
into a BH and ejects its magnetosphere (Zhang, 2014).

There have been many searches for prompt radio emis-
sion associated with GRBs but so far none have yielded
a detection. One of the earliest searches was at 151 MHz
between 1970 and 1973 but no signals were observed over
a sensitivity limit ~ 10° Jy from GRBs detected by the
Vela satellites (Baird et al., 1975). Later observations
have also showed no prompt radio emission from GRBs
(see Dessenne et al. 1996, Obenberger et al. 2014, Bannis-
ter et al. 2012, Palaniswamy et al. 2014 and Kaplan et al.
2015). Recently, Anderson et al. (2018b) performed a low-
frequency search (below 100 MHz) using the Owens Val-
ley Radio Observatory Long Wavelength Array (OVRO-
LWA), which continuously monitored GRBs detected
by the Swift Burst Alert Telescope (BAT; Barthelmy
et al. 2005) and the Fermi Gamma-ray Burst Monitor
(GBM; Meegan et al. 2009). They performed an image
de-dispersion analysis and found no simultaneous ra-
dio emission associated with short GRB 170112A above
4.5Jy on 13s timescales. Another telescope, the LOw
Frequency ARray (LOFAR; van Haarlem et al. 2013),
was used to trigger rapid-response observations on Swift
GRB 180706A (long) and 181123B (short), resulting in
deep limits of 1.7mJy and 153 mJy, respectively over a
2 hr timescale on associated coherent, persistent radio
emission from a magnetar remnant (Rowlinson et al.,
2019, 2020). In addition, the neutron star merger ori-
gin has also been investigated from the FRB context,
where the properties of two non-repeating FRBs and
their host environments were used to constrain merger
models, make electromagnetic light curve predictions,
and were searched for evidence of temporally coincident,
sub-threshold gamma-ray counterparts (Gourdji et al.,
2020).

We have been using the Murchison Widefield Array
(MWA; Tingay et al. 2013, Wayth et al. 2018) to per-
form triggered observations of GRBs since 2015 (e.g.
Kaplan et al. 2015). In 2018, the MWA triggering sys-
tem was upgraded to enable it to trigger on VOEvents
(Virtual Observatory Events, which is a standard in-
formation packet for the communication of transient
celestial events; Seaman et al. 2011), allowing the MWA
to point to a GRB position and begin observations within
20s of receiving an alert (Hancock et al., 2019b). The
first triggered MWA observation on a short GRB was
performed by Kaplan et al. (2015), and yielded an upper
limit of 3Jy on 4s timescales. Anderson et al. (2021a)
reported the first short GRB trigger with the upgraded
MWA triggering system, and obtained a flux density
upper limit of 270-630 mJy on 5s timescales and a flu-
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ence upper-limit range from 570 Jy ms at a dispersion
measure (DM) of 3000 pcecm™3 (2 ~ 2.5) to 1750 Jy ms
at a DM of 200 pcem ™2 (2 ~ 0.1), corresponding to the
known redshift range of short GRBs (Rowlinson et al.,
2013).

There are several possible reasons for the non-
detections in these previous efforts. While all-sky instru-
ments can continuously monitor for GRB occurrences,
they usually have lower sensitivity. The more sensitive
pointed observations are prone to miss the earliest signal
because they often take a few minutes to slew/repoint
and begin observing the event. Moreover most previous
searches have focused on the more common long GRBs.
Although long GRBs have some of the same expected
mechanisms to short GRBs for producing coherent radio
emission (e.g. the impact of the gamma-ray jets into
the ISM and the formation of a magnetar; Usov & Katz
2000, Evans et al. 2009), such signals may not penetrate
through the dense medium surrounding core-collapse su-
pernovae (Zhang, 2014) and would therefore be difficult
to detect.

In this work, we use MWA rapid-response observa-
tions to search for coherent low-frequency radio emission
from a sample of nine short GRBs. In Section 2, we de-
scribe the MWA rapid-response mode and the processing
pipeline and analysis we used to search for prompt ra-
dio emission on 2min, 30s, and 5s timescales. We also
describe our search for dispersed prompt emission using
image de-dispersion techniques with an image tempo-
ral and spectral resolution of 0.5s and 1.28 MHz. Our
results are then presented in Section 3. We compare
the flux density and fluence upper limits derived from
different GRBs and select the best ones to constrain the
models of BNS mergers, as shown in Section 4. We focus
on GRB 190627A, which is the only GRB in our sample
with a redshift measurement and therefore represents
the most sensitive low frequency, short timescale limit
among the population of short GRBs included in this
paper. In Section 5, we discuss how our sample along
with other low frequency radio limits on prompt and
persistent coherent emission from short GRBs constrain
some of the explored emission models, and how these
studies can be improved in the context of the MWA.

We assume a cosmology with Hy = 71kms~! Mpc™!,
Qm = 0.27 and Q) = 0.73 throughout this work (Spergel
et al., 2003).

2 OBSERVATIONS AND ANALYSIS

In this section, we describe the observations and analysis
of nine short GRBs for which we obtained triggered
observations using the MWA rapid-response mode.

2.1 MWA rapid-response observations

The MWA operational frequency range is between 80
and 300 MHz, with an instantaneous bandwidth of
30.72 MHz, and a field-of-view ranging from ~ 300 —
1000 deg? (Tingay et al., 2013). The MWA observations
of GRBs have a central frequency of 185 MHz, and are
taken in the standard correlator mode, which has a time
and frequency resolution of 0.5s and 10 kHz. The MWA
has been triggering on GRBs since 2017, resulting in
rapid-response observations taken during Phase I and
Phase II, which differ in array configuration, and base-
line length and distribution. The MWA phase I has
a maximum baseline of 2864 m, corresponding to an
angular resolution of ~ 2arcmin at 185 MHz (Tingay
et al., 2013). The MWA phase II has two configurations:
extended and compact configurations with an angular
resolution of ~ 1 and ~ 10 arcmin, respectively (Wayth
et al., 2018).

The rapid-response mode of the MWA can respond to
a GRB trigger within 20-30s of receiving an alert (see
Kaplan et al. 2015 and Anderson et al. 2021a). We trigger
on both Swift-BAT and Fermi-GBM GRBs, which have
typical positional uncertainties of 1 — 4 arcmin (Gehrels
et al., 2004) and 1-10deg (Meegan et al., 2009), respec-
tively. There were several upgrades to the system in
2018 (for the old rapid-response mode see Kaplan et al.
2015), including triggering on VOEvents, allowing the
MWA to repoint in the case of a position update from
Fermi, and a Sun suppression algorithm (for details see
Hancock et al. 2019b). As we are mostly searching for
short timescale transients, we trigger a GRB observa-
tion regardless of the array configuration as we are less
affected by classical confusion noise. The rapid-response
observation of a GRB lasts for 30 min (15 X 2 min snap-
shot observations) immediately following the transient
alert. We chose 185 MHz as the central frequency of
our rapid-response observations as the dispersion delay
7 of any prompt signal emitted between a redshift of
0.1 < z < 2.5 (the observed redshift range of short GRBs;
Gompertz et al., 2020) is enough (18s < 7 < 6min) to
allow the MWA to be on target in-time to detect it (see
figure 1 in Hancock et al. 2019b).

2.2 Sample selection

There were 22 short GRBs detected by Swift or Fermi
during the period from April 2017 to September 2020
that triggered MWA rapid-response observations. After
inspecting their images individually, we selected nine
GRBs with good image quality to be included in this
paper as listed in Table 1 (for their image quality see
Figure 10 and 11 in Appendix A). Most of the GRBs
were discovered by Fermi—GBM as it monitors 50% of
the sky at any one time (Meegan et al., 2009), much
larger than the 1.4 sr field of view of Swift-BAT (Gehrels
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GRB Detector! Trigger No.Z Start Time® Time (sec) Config.” RA Dec Uncertainty® Tgo” Localisation®  Calibrators”
(UT) post-burst? (deg) (deg) (sec)  instrument

170827B Fermi 525555489  19:38:38 34 I 30.39 -47.86  1.29° 0.18* IPNe& PicA
190420.98  Fermi 577495949  23:33:18 53 IIE 319.29  -66.41  2.04° 1.47°  Fermi-GBM" IF
190627A Swift 911609 11:19:26 55 IIE 244.828 -5.289 1.77 1.6¢ Swift-XRT!  HerA+3C353
190712.02  Fermi 584583925  00:26:06 46 IIE 341.06  -38.41  9.21° 1.79>  Fermi-GBM!" IF
190804A Fermi 586574612  01:32:54 567 IIE 108.02  -64.86  12.02° 2d Fermi-GBM" IF
190903A Fermi 589223981  17:20:30 54 I1C 63.95 -59.485  0.46° 0.27¢ IPNe PicA
191004A Swift 927825 18:13:34 392 I1C 31.668  -36.933 1.77 244" Swift- XRT! PicA
200325A Fermi 606799116  03:19:26 54 IIE 31.72 -31.816 4’ 0.96*  Swift-BAT! IF
200327A Fermi 607035413  20:57:50 62 IIE 236.574 -4.217  13.7 0.64° IPNe IF

Table 1 Short GRBs that triggered the MWA rapid-response mode. GRB 191004A had a burst duration slightly longer than
2s but is assumed to be short (see the text in Section 2.2.1).

1: The GRB detector that triggered the MWA rapid-response mode;

2: The unique number assigned to each GRB detected by Fermi or Swift.

3: The start time in UT of the first MWA observation that contained the position of the GRB within 50% of the MWA
primary beam. Note that the date is given by the GRB name in the first column with the convention of YYMMDD;

4: The delay of the MWA observation with respect to the GRB detection by Fermi or Swift;

5: The MWA array configuration of the GRB observation, including phase I (‘I’), or phase II extended (‘IIE’) or compact
(11C7);

6: The uncertainty corresponds to the 1o and 90% positional confidence for Fermi- and Swift-detected GRBs, respectively;
7: The time taken to accumulate 90% of the burst fluence starting at the 5% fluence level (short GRBs are usually
considered to have a Tgo < 2 s; Kouveliotou et al. 1993): a: Svinkin et al. (2017); b: Fermi-GBM burst catalog at HEASARC:
https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html; c: Barthelmy et al. (2019); d: Ghumatkar et al. (2019);
e: Mailyan & Meegan (2019); f: Sakamoto et al. (2019);

8: The instrument that provides the best localisation for the GRB: g: the IPN GRB database table: https://heasarc.
gsfc.nasa.gov/w3browse/all/ipngrb.html; h: Fermi trigger information: https://gcn.gsfc.nasa.gov/fermi_grbs.html;
it Swift trigger information: https://gcn.gsfc.nasa.gov/swift_grbs.html;

9: The calibration of the MWA observation was either performed using an external calibrator (named) or via an infield
calibration (IF) using the GLEAM survey (Hurley-Walker et al., 2017) as a sky model.

et al., 2004). Among the GRBs not chosen for analysis,
six were contaminated by the Sun (these observations
were taken before we implemented the Sun suppression

Cenko et al. 2019b), with the resulting X-ray light curves
allowing us to constrain coherent radio emission models
(see Section 4.1).

algorithm; Hancock et al., 2019b), three were close to
the Galactic plane (these may be analysed in the future
when we have a good MWA Galactic plane sky model),
three Fermi GRBs had final positions outside the MWA
primary beam (before we implemented real-time pointing
updates as the Fermi position is improved; Hancock
et al., 2019b), and GRB 180805A was published in a
previous paper (Anderson et al., 2021a). The MWA
configuration in which each GRB was observed is listed
in Table 1.

2.2.1 Swift triggers

MWA rapid-response observations were triggered on
Swift-BAT events GRB 190627A (Sonbas et al., 2019a)
and GRB 191004A (Cenko et al., 2019a). The advan-
tage of Swift-BAT detected GRBs over Fermi detected
events is that they are often localised by the Swift X-ray
Telescope (XRT; Burrows et al. 2005), which provides
arcsec position localisations and makes afterglow de-
tections/redshift determinations much more likely. The
XRT also performs these observations rapidly following
the BAT trigger (109.8s and 81.5s for GRB 190627A
and GRB 191004A, respectively; Sonbas et al. 2019b,

GRB 190627A has a brief duration of 1.6 s (Barthelmy
et al., 2019), placing it in the short GRB category
based on the usual criterion Tgy < 2s (Kouveliotou
et al., 1993). Nonetheless, there are a few caveats about
this identification. Despite the short duration of GRB
190627A, the relative softness of its spectrum makes it
intermediate between most short and long bursts de-
tected by Swift—-BAT (Barthelmy et al., 2019). GRB
190627A is the only event with a spectroscopic redshift
of z =1.942 (Japelj et al., 2019) in our sample, which
helps us to constrain its DM when searching for asso-
ciated dispersed signals as described in Section 2.4.3.
However, this redshift is unusually high for a short GRB,
requiring a very high efficiency to produce observable
emission given the limited energy reservoir of binary
mergers (Berger, 2014). Additionally, GRB 190627A has
a bright optical afterglow (Japelj et al., 2019), mak-
ing it unusual in the population of short GRBs (Kann,
2013). Therefore, there is ambiguity in classifying GRB
190627A as being short.

GRB 191004A has been included in our sample as one
of our rare triggers on Swift short GRBs, though it had a
duration of 2.44 s (Sakamoto et al., 2019). We calculated
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its hardness ratio (i.e., fluence in 50-100 keV over fluence
in 25-50keV) to be =~ 1.6, intermediate between the short
and long population of Swift GRBs (see figure 8 in Lien
et al. 2016). There is no other information available for
determining whether it is short or long, such as rest-
frame duration (Zhang et al., 2009; Belczynski et al.,
2010) or the isotropic gamma-ray energy and spectral
peak (Lii et al., 2010). A few high-redshift long GRBs
with rest-frame durations shorter than 2s have been
found to possess the properties of short GRBs, such
as a hard spectrum and a large offset from the host
galaxy centre (e.g. Ahumada et al. 2021). Given there is
no clear distinction in the durations of long and short
GRBs (Berger, 2014) and the rest-frame duration of
GRB 191004A would be < 2s should it occur at z > 0.2,
we treated GRB 191004A as if it were short. Note that
the first three 2min observations following the Swift
trigger were corrupted so our first MWA observation
of this source was delayed 6.35 min with respect to the
GRB detection as shown in Table 1.

2.2.2 Fermi triggers

Seven GRBs were triggered by the Fermi—-GBM and
detected only in the gamma-ray band. For five out of
the seven events, we were able to obtain 15 continuous
MWA snapshot observations, covering 30 min post-burst.
During our MWA observation of GRB 190804A, the
source coordinates were updated by Fermi by more than
20 deg, resulting in the first few MWA pointing centres
being well separated from the final GRB position, and
subsequently discarded. Note that in Table 1, the quoted
start time is the earliest time that the MWA was ac-
tually pointed at the GRB, with the time post-burst
corresponding to this delay with respect to the GRB
detection by the Fermi—GBM. We also discarded the
last few observations of GRB 190420.98, of which the
pointing centres were driven away from the GRB lo-
cation (beyond 50% of the primary beam) by the Sun
suppression algorithm. Among the seven Fermi GRBs,
three were further localised by the Interplanetary Net-
work (IPN; Hurley et al. 2013), one was later localised by
Swift-BAT, whereas for the other four events, the only
position was provided by the Fermi—GBM. The posi-
tional information contained in the GBM Final Position
Notice usually have uncertainties of about a 1-10 deg
radius, which are less accurate than the IPN and BAT
localisations.

2.3 Data Processing

For our data processing we used the MWA-fast-image-
transients pipeline', which automates the reduction of
MWA data of transient events, including downloading,
calibration and imaging on different timescales (for de-

tails about the pipeline see Anderson et al. 2021a). The
final data products are images on timescales of 2m, 30,
and 5s as well as 0.55/1.28 MHz (coarse channel, i.e.
splitting the 30.72 MHz bandwidth into 24) images. It
should be noted that every 2 min observation actually
means 112s of data due to the flagging of data at the
beginning and end of each observation (see Anderson
et al. 2021a for details). Here we present specific details
regarding the image calibration and cleaning of the nine
short GRBs in our sample.

2.3.1 Calibration

We used two calibration methods depending on the lo-
cation of the GRB relative to bright sources in the field.
Our preferred method is in-field calibration, which uses
the GaLactic and Extragalactic All-sky MWA (GLEAM)
survey (Hurley-Walker et al., 2017) as a source model
within the field of view, and avoids the bulk refractive
offset resulting from transferring solutions from dedi-
cated calibration observations. However, for the GRBs
with bright sources such as PicA or CenA within the
primary beams, the in-field calibration was not possible
as these sources were not included in the GLEAM cata-
logue. Instead, we derived our calibration solution from
a nearby calibrator that had been observed within 12
hours of the GRB observation.

The calibration methods adopted for each of the nine
GRBs are listed in the last column of Table 1. We applied
the in-field calibration to five GRBs. Since there was a
significant amount of extended emission in the region
of GRB 190712.02, we discarded the baselines shorter
than 500 m before applying the in-field calibration. Self-
calibration was applied on GRB 190420.98 to improve
the image quality. For the other four GRBs, we derived
calibration solutions using calibrator observations of a
single bright source including PicA, HerA, and 3C353.

2.3.2 Imaging
The MWA-fast-image-transients pipeline, which incorpo-
rates the WSCLEAN algorithm (Offringa et al., 2014;
Offringa & Smirnov, 2017), was used to image and decon-
volve the 2min observations of each GRB. We adopted
a pixel scale of 32arcsec for the observations taken in
the MWA phase I configuration, 16 arcsec for the phase
IT extended configuration, and 1.6 arcmin for the phase
IT compact configuration. The default image size was
4096 x 4096 pixels. For the Fermi GRBs in our sample
with poor localisations, we increased the image size to as
large as 8000 x 8000 pixels. For the GRBs observed with
the lower angular resolution compact configuration, we
made smaller images of 1000 x 1000 pixels. See Figure 10
and 11 in Appendix A for the first 2 min snapshots of
the nine short GRBs in our sample.

Next we made images on 30s and 5 s timescales, which
accommodate the expected dispersive smearing of a

'https://github.com/PaulHancock/MWA-fast-image-transients prompt radio signal across the MWA observing band-



width for a redshift of z ~ 0.1 (DM~ 120 pccm™?)
and z ~ 0.7 (DM~ 840 pc cm™?), the lowest and av-
erage redshift known for short GRBs (Rowlinson et al.,
2013). This was done by splitting each 2 min observation
into 4 intervals of 30s, which were cleaned and imaged
separately. We then split the 2 min observation into 22
intervals of 5s starting from the first timestamp with
real data (i.e. abandoning the first 4s and last 6 s of data,
see Anderson et al. 2021a), and created the 5s images
without cleaning. Instrumental XX and YY polarisa-
tion images were converted into primary beam corrected
Stokes I images using the fully embedded element MWA
beam model (Sokolowski et al., 2017).

To allow for a de-dispersion search for prompt sig-
nals, we created sub-band images by splitting the 2 min
observation into 0.5s intervals and the 30.72 MHz band-
width into 24 1.28 MHz channels, which is the na-
tive coarse channel resolution of the MWA cor-
relator (for the MWA system design see Tingay
et al. 2013). Note that we estimate our largest
sensitivity loss due to intrachannel smearing
within a 1.28 MHz channel at the maximum DM
search value of 2500 pccm ™2 (see Section 2.4.3)
to be ~ 60%, which we consider acceptable when
weighed against the massive disk space and com-
putational resources required to process images
with a higher frequency resolution. We also cre-
ated 0.5s full band images, which could be used to
correct source positions in the 0.5s sub-band images as
discussed below. We performed no cleaning on the 0.5s
timescale images.

Source position offsets caused by ionospheric effects
and the errors in the absolute flux density calibration
were corrected using FITS__WARP? (Hurley-Walker &
Hancock, 2018) and FLUX__WARP? (Duchesne et al.,
2020), which apply corrections to MWA images via com-
parisons to the GLEAM catalogue. Ionospheric correc-
tions using FITS__ WARP were applied to each indi-
vidual 2min, 30s, and 5s image. There were too few
sources found in the 0.5s/1.28 MHz images to per-
form a reliable position correction, so instead we gener-
ated a solution from each 0.5s/30.72 MHz image and
applied it to the sub-band images in the same time
bin. We did not apply a chromatic correction
to the frequency dependent ionospheric position
offsets (x 1/v?). At our central observing fre-
quency of 185 MHz, the relative difference in the
position offset within the 30.72 MHz bandwidth
is expected to be ~ 18%. Given the ionospheric
position offset has a typical value of ~arcmin
(Hurley-Walker & Hancock, 2018), this differ-
ence would be smaller than the MWA synthe-
sized beam size (see Section 2.1) and thus negli-

’https://github.com/nhurleywalker/fits_warp
Shttps://gitlab.com/Sunmish/flux_warp
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gible. However, the flux density calibration was com-
puted by running FLUX__ WARP on the ionospherically
corrected high signal-to-noise 2min images, with the
resulting solutions then being transferred to the 30s, 55
and 0.5s images.

We did not correct the source positions and flux scales
for the observations of GRB 190903A and GRB 191004A
taken in the compact configuration as their low angular
resolution meant that few sources could be matched to
the GLEAM catalogue. We expected the ionospheric
correction, typically a few tens of arcsec, to be much
smaller than the ~ 10 arcmin resolution of the compact
configuration and thus should not distort our images or
analysis. We also expected a consistent flux calibration
for the different timescale images across the 30 min com-
pact configuration observations of GRB 190903A and
GRB 191004A as all 15 snapshots were calibrated using
a single solution derived from an external calibrator.

2.4 Data Analysis

In this section we first describe the software used to
search for transient and variable candidates in the MWA
images, followed by the criteria we set to remove invalid
candidates. We consider transient candidates as sources
that appear in individual epochs and variable candidates
as sources that remain detectable in multiple epochs
but with a variable flux density, both of which may be
coherent radio emission associated with GRBs (see the
model descriptions in Section 4.2).

2.4.1 Transient and variable search

We adopted the ROBBIE (Hancock et al., 2019a) work-
flow, which was further updated in Anderson et al.
(2021a) to process the MWA images and search for
variable and transient events within the positional error
regions of each GRB. For each GRB dataset, ROBBIE
first runs FITS__ WARP to correct for ionospheric posi-
tional shifts in the individual images and then creates a
mean image, which is then used to extract a persistent
source catalogue and corresponding light curves. Com-
parisons between the mean and individual images, and
a statistical analysis of the catalogue, are then used to
identify variable and transient candidates.

Provided the GRB position is known to within the
synthesised beam of the images, we can add a monitoring
position into the catalogue of persistent sources, which
forces ROBBIE to perform priorized fitting and extract
a light curve at the best known position of the GRB
to search for associated radio emission (Hancock et al.,
2018). We performed this analysis on the two Swift
GRBs in our sample as they were localised by XRT,
which resulted in smaller position errors than the angular
resolution of MWA (Wayth et al., 2018).

We characterised the variability of all light curves
output by ROBBIE through the derivation of three pa-
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rameters: the modulation index (m); the de-biased modu-
lation index (mg), which takes into account the errors on
the flux densities (see eq. 4 in Hancock et al. 2019a); and
the probability of being a non-variable source (p_ val).
The value p_ val is calculated from the light curves after
being normalised by the uncertainty on each data point
to account for the effect of varying uncertainties caused
by the telescope changing its pointing centre throughout
the observation (see eq. 3 in Anderson et al. 2021a).

For the less well localised Fermi GRBs, we assumed
that any associated variable or transient candidates
were located within the Fermi—GBM 1o error region
(Narayana Bhat et al., 2016) if they were not further
localised by Swift-BAT or the IPN. In addition, since
the noise level increases towards the edge of the MWA
primary beam that can create spurious signals, we re-
stricted our source search to the inner part of the MWA
primary beam, within 50% of the maximum sensitivity.
Among the different MWA pointings in the 15 X 2 min
snapshot observations of a GRB, we picked the first
pointing to determine the MWA primary beam as the
prompt radio emission we are targeting is most likely to
appear in the first few snapshots (see Section 2.1). We
therefore only searched for candidates within the overlap
between these two regions. An example of the overlap re-
gion between the IPN position of GRB 170827B and 50%
of the MWA primary beam within which we searched for
transients and variables is shown in Figure 1 (for other
Fermi GRBs see Figures 10 and 11 in Appendix A). The
final list of variable and transient candidates within the
region of interest (ROI) of all Fermi GRBs were retained
for further inspection.

2.4.2 Transient and variable selection

For the Swift GRBs, we looked for any transients or
variables detected by ROBBIE at their known positions.
We also inspected the light curves and corresponding
variability statistics as output by ROBBIE that were
generated via priorized fitting at the GRB positions for
evidence of transient or variable behaviour.

For the Fermi GRBs, we inspected the ROBBIE
transient and variable candidates found within the ROI.
In order to make a first cut on transient and variable
candidate selection, we devised a set of tests to filter
out false positives (such as noise fluctuations or imaging
artefacts) as described in the following.

All transient candidates had to have a signal-to-noise
ratio (SNR) > 6, which corresponds to a false positive
rate of ~ 1079 under the assumption of Gaussian noise
that is independent in both the space and time dimen-
sions. The number of trials was estimated by the number
of synthesised beams in the ROI. For example, for GRB
190420.98 there were ~ 2 x 10° synthesised beams in
the ROI, and there were ten 2min snapshots, resulting
in a final trial number of ~ 2 x 108. Therefore, we ex-
pected a false positive transient rate of 2 x 1073 at a 6 ¢
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Figure 1. MWA image of the field of GRB 170827B. The image
size is 30° x 30°, and the integration time is 2 min beginning 34s
post-burst. The boundaries of the MWA primary beam and the
IPN error box are shown with black lines, where the overlap (grey
shaded area) shows the region of interest (ROI) we searched for
transients and variables. The inset at the bottom right corner
is a zoomed in view to display the black dots that illustrate the
independent pixels selected for the de-dispersion analysis (see
section 2.4.3).

level in the ROI for GRB 190420.98 for the full 20 min
observation. See Table 8 in Appendix B, which lists the
number of synthesised beams, the transient false positive
rate > 60 within each ROI for each transient timescale
(2min, 30s, and 5s) assuming Gaussian statistics, and
the total number of transient candidates detected by
ROBBIE for each Fermi GRB.

As a sanity check, we used another method to esti-
mate the expected transient false positive rate in each
GRB ROI. Again assuming the image noise conforms to
Gaussian statistics, we estimated the expected number
of false positive events in the ROI by taking the number
of candidates found in a larger image region defined
by the 50% MWA primary beam and then multiply-
ing by the ratio of the region areas. In the case where
more transient candidates were detected by ROBBIE in
the ROI than predicted via this method, we inspected
the individual images and removed any candidates that
were consistent with sidelobes from bright sources or
other imaging artefacts. For example, while we detected
a transient candidate in the ROI for GRB 190420.98,
there were significant sidelobe artefacts from the nearby
radio galaxy PKS 2153-69, indicating the candidate was
unlikely to be real. The expected transient false positive
rate within the ROI of each of the seven Fermi GRBs
based on comparisons to the number of false events in
the MWA 50% primary beam can be found in Table 8.

For variable candidates, we followed the threshold
set in Hancock et al. (2019a), i.e. p_val < 1073 and
mgq > 0.05, to distinguish variables from non-variables.
As a sanity check, we again computed the number of



variables in the MWA 50% primary beam to estimate
the expected variable false positive rate in the ROI as we
did for transient candidates. In the case of an excess of
variables in the ROI, we compared their light curves with
the light curves of nearby sources. If a variable candidate
showed the same trend of variation as the nearby sources,
the variation was probably caused by short-timescale
calibration, measurement, or instrumental errors rather
than being intrinsic to the source (Bell et al., 2019). All
variable candidates found by ROBBIE and the expected
variable false positive rate within each Fermi GRB ROI
are listed in Table 8.

Following this analysis, no transients or variables were
identified in the ROIs of the Fermi GRBs. Based on
minimising the false positive rate assumed from Gaussian
statistics, we quote 6 o flux density upper limits (6 times
the average RMS within the ROI) for each of the Fermi
GRBs on timescales of 2min, 30s, and 5s, as shown in
Table 2. As the light curves generated at the position
of the Swift GRBs on different timescales are consistent
with the noise, we quote 3¢ flux density upper limits.
We also include a 3 o deep limit derived from the 30 min
full observation for each GRB in Table 2, which can
be used to constrain persistent emission models (see
Section 4.2.3).

2.4.83 Search for dispersed signals

Our observations are specifically targeting prompt, co-
herent radio signals predicted to be associated with short
GRBs, which will be dispersed in time by the interven-
ing medium between their origin and the Earth. We
therefore perform a search for dispersed signals across a
wide range of DMs over the entire ~ 30 min triggered ob-
servation. A technique has been developed to search for
dispersed signals in short timescale, sub-band radio im-
ages of a transient event, which generates a de-dispersed
time series in units of SNR at a single sky position (for
details see Anderson et al. 2021a). The de-dispersion
code has four main steps for creating de-dispersed time
series, which was run on all relevant sky positions within
the ROI of each short GRB.

1. Create a dynamic spectrum at each relevant sky
position using the 0.5 s sub-band images. For Swift
GRBs, we created a dynamic spectrum at the pixel
coincident with the GRB position. For Fermi GRBs
with large positional errors, we only processed the
independent sky/field positions within the ROI,
which were essentially one position per synthesised
beam as illustrated in Figure 1. The search areas
of GRB 190712.02 and GRB 190804A were pro-
hibitively large (see Figure 11 in Appendix A) so
we did not perform this analysis on these two Fermi
GRBs.

2. Crreate a de-dispersed time series from each dynamic
spectrum. For every 0.5s time step and 12 pccm ™3
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DM trial across the whole 30 min observation (see
details in the next paragraph) we calculated the
average de-dispersed flux density over the dynamic
spectrum pixels crossed by the dispersive sweep
(see Anderson et al. 2021a for a visualisation of the
dynamic spectrum and de-dispersed time series).

3. Estimate the noise levels of the de-dispersed time
series. For Swift GRBs, this was calculated by run-
ning the de-dispersion code on 100 nearby position
pixels (in addition to the signal pixel) to create 100
de-dispersed time series. To remove any persistent
emission that may be at that position, we averaged
each of the 101 de-dispersed timeseries in time and
subtracted this mean from their corresponding par-
ent timeseries. We then calculated the standard
deviation of the 100 mean subtracted timeseries
(not including the signal pixel), which we defined as
the de-dispersed time series of the noise. For Fermi
GRBEs, the noise was estimated in the same way but
by averaging the de-dispersed time series created
at each independent pixel in the ROI.

4. Create the final de-dispersed time series in SNR
units. This was done by dividing the de-dispersed
time series at the signal pixel (Swift) or independent
pixels in the ROI (Fermi) by the de-dispersed time
series of the noise derived in the previous step.

The DM resolution of our search for dispersed signals
(12 pccm™2) was chosen by equating the expected dis-
persion smearing across the full 30.72 MHz bandwidth
to the temporal resolution of 0.5s (see eq. 1 in An-
derson et al. 2018a). All but one of the GRBs in our
sample have no redshift measurement so we searched
for dispersed signals across the DM space that covers
the known redshift range of short GRBs (0.1 < z < 2.5;
Rowlinson et al. 2013). The contribution of the inter-
galactic medium to the DM of a short GRB can be esti-
mated from the redshift for the cosmological paradigm
of a flat universe. We adopted the method described by
Macquart et al. (2020) to calculate DMy, taking into
account the redshift evolution of the fraction of cosmic
baryons in diffuse ionized gas. The redshift range cor-
responded to a range of 90 < DMjgy < 2400 pccm 3.
Considering the typically large offset of short GRBs
from the centers of their host galaxies (Fong & Berger,
2013), we assumed the DM contribution from their host
galaxies to be small (DMyos; ~ 30 pcecm™3; Cordes &
Lazio 2002). Assuming a similarly small contribution
from the Milky Way based on the YMW16 DM model
(DMyrw ~ 30 pcem™3; Yao et al. 2017), we adopted a
DM range of 150-2500 pccm ™2 for our search for dis-
persed signals associated with GRBs without a known
redshift.

The redshift of GRB 190627A corresponded to a
DM;igm of ~ 1800 pccm 3. However, this value can vary
depending on the number of galactic halos intersected by
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the line of sight, corresponding to a possible DM range
between 1400 and 2400 pc cm ™3, which encompasses 90%
of the expected values (Macquart et al., 2020). The DM
contribution from the Milky Way in the direction of
GRB 190627A (I = 8.17°, b = 30.26°) is estimated to
be DMyw ~ 50pccem ™ based on the YMW16 electron-
density model (Yao et al., 2017). We therefore estimate a
DM of DMyes; + DMyrw + DMy = 19007550 peem =3
for GRB 190627A.

In order to set a threshold for selecting dispersed signal
candidates for further investigation in the resulting de-
dispersed time series, we first considered the Swift GRBs
and determined the number of trials based on the time
and DM steps used in our analysis. Given that there
are ~ 3 x 10° trials for GRB 191004A and ~ 10° for
GRB 190627A, we set a threshold of 50, corresponding
to less than one false positive for each Swift GRB. In the
case of Fermi GRBs, which are not localised to a single
pixel, we assessed the noise statistics of the de-dispersed
time series in the ROI for each event by creating a set
of time series from the same dataset using (nonphysical)
negative DM values. If the GRB error region contains
only noise, a de-dispersion analysis with positive and
negative DMs (same range of absolute values) should give
similar SNR distributions. Table 3 shows a comparison
of the maximum SNR and number of high SNR events
above 50 for the set of positive and negative DMs for
each Fermi GRB. We also include the expected number
of false positive events > 5o, along with the maximum
SNR for which we expect there to be only one false
positive event assuming a Gaussian distribution. From
Table 3, one can see that the high SNR events observed
in our dataset are consistent with noise. There are fewer
detected events above 50 than the expected number
of false positive events, which may be caused by an
overestimation of the noise. The noise calculated in our
data using the standard deviation of a population of
pixels was affected by the sensitivity changing across
the image, which is higher than the value expected in
the case of an unchanged sensitivity. If any signals are
detected with a higher SNR in the positive de-dispersed
time series than the maximum measured in the negative
de-dispersed time series, then it is possible that they are
real signals.

In the case of no dispersed signal detections in the de-
dispersed time series, we derived an upper limit for each
Swift GRB using signal simulations (see Section 2.4.4)
and adopted a 7o upper limit for each Fermi GRB given
less than one event above 7o is expected from Gaussian
statistics (see Table 3). We present our dispersed signal
search results in units of fluence (Jy ms, the integrated
flux density over the pulse width), which is common in
the fields of FRB and pulsar astrophysics (see Tables 3
and 4).

GRB Upper limit (Jy/beam)
30min 2min 30s 5s

170827B 0.41 0.94 2.1 2.1

190420.98 0.29 0.27 0.58 1.1

190627A 0.027 0.084 0.29 0.42

190712.02 0.33 0.86 2.1 4.6

190804 A 0.21 0.58 2.1 4.1

190903 A 2.9 11 15 20

191004A 1.1 2.0 1.9 1.9

200325A 0.19 0.39 0.81 1.7

200327A 0.2 0.71 14 3.2
Table 2 Upper limits on the radio flux density of transient
and variable emission associated with the nine short GRBs in
our sample. We quote 6 o upper limits (6 times the average
RMS within the ROI) for Fermi GRBs and 3o for Swift
GRBs. Given the noise evolves with time for each GRB, we
quote the maximum value for the upper limit. We also include

the 30 deep limit derived from the 30 min full observation
for each GRB.

2.4.4 Dispersed signal simulations for well localised

GRBs

As GRBs 190627A, 191004A, and GRB 200325A were
well localised by Swift (Fermi GRB 200325A was lo-
calised by Swift-BAT to within 50 synthesised beams),
we were able to inject simulated pulses into the de-
dispersed time series to determine our sensitivity to
such signals in each MWA observation, thereby allow-
ing us to derive fluence limits as a function of DM (as
done by Anderson et al. 2021a). As GRB 191004A and
GRB 200325A have no known redshift, we simulated
pulses over a large DM range, including 150, 500, 1000,
1500, 2000 and 2500 pccm™2. As the redshift is known
for GRB 190627A, we simulated pulses over a smaller
DM range between 1500 and 2500 pccm™3. By inject-
ing signals over a wide range of fluence values, we were
able to test the efficiency of our detection algorithm in
the three GRB datasets, which are plotted in Figure
2. The fluence limits quoted in Table 4 are the signal
fluence corresponding to the 90% detection efficiency of
our algorithm. The performance of our algorithm was
different for each MWA observation depending on many
factors such as the presence of bright sources in the field,
the GRB location within the primary beam, and the
elevation of the observation.

2.4.5 Fluence limits for Fermi GRBs

Signal injection was not a viable method for calculating
the fluence limits of the Fermi GRBs as their poorer
localisations means that the sensitivity changes signif-
icantly across the ROI, and the performance of our
algorithm is dependent on the sky position we choose to
inject the signals. Although we could provide a fluence
limit as a function of DM and signal position in the ROI
using the signal injection technique for a given Fermi
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GRB DM! Trial number? Maximum SNR? Critical SNR  Detected events Expected false events Fluence limit
for 1 event? above 50° above 500 (Jy ms)

170827B P ~2x 101 6.564 6.5 1920 5733 610-1616
N 6.662 1395

190420.98 P ~ 10T 6.936 6.9 15195 28665 609-1609
N 6.750 15375

190903A P ~ 109 5.237 6 40 287 2067-12110
N 5.351 50

200327A P ~ 1010 6.190 6.4 2415 2866 1662064
N 6.177 2324

Table 3 Results following the search for dispersed signals associated with Fermi GRBs. This includes a comparison of high
SNR events arising from the positive and negative DM time series analysis described in Section 2.4.3. We also list the 7o
upper limits on the fluence for each GRB in the last column. Given the noise varies with DM, time and the GRB position
within the ROI due to the MWA primary beam, we present a range for the fluence upper limits (see details in Section 2.4.5).
GRB 190712.02 and GRB 190804A are not included in this analysis due to their poor localisations (see Section 2.4.3), and

GRB 200325A is analyzed along with the Swift GRBs (see Section 2.4.4).
1: The positive (P) or negative (N) DMs used to create the de-dispersed time series;
2: The trial number estimated from the number of time steps, DM trials and synthesised beams (for which a de-dispersed

time series was generated) within the ROI;
3: The maximum SNR event detected;

4: The critical SNR beyond which we expect there to be just one event;

5: The number of events detected with SNRs above 50 in the positive and negative DM de-dispersed time series;
6: The expected false positive event rate above 50 assuming a Gaussian distribution.

7: The 7o fluence limits on dispersed signals associated with each GRB.

GRB, it would be hugely computationally expensive.
Instead we created a de-dispersed time series for each of
the independent positions in the ROI and derived a 7o
fluence upper limit for each of the Fermi GRBs using
the noise calculated from these de-dispersed time series,
corresponding to a false positive rate of ~ 107'2 under
the assumption of Gaussian noise (see Table 3). Given
the noise varies with DM, time, and the position in the
MWA primary beam, we present a range for the fluence
upper limits for the Fermi GRBs.

3 RESULTS
3.1 Swift GRBs

The light curves derived at the position of the two Swift
GRBs using priorised fitting showed no evidence of vari-
able or transient radio emission over any of the timescales
investigated (see Table 7 in Section B for the correspond-
ing variability parameters described in Section 2.4.1) and
were consistent with the local rms noise. For both events
we quote the 30 upper limits on the flux density of an
associated radio transient on timescales of 30 min, 2 min,
30s, and 5s in Table 2.

We also performed a search for dispersed signals at the
position of the two Swift GRBs but none were detected
above 50 (which is well below our detection thresh-
old of 7¢). In order to calculate the efficiency of our
detection algorithm to dispersed signals, we injected sim-
ulated pulses covering a fluence range of 30-140 Jy ms
and a DM range of 1500-2500 pccm ™2 into the dedis-
persed timeseries of GRB 190627A (see Sections 2.4.3

GRB fluence limit (Jy ms)
190627A 80-100
191004A 1300-1600
200325A 600-1200

Table 4 The fluence limit on dispersed signals for the two
Swift GRBs and one Fermi GRB. These limits correspond
to the 90% detection efficiency of our detection algorithm to
simulated signals injected into the dedispersed timeseries of
these three events (see Section 2.4.4).

and 2.4.4). The variation of detection efficiency as a
function of fluence for this GRB is shown in Figure
2(a), which increases with increasing DM. For this DM
range, we found a 90% detection efficiency for signals
with a fluence of 80-100 Jy ms. Note that the 90% de-
tection efficiency is commonly used as a thresh-
old in FRB simulations to validate FRB search
pipelines (e.g. Farah et al. 2019; Gupta et al.
2021). As GRB 191004A has no known redshift, we per-
formed this simulation over a much broader DM range of
150-2500 pc cm ™3 (see Section 2.4.3). The detection effi-
ciency of dispersed signals in the GRB 191004A dataset
as a function of fluence for various DM values are also
shown in Figure 2(b), which indicates a 90% detection
efficiency between 1300 and 1600 Jy ms within the DM
range explored. The GRB 191004A dataset is therefore
less sensitive than that of GRB 190627A, which reflects
the different noise levels in the images of these two GRBs
(see Figure 10 in Appendix A). The much higher noise
in the field of GRB 191004A is caused by the sidelobes
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Figure 2. Detection efficiency of dispersed signals as a function
of fluence for GRB 190627A, GRB 191004A and GRB 200325A
calculated through signal injection (see Section 2.4.4). The DM
ranges of the simulated signals were based on the known redshift of
GRB 190627A (see Section 2.4.3) or in the case of GRB 191004A
and GRB 200325A, the known redshift range of short GRBs.
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from a nearby bright source (Fornax A). We use the 90%
detection efficiency as the fluence limit in our analysis
in Section 4 for both Swift GRBs, which are also listed
in Table 4.

3.2 Fermi GRBs

We inspected the transient candidates detected on
timescales of 2min, 30s, and 5s from the seven Fermi
GRBs (see Table 8). We used two different methods
to estimate the expected false positive detection rate
(see Section 2.4.2). Given that there was no transient
candidate passing our inspection, we quote a 60 upper
limit on the flux density for the Fermi GRBs, as shown
in Table 2.

We inspected the variable candidates detected from
the seven Fermi GRBs (see Table 8), and found the
number of variables detected in each GRB ROI to be
consistent with the expected false positive event rate.
Further inspection revealed that all candidates showed
similar light curve variations to nearby sources, with
larger flux density variations likely due to errors as-
sociated with ionospheric positional corrections (GRB
190712.02 and GRB 190804A) or errors associated with
the flux density scale correction (GRB 190420.98). No
variable candidates passed our inspection.

We searched for dispersed signals from the Fermsi
GRBs (excluding GRB 190712.02 and GRB 190804A for
the reason given in Section 2.4.3) following the procedure
described in Sections 2.4.3, 2.4.4 and 2.4.5. Fermi GRB
200325A was localised by Swift-BAT to within 4 arcmin
(DeLaunay et al., 2020a) so we can assume that the
image noise did not change over this small region (see
Figure 10 in Appendix A). We therefore performed the
same simulation analysis as for Swift GRBs at the best
known GRB position. We found no signal above 50 in
the de-dispersed time series. Our detection efficiency of
the simulated signals as a function of fluence is shown
in Figure 2(c), which yields a fluence upper limit of
6001200 Jy ms for the DM range of 150-2500 pccm ™3
(90% detection efficiency, see Table 4). The four events
GRB 170827B, GRB 190420.98, GRB 190903A and GRB
200327A were localised by Fermi-GBM or IPN, and had
large positional errors (see Figure 11 in Appendix A).
We compared the high SNR events observed in the real
data to the SNRs produced by negative DMs. The SNR
of the brightest dispersed signal detected by our algo-
rithm for these four Fermi GRBs is given in Table 3,
which are all SNR< 7. Given the similar maximum SNR
values resulting from the processing of both the positive
and negative DM datasets, we conclude there is no com-
pelling evidence of any dispersed signals. The range in
7 o fluence upper limits derived from the de-dispersed
time series created for each independent pointing in the
ROI for the above four Fermi GRBs are given in Table
3.
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In summary, no associated radio emission was ob-
served for any of the nine short GRBs. Table 2 shows
the flux density upper limits derived from the tran-
sient/variable analysis of the nine GRBs over different
timescales, and Table 3 and 4 show the fluence upper
limits derived from a search for dispersed signals via
an image dedispersion analysis and signal simulations.
The most stringent limits are from GRB 190627A as it
was located close to the MWA pointing centre with no
nearby bright sources. All these upper limits can now be
used to constrain the theoretical coherent radio emission
models applicable to BNS mergers (e.g. Rowlinson &
Anderson 2019).

4 CONSTRAINTS ON EMISSION
MODELS

We discuss the implications of our fluence and flux den-
sity upper-limits with respect to three models that pre-
dict coherent radio emission arising from BNS mergers
within the context of our sample of short GRBs. Two of
the models described in the following predict emission
that results from the production of a (quasi-)stable mag-
netar so we assume that such a remnant was formed by
each of the short GRBs studied in this paper. In this
section, we first discuss the magnetar parameters derived
or assumed for each event before describing each model.
We then discuss the coherent emission constraints placed
by individual short GRBs and by the whole sample.

4.1 Central engine activity

The positions of the two Swift GRBs are well known due
to their XRT detections, with the resulting X-ray light
curves allowing us to derive additional parameters for
any remnant. The plateau phase observed in many GRB
X-ray light curves is often interpreted as energy injection
from a (quasi-)stable magnetar remnant formed from
the BNS merger (Zhang & Mészaros, 2001). We consider
two different magnetar models: stable and unstable. If
the magnetar remnant possesses a mass less than the
maximum mass allowed for a NS (depending on the
equation of state; Lasky et al. 2014), the merger prod-
uct would be a stable magnetar. In the other case, the
magnetar is unstable as its mass is initially supported
by its rapid spin. However, it soon collapses into a BH
as it spins down, resulting in a steep decay in the X-ray
light curve.

In order to determine the magnetar parameters (for
the method see Rowlinson et al. 2013), we created the
rest-frame X-ray light curves for GRB 190627A and
GRB 191004A by combining their Swift-BAT and XRT
data from the Swift Burst Analyser (Evans et al., 2010).
Although the Fermi GRB 200325A was also detected
by Swift-BAT, this observation lasted only ~ 150s (De-
Launay et al., 2020b), insufficient for fitting the magne-
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GRB P (ms) B (10°°G)
190627A  1.35370517  0.66875.052
191004A  6.167032 17470

Table 5 Magnetar parameters derived from magnetar model
fitting to the X-ray light curves of GRB 190627A and GRB
191004A, assuming a NS mass of 2.1 Mg (as described in
Section 4.1). P and B represent the spin period and magnetic
field with 1o uncertainties.

tar model. Since we do not know the redshift of GRB
191004A, we assumed a value of 0.7, the average redshift
for short GRBs. We also applied a k-correction (Bloom
et al., 2001) to obtain the 1-10000keV rest-frame lumi-
nosity light curves, as shown in Figure 3. Considering
that the decay phase following the plateau in both X-ray
light curves does not agree with the simple curvature
effect expected for the collapse of an unstable magnetar
into a BH (Rowlinson et al., 2010, 2013), we fitted a
stable magnetar model to these data to determine the
bolometric luminosity of the magnetar (see eq. 8 in Rowl-
inson & Anderson 2019). This bolometric luminosity and
the duration of the X-ray plateau are used to calculate
the magnetar magnetic field strength and the initial spin
period, assuming a magnetar mass of 2.1 Mg, a radius
of 108 cm, and an efficiency factor of f = 3.45 (see eq. 6,
7 and section 2.2.2 in Rowlinson & Anderson 2019). Ta-
ble 5 shows the fitted magnetar parameters for the two
Swift GRBs. Compared to the typical range of magnetar
parameters proposed by Rowlinson & Anderson (2019),
the fitted magnetar remnant for GRB 191004A may
be considered typical, while for GRB 190627A it has a
much faster spin period and weaker magnetic field. Note
that in our modelling we assumed the magnetar spins
down solely through magnetic dipole radiation. Incorpo-
rating other radiative losses such as gravitational wave
emission (e.g. Sarin et al. 2020) may further improve
our fitting results.

As the Fermi GRBs in our sample do not have X-ray
data for deriving the magnetar parameters, we assumed
the formation of a ‘typical’ stable magnetar remnant,
which, from the distribution of the magnetar parameters
fitted to known X-ray plateaus (see figure 8 in Rowlin-
son & Anderson 2019), may be defined as possessing a
magnetic field of 2.471:8 x 10’ G and a spin period of
9.712%% ms. In addition, given the lack of X-ray data, we
cannot make any assumptions regarding the stability of
the magnetar remnant resulting from the Fermi GRBs,
so we do not consider coherent emission produced by the
collapse of the magnetar into a BH (e.g. Zhang 2014).
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Figure 3. The rest-frame Swift-BAT and —XRT light curves of GRB 190627A and GRB 191004A. The black points represent the BAT
and XRT data, and the red lines show the fit to the magnetar central engine powering the plateau phase (see Section 4.1). We used the
redshift z = 1.942 for GRB 190627A and assumed a typical short GRB redshift of z = 0.7 for GRB 191004 A.

4.2 Coherent emission models

Various models have predicted the production of coher-
ent radio emission associated with short GRBs (for a
review see Rowlinson & Anderson 2019). The emission
predicted to be produced by the alignment of the merg-
ing NS magnetic fields is independent of the magnetar
remnant (see Section 4.2.1), while the other models re-
quire us to derive magnetar parameters from X-ray data
(see Sections 4.2.2 and 4.2.3). Here we briefly review the
three emission mechanisms we have chosen to test.

4.2.1 Interactions of NS magnetic fields

The earliest coherent radio emission may come from the
inspiral phase, where interactions between the NS mag-
netospheres just preceding the merger may spin them
up to millisecond spin periods and lead to a revival of
the pulsar emission mechanism (Lipunov & Panchenko,
1996; Metzger & Zivancev, 2016). The emission starts
from a few seconds prior to the merger and peaks at the
first contact of the NS surfaces, giving rise to a short
duration radio flash. Its flux density is predicted to be

2 273
R‘BISJM’I.Z,L2 € Jy, (1)
6V97obsD
where vg obs is the observing frequency in units of 10° Hz,
D is the distance to the binary system in Gpc, the
radio emission efficiency (e,) is the fraction of the wind
luminosity being converted into coherent radio emission
(typically 10~ for known pulsars; Taylor et al., 1993),
and we assume typical NS parameters for the magnetic
field of Bis = 1072 in units of 10'® G, amass of M4 =1
in units of 1.4 Mg, and a radius of Rg = 1 in units of
10 cm (Rowlinson & Anderson, 2019). Note that the

F,~2x10%(1+2)

parameters Bis, M7 4 and Rg are assumed properties
of the merging NSs, not of the magnetar remnant. The
distance can be estimated from the redshift z using the
predefined cosmology parameters (Wright, 2006).

4.2.2 Interaction of relativistic jets with the ISM

If a Poynting flux dominated wind is produced by the
magnetar remnant formed following the binary merger
(Usov, 1994; Thompson, 1994), its interaction with the
ISM would generate a low frequency, coherent radio
pulse at the highly magnetised shock front (Usov &
Katz, 2000). As this emission is linked to the relativistic
gamma-ray jet and only propagates through the pre-
existing low density surrounding medium, it should be
detectable within the first few minutes of a GRB trigger.
The radio fluence is given by

P,

N 0.lep(B8—1) ( v

Vmax

-8 2171, —1

) ¢, ergem™ “Hz (2)
l/max

where ep is the fraction of magnetic energy in the rela-
tivistic jet, and 8 ~ 1.6 is the spectral index (Usov &
Katz, 2000). The peak frequency of the coherent radio
emission (Vmax in GHz) is determined by the magnetic
field at the shock front (see equations 11-13 in section 2.4
of Rowlinson & Anderson, 2019), and ®, is the observed
gamma-ray fluence in ergcm 2.

4.2.8 Persistent emission following the formation of

a magnetar
If the merger remnant is a magnetar, the coherent radio
emission powered by dipole magnetic braking may be
detectable during the lifetime of the magnetar (Totani,
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2013; Metzger et al., 2017). If the beam of the magnetar
aligns with the GRB jet and points towards the Earth,
the coherent emission will be detected as persistent
emission. The flux density of this emission is given by

F,~8x10"v e, D2BL RSP Iy,  (3)

where P_3 is the magnetar spin period in units of
10~3 s (Totani, 2013; Rowlinson & Anderson, 2019). This
persistent radio emission may only be detectable for up
to a few hours following the merger as its rapid spin-
down rate would cause the dipole radiation to weaken
very quickly or (if unstable) it collapses into a BH (which
is < 2h, depending on the magnetar parameters B and
P derived in Section 4.1).

4.3 Constraints from individual GRBs

4.3.1 GRB 1906274

GRB 190627A is the only event amid our nine short
GRBs that has a known redshift (z = 1.942). Thanks to
the redshift measurement, we can calculate a luminosity
distance of 15.2 Gpc and directly constrain the funda-
mental parameters of the emission models, such as the
efficiency of radio emission €,, which directly scales with
the predicted flux densities from the interaction of the
merging NS magnetic fields, and that of the persistent
pulsar emission from the magnetar remnant (Eq. 1 and
3). We can also constrain the fraction of magnetic en-
ergy ep that directly scales with the predicted fluence
from the interaction between the relativistic jet and ISM
(Eq. 2). This has not been possible in previous works
as low frequency radio upper limits of coherent radio
emission have only poorly constrained these emission
parameters under a presumed redshift (e.g. Rowlinson
et al. 2019, Rowlinson et al. 2020, Anderson et al. 2021a).
In addition, as this Swift GRB has also been localised to
within an MWA synthesised beam, we are able to derive
a constraining dispersed signal (fluence) limit.

In Figure 4 we plot the predicted flux density of a
signal produced by the alignment of the merging NS
magnetic fields in GRB 190627A, as a function of the ra-
dio emission efficiency €, (see Eq. 1 in Section 4.2.1). We
compare this prediction to the upper limit derived from
the 2min snapshots of GRB 190627A as this timescale
is comparable to the dispersive smearing of a prompt,
coherent signal across the MWA observing band for a
redshift of 1.942 (~ 90s). We can see from Figure 4
that this coherent emission would only be detectable
on a 2min timescale if it has an efficiency > 1072, We
also plot the deeper limit derived from the dispersed
signal simulations (see Section 2.4.4) in Figure 4. In this
case, the emission would be marginally detectable for a
typical pulsar efficiency.

In Figure 5 we plot the predicted fluence produced
by the relativistic jet and ISM interaction as a function
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Figure 4. The predicted 185 MHz flux density (blue line) of
the prompt signal emitted by the alignment of the merging NS
magnetic fields (Section 4.2.1) in GRB 190627A as a function of
the radio emission efficiency (er). The horizontal dotted line shows
the least constraining flux density upper limit derived from the
2 min snapshots of GRB 190627A (Table 2). The horizontal dashed
line shows the flux density upper limit converted from the least
constraining fluence limit derived from the image de-dispersion
analysis (Table 4), and the vertical line shows the typical efficiency
observed for known pulsars (e, ~ 1074).

of the fraction of magnetic energy ep (see Eq. 2 in Sec-
tion 4.2.2). The gamma-ray fluence of GRB 190627A was
measured to be (9.94:2.2) x 1078 erg cm 2 by Swift-BAT
in the 15-150keV energy band (Barthelmy et al., 2019).
In this case, the jetted outflow is assumed to be a magne-
tised wind that is powered by a magnetar central engine
(Usov & Katz, 2000) so is dependent on the magnetar
parameters derived for GRB 190627A (see Table 5). By
also adopting a typical value of 10%° erg for the kinetic
energy from short GRBs (Fong et al., 2015), I" = 1000 for
the Lorentz factor of the relativistic wind (Ackermann
et al., 2010), and n = 1072 em 2 for the poorly known
electron density of the surrounding medium (Fong et al.,
2015) we were able to derive V4, (see Section 4.2.2 and
Rowlinson & Anderson, 2019). We then compared the
fluence upper limit we derived through our de-dispersion
analysis (Table 4; horizontal dotted line in Figure 5) to
the fluence prediction (solid line), constraining the frac-
tion of magnetic energy in the relativistic jet launched
by GRB 190627A to eg < 2 x 10~*, which is consistent
with the limit eg < 1072 given by the requirement that
the magnetic stress at the shock front should not dis-
rupt the thin colliding shells in internal shock models
(vertical dashed line in Figure 5; Katz 1997).

In Figure 6 we plot the predicted flux density of per-
sistent pulsar emission from the magnetar remnant as
a function of the radio emission efficiency ¢, using the
magnetar parameters listed in Table 5 and Eq. 3 in Sec-
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Figure 5. The predicted fluence (blue line) of a prompt signal
produced by the relativistic jet and ISM interaction (Section 4.2.2)
for GRB 190627A as a function of the fraction of magnetic en-
ergy in the GRB jet (ep). The horizontal dotted line shows the
least constraining fluence upper limit derived from our image de-
dispersion analysis (Table 4), and the vertical dashed line shows a
typical value for the magnetic energy fraction of eg = 10~3 (Katz,
1997).

tion 4.2.3. We use the upper limit obtained from the
30 min integration of GRB 190627A to constrain our
detection of the persistent emission (Table 2). Figure 6
shows that for our limit, the magnetar remnant likely
has a radio emission efficiency of €, < 1073,

From the above comparison between the upper limits
and the theoretical predictions, we obtained the following
constraints on the model parameters for GRB 190627A:
the radio emission efficiency of the nearly merged NSs
e» < 107%; the fraction of magnetic energy in the GRB
jet ep < 2x107%; and the radio emission efficiency of the
magnetar remnant €, < 1073, While the merging NSs are
predicted to have a lower radio emission efficiency than
typical pulsars, the magnetar remnant may have a higher
efficiency. The constraint on the fraction of magnetic
energy in the GRB jet is consistent with the range
1076 < ep < 1072 resulting from a systematic study
of GRB magnetic fields (Santana et al., 2014). GRB
afterglow analyses also show that eg downstream of the
shock is much larger than 10~?, which is the typical value
in the surrounding medium of short GRBs, assuming a
density of 1cm™ and a magnetic field of ~ uG similar
to the Milky Way (e.g., Panaitescu & Kumar 2002, Yost
et al. 2003 and Panaitescu 2005). If the magnetic field
in the surrounding medium of GRB 190627A has a
similar value to that of the Milky Way, the amplification
factor of the magnetic energy fraction for this GRB
would be < 2 x 10°. Several magnetic field amplification
mechanisms have been proposed, including the Weibel

15

10° 5 ;
!
!
1 !

10 E | ,
] |
- ] i
3 100 | ol
= ] gl
g ol
a 1 2
X107 5 EY
s 1 2

.......................... B MWVA .
1072 A :
7 (4
!
1 !

103 S/ —
1076 10-5 10~ 10-3 1072 10-!

Figure 6. The predicted flux density of the persistent emission
from a magnetar remnant (Section 4.2.3) resulting from GRB
190627A as a function of the radio emission efficiency (e,). The
shaded region corresponds to the 1o uncertainty on the fitted
magnetar remnant parameters listed in Table 5 (see Section 4.1).
The horizontal line shows the flux density upper limit obtained
from the 30min integration of GRB 190627A (Table 2), and
the vertical line shows the typical efficiency observed for known
pulsars.

instability, the cosmic-ray streaming instability, and the
dynamo effect (e.g., Lucek & Bell 2000, Medvedev et al.
2005, Milosavljevi¢ & Nakar 2006, Inoue et al. 2011,
Mizuno et al. 2011).

4.3.2 GRB 191004A

GRB 191004A is one of the two events detected by Swift.
Given that the first three 2 min snapshots were corrupted,
the delay between the MWA first being on-target with re-
spect to the GRB detection (see Section 2.2.1) has meant
we cannot test coherent emission models that predict
the production of prompt radio signals either just prior
to, or concurrent with, the merger (see Section 4.2.1 and
4.2.2) for redshifts z < 2.7. We are therefore only able
to constrain the persistent emission from a magnetar
remnant for this GRB, which is the model presented
in Section 4.2.3. Given we don’t know the redshift of
this event, we need to explore how the predicted flux
density changes between redshifts of 0.1 < z < 2. The
magnetar parameters were derived by fitting the magne-
tar model to the rest frame X-ray light curve (assuming
z = 0.7; see Section 4.1). These parameters therefore
vary with redshift (Rowlinson & Anderson, 2019), with
the magnetic field and spin period scaling according to

B15 X Dil (1 + 2)7 (4)

P 3o D7H(1+2)Y2 (5)
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Figure 7. The flux density of persistent emission (solid red line)
predicted to be produced by a remnant magnetar resulting from
GRB 191004A as a function of redshift (Section 4.2.3). The shaded
region corresponds to the 1o uncertainties on the fitted magnetar
parameters (see Section 4.1 and Table 5). The radio emission
efficiency is assumed to be €. = 104, which is the typical value
for pulsars. The horizontal dashed line indicates the flux density
upper limit of 1.104 Jy derived from the 30 min integration of GRB
191004A.

Figure 7 shows the predicted persistent pulsar emis-
sion from a magnetar remnant produced by GRB
191004 A as a function of redshift. We used the fitted
magnetar parameters derived for GRB 191004A (listed
in Table 5) and the above scaling relations (Eq. 4 and
5) to calculate the predicted flux density. Otherwise,
we assumed the same parameters as adopted for GRB
190627A in Section 4.3.1. Since the observations of GRB
191004A were conducted with the MWA compact con-
figuration, the confusion noise caused the upper limit on
the 30 min integration to be less constraining compared
to other GRB observations taken in the extended config-
uration. Our MWA flux density limit for GRB 191004A
is therefore insufficient for constraining this model.

4.3.8 Fermi GRBs

The other GRBs in our sample were detected by
Fermi—GBM so no follow-up X-ray data are available to
derive their magnetar remnant parameters. Assuming a
typical magnetar remnant for all the Fermi GRBs (see
Section 4.1), we now compare the radio emission upper
limits derived from our MWA observations to theoret-
ically predicted values described by models presented
in Section 4.2.2 and 4.2.3. Note that since none of the
Fermi GRB fluence upper limits place constraints on the
NS magnetic field interactions described in Section 4.2.1,
we do not consider this model further (see discussion in
Section 5.1.1).

Figure 8 shows the predicted prompt radio emission
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Figure 8. The fluence of the prompt radio signal predicted to
be produced by the relativistic jet and ISM interaction using the
mean values of the magnetic field and spin period of known mag-
netar remnants (see figure 8 in Rowlinson & Anderson 2019) and
assuming the median value of the gamma-ray fluences measured for
different Fermi GRBs in Table 6 (thick black curve). The two thin
black curves show the radio fluence predictions corresponding to
the minimum and maximum gamma-ray fluence measured for the
Fermi GRBs, and the shaded region corresponds to the 1o scat-
tering in the distribution of the parameters of typical magnetars.
Different from Figure 7, there is no rescaling of magnetic field and
spin period with redshift. The fluence limit for GRB 190627A is
plotted as a black triangle. The solid coloured curves represent the
fluence upper limits as a function of DM (redshift) derived from
the de-dispersion image analysis performed on the Fermi GRBs.
We also include the fluence upper limits published for individual
short GRBs (dashed coloured curves), including GRB 150424A
(132 MHz; Kaplan et al. 2015), GRB 170112A (56 MHz; Anderson
et al. 2018b), GRB 180805A (185 MHz; Anderson et al. 2021a)
and GRB 181123B (144 MHz; Rowlinson et al. 2020). The dotted
black line indicates a potential fluence limit we could achieve if
we instead trigger observations using the MWA Voltage Capture
System (VCS; see further details in Section 5.1.2.)

produced by the GRB jet—ISM interaction as a func-
tion of redshift assuming a typical magnetar remnant
was formed. The large uncertainties (the shaded region)
come from the scatter in the distribution of the spin pe-
riod and magnetic field strength of magnetar remnants
from previously studied short GRBs (Rowlinson et al.,
2013; Rowlinson & Anderson, 2019). The predicted radio
fluence directly scales with the gamma-ray fluence (see
Eq. 2), which we list in Table 6 for each GRB as mea-
sured by Fermi—-GBM in the 10-1000 keV energy band.
For this comparison, we adopt the median gamma-ray
fluence value, i.e. 7.8 x 10~7 erg cm ™2, for predicting the
prompt emission fluence (thick black curve in Figure
8). We also plot the model radio fluence predictions
corresponding to the minimum and maximum gamma-
ray fluence in our sample (Table 6) in Figure 8 (thin
black curves). Note that the uncertainty in the predicted
emission due to the magnetar parameters encompasses
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GRB y-ray fluence (10~7 erg cm~?)
170827B 474012
190420.98 6.5+ 0.32
190903A 7.8+ 0.6"
200325A 24.9 +1.2¢
200327A 15.3+0.64

Table 6 The gamma-ray fluences (10-1000keV) measured
by Fermi—-GBM for those Ferms events for which we derived
radio fluence limits. References include:

a:  Fermi-GBM  burst catalog at HEASARC:
https://heasarc.gsfc.nasa.gov/W3Browse/fermi/
fermigbrst.html;

b: Mailyan & Meegan (2019);

c: Veres et al. (2020a);

d: Veres et al. (2020b).

the range in predictions caused by different gamma-ray
fluence measurements. The other model parameters are
assumed to be the same as for GRB 190627A.

We overplot all the fluence limits derived from our
GRB sample (Tables 3 and 4) on Figure 8 to constrain
the GRB jet-ISM interaction model (Section 4.2.2). Only
those GRBs for which MWA was on-target < 1 min post-
burst were included in this Figure as any prompt signals
emitted at cosmological distances at the time of burst
would have been dispersion delayed by up to ~ 2 min at
MWA frequencies. We incorporated the dependence of
the fluence upper limits on the DM value and redshift,
as was done in Anderson et al. (2021a). In each case, we
plot the maximum fluence limit in the range quoted in
Tables 3 and 4. It can be seen that the majority of our
fluence limits in this paper are constraining for GRBs at
low redshifts z < 0.5 for a subset of magnetar parameters.
In Section 5.1.2, we further explore the implications of
our upper limits on this emission model.

Figure 9 shows the predicted persistent dipole radia-
tion from a typical magnetar as a function of redshift
(thick black curve). Again, the shaded region illustrates
the uncertainty in the prediction due to the scatter in the
distribution of known magnetar parameters (Rowlinson
& Anderson, 2019), which spans six orders of magnitude.
We plot the flux density upper limits derived from the
30 min integrations of the GRBs as listed in Table 2.
For a typical magnetar remnant, the majority of our
MWA observations could have detected persistent dipole
radiation up to a redshift of z ~ 0.6. We explore this
further in Section 5.1.3.

5 DISCUSSION

We have performed a search for coherent radio emission
associated with BNS mergers on the biggest sample of
short GRBs at low frequencies using the MWA rapid-
response system, obtaining radio fluence and flux density
upper limits on this predicted emission (see Tables 2 4,
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Figure 9. Similar to Figure 8, here we plot the predicted flux
density for the persistent radio emission from the dipole radiation
of a magnetar remnant (see Section 4.2.3). The solid black curve
represents the predicted emission from a typical magnetar with the
shaded region corresponding to the 1o scatter in the distribution
of magnetar parameters. The solid coloured curves represent the
flux density upper limits derived from the 30 min integration of our
sample of short GRBs. We also plot the flux density upper limits
from observations of other individual GRBs (dashed coloured
curves), including GRB 150424A (Kaplan et al., 2015), GRB
180706A (a long GRB; Rowlinson et al., 2019), GRB 180805A
(Anderson et al., 2021a) and GRB 181123B (Rowlinson et al.,
2020).

and 3). The de-dispersion analysis in the image space (see
Section 2.4.3) accommodates the dispersive smearing of
the prompt signals across the MWA observing band for a
range of short GRB redshifts, and thus is more sensitive
to these signals than just imaging on different timescales
(58, 30s, 2min). Thanks to the rapid response time of
the MWA (for a comparison of response times of different
low frequency facilities see figure 10 in Anderson et al.
2021a), we are able to use these fluence upper limits to
constrain the prompt radio emission models in the early
stages of BNS mergers. With the flux density upper
limits obtained from the 30 min observations, we are
able to constrain the persistent emission model (see
Section 4.2 for a summary of these models).

5.1 Constraints on the tested coherent
emission models

In this section, we consider the implications of the con-
straints the nine short GRBs in our sample place on the
emission models described in Section 4.2. The upper lim-
its we obtained for the Swift GRB 190627A demonstrates
the best sensitivity MWA can achieve with triggered
observations using the standard correlator mode, as can
be seen from Figure 8 and 9 (black triangle). As part
of this investigation, we also compare our results to
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the low frequency fluence and flux density upper limits
obtained from investigations of individual short GRBs.
In Figure 8, we include the fluence upper limits on the
prompt radio emission from individual short GRBs, in-
cluding 1.2x 10* Jy ms for GRB 150424 A observed by the
MWA (Kaplan et al., 2015), 5.85 x 10* Jy ms for GRB
170112A observed by OVRO-LWA (Anderson et al.,
2018a), 570-1750 Jy ms for GRB 180805A observed by
the MWA (Anderson et al., 2021a) and 1824 Jy ms for
GRB 181123B observed by LOFAR (Rowlinson et al.,
2020). In Figure 9, we chose to include the flux density
upper limits on the persistent radio emission from indi-
vidual GRBs, including 0.9 Jy on a 30 min timescale for
GRB 150424A observed by MWA (Kaplan et al., 2015),
1.7mJy on a 2h timescale for GRB 180706 A observed by
LOFAR (a long GRB; Rowlinson et al., 2019), 40.2mJy
on a 30min timescale for GRB 180805A observed by
MWA (Anderson et al., 2021a), and 153mJy on a 2h
timescale for GRB 181123B observed by LOFAR (Rowl-
inson et al., 2020). Even compared to previous surveys
and triggered observations, our triggered MWA obser-
vations of GRB 190627A obtained the most stringent
limits on both prompt and early-time persistent coherent
emission to date from a short GRB within a few hours
post-burst at low frequencies.

5.1.1 Interaction of NS magnetic fields

In Section 4.2.1, we described that one of the earliest
prompt, coherent signals predicted from a short GRB
may be produced by the alignment of the NS magnetic
fields prior to the merger. Here we compare the model
prediction to the fluence upper limits derived from our
short GRB sample. From Table 3 and 4, we can see
the fluence upper limits range from 80 to 12,110 Jy ms.
According to Eq. 1, assuming typical NS properties,
we predict the fluence to be < 10 Jy ms at a reasonable
redshift. Therefore, none of our observations are sensitive
enough to detect this predicted emission.

5.1.2 Relativistic jet and ISM interaction

As outlined in Section 4.2.2, we expect the collision of
a relativistic jet with the ISM to produce prompt, co-
herent radio emission. This model is dependent on the
properties, i.e. the spin period and the magnetic field
strength of the newly formed magnetar remnant. Con-
sidering a typical magnetar as proposed by Rowlinson &
Anderson (2019), we compared the fluence upper limits
obtained from our sample of short GRBs (solid curves)
and those from previous triggered observations (dashed
curves) to the model prediction in Figure 8. Note that
the de-dispersion analysis performed for GRB 170112A
by Anderson et al. (2018a) covers a limited range of DM
values so the corresponding dashed lines spans a limited
range of redshift.

Among all these searches at low frequencies, our ob-
servation of GRB 190627A is the most sensitive, and
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even at a redshift of z = 1.942, we were sensitive enough
to detect the predicted prompt signal from the jet-ISM
interaction for some range of typical magnetar remnant
parameters. The majority of fluence limits obtained
from our sample and other triggered observations of
short GRBs are sensitive enough to search for prompt
signals up to a redshift of z ~ 0.5 for a subset of
typical magnetar remnant parameters. Considering
the magnetic energy fraction was assumed to be
e = 1073 for the predicted emission in Figure 8,
our non-detection might suggest a constraint of
e < 1073, comparable to the theoretical limit
on e¢g for GRBs with narrow subpulses in inter-
nal shock models (Usov & Katz, 2000). Com-
pared to previous constraints on eg using radio
observations of short GRBs, our limit is compa-
rable to the eg < [107%-1072] (depending on pulse
widths) derived for GRB 150424 A (Rowlinson &
Anderson, 2019), but less constraining than the
eB < [3x107°-2 x 1074] derived for GRB 181123B
(Rowlinson et al., 2021). While it is unlikely that
the majority of short GRBs are at z > 0.5 (Gompertz
et al., 2020), overall, our non-detection of prompt radio
emission from such a big sample of short GRBs is con-
sistent with model predictions when considering the full
parameter space covered by the potential diveristy in
both magnetar parameters and gamma-ray fluences and
(see shaded region in Figure 8).

In Figure 8 we also compared the expected sensitivity
of the MWA Voltage Capture System (VCS; Tremblay
et al., 2015) to the model prediction and short GRB flu-
ence limits. The VCS mode has a temporal and spectral
resolution of 100 us and 10 kHz, respectively, making it
specifically sensitive to narrow (~ 10ms) pulsed and
therefore dispersed signals. Rapid-response MWA obser-
vations of short GRBs using the VCS would therefore be
sensitive enough to detect prompt emission from a large
subset of magnetar remnant parameters over a large
redshift range (see further discussions in Section 5.2).

5.1.8 Persistent pulsar emission

If a magnetar is formed via the BNS merger, it is pre-
dicted to emit in the same way as pulsars (see Sec-
tion 4.2.3). Again, this emission is dependent on the
magnetar remnant properties. In Figure 9, we compared
the flux density upper limits obtained from our sample
of short GRBs (solid curves) and those from previous
works (dashed curves) to the predicted flux densities
assuming the formation of a typical magnetar remnant.

Our observation of Swift GRB 190627A provides the
second most sensitive limit on the persistent emission
from a magnetar remnant. With this sensitivity, we are
able to detect the predicted persistent emission from
a typical magnetar up to a redshift of ~ 2. Note that
when plotting the limits for this GRB and the other
Swift GRB 191004 A, we did not assume typical magnetar
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parameters but used those derived from their X-ray light
curves in Section 4.1.

One can see that Rowlinson et al. (2019) performed
the most sensitive search for persistent emission from
the long GRB 180706A using LOFAR. A LOFAR ob-
servation with over a 2h integration can reach mJy
sensitivities thanks to its large number of antennas and
long interferometric baselines (van Haarlem et al., 2013).
This sensitivity is sufficient to detect the predicted per-
sistent emission over a broad range of redshifts and
a large magnetar parameter space. However, as GRB
180706A is a long GRB, the dense surrounding medium
may prevent the transmission of low-frequency radio
signals (Zhang, 2014).

For the 11 short GRBs in Figure 9 (excluding the
long GRB 1807064), it is somewhat surprising to see no
detection of any persistent emission given that all the
flux density upper limits are comparable to the model
predictions for a large subset of typical magnetar pa-
rameters over a wide range of redshifts, at least up to
z ~ 0.6. The non-detections from such a big sample pro-
vide new implications for this persistent emission model.
It is possible that these short GRBs did not produce any
persistent radio emission, given that the probability of a
BNS merger forming a magnetar remnant is between 5
and 97%, depending on the NS equation of state (Ravi
& Lasky, 2014). However, if all the 11 short GRBs in
Figure 9 actually formed typical magnetars, then either
their pulsar beams were pointed away from the Earth
and/or they were located at redshifts of z > 0.6. In the
population of short GRBs with known redshifts (see
table 1 in Gompertz et al. 2020), only one third have
redshifts of z > 0.6. Therefore, it is unlikely that all
the 11 short GRBs are located at high redshifts, which
suggests that either some of the short GRBs did not
form magnetars or their radio emission is not aligned
with our line of sight. There is still another possibility
that the short GRBs formed magnetars that deviate
from the assumed typical parameters, given the typical
parameters are drawn from the distribution of a small
population of fitted magnetars (see figure 8 in Rowlinson
& Anderson 2019). For an ideal case, we might expect
two thirds of the 11 short GRBs to be located at z < 0.6,
half of which formed magnetars with persistent emis-
sion brighter than what we are considering a ‘typical’
magnetar remnant, and all of which have their emission
beams pointed towards us. If that were the case, then we
might have predicted to detect dipole radiation from the
magnetar remnants of approximately four short GRBs.

We therefore conclude that the non-detection of persis-
tent emission from these 11 short GRBs could be related
to the simplicity of the model, our assumption that the
majority of short GRBs form a magnetar remnant is in-
valid, and/or our assumption that the magnetar’s radio
beam is aligned with the rotational axis and remains
pointed towards Earth following the merger is invalid.
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It is also possible that some GRBs in the sample, such
as GRB 190627A and 191004A (see Section 2.2.1) may
actually be long GRBs, which means their higher den-
sity environments could prevent the radio emission from
escaping.

5.2 Future improvements

The biggest improvement to this experiment will be to
perform triggered observations on short GRBs using
the VCS as its high temporal resolution (100 ps) will
increase our sensitivity to FRB-like signals (~ 10ms
width), which would otherwise be diluted by the 0.5s
coarse sampling of the standard correlator. Given that
the data rate of VCS observations is high (~28 TB/hr),
we would not be able to continuously observe one GRB
for more than ~100 min (Tremblay et al., 2015), making
it difficult for us to detect prompt signals predicted to
be produced at late times (e.g. by the collapse of an
unstable magnetar remnant into a BH, which may not
occur for up to 2hr post-merger; Zhang 2014). How-
ever, a 15 min integration with the VCS will allow us to
search for prompt, coherent emission predicted to occur
either just prior, during, or shortly following the merger
(see the models described in Sections 4.2.1 and 4.2.2)
for a wide range of DMs (150-2500 pc cm~2) to much
deeper sensitivities while still creating a manageable
data volume. This is demonstrated in Figure 8 where we
include the estimated VCS sensitivity limit calculated
by Rowlinson & Anderson (2019). While the standard
correlator (0.5s temporal resolution) observations can
probe the prompt radio emission produced by the jet-
ISM interaction up to a redshift of z ~ 0.5 for a typical
magnetar remnant, the more sensitive VCS observation
can probe this emission up to redshifts of z > 1 for a
much wider range of magnetar parameters. Therefore,
VCS triggered observations of short GRBs is the most
promising method for searching for associated prompt,
coherent emission.

The poorly known magnetar remnant properties result
in uncertainties in the predicted persistent emission that
spans six orders of magnitude, as shown in Figure 9. As
the population of short GRBs detected by Swift keeps
growing, we expect more of their X-ray light curves to be
fitted by the magnetar model in the future. This will help
narrow down the model parameters and better constrain
the detectability of the emission. Additionally, more
redshift measurements on short GRBs would allow us
to constrain the key parameters of the emission models,
as what we have done for GRB 190627A in Figure 4, 5
and 6 (see also Section 4.3.1).

5.2.1 Implications for GW follow-up

As BNS mergers are plausible GW emitters, we
plan to search for the predicted coherent radio
emission using MWA triggered observations of
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GW events. Compared to short GRBs detected
by Swift and/or Fermi, GW events detected by
aLIGO/Virgo are much closer (< 190 Mpc in ob-
serving run O4 likely commencing mid-2022; Ab-
bott et al. 2020), which means their associated
radio emission would be much brighter. In Fig-
ure 8 we plot the expected maximum redshift
of GWs with a vertical dotted red line. While
observations with the standard MWA correlator
have an almost 50% chance of detecting the pre-
dicted emission from GWs based on the largely
uncertain magnetar parameters, the VCS mode
would either make a detection or rule out the
jet-ISM interaction model undoubtedly.

The proximity of GW events also means less
dispersion delay, which means we may require
a faster response time than what is currently
possible with MWA. As discussed in Anderson
et al. (2021a), the MWA may only be on-target
fast enough for frequencies < 130 MHz, the lower
end of the MWA observing band. However, a
strategy proposed by James et al. (2019) for trig-
gering MWA on ‘negative latency’ aLIGO/Virgo
alerts of BNS mergers (generated by detections
of GWs during the inspiral phase before the
merger) could help alleviate the requirement on
response times, allowing the MWA enough time
to capture any associated prompt, coherent ra-
dio emission. For further details on MWA follow-
up strategies of GWs, see Kaplan et al. (2016),
James et al. (2019), and Anderson et al. (2021a).

5.2.2 Prospects for SKA-Low

The low-frequency component of the Square Kilometre
Array (SKA-Low; Dewdney et al. 2009) is a radio tele-
scope covering the frequency range 50-350 MHz and of
an unprecedented sensitivity, resulting from the enor-
mous number of dual-polarisation antennas (Sokolowski
et al., 2021). Given the model predictions shown in Sec-
tion 4.3.3, the far greater sensitivity of the SKA-Low
will rigorously test these models. Therefore, it is plau-
sible to implement our rapid-response system on the
SKA-Low to search for coherent radio emission associ-
ated with GRBs. A future plan to enhance the SKA-Low
system with the triggering capability to react to external
transient alerts has been proposed by Sokolowski et al.
(2021).

6 CONCLUSIONS

In this paper, we have searched for coherent radio emis-
sion from nine short GRBs in the frequency range of 170
and 200 MHz using MWA rapid-response observations.
These observations began within 30s to 10 m postburst
(7 of the 9 events within ~ 1 min post-burst), integrating
for a maximum of 30 min. We have inspected the im-
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ages of these nine GRBs that were made on timescales
of 30 min, 2min, 30s, and 5s but found no associated
transient or variable emission within the GRB positional
error regions, quoting flux density upper limits in Ta-
ble 2. We have also performed a de-dispersion search for
transients using 0.5s/1.28 MHz sub-band images, but
found no FRB-like signals associated with the GRBs,
quoting a range of fluence upper limits in Tables 3 and 4.
Our fluence and flux density limits on transient emission
associated with our nine short GRBs were compared
to model predictions of coherent prompt and persistent
emission applicable to BNS mergers. As a result of this
work, we come to the following main conclusions:

1. The MWA rapid-response observations of Swift
GRB 190627A provides the most constraining upper
limits on coherent emission associated with short
GRBs in our sample. By fitting the stable magnetar
model to its X-ray light curve (see Figure 3), we
were able to acquire the magnetar remnant param-
eters (see Table 5). As GRB 190627A is the only
event in our sample with a known redshift, we were
able to constrain key parameters of the emission
models described in Section 4.2, including the ra-
dio emission efficiency of the nearly merged NSs
(e, < 107%), the magnetic energy fraction in the
GRB jet (ep <2 x 107%), and the radio emission
efficiency of the magnetar remnant (e, < 1073, see
Figures 4, 5 and 6).

2. The fluence upper limits derived from the de-
dispersion analysis of our MWA standard observa-
tions were sensitive enough to detect the predicted
prompt radio emission produced by the GRB jet-
ISM interaction (see Section 4.2.2) up to a redshift
of z ~ 0.5 for a subset of typical magnetar param-
eters (see Figure 8). While it is unlikely that the
majority of short GRBs are at z > 0.5 (Gompertz
et al., 2020), our sensitivity is not very constrain-
ing when considering the full regime of predictions
(shaded region in Figure 8) so non-detections may
not be unexpected. However, future MWA rapid-
response observations using the VCS will be more
sensitive to narrow, FRB-like signals, enabling us to
probe this emission up to a much higher redshift for
a larger range of potential magnetar parameters.

3. The flux density upper limits derived from the
30 min observations of a sample of short GRBs sug-
gest that we should be able to detect the persistent
radio emission produced by a typical magnetar rem-
nant (see Section 4.2.3) up to a redshift of z ~ 0.6
(see Figure 9). Given that ~ 2/3 of short GRBs
have redshifts of z < 0.6 (Gompertz et al., 2020),
our non-detection of persistent radio emission from
this sample of short GRBs implies one or more of
the following: that some GRBs are not genuinely
short, no magnetar remnant was formed, the magne-
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tar remnants do not have typical properties defined
by Rowlinson & Anderson (2019), their radiation
beams are pointing away from us, or the model is
too simplistic.

The MWA, with its large field of view and rapid-
response triggering mode, is currently one of the most
competitive radio telescopes for performing rapid follow-
up observations of short GRBs in search of coherent
prompt or persistent emission associated with BNS merg-
ers. In the future, we plan to employ the VCS mode
to trigger on GRBs, which is more sensitive to prompt,
FRB-like signals. Furthermore, our experiment with
the MWA demonstrates the importance of incorporat-
ing rapid response capabilities into other low frequency
facilities to enable programs that search for prompt
radio emission associated with transients, particularly
the SKA-Low, which will have superior instantaneous
sensitivity on shorter timescales.
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A MWA IMAGES

In Figures 10 and 11, we show the first 2 min snapshots
of the nine short GRBs in our sample. These images
were visually inspected to judge the data quality for
our sample selection (see Section 2.2). The positions of
those GRBs localised by Swift are indicated by white
lines or a circle in Figure 10, and the ROIs of those
GRBs localised by Fermi or the IPN are indicated by
the overlap between the GRB error positions (white
curves) and the MWA primary beams 50% response
(red curves) in Figure 11 (see Section 2.4.1). Note that
the observations of GRB 190903A and 191004A were
taken in the MWA compact configuration so their images
have a larger resolution (synthesised beam) than those
taken during Phase I or in the extended configuration.

B TRANSIENT AND VARIABLE
CANDIDATES FOR FERMI GRBS

In Table 7, we provide the light curve variability pa-
rameters derived via priorized fitting at the position of
the two Swift GRBs on timescales of 2min, 30s and 55,
i.e. the modulation index (m), the de-biased modula-
tion index (mg; which takes into account the errors on
each data-point), and the probability of observing such
variability in a non-variable (steady) source (p_ val; see
Section 2.4.1 for details).

In Table 8 of this appendix, we report the number of
transient and variable candidates that were detected by
RoOBBIE within each Fermi GRB ROI in our sample.
The expected number of false positive transient and
variable candidates assuming Gaussian statistics are
also provided (see Section 2.4.2 for details).
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Figure 10. The first 2 min snapshots showing the regions surrounding the three GRBs localised by Swift. The white lines in the top 2
panels point to the positions of GRB 190627A and 191004A localised by Swift-XRT to within a synthesised beam of the MWA, and the
white circle in the bottom panel indicates the position of GRB 200325A localised by Swift-BAT to within 50 synthesised beams.

GRB Timescale  Variability statistics

m mg  p_val

190627A 2min 6.47 -1.6 0.7
30s 5.82 253  0.75

5s -20.04 -6.24 0.53

191004A 2min -0.62  -0.54 0.05
30s -0.78 -04 0.02

5s -0.42  0.51 0.41

Table 7 Light curve variability statistics derived via priorized fitting at the positions of the Swift GRBs for different
monitoring timescales. Quoted are the modulation index (m), the de-biased modulation index (mgq), and the probability of
being a non-variable source (p_ val; see Section 2.4.1).
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Figure 11. Similar to Figure 10, here we present the first 2 min snapshots of field covering the Fermi GRBs in our sample. The white
lines show the boundaries of the GRB localisation by Fermi or the IPN, the red lines show the boundaries of the MWA primary beam

50% response, and their overlaps show the ROIs within which we searched for transients and variables (see Section 2.4.1).
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GRB ROI! Timescale Expected false transients Expected false transients Detected transients Expected false variables Detected variables
above 602 in GRB ROI® in GRB ROI* in GRB ROI° in GRB ROI®
170827B  ~ 2 x 10% 2min 3x 1072 1.44 0 0 0
30s 1073 0.66 0 1.92 0
5s 7x 1073 1.68 0 4.14 0
190420.98 ~ 2 x 10° 2min 2x1073 0 0 0 0
30s 8 x 1073 0 0 0.97 1
5s 5x 1072 0.04 1 2.23 1
190712.02 ~ 4 x 10° 2min 6 x 1072 0 0 0 0
30s 0.24 0 0 0.55 0
5s 1.44 1.1 1 6.6 5
190804A  ~ 3 x 10° 2min 3x 1072 0.31 0 0.31 0
30s 0.12 0.31 0 0 0
5s 0.72 1.55 2 4.03 4
190903A ~ 103 2min 2x107° 0 0 0.05 0
30s 8 x107° 0 0 0.07 0
5s 5x 1074 0.01 0 0.06 0
200325A ~ 50 2min 7x 1077 0 0 0 0
30s 3x 1076 0 0 0 0
5s 2x107° 0 0 0 0
200327A ~ 10% 2min 2x107% 0.06 0 0 0
30s 8 x 107 0.42 0 0.12 0
5s 5x 1073 1.67 0 0.72 0

Table 8 The number of detected transients and variables within each Fermi GRB ROI on different timescales as output by
ROBBIE, which are compared to the expected false positive transient and variable rates as defined in Section 2.4.2.

1: The size of the ROI is in units of synthesised beams;
2: The expected number of false positive transient candidates above 60 in the ROI that is calculated assuming Gaussian
statistics;
3: The expected transient false positive rate in the ROI based on the number of false positive candidates in the MWA 50%

primary beam;

4: The detected number of transient candidates in the ROI by ROBBIE;
5: The expected variable false positive rate in the ROI based on the number of false positive candidates in the MWA 50%

primary beam;
6: The detected number of variable candidates in the ROI by ROBBIE.
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