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Abstract

This thesis presents our targeted searches for prompt radio transients from gamma-
ray bursts (GRBs) and repeating fast radio bursts (FRBs) using the Murchison
Widefield Array (MWA), a low frequency (< 300 MHz) telescope and precursor to
the Square Kilometre Array (SKA). Theory suggests that prompt (FRB-like) sig-
nals may be produced by GRBs via binary neutron star mergers or core-collapse
supernovae, but this GRB/fast radio transient connection is still poorly explored,
particularly given the expected short timescales of the emission. Similarly, while
the FRB population has rapidly expanded over the last couple years with more
than 700 FRBs published so far, low frequency searches for FRB emission have
yielded only very few detections, especially at frequencies below 300 MHz. How-
ever, both the coherent radio emission predicted to be produced by GRBs and the
low frequency FRB emission are very important as they can provide invaluable
information on the equation of state of neutron stars and the FRB emission mech-
anism. In this PhD research, I used the MWA rapid-response observing mode to
automatically and rapidly trigger on GRBs within 30 s of receiving an alert from
Swift or Fermi in order to capture the model-predicted FRB-like emission. I also
used archival MWA observations to search for low frequency FRB signals from
known repeating FRBs. The results of these searches place significant constraints

on the GRB and FRB emission models.

In the GRB triggering experiment, we have successfully followed up ten GRBs
(nine short and one long) with the MWA, the largest sample of GRBs studied

at such a low frequency. We started recording the observations with the stan-
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dard correlator (imaging mode with a time resolution of 0.5s), which was later
upgraded to the Voltage Capture System (VCS; 100us time resolution) as VCS
data are expected to be much more sensitive to prompt radio emission. The
main technique used to search for dispersed signals in this thesis is dedispersion
in the image domain or the coherently beamformed VCS data. These are some
of the most sensitive attempts using dedispersion to search for GRB associated
prompt radio emission, demonstrating one of the best sensitivities achieved to
date (~ 100Jyms). We tested various coherent emission models in the GRB
scenario with the upper limits derived from the MWA observations. Specifically,
we found the composition of GRB jets is possibly baryon dominated, advancing
our understanding of the GRB jet composition problem. Given the predictions of
possible dipole spin-down radiation, we also searched for persistent radio emission
from each GRB in an MWA image of the full 30 min integration. Our results pose
a serious challenge to the magnetar formation assumption though other possibili-
ties cannot be excluded such as the GRBs being at high redshifts or the radiation

beam of the magnetar remnant being pointing away from us.

In the case of low-frequency FRB searches, we used 23.3 hr of archival data
taken with the MWA VCS between 2014 September and 2020 May, and performed
a standard single pulse search with a temporal and spectral resolution of 400 us
and 10 kHz, respectively, over a broad DM range centred at the known DM of each
repeating FRB studied in this thesis. This is the first time that the MWA VCS has
been used to search for FRB signals from known repeaters, demonstrating a much
better sensitivity (~ 100 Jyms) than previous FRB searches with the standard
MWA correlator mode (~ 1000 Jy ms). The fluence upper limits derived from the
VCS data enabled us to study the burst rates, low-frequency spectra and local

environments of the repeaters.

Finally, this thesis has highlighted the feasibility of MWA in following up
GRBs and repeating FRBs for transient searches. We also explored the prospect

of following up gravitational wave events with MWA in the future. In the long



term, these transient experiments are paving the way for even more exciting

transient science with the more sensitive SKA.
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in view to display the black dots that illustrate the independent

pixels selected for the de-dispersion analysis (see Section 3.4.3).

Distribution of the noise observed in the ROI of the first 2min
image of GRB 190420.98 (top; see Figure A.2 in Appendix A) and
difference between the observed noise distribution and the ideal
Gaussian function (bottom). The dashed red line is a standard
Gaussian curve, and shows how close the noise distribution is to

Gaussian noise (see Section 3.4.2). . . . . ...

Detection efficiency of dispersed signals as a function of fluence
for GRB 190627A, GRB 191004A and GRB 200325A calculated
through signal injection (see Section 3.4.4). The DM ranges of
the simulated signals were based on the known redshift of GRB
190627A (see Section 3.4.3) or in the case of GRB 191004A and
GRB 200325A, the known redshift range of short GRBs. . . . . .

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 en-
gine powering the plateau phase (see Section 3.6.1). We used the
redshift z = 1.942 for GRB 190627A and assumed a typical short
GRB redshift of z = 0.7 for GRB 191004A. . . . . . . ... .. ..
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3.5

3.6

3.7

The predicted 185 MHz flux density (blue line) of the prompt sig-
nal emitted by the alignment of the merging NS magnetic fields
(Section 3.6.2.1) in GRB 190627A as a function of the radio emis-
sion efficiency (¢.). The horizontal dotted line shows the least
constraining flux density upper limit derived from the 2 min snap-
shots of GRB 190627A (Table 3.2). The horizontal dashed line
shows the flux density upper limit converted from the least con-
straining fluence limit derived from the image de-dispersion anal-
ysis (Table 3.4), and the vertical line shows the typical efficiency

observed for known pulsars (e, ~107). . . . . . . ... ... ...

The predicted fluence (blue line) of a prompt signal produced by
the relativistic jet and ISM interaction (Section 3.6.2.2) for GRB
190627A as a function of the fraction of magnetic energy in the
GRB jet (eg). The horizontal dotted line shows the least con-
straining fluence upper limit derived from our image de-dispersion
analysis (Table 3.4), and the vertical dashed line shows a typical

value for the magnetic energy fraction of eg = 1072 (Iatz, 1997).

The predicted flux density of the persistent emission from a mag-
netar remnant (Section 3.6.2.3) resulting from GRB 190627A as a
function of the radio emission efficiency (e.). The shaded region
corresponds to the 1 o uncertainty on the fitted magnetar remnant
parameters listed in Table 3.5 (see Section 3.6.1). The horizontal
line shows the flux density upper limit obtained from the 30 min in-
tegration of GRB 190627A (Table 3.2), and the vertical line shows

the typical efficiency observed for known pulsars. . . . ... ...
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3.8 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 3.6.2.3). The shaded region corre-
sponds to the 1 ¢ uncertainties on the fitted magnetar parameters
(see Section 3.6.1 and Table 3.5). The radio emission efficiency is
assumed to be ¢, = 107%, 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.. 125
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3.9 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 magnetar rem-
nants (see figure 8 in Rowlinson & Anderson 2019) and assuming
the median value of the gamma-ray fluences measured for differ-
ent Fermi: GRBs in Table 3.6 (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 3.8, 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. 2021b)
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 3.7.1.2.) . . . . . ..
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3.10 Similar to Figure 3.9, here we plot the predicted flux density for the

4.1

4.2

persistent radio emission from the dipole radiation of a magnetar
remnant (see Section 3.6.2.3). 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.,
2021b) and GRB 181123B (Rowlinson et al.; 2020). . . . . . . ..

0.3-10keV flux light curve of GRB 210419A. The black and blue
data points were obtained by the Swift-BAT (extrapolated to 0.3-
10keV) and the Swift-XRT, respectively. The shaded region in-
dicates the period covering the X-ray flare investigated in Sec-
tion 4.7.2.2. The X-ray plateau phase starts around 1000s post-

burst. . . ..

The fit to the X-ray flare from GRB 210419A used to calculate
its duration of 248s (between 335-583s post-burst). We used a
smooth broken power-law function to fit the flare plus a declin-
ing power-law to fit the underlying X-ray light curve observed by
Swift-XRT (blue points), with the fitting result being shown as
the black line. . . . . .. .. ... o



4.3

4.4

The MWA image showing the region surrounding GRB 210419A
integrated over the duration of the X-ray flare assuming a redshift
of z = 1.7 as described in Sections 4.4.3 and 4.6.2 (see radio fluence
predictions in Section 4.7.2.2). The two white lines point to the
GRB position localised by the Swift—-XRT to within a synthesised
beam of the MWA, where the RMS noise was measured to be
190 mJybeam™'. The ellipse in the lower left corner shows the

synthesized beam size of 23.4 x 9.4arcmin. . . . . . . . . ... ..

The predicted fluence of a prompt signal produced by the inter-
action between the relativistic jet of GRB 210419A and the ISM
at 185 MHz as a function of the fraction of magnetic energy. The
shaded regions illustrate those predictions assuming the maximum
and minimum redshift considered in this investigation, with the
uncertainties resulting from the peak frequency of the prompt ra-
dio emission at the shock front (see Eq. 4.5) and the measured
gamma-ray fluence (see Section 4.2), which has been corrected to
a bolometric gamma-ray fluence (see Section 4.7.2.1). The hori-
zontal dotted lines in different colors represent the fluence upper
limits we obtained from the VCS observation of GRB 210419A for

different combinations of redshift and intrinsic pulse width.
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4.5

5.1

5.2

The predicted flux density of the radio signal produced during the
X-ray flare from GRB 210419A as a function of the fraction of mag-
netic energy. The shaded region in different colors represent the
model predictions assuming the lowest, typical and highest long
GRB redshift, with the uncertainties again resulting from the pre-
dicted peak frequency of the prompt radio emission at the shock
front (see Eq. 4.5) and the measured X-ray fluence (see Section 4.2),
which has been corrected to a bolometric gamma-ray fluence (see
Section 4.7.2.2). The horizontal dotted line shows the 30 flux den-
sity upper limit derived from the MWA image integrated over the

duration of the X-ray flare. . . . . . . . .. .. ... ... .....

An example dynamic spectrum of a candidate burst detected in
an MWA observation (Obs ID: 1163853320) beamformed at the
position of FRB 20190213A. Data have been dedispersed to a DM
of 635.4pcem™3. The dynamic spectrum has been averaged to a
time resolution of 3ms and a frequency resolution of 0.24 MHz.
The frequency-averaged pulse profile is shown on the top panel
with the candidate located between the two vertical dashed lines.

The time-averaged spectrum is shown on the right panel. . . . . .

The fluences of the bursts reported by Pleunis et al. (2021b) from
the repeating FRB 201809168 between 110-188 MHz versus their
pulse widths. The black points represent the 18 bursts detected
by LOFAR, the blue region represents the range of fluence upper
limits derived from the MWA observations analysed in this work,

and the dashed red line represents a typical VCS sensitivity near

the zenith of the MWA. . . . . . . . . . . .. . . ... ...,
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6.1

6.2

Al

A2

Comparisons between the MWA sensitivity and the fluence or flux
density predictions of the four coherent emission models described
in Chapter 3. We plot the sensitivity of the MWA imaging data on
0.25s (for image dedispersion) and 2 hr timescales (blue dash-dot
lines), the VCS sensitivity for incoherent (blue dotted lines) and
coherent (blue dashed lines) beamforming, and the sensitivity of
the SKA-Low imaging data (red dashed lines). Note that the sen-
sitivities quoted here are all at 60 levels, as adopted in Chapters 3

and 4. Continued on the following page. . . . . . . ... ... ..

Same as Figure 5.2 in Chapter 5 except the additional magenta
dashed line representing the expected sensitivity of the SKA-Low.
The black points represent the 18 bursts detected by LOFAR, the
blue region represents the range of fluence upper limits derived

from the MWA observations analysed in Chapter 5, and the dashed

red line represents a typical sensitivity near the zenith of the MWA.216

The first 2min 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.

Similar to Figure A.1, here we present the first 2min snapshots of
field covering the Ferm: GRBs in our sample. The white lines show
the boundaries of the GRB localisation by Ferm: or the IPN, the
red lines show the boundaries of the MWA primary beam 50% re-
sponse, and their overlaps show the ROIs within which we searched

for transients and variables (see Section 3.4.1). . . . . .. ... ..
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C.1

C.2

D.1

Single pulse candidates with SNR above 60 (blue circles) produced
by positive (left) and negative (right) DM trials, respectively. The
11 candidates with DM > 62 pccm ™ are marked with red colors.
Distribution of SNRs of all candidates above 60 (left) and those

with DM > 62 pcem™ (right), respectively. . . . . . .. .. ...

The dynamic spectrum of the brightest pulse detected with an
MWA observation from the Crab pulsar. Data have been dedis-
persed to a DM of 56.76 pccm ™. The dynamic spectrum has been
averaged to a time resolution of 3ms and a frequency resolution
of 0.24 MHz. The frequency-averaged pulse profile is shown on the
top panel (between the two vertical dashed lines), and the time-

averaged spectrum is shown on the right panel. . . . . ... ...
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Chapter 1

Introduction

Over the past several decades, we have witnessed an explosive growth of ex-
tragalactic transients thanks to various all-sky monitor instruments in space or
from the ground. These extragalactic transients are energetic, fast and often
cataclysmic events, and span across the electromagnetic spectrum from radio to
gamma rays, as well as the neutrino and gravitational-wave windows. Radio de-
tection of transients is important as it can provide valuable information about the
Universe, such as the baryonic content of the Universe (Macquart et al., 2020),
physics of compact binary mergers (Hallinan et al., 2017), and relativistic jets
(Fender et al.; 2006). One such radio transient is the mysterious fast radio burst
(FRB), which is possibly linked to other transients such as gamma-ray bursts
(GRBs; Chu et al. 2016; Rowlinson & Anderson 2019) and gravitational wave
events (GWs; Kaplan et al. 2016). However, this interconnection is still poorly

explored observationally.

1.1 GRBs

GRBs are intense gamma-ray pulses with durations from less than a second to
hundreds of seconds produced by relativistic, highly collimated outflows (also

called jets). Unlike other astrophysical objects, they usually have most of their
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energy output in gamma-ray photons and concentrated into a short period. While
their luminosity is not isotropic, we often assume it is so as the isotropic energy
does scale with the true energy output (Piran, 2003). Their isotropic luminosity
of 105! — 10%%erg/sec (Kumar & Piran, 2000) makes them the most luminous
celestial objects. After the initial burst of gamma rays subside, less energetic and
smoothly varying radiation may be still visible up to years (usually called the
afterglow), furnishing a wealth of information for GRB studies (e.g. relativistic

jets, central engines).

1.1.1 Early history

GRBs were first discovered serendipitously by the military satellite Vela in the
late 1960s and were thought to be arising from nuclear testing, though the data
was published several years later (IKlebesadel et al., 1973; Mazets et al., 1974).
There are no ground based gamma-ray detectors, as gamma rays emitted by cos-
mic sources are mostly absorbed by the Earth’s atmosphere. Our understanding
of the GRB phenomenon progressed very slowly until the launch of the Comp-
ton Gamma-ray Observatory with the onboard Burst and Transient Experiment
(BATSE) in 1991 (Meegan et al., 1992). The large number of GRBs detected by
BATSE unveiled an isotropic distribution of GRBs on the sky, providing strong
evidence for their cosmological origin. More importantly, a phenomenological
population division in GRB durations was identified in the BASTE catalog: long
(2 2s) and short (< 2s), as shown in Figure 1.1 (Kouveliotou et al., 1993).

The cosmological origin of GRBs was further supported by the first signa-
ture of cosmological time dilation (i.e. the stretch of burst profiles in time by
an amount proportional to the redshift) detected in an analysis of a sample of
BATSE GRBs (Norris et al., 1994). However, it was not until the first mea-
surements of GRB redshifts that the cosmological origin of GRBs was confirmed
(Metzger et al., 1997). This breakthrough was brought by the Italian-Dutch satel-
lite Beppo-SAX, which could localise a GRB to a small region (~ 10 arcmin) and
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Figure 1.1: The bimodal distribution of durations of BATSE detected GRBs.
This figure is adapted from Zhang et al. (2016a).

further pinpoint its X-ray afterglow (if detectable) for optical and radio follow up
(Costa et al., 1997; van Paradijs et al., 1997; Frail et al., 1997). The discovery
of the optical counterpart to GRB 970508 allowed a spectroscopic analysis of the
prominent absorption lines in the spectrum, which suggested the presence of an
absorption system in the line of sight at z = 0.835 (Metzger et al., 1997). This,
coupled with the lack of Lyman-« forest features, constrained the GRB redshift
to be 0.835 < z < 2.3, confirming its cosmological origin. Note that the GRB
name follows the convention of YYMMDD. Another optical counterpart discov-
ered from GRB 971214 leads to the identification of a host galaxy at z = 3.42
(Kulkarni et al.; 1998). Therefore, the long-standing argument on distances of
GRBs, i.e. whether GRBs are of Galactic or extragalactic origin, was settled by

the identification of optical counterparts.

In 2004, a GRB-dedicated satellite Swift was launched by NASA (Gehrels
et al., 2004), allowing for arcminute localisation using the Burst Alert Telescope

(BAT; operating over an energy range of 15-150keV with a field of view of 1.4sr;
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Barthelmy et al. 2005a). Swift also has two other instruments onboard, X-ray
Telescope (XRT; operating over 0.2-10keV; Burrows et al. 2005) and UV-Optical
Telescope (UVOT; operating over 170-600 nm; Roming et al. 2005) that perform
automated X-ray and optical follow-up and thus provide arcsecond localisation of
the event through detecting the GRB afterglow. This means that we could study
the early-time optical and X-ray afterglow, which had been difficult due to the
temporal gap between observations of the prompt gamma-ray emission and man-
ually scheduled follow-up observations. Swift revolutionalised our understanding
of GRB afterglows. Rapid XRT follow-up found that almost all long GRBs have
X-ray afterglow detections whereas short GRB X-ray afterglows were fainter and
therefore fading more rapidly below its sensitivity. In particular, the XRT light
curves revealed that most GRB X-ray afterglows experience a temporal steep-to-
shallow transition, i.e. from a bright rapid falling afterglow o t~* with a 2 3 to
a shallow decay with o ~ 0.5 (e.g. O'Brien et al. 2006, Gehrels et al. 2009; see
Section 1.1.4). Rapid UVOT follow-up had also revealed unprecedented features
in early optical afterglows. The prompt optical emission detected within 100s
of some GRBs was found to be correlated with the prompt gamma-ray emission
with a flux density ratio being roughly 1 to 103, suggesting their common origin
(i.e. internal shocks; Vestrand et al. 2005, 2006; Blake et al. 2005). Additionally,
the fast routine response to GRB detections increased the detection rate of opti-
cal afterglows to 60% (all observatories combined; Roming et al. 2009), resulting

in the measurement of many GRB redshifts (Gehrels & Razzaque, 2013).

In 2008, another gamma-ray satellite Fermi was launched. It consists of two
instruments: the Gamma-ray Burst Monitor (GBM; Meegan et al. 2009) covering
the energy range between 8 keV and 40 MeV and the Large Area Telescope (LAT;
Atwood et al. 2009) covering between 20 MeV and 300 GeV. In the pre-Fermi era
most GRBs were detected in the energy range between 20-1000 keV, with little
being known about the behavior of GRBs at higher energies. Ferm: was launched

to explore this domain, i.e. GRB emission above 1 MeV. Unlike Swift, Fermi is
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Figure 1.2: The three elemental spectral components that constitute observed
spectra of GRBs: a non-thermal Band component (I), a quasi-thermal component
(IT) and a non-thermal power-law component extending to the LAT band (IIT).
Note that the last component might have a high energy cutoff (Ackermann et al.,
2011), as indicated by the dashed line. This figure is adapted from Zhang et al.
(2011).

purely a gamma-ray detector, without X-ray or optical follow up for afterglow
observations. However, Fermi features a much wider field of view (2.4sr versus
1.4sr), and thus can detect many more GRBs than Swift (~ 300 compared to
~100 per year; Gehrels & Razzaque 2013) though its localisation capacity is far
less accurate (~degree versus ~arcmin). More importantly, the very high energy
photons detected by LAT extended the GRB spectrum up to tens of ~GeV and
revealed additional components in the spectrum (Abdo et al.; 2009a,b), as shown
in Figure 1.2. The LAT detects ~ 10 GRBs per year (Gehrels & Razzaque,
2013), and plausible interpretations for the GeV emission include Synchrotron-
Self-Compton scattering (Wang et al., 2009; Bosnjak et al., 2009) and hadronic

emission (Razzaque et al., 2010; Asano et al., 2009).
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Figure 1.3: Measurement of Tyg for the prompt gamma-ray emission of burst 3B
940217 with BATSE. The top panel shows the light curve of this burst, and the
bottom panel shows the accumulative counts. AL represents the total amount
of counts observed due to the GRB, and S5 and Sg5 represent the time when
5% and 95% of the total source counts of the prompt gamma-ray emission have
been detected. Therefore, the interval between S5 and Sys, i.e. Ty, measures the
duration of burst 3B 940217. This figure is adapted from Koshut et al. (1996).



1.1.2 Long and short-duration GRB division

The duration of GRBs is quantified by Ty, the duration during which 5% to
95% of the prompt gamma-ray fluence (flux integrated over the duration of the
burst) is detected. For an example measurement of Ty see Figure 1.3. The value
of Tyy is instrument dependent, depending on the operational energy band and
sensitivity of detectors. Detectors that are more sensitive over lower energy bands
tend to measure a longer Tyy. Based on the bimodal distribution of Ty, in the
BATSE band (25-350 keV) as shown in Figure 1.1, GRBs have been classified into
a long category and short category with a rough separation at 2s (IKouveliotou
et al., 1993). Later observations with other GRB missions confirmed this bimodal
distribution (Sakamoto et al., 2011; Paciesas et al., 2012; Zhang et al., 2012; Lien
et al., 2016), though the value of Ty, separating the two categories varies for
different detectors. It is noteworthy that the classification of GRBs based on Ty,
is not clear cut, with some overlap between the long end of the short GRBs and
short end of the long GRBs. The bimodal distribution of hardness ratios (HRs)
of bursts (i.e. the ratio of total counts in the 100-300 keV and 50-100 keV energy
range) adds more evidence to the existence of two populations of GRBs: long-
soft and short-hard (Fishman & Meegan, 1995) as shown in Figure 1.4. Although
this classification is purely based on phenomenology, broad-band observations
spanning X-ray, optical and radio bands link these two types of GRBs to different
progenitors: long related to the deaths of massive stars and short to compact
binary mergers (Eichler et al. 1989; Paczynski 1991; Narayan et al. 1992; see

Section 1.1.3 for more discussion).

1.1.3 GRB progenitors

There is a standard model for GRBs: the “fireball model”, invoking internal-
external shock scenarios (Rees & Meszaros, 1992; Piran, 1999). A fireball is in
essence a large concentration of energy, and can form in an explosion when a large

amount of gamma-ray photons are released into a small region. It is supposed
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Figure 1.4: The distribution of hardness ratios and durations of BATSE detected
GRBs. This figure is adapted from Zhang et al. (2016D).

to be opaque due to the production of electron-positron pairs (for a review see
Piran 1999). While the internal shock occurring before the fireball deceleration
is responsible for the prompt gamma-ray emission, the external shock at the
deceleration radius (i.e. where the relativistic jet launched by the GRB collides
with the circumburst medium) can produce the GRB afterglow. Although the
process of converting the kinetic energy of relativistic particles into radiation in
an optically thin region has been confirmed by various observations, including
radio afterglows (Chandra & Frail, 2012; Anderson et al., 2014, 2018a), optical
counterparts (Gehrels et al., 2005; Hjorth et al., 2005; Soderberg et al., 2006;
Roming et al., 2006; Stratta et al., 2007) and X-ray afterglows (Campana et al.,
2006; Falcone et al., 2006; Evans et al., 2009; Margutti et al., 2011; Rowlinson
et al., 2013), the central engines are not well understood due to the difficulty in
inferring their properties directly from current observations. In this section, I

review the different progenitors and central engines of short and long GRBs, and
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Figure 1.5: Sample light curves of GRBs from the first BATSE catalogue. This

figure is adapted from Fishman & Meegan (1995).



their prompt emission mechanism.

1.1.3.1 Long-duration GRBs

Although the classification of long and short GRBs is purely based on phe-
nomenology, there indeed exist two physically distinct types of progenitors: deaths
of massive stars related to long GRBs (Hjorth et al.; 2003; Cano, 2013; Gehrels
et al., 2009) and compact stellar mergers related to short GRBs (Narayan et al.,
1992; Nakar, 2007; Eichler et al.; 1989; Paczynski, 1991). These connections have
been supported by observations of GRB afterglows and identifications of their
host galaxies. On the long GRB side, thanks to observations led by BeppoSAX
and Swift, the host galaxies of most long GRBs were found to be dwarf star-
forming galaxies (Galama et al., 1998; Hjorth et al., 2003; Stanek et al., 2003;
Campana et al., 2006; Pian et al., 2006; Fruchter et al., 2006), which links long
GRBs to the deaths of massive stars (Woosley, 1993). Furthermore, a handful of
long GRBs have been firmly associated with spectroscopically identified super-
novae of high expansion velocities, such as GRB 980425 (Galama et al.; 1998),
GRB 030329 (Stanck et al., 2003; Hjorth et al.; 2003) and GRB 031203 (Male-
sani et al.; 2004). These associated supernovae, devoid of helium and hydrogen
emission, originate from core-collapse massive stars and are thus of the Type Ic
(Woosley & Bloom, 2006). With the above considerations, progenitors of long
GRBs are most likely to be a rapidly spinning (so a jet can be launched) massive
star with relatively low metallicity (required to form a large helium core needed
by the collapsar model and diminish the loss of angular momentum) and its hy-
drogen and helium envelope being stripped (MaclFadyen & Woosley, 1999; Smith,
2014).

Given the connection between long GRBs and supernovae, the collapsar model
has been proposed to produce the GRB emission (Woosley, 1993). This model
predicts the formation of either a black hole or magnetar with a surrounding

accretion disk. This central engine provides the necessary energy for the burst
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and its late afterglow (see Section 1.1.3.3).

1.1.3.2 Short-duration GRBs

Different from long GRBs, some nearby short GRBs are hosted in elliptical or
early type galaxies of minimal star formation, as evidenced by Swift observations
(Gehrels et al., 2005; Barthelmy et al., 2005b; Berger et al., 2005). Some other
short GRBs were localised to star forming galaxies with a large offset from their
host galaxies (Fox et al., 2005; Fong et al.; 2010). These facts indicate a differ-
ent progenitor than that of long GRBs, such as neutron star (NS) - black hole
(BH) or NS - NS mergers (Fichler et al., 1989; Paczynski, 1991; Narayan et al.,
1992). Further evidence for short GRBs being unrelated to supernovae comes
from sensitive searches for supernova signatures from nearby short GRBs, which
have yielded no detection so far (Kann et al.,; 2011; Berger, 2014).

The association of short GRBs with compact binary mergers is supported
by the identification of kilonova emission from short GRBs (an optical/infrared
signal weaker than supernovae; i & Paczynski 1998). The radioactive elements,
produced in a nuclear rich environment provided by merging NSs can produce
optical or near infrared excess emission during their decay that lasts longer than
the GRB and probably even longer than the afterglow created by the external
shocks from the relativistic jet. Note that this optical/infrared emission is far
more isotropic than the afterglow. Therefore, short GRBs are expected to have
mid to late time re-brightening in their optical/infrared light curves. One example
is GRB 130603B (see Figure 1.6; Berger et al. 2013; Tanvir et al. 2013). While its
optical afterglow continued to fade away, the decay in infrared was much slower,
with a re-brightening consistent with the kilonova model at around 10 days post-
burst. Some other short GRBs have also been found to show similar bumps in
their light curves (Jin et al.; 2015, 2016).

In summary, there are solid evidences that support short GRBs originate from

compact binary mergers (for the ultimate confirmation see Section 1.1.4.4, which
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Figure 1.6: An example of kilonova emission from GRB 130603B. The blue and
red points represent optical and near-infrared observations of GRB 130603B,
respectively. The dotted lines are a fit to the early afterglow evolution. It is clear
that there is an excess of near-infrared emission at ~ 10d. The solid and dashed
lines show the additional emission resulting from an r-process kilonova with two
sets of model parameters (the ejecta mass M and velocity vej), respectively,
which can account for the excess emission observed in the near-infrared data.
This figure is adapted from Berger (2014).
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highlights the simultaneous detection of a GRB and GW from a BNS merger).
However, it needs to be pointed out that compact binary mergers may not be
the only progenitors of short GRBs. Alternative scenarios could include the giant
flare from soft gamma-ray repeaters (Palmer et al., 2005) or the collapse of NSs

into BHs induced by accretion (Qin et al.; 1998; MacFadyen et al.; 2005).

1.1.3.3 Central engines

While short and long GRBs differ in their progenitors, their central engines re-
sponsible for launching highly energetic and relativistic jets are thought to be of
similar nature. Below I introduce the central engine of GRBs without specific
reference to short or long GRBs unless a noticeable difference exists.

The GRB central engine is not clearly understood. However, there are several
constraints on the properties of the central engine as suggested by observations

(Kumar & Zhang, 2015):

1. Capacity to launch extremely luminous (above the Eddington limit) rela-
tivistic jets;
2. Limited amount of baryons in the jet (so the energy of individual baryons

can be > m,c?), which means outflows can become ultra-relativistic (i.e.

Lorentz factors I' 2 100);

3. Intermittent activity of the engine for generating erratic behavior in the

GRB light curves;

4. Ability to re-activate as suggested by late-time softer flares (e.g. X-ray

flares).

There are two popular candidates of the central engines that satisfy these require-
ments: a magnetar (i.e. rapidly spinning and highly magnetised NS; Usov 1992;
Thompson 1994; Dai & Lu 1998; Kluzniak & Ruderman 1998; Wheeler et al.

2000) or a hyperaccreting BH that is formed via a failed supernova (also called a
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hypernova) and surrounded by an accretion disk (Woosley, 1993; Popham et al.,

1999; Lee et al., 2000).

The mechanism by which a magnetar powers a GRB has been studied exten-
sively (Bucciantini et al., 2008, 2009; Metzger et al., 2011; Kiuchi et al., 2012;
Siegel et al., 2014). Here I give a brief review. There are three phases in the
evolution of a new born magnetar. At first, the hot surface of the NS suffers
from neutrino-driven mass loss, leading to a baryon-contaminated outflow with
a speed insufficient for powering a GRB. About ~ 10s later when the NS cools
down, fewer baryons are driven to the outflow, and a Poynting-flux-dominated
jet forms. Magnetic instabilities in the jet can dissipate the magnetic energy and
power the erratic light curves of a GRB (Kluzniak & Ruderman, 1998; Ruderman
et al., 2000). This phase is responsible for the prompt gamma-ray emission phase
of a GRB. After this phase, the continuous spindown of the magnetar supplies
additional energy that can power X-ray flares (Dai et al., 2006) and plateaus

(Rowlinson et al., 2013, 2014).

If a GRB is powered by the spinning down of a magnetar with a period of
P ~ 1ms and a surface magnetic field of B, ~ 10 G (Usov, 1992; Wheeler et al.,
2000), the energy output to the GRB should be limited by the total spin energy

of the magnetar

1 M _
Bt ~ 5192 ~ 2 x 10°%erg - 4M®R6P (1.1)

where M, Rg and P are the mass, radius and period of the magnetar, respectively.
GRBs with energies exceeding this limit cannot have a magnetar central engine
(e.g. Lii & Zhang 2014). In the case of simple dipole radiation from the magnetar,

the evolution of the total luminosity with time is given by

1

MO = by

(1.2)

where L is the typical spindown luminosity and ¢, is the characteristic spindown

14



timescale (Usov, 1992).
Another candidate of the central engine of GRBs is an accreting stellar mass

BH. In this case, the luminosity of a GRB is given by

: _ M
LGRB = CMCZ =18 x 1051 ergs 1<_3 (W) , (13)

where (_3 = 1073C is the efficiency in transforming the energy released by ac-
creting materials to radiation, and M is the accretion rate (0.01-several Mg s™!
for a typical GRB). Three mechanisms that predict GRB jets to be launched by
such hyper-accreting BHs have been proposed: a neutrino-annihilation-driven hot
jet along the rotation axis of a neutrino dominated accretion flow (Chen & Be-
loborodov, 2007), the Blandford-Znajek mechanism (extraction of BH rotational
energy electromagnetically via Poynting flux; Blandford & Znajek 1977), or dif-
ferential accretion within a highly magnetised accretion disk leading to magnetic
dissipation (Uzdensky & MacFadyen, 2006). For a review of these mechanisms

see, e.g. Zhang & Mészaros (2004), Kumar & Zhang (2015), Berger (2014).

1.1.4 GRB afterglows and association with other tran-

sients

In addition to a sudden increase in gamma-ray flux, GRBs have been detected
at other wavelengths. These include afterglows in X-ray (Campana et al.; 20006;
Falcone et al., 2006; Evans et al., 2009; Margutti et al., 2011; Rowlinson et al.,
2013), optical (G(‘,hrols et al., 2005; Hjorth et al., 2005; Soderberg et al., 2006;
Roming et al., 2006; Stratta et al., 2007) and radio (Frail et al., 1997; Chandra
& Frail, 2012; Anderson et al., 2018a; Fong et al., 2015, 2021; Anderson et al.,

2021a) bands. More excitingly, a gravitational wave event, GW 170817, has been
associated with the short GRB 170817A (Goldstein et al., 2017; Abbott et al.,
2017), demonstrating the multimessenger nature of the GRB field. There are
also theoretical links between GRBs and FRBs as suggested in Section 1.2. In
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this section I review the broad-band afterglows of GRBs and the association with
GWs and FRBs. Note that I do not include details relating to optical afterglows

as it is not directly related to this thesis.

In the standard internal-external shock (fireball) model, while internal shocks
create the prompt gamma-ray emission, external shocks are responsible for the
afterglow emission (Rees & Meszaros, 1992; Piran, 1999). Note that in the ex-
ternal shock scenario where a relativistic jet launched by GRBs collides with the
ISM, both forward (propagating into the ISM) and reverse (propagating into the
relativistic ejecta) shocks can be created, but afterglows are mainly related to
forward shocks. It is also common to see jet breaks (achromatic) in GRB after-
glow light curves, which is thought to arise from the so-called “edge” effect, i.e.
as the relativistic jet decelerates, the observable portion of the jet increases until
it becomes comparable to the jet opening angle (Sari et al.; 1999; Rhoads, 1999).

These theories agree well with GRB afterglow observations, as discussed below.

1.1.4.1 Radio synchrotron afterglow

Radio synchrotron emission (incoherent) has been observed during the ~1-1000 day
afterglow phase of long GRBs (Chandra & Frail, 2012; Anderson et al.; 2018a)
and ~1-10day afterglow phase of short GRBs (Fong et al., 2015, 2021; Anderson
et al., 2021a). This emission likely results from relativistic jet ejecta interacting
with the circum-burst media (i.e. external shocks) through forward shocks and /or
reverse shocks (Piran, 1999; Sari & Piran, 1999; Kulkarni et al.; 1999). These two
components of radio afterglows have been detected together for the first time with
the Arcminute Mircrokelvin Imager from GRB 130427A, with the reverse shock
component dominating the early afterglow (Anderson et al.; 2014). There may
also be two distinct populations of GRBs: radio bright and radio faint, which
differ in their gamma-ray fluences, isotropic energies and X-ray fluxes, suggesting
different prompt emission mechanisms, central engines or environments (Hancock

et al., 2013). Note that this division applies to both long and short GRBs.
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Figure 1.7: A diagrammatic representation of the canonical X-ray light curve
of GRB (both long and short) afterglows. The phase 0 represents the prompt
emission, and phases I-IV represent four power law light curve segments with
different temporal indices and occurrence times as indicated in the figure. Phases
I and III are the most common features and are represented by solid lines, while
the phase II, which includes a flaring component labelled by V, and phase IV are
only observed in a fraction of bursts and marked with dashed lines. This figure
is adapted from Zhang et al. (20006).

1.1.4.2 X-ray afterglow

The first X-ray afterglow detection was made by the Beppo-SAX satellite from
GRB 970228 (Costa et al., 1997). Since the launch of the Swift satellite, a sys-
tematic study of X-ray afterglows has been made possible thanks to the rapid
and automated follow-up of Swift detected GRBs by the Swift-XRT. An X-ray
analysis of 318 Swift GRBs revealed that “canonical” light curves, consisting of
a steep decay, a plateau phase and a following standard afterglow phase, can de-
scribe a large fraction (42%) of the X-ray light curves (Fvans et al., 2009). Other
light curves either show only one break (flattening or steepening) or a monotonic
decay with a single power law. A diagrammatic representation of the main fea-
tures of the canonical GRB (both long and short) X-ray light curve is shown in

Figure 1.7. The observed features in X-ray afterglows may be summarised as
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follows:

L.

II.

Steep decay: This X-ray emission is related to the prompt emission phase
(phase 0 in Figure 1.7). The temporal decay slope of this phase is usually
steeper than ¢=3 (Berger et al., 2005; Cusumano et al., 2006). This segment
is considered the tail emission of the prompt gamma-ray emission as it usu-
ally exhibits a smooth transition from the last gamma-ray pulse (Barthelmy
et al.,, 2005a). There is a strong spectral softening (i.e. smaller hardness
ratio) in the steep decay phase (Zhang et al., 2007; Campana et al., 20006;
Mangano et al., 2007; Butler & Kocevski, 2007; Zhang et al., 2007, 2009).
These features can be attributed to the so-called curvature effect, i.e. pho-
tons emitted from high angular latitude relative to the line of sight travel
longer distances and therefore reach the observer later (Kumar & Piran,

2000; Zhang et al., 2006; Liang et al., 2006).

Plateau: This X-ray emission is related to the external shocks. This phase
immediately follows the steep decay, with a slope in the range of t to t~%3,
a typical starting time between 102-10%s post-burst, a typical duration
of ~ 10%s and a fluence of ~ 3 x 10~ "ergs™ (Liang et al., 2007). The
spectrum during this phase has a typical photon index of I' ~ 2.1 and
shows no sign of spectral evolution (O'Brien et al., 2006; Liang et al., 2007).
This plateau phase suggests continuous energy injection into the blastwave
after the prompt emission phase and can be interpreted within the standard
external shock model (Zhang et al., 2006; Nousek et al.; 2006; Zhang et al.,
2011; Yu & Dai, 2007). However, the emergence of “internal plateaus”, i.e.
a plateau followed by a very steep decay (slope around ¢~%), challenges this
interpretation and suggests direct energy dissipation from a long lasting
central engine such as a millisecond magnetar (Troja et al., 2007; Liang

et al., 2007; Lyons et al., 2010; Rowlinson et al., 2010, 2013; Lii & Zhang,
2014; Lii et al., 2015).
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IV.

Normal decay: The normal decay has a typical slope of ~ t~1, which agrees
with the standard external forward shock model (Mészaros & Rees, 1997;

Sari et al., 1998).

Jet break: Some GRBs have one more break after the normal decay phase
(Liang et al.; 2008; Racusin et al.; 2009). The steepening at late times with
a slope of ~ 72 can be understood within the jet break (Rhoads, 1999; Sari
et al., 1999).

X-ray flares: X-ray flares are erratic temporal features superposed on the
regular decay of X-ray light curves (e.g. Campana et al. 2006; Falcone
et al. 2006; Margutti et al. 2011), and could be explained by the late in-
ternal shock model (Meegan et al., 2009). They usually occur from 10* to
105 s after the prompt emission, with a fluence usually lower than that of
the prompt gamma-ray emission and a temporal behavior similar to the
gamma-ray pulses (e.g. Chincarini et al. 2007, 2010; Falcone et al. 2007).
Thanks to the short slew time of the Swift X-ray Telescope (XRT; Bur-
rows et al. 2005), X-ray flares following the prompt gamma-ray emission
are commonly observed among Swift—-BAT triggered GRBs (48%; Swenson
& Roming 2014). They indicate the reactivation of GRB central engines
(e.g. magnetars) at later times (Burrows et al.; 2005; Fan & Wei, 2005;

Zhang et al., 2006; Lazzati & Perna, 2007).

The X-ray light curve of GRBs is therefore made up of components from

the internal (prompt) emission phase and the external shocks. However, in a

large subset of light curves there is evidence of ongoing energy injection (possibly

via a magnetar). Understanding the emission mechanisms may hold clues to

understanding a subsample of FRBs that could be related to the prompt emission

phase and the remnant phase (see the discussion below).
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1.1.4.3 Coherent radio emission models for GRBs and potential links

with FRBs

Apart from the standard radio afterglows extensively detected and studied, there
is another type of radio emission yet to be detected. Here I review the different
hypothesised coherent emission mechanisms in the context of binary NS mergers
thought to be the progenitors of short GRBs (e.g. Usov & Katz 2000; Totani
2013; Lyutikov 2013; Zhang 2014). T will also discuss which of these models are
relevant for prompt radio signal creation in long GRBs.

Depending on the progenitor masses of short GRBs and their equation of
state, there are four possible outcomes of merger events: prompt formation of
a BH, a hypermassive NS that collapses on timescale of ~ 1s, a supermassive
NS surviving 10-10000s, or a stable NS (for a review see Chu et al. 2016). If a
NS is produced by the merger, it would have an extremely strong magnetic field
powering its high-energy emission. Throughout this thesis, I will refer to this NS
remnant as a magnetar. The prompt radio emission could be generated during
the inspiral and merger phase or after the formation of a magnetar, and thus could
occur within a few seconds after the binary merger. To catch this hypothesised
signal, generating GRB alerts without delay and following up rapidly with radio
telescopes are most important.

The flux density of radio emission has been predicted by various coherent
emission models (see Figure 1.8 for an illustration), and can be compared with
the sensitivity of radio telescopes (see figure 9 from Rowlinson & Anderson 2019).
There are at least four different mechanisms that have been proposed that could

potentially generate radio emission as marked by a,b,c,d in Figure 1.8:

(a) The earliest emission may come from the inspiral of NSs, where interactions
of NS magnetic fields just preceding the merger may generate a coherent
radio pulse (Lipunov & Panchenko, 1996; Metzger & Zivancev, 2016).

(b) During merger a relativistic jet is launched and interacts with the inter-
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Figure 1.8: Timescales of various coherent emission models (Rowlinson & An-
derson, 2019). The red spikes in the light curve represent ~ ms coherent radio
pulses while blue line represents persistent emission (pulsar-like). This figure is
adapted from Rowlinson & Anderson (2019).

stellar medium that could produce a coherent radio burst (Usov & Katz,

2000).

(c) If the merger remnant is a magnetar, the coherent radio emission could
potentially be powered by dipole magnetic braking and repeat during the
lifetime of the magnetar (Totani, 2013; Metzger et al., 2017). If the beam
of the magnetar points towards the Earth, persistent radio emission could

be detected by us.

(d) At last, if the magnetar cannot support its high mass due to spinning down,
a final radio flash may be generated via the release of magnetic energy of

the magnetar in its collapse to a BH (Zhang, 2014).

The coherent radio emission mechanism remains a puzzle. Several models, in-
cluding coherent curvature emission by bunches (Ruderman & Sutherland, 1975;

Falcke & Rezzolla, 2014), the synchrotron/cyclotron maser (Lyubarsky, 2014; Be-
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loborodov, 2017) and collisionless Bremsstrahlung in turbulent plasma (Romero
et al., 2016), have been proposed to explain the extreme brightness temperature
of FRBs (see Section 1.2.5.2); which are expected to have similar properties to the
prompt radio signals predicted to be generated from BNS mergers. Although all
of these models have their own problems, it is likely that NSs could provide the
necessary conditions for coherence (Melrose, 2017). Note that BH-NS mergers
are not discussed here because several of the emission models are not relevant,
including the magnetosphere interaction (which is not possible with just one NS),
and the magnetar collapse model as we expect the BH-NS to directly collapse to
a BH upon merger.

Many of the above mechanisms may also apply to long GRBs, particularly the
GRB jet-ISM interaction and the magnetar (stable or unstable) formation (Usov
& Katz, 2000; Bernardini et al., 2012; Totani, 2013; Zhang, 2014). However, such
signals, if indeed generated, are less likely to be detected from long GRBs due
to their dense surrounding environments preventing the transmission of coherent
radiation emitted below the plasma frequency (Zhang, 20141). Nonetheless, it is
possible that instances of lower ISM densities and different viewing angles may
allow the signal to transmit. Additionally, as the surrounding ISM takes time
to react, a single coherent pulse may be able to propagate out from the engine

(Lyubarsky, 2008).

1.1.4.4 Association with GW events

Gravitational waves (GWs) are disturbances in spacetime resulting from the most
violent and energetic events in the Universe such as compact binary mergers and
supernovae. The first GW signal was detected by LIGO from a binary BH merger
on September 14, 2015 (Abbott et al., 2016a). It is consistent with the waveform
predicted by general relativity for the inspiral and merger of two BHs with masses
of 3673 and 2917 solar masses and a BH remnant of 621} solar masses. Since

then more GW signals have been detected with most originating from binary BH
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mergers (Abbott et al., 2016b, 2019) and two from BNS mergers (Abbott et al.,
2017, 2020a). As the GW detectors have been continually upgraded for better
sensitivity, we expect more GW detections in the future (for a review see Abbott

et al. 2020Db).

Short GRBs are usually considered to be associated with GW events, as they
share the same compact binary origin. This has been supported by indirect obser-
vational evidence such as kilonova observations (Tanvir et al., 2013) and further
confirmed by the near simultaneous detection of GRB 170817A and GW170817
(Goldstein et al. 2017; Abbott et al. 2017; Abbott et al. 2017; see Section 1.1.3).
This association was reaffirmed by the later report of a transient optical source
in the host galaxy (Coulter et al.; 2017) and the ultraviolet transient by Swift
(Evans et al., 2017), which suggests the kilonova scenario. Recently, continued
observations of GW170817 spanning the radio frequency range 0.6-18GHz and
lasting 107 days post-merger have revealed a solid climb of the radio light curve
and a spectrum explicable in terms of optically-thin synchrotron emission (Moo-
ley et al., 2018¢). While the early-time radio observations support the conjecture
of a choked jet resulting in a wide-angle outflow moving towards the Earth, the
later very long-baseline interferometric observations instead suggest the probable
advent of a narrowly collimated and energetic jet about 20 degrees away from the

line of sight (Mooley et al.; 2018a).

The observations in almost every electromagnetic band since the detection
of GW170817 have yielded a huge amount of information on the merger physics
including GRB mechanisms (Mooley et al.; 2018b; Nakar et al., 2018) and the
NS equation of state (Abbott et al.; 2018; Raithel et al.; 2018), and have ignited
a new campaign for joint electromagnetic and gravitational-wave observations.
Among the electromagnetic counterparts associated with GW170817 is the theo-
rized prompt radio emission from which we can probe the magnetic configuration
during the coalescence, estimate the distance from the DM, and help localise

the event. However, observing prompt emission is made difficult by poor locali-

23



sations provided by GW detectors and announcements of GW candidates more
than minutes after the arrival (James et al.; 2019). The large field of view of
radio telescopes such as the Murchison Widefield Array (MWA; Tingay et al.
2013; Wayth et al. 2018) and automatic triggering system (see Section 1.3) alle-
viate though do not eliminate these issues, and make it promising to detect any

prompt radio emission from BNS mergers.

1.1.4.5 Association with FRBs

The prompt, coherent signals predicted to be produced by GRBs may be similar to
fast radio bursts (FRBs) with millisecond durations (Chu et al., 2016; Rowlinson
& Anderson, 2019). Currently there is compelling observational evidence that
links both repeating and non-repeating FRBs to magnetar engines (CHIME/FRB
Collaboration et al., 2020; Bochenek et al., 2020; The CHIME /FRB Collaboration
et al., 2021a). Given GRBs could be the progenitors of magnetars, it is natural to
make a connection between GRBs and FRBs (e.g. Gourdji et al. 2020). Therefore,
detections of FRB-like emission associated with GRBs would support that such
events can produce magnetar remnants, and indicate whether these signals may

make up a subset of the FRB population.

However, whether the event rate of FRBs is consistent with short GRBs
and/or BNS mergers is still under debate (Thornton et al.; 2013; Totani, 2013).
A certain fraction of the whole FRB population is suggested to be merger asso-
ciated (Zhang, 2020a). Searching for FRBs temporally and spatially coincident
with GRB candidates can further test such an association (DelLaunay et al., 2016).
While DeLaunay et al. (2016) claimed an association detection of FRB 131104
and a transient gamma-ray counterpart, an arcsecond localisation of the FRB
source is really needed for a confident association. More details on FRBs are

introduced in Section 1.2.
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1.1.5 Targeted searches for coherent radio emission from

GRBs

As described in Section 1.1.4.3; coherent radio emission (either prompt or per-
sistent) has been predicted for GRBs. This emission could provide valuable in-
formation on the composition of the GRB jet and the equation of state of NSs
(Ravi & Lasky, 2014; Lasky et al., 2014). Moreover, the detection of prompt
radio emission would shed light on the origin of some FRBs (see Section 1.1.4.5).
Therefore, searching for coherent radio emission from GRBs is well motivated

scientifically.

There have been many searches for prompt radio emission 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 sensitiv-
ity 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, Bannister 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 Valley Radio Obser-
vatory Long Wavelength Array (OVRO-LWA), which, as an all-sky instrument,
continuously monitored all GRBs. They performed an image de-dispersion analy-
sis and found no simultaneous radio emission associated with short GRB 170112A
above 4.5 Jy on 13s timescales. Another telescope, the LOw Frequency ARray
(LOFAR; van Haarlem et al. 2013), was used to trigger rapid-response observa-
tions on Swift GRB 180706A (long) and GRB 181123B (short), resulting in deep
limits of 1.7mJy and 153 mJy, respectively over a 2hr timescale on associated
coherent, persistent radio emission from a magnetar remnant (Rowlinson et al.,
2019, 2020). In addition, the NS merger origin 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,
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sub-threshold gamma-ray counterparts (Gourdji et al., 2020).

The MWA (see Section 1.3) has been used to perform triggered observations
of GRBs since 2015 (e.g. Kaplan et al. 2015). The first triggered MWA obser-
vation on a short GRB was performed by Kaplan et al. (2015), and yielded an
upper limit of 3Jy on 4s timescales. Anderson et al. (2021h) reported the first
short GRB trigger with the upgraded MWA triggering system, and performed
a search for dispersed signals using images with a temporal and spectral resolu-
tion of 0.5s/1.28 MHz, obtaining a fluence upper-limit range from 570 Jy ms at
a dispersion measure (DM) of 3000 pcem™ (2 ~ 2.5) to 1750 Jy ms at a DM of
200pcem ™ (z ~ 0.1), corresponding to the known redshift range of short GRBs
(Rowlinson et al., 2013). Note that although DelLaunay et al. (2016) claimed a
detection of a transient gamma-ray counterpart to FRB 131104, I caution against
this association given its low confidence (3.40).

There are several possible reasons for the non-detections in these previous ef-
forts. While all-sky instruments 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 /re-
point and begin observing the event. Moreover most previous searches have fo-
cused 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 supernovae (Zhang, 2014)

and would therefore be difficult to detect.

1.2 FRBs

There is another type of transients, FRBs, which have a much shorter history
than GRBs. Nonetheless, it can teach us important physics. As coherent signals

from mostly extragalactic origins, FRBs are expected to be dispersed by the
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medium in the Universe. That means FRBs can be used to probe the density
of the intergalactic medium and the density profiles of galaxy halos (Macquart
et al., 2020).

Also FRBs could potentially be linked to GRBs. Both transient events are
potentially associated with compact objects such as magnetars. Moreover, there
are several theories that predict the production of prompt radio emission (FRB-
like) by GRBs (see Section 1.1.4.3) though observational evidence is still missing.
Therefore, some of the GRB models could potentially be applied to FRB studies.
In this section, I provide a brief overview of the current status of the FRB field

including both observations and theories.

1.2.1 Brief history

One of the earliest searches for extragalactic radio pulses can trace back to Phin-
ney & Taylor (1979). They performed the first sensitive high-time-resolution
search for millisecond pulsed signals associated with distant supernovae and pri-
mordial BHs using the Arecibo telescope, and detected no signals over a fluence
sensitivity of 3 Jy ms. However, it was not until several decades later that FRBs
were first discovered in radio pulsar surveys (Lorimer et al., 2007). The single
pulse (known as the “Lorimer burst”; Figure 1.9) was so bright (peak flux den-
sity > 30Jy) that it saturated the detector. Several theories were proposed for
explaining the Lorimer burst, including a giant pulse from radio pulsars (short
duration pulses with a high peak luminosity; Hankins et al. 2003), a rotating
radio transient (a subset of radio pulsars that can be discovered by single pulse
search; McLaughlin et al. 2006) or even a artificial signal from terrestrial sources
(Burke-Spolaor et al., 2011). However, the large dispersion measure (DM) of the
“Lorimer” burst (DM ~ 375pccm™2) could not be contributed by the electron
content of the Milky Way between the burst and the Earth (about 30 pcem™3),
ruling out the above conjectures and suggesting an extragalactic origin. This

discovery implied that there should exist more radio pulses of extragalactic origin

27



Flux
f’
j%
;
Iic

Ml o INTYS
b fadl el A g M A
L ‘\{,w- “'J’ P ’A,,\Hm P \ {

8
E i i L .‘: m..‘ﬂ‘ﬁﬁﬁ %‘)ﬁf
= TR A ‘
— 8 I %I’:h 1 "@'3‘ ’L‘ M}'I"‘!?;‘:K !
T |
o H “ 1"
8 ‘B” .’ p Jr AN
g‘ | h *' ‘\‘i' m ml ,:\‘ 1y pml;‘ n
) g nrl ‘Mﬂi E’* T” ‘I hy %N}h "
£ it

f ri Bl || I "\I‘
' Ii""f:l |,l§\;|¢ ”'\;Ilf\l." !

-JlJ'
it

..\ \l
W.\ J -1’“ - .‘1'“” bl ’:‘-'Iﬁ

500 1000 1500
Time (ms)

Figure 1.9: The Lorimer burst as seen in the beam of the Parkes receiver. The
top panel shows the pulse profile summed over all frequency channels. The bot-
tom panel shows the burst as a function of time and frequency (i.e. dynamic
spectrum). The horizontal red lines are frequency channels flagged due to RFI
corruption. There is a time/frequency sweep in the dynamic spectrum, suggest-
ing the signal was dispersed by a total DM of ~ 375pccem 3. The bright pulse
saturated the detector, resulting in a drop in flux after the pulse occurred. This
figure is adapted from Lorimer et al. 2007.

(Thornton et al., 2013).

In the early days of FRB discoveries, a peculiar class of artificial signals were
mistaken for FRBs (also called “Perytons”). These “Perytons” (discovered only
at Parkes) showed the similar dispersive sweep of a real astrophysical signal,
but can be pinpointed to a local origin through multi-beam coincidence (Burke-
Spolaor et al.; 2011). Because of the occurrence of these false signals, some
astronomers once suspected all FRBs were artificial in origin. Later investigation
into a large sample of “Perytons” revealed they resulted from microwave ovens
being opened while still in operation at the site (Petroff et al., 2015), which put
the controversy of the Peryton phenomenon to rest and allowed further studies
of the real astrophysical FRBs.

A few years later, a transient source similar to the Lorimer burst was discov-
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ered by Keane et al. (2011). However, given the sightline of this event in the
Galactic plane, it was considered to have a Galactic origin like Rotating Radio
Transients (RRATSs; Bannister & Madsen 2014). A milestone in FRB discover-
ies was made by Thornton et al. 2013, who discovered four pulses in the High
Time Resolution Universe survey using Parkes. Like the Lorimer burst, these
bursts have a large dispersive delay and thus an extragalactic origin. Since then
the interest in FRB searches has increased substantially. In addition to searches
with Parkes (through archival or new data; Burke-Spolaor & Bannister 2014;
Ravi et al. 2015; Champion et al. 2016), there are also searches with other tele-
scopes such as the Arecibo Observatory (Spitler et al., 2014), the Green Bank
Telescope (Masui et al.; 2015), the Upgraded Molonglo Synthesis Telescope (UT-
MOST; Caleb et al. 2016), the Australian Square Kilometer Array Pathfinder
(ASKAP; Bannister et al. 2017; Shannon et al. 2018), the Canadian Hydrogen
Intensity Mapping Experiment (CHIME; CHIME/FRB Collaboration et al. 2018,
2019b,c,a, 2020; Fonseca et al. 2020a; Amiri et al. 2021), and the Low-Frequency
Array (LOFAR; Pleunis et al. 2()911))

The first FRB discovered by a telescope other than Parkes is FRB 121102
(Spitler et al., 2014). It was discovered by the Arecibo telescope in the Galactic
anticenter (I = —0.2°, b = 175°) with a DM value of 557 cm 3 pc. More excitingly,
this is the first FRB that was observed to repeat (Spitler et al.; 2016), resulting
in the proposal of two different FRB source classes, repeating and non-repeating
FRBs. The discovery of repeat bursts from FRB 121102 also led to the very
first FRB localisation to ~ 100 mas precision using radio interferometers, which
enabled the identification of FRB 121102’s host galaxy and confirmed conclusively
its extragalactic nature (Chatterjee et al., 2017; Marcote et al., 2017). Since
then, more repeating FRBs have been discovered, one with ASKAP (IKumar
et al., 2019) and dozens with CHIME (CHIME/FRB Collaboration et al.; 2019b,¢;
Fonseca et al., 2020b; Amiri et al., 2021). This phenomenologically divides bursts
into two empirical FRB populations, though it is still under debate whether all
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FRBs are actually repeating.

Most recently, an FRB-like signal has been detected from the Galactic mag-
netar SGR 1935+2154 (CHIME/FRB Collaboration et al., 2020; Bochenek et al.,
2020), which is the first detection of such bursts in our own galaxy. This burst,
with an intrinsic luminosity comparable to the faintest known bursts from ex-
tragalactic FRBs, bridges the gap in luminosity between Galactic radio pulse
emitters and extragalactic FRBs. This discovery provides an important clue on
the origin of FRBs, i.e. FRBs could arise from magnetars (for FRB models see
Section 1.2.5).

1.2.2 Observed properties
1.2.2.1 Localisations

Localisations of FRBs can reach (sub-)arcsecond precision thanks to long baseline
interferometers (see Section 2.2), which allow the identification of host galaxies
associated with FRBs at ~Gpc distances (e.g. Vedantham et al. 2016; Eftekhari
et al. 2018). Currently, around two dozen FRBs have been localised to a wide
range of host galaxies at redshifts between z = 0.03-0.66 and with a stellar mass
of 10310 My, and a star formation rate of 0.05-10 Mg yr~! (e.g. Chatterjee
et al. 2017; Bannister et al. 2019; Ravi et al. 2019; Law et al. 2020; Marcote et al.
2020; Heintz et al. 2020). While the diversity of FRB host galaxies makes it
difficult to infer the progenitor channels of these mysterious sources, the redshift

measurements for localised FRBs can be used for deriving FRB energetics (see

below).

1.2.2.2 Energetics

The isotropic equivalent source luminosity of an FRB can be expressed as

_Amwd} S, Av
I

L , (1.4)
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where dy, is the luminosity distance of the source, .S, is the differential flux per unit
logarithmic frequency interval, and Av is the bandwidth over which an FRB is
observed' (so S, Av is the total flux of a source with a flat spectrum; Hogg 1999).
The (1+z) factor accounts for the redshifting of frequencies between the frame
of the source and the observer. The isotropic-equivalent spectral luminosity (i.e.
L/Av) of FRBs spans more than six orders of magnitude from ~ 102 ergs™' Hz '
to ~ 103 ergs™ Hz ' (Nimmo et al., 2022), as shown in Figure 1.10. This lumi-
nosity range is only slightly higher than observed from the nano-shots of the Crab
pulsar and the radio bursts of the Galactic magnetar SGR 193542154, suggest-
ing in terms of energetics that extragalactic FRBs could be produced by young
pulsars or magnetars (CHIME/FRB Collaboration et al., 2020; Bochenek et al.,
2020).

1.2.2.3 Brightness temperature

The radiation brightness temperature is commonly quoted to characterise the
emission nature of radio sources such as pulsars. The brightness temperature
of a radio source is defined as the effective blackbody temperature releasing the
same luminosity as the radio source. Following arguments commonly used in

pulsar astronomy, the brightness temperature is given by

S, k 14 -2 w -2 dL 2
~ 1036 [ Spea w oL
fp =10 ( Jy ) (GHz> (ms) (Gpc) £ (1.5)

where Speax is the peak luminosity of the radio emission, v is the observing fre-

quency, and W is the pulse width (often measured at 50% and 10% of the peak;
Lorimer & Kramer 2012). As can be seen from Figure 1.10, the brightness tem-
perature of FRBs spans from ~ 1032 K to ~ 10° K, much larger than T ~ 10> K
for a Galactic pulsar (e.g. Cordes & Chatterjee 2019). This strongly supports the

coherent nature of FRB emission (see Section 1.2.5.2) as Ty ~ 10'? K is the maxi-

! Actual FRBs are often not broadband, and assuming so can lead to damaging conclusions
in more in-depth analyses (e.g. Aggarwal 2021).
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Figure 1.10: Energetics and duration of different coherent radio transients. The
x-axis is the transient duration W multiplied by the observing frequency v, and
the y-axis is the isotropic-equivalent spectral luminosity. Different transients are
marked by stars or crosses in different colors, and the labels are in the same
colors as the marks. The grey lines indicate different brightness temperatures.
This figure is adapted from Nimmo et al. 2022.
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mum temperature incoherent radiation can achieve (Kellermann & Pauliny-Toth,

1969).

1.2.2.4 Spectral properties

FRBs have been detected at frequencies between 110 MHz and 8 GHz (mainly
through targeted observations of repeating FRBs; Gajjar et al. 2018; Michilli
et al. 2018; Majid et al. 2020; Pilia et al. 2020; Chawla et al. 2020; Pastor-
Marazuela et al. 2021; Pleunis et al. 2021b), and some of them may be detectable
even at lower frequencies (< 100 MHz) as suggested by Pleunis et al. (2021D).
However, FRB emission is found to have narrow-band nature (Gourdji et al.,
2019), and repeaters are even narrower in bandwidth than non-repeaters (Pleunis
et al. 2021a; also see Section 1.2.4 for the differences between repeating and non-
repeating FRBs). Observations of the repeating FRB 20190711A with the Parkes
Ultra-Wideband Low receiver of an instantaneous frequency coverage between
0.7-4 GHz discovered a burst with a spectral extent of only 65 MHz (I<umar et al.,
2021a). Other multi-band observations of repeating FRBs show similar behavior
(Chawla et al., 2020; Majid et al., 2020; Pearlman et al., 2020; Pastor-Marazuela
et al., 2021; Pleunis et al., 2021b).

The narrow-band nature of FRBs makes it difficult to characterise their spec-
trum, which is fundamental for studying the emission mechanism. However, it is
possible to combine the detected emission from different FRBs to construct an
average broadband spectrum (Macquart et al., 2019; Bhattacharyya et al., 2021).
The average spectral index of FRB emission has been determined to be —1.5%-2
from the summed power of 23 ASKAP FRB sources (Macquart et al., 2019) and
—1.5310% by a simulation on a sample of 82 FRBs detected by Parkes, ASKAP,
CHIME and UTMOST (Bhattacharyya et al.; 2021). These values agree with the
spectral index derived for millisecond and slow pulsars (typically between -1.4 and
-1.6; Bates et al. 2013; Jankowski et al. 2018), which might imply a similarity

between the FRB emission mechanism and the pulsar emission mechanism (see
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Section 1.2.5 for more discussion).

1.2.2.5 Sky rate

Thanks to the large number of FRBs discovered recently by CHIME (Amiri et al.,
2021), a detailed analysis of the FRB sky rate is possible. As shown in Amiri et al.
(2021), the FRB sky rate can be expressed as a power-law function of frequency

v and fluence F as below:

v —ap F o\
R=R (—) ky ! day !, 1.6
o \6ooMHz) <5Jyms) S day (16)
where « is the average spectral index (see the section above), f§ = —1.40 +

0.117095 is the power-law index parameterizing the fluence distribution, and Ry =

820 + 607220 sky ' day ' is the sky rate of FRBs with a fluence > 5 Jyms and a
scattering time < 10ms at 600 MHz. This estimation is consistent with the rate
reported from the Green Bank North Celestial Cap survey in the 300—400 MHz
band (3.473%* x 10%sky ™' day ™" with a fluence > 2 Jyms; Parent et al. 2020).

1.2.2.6 Burst rate of repeating FRBs

Repeating FRBs usually exhibit highly variable burst rates, depending on their
episodic bursting behavior. For example, FRB 201124A has been observed to
emit 48 bursts within three hours (Marthi et al.; 2021), while its rate prior to
discovery is as low as < 3.4day ! (Lanman et al., 2021). However, there is
tentative evidence for periodic activity from two repeaters, FRB 20121102A with
a period of 161+5 days (Rajwade et al., 2020b; Cruces et al., 2021) and 20180916B
with a period of 16.35 + 0.15days (Chime/Frb Collaboration et al., 2020). This
might reflect an orbital (loka & Zhang, 2020), rotational (Beniamini et al., 2020)
or precessional (Levin et al.; 2020) period.

There also seems to be an increasing trend of burst rates towards lower fre-
quencies (Pearlman et al., 2020). This has been investigated in detail for FRB
20180916B. Assuming Poisson statistics for the bursts of FRB 20180916B, Pearl-
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man et al. (2020) demonstrates the burst rate around the peak activity window
of FRB 20180916B at 1.5 GHz, 2.3 GHz and 8.4 GHz is 1.2*75hr™", 0.375 8 hr ™!
and 0.00670935 hr™", respectively. Note that the burst rate depends not only on
frequency and the statistical spectral index, but also on the fluence detection
threshold and instantaneous spectral index °. This trend suggests that there
could be more bursts at low frequencies (< 300 MHz). Note that extrinsic effects

such as propagation effects (see the section below) and increased sky temperature

may affect the detectability of low-frequency FRB emission.

1.2.3 Propagation effects

FRBs, as extragalactic events, travel through large volumes of intergalactic and
interstellar media before reaching us. Several propagation effects therefore influ-
ence the observed properties of FRBs, and allow us to place constraints on their
distance and probe the intergalactic medium and the density of galactic halos
and hosts (Macquart et al., 2020). Here, I review a few of these effects that are

of most importance to FRB observations.

1.2.3.1 Dispersion

Dispersion is due to the velocity difference among frequencies when electromag-
netic waves travel through the intervening plasma between the emitter and the
Earth. The space is made dielectric by inter-galactic and -stellar electrons. The
time delay of a signal with respect to infinite frequency is quantified by the dis-

persion measure (DM) as

DM

- 1.
241012y, (1.7)

T

where vgy, is the observing frequency in GHz (Taylor et al., 1993). The DM of

2The statistical spectral index portrays the spectrum of the overall burst rate, and is different
from the instantaneous spectral index which describes the differential energy distribution of
individual bursts.
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an FRB can be measured from the dispersive sweep in the dynamic spectrum
(see Figure 1.9). Following the convention in FRB astronomy, DM is in units of
pcem 3. For a typical DM ~ 500 pcem ™ (e.g. FRB 140514; Petroff et al. 2014),
the dispersion delay at an observing frequency of 100 MHz and 1 GHz is ~ 200s
and ~ 2s, respectively, demonstrating that lower frequency components arrive

later than higher frequency components.

The dispersion measure of FRBs can be used to study the medium in the
Universe (e.g. Macquart et al. 2020) as the DM value depends on the content of

electrons along the line of sight

DM = /d ne(l) dl, (1.8)

where n, is the electron number density as a function of the path length [, and d

is the distance to the source.

The observed DM of an FRB can be decomposed into three components

DMHost
1+z

DMobs<2) = DMMW + DMIGM(2> + ) (19)

where DMypw is the Galactic contribution along the FRB direction, which can
be estimated by the electron density model NE2001 (Cordes & Lazio, 2002) or
YMWI16 (Yao et al.,, 2017), DMjgym is contributed by the intergalactic medium
(IGM), and DMy is by the host galaxy. The factor (1 + z) takes into account
time dilation for a cosmological source. DMqyr is dependent on cosmic baryons
in the path between the source and the Earth. Assuming a homogeneous distri-
bution for all baryons and a constant ionization fraction (Deng & Zhang, 2014),
we can estimate the value of DMjqy using DMigy ~ 1200z pcem ™ (Toka, 2003;
Inoue, 2004; Lorimer et al., 2007; Karastergiou et al., 2015; Yang & Zhang, 2016).
However, recently there has been an estimation of the relation between DMjqy
and z using eight (sub-)arcsecond localised FRBs (Macquart et al., 2020), as

shown in Figure 1.11. DMp, is difficult to measure as it depends on the local
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Figure 1.11: Relation between intergalactic (cosmic) DMs and redshifts of eight
(sub-)arcsecond localised FRBs (data points). The solid line represents the ex-
pected relation between DM ogmic and z assuming the Plank15 cosmology, with
the shaded region encompassing 90% of the expected DM osmic value. This figure
is adapted from Macquart et al. (2020).

environment of FRBs and the relative position in the host galaxy. However, with
the knowledge of DMyw and DMjgym and the measured DM of an FRB, we can
infer DMyt using Eq. 1.9.

1.2.3.2 Scattering

Scattering of FRBs is due to density variations and turbulence in the plasma
along the line of sight. It causes multi-path propagation of radio waves and pulse
broadening proportional to ~ v~ (Bhat et al., 2004). Scattering has been ob-
served for many FRBs (CHIME/FRB Collaboration et al., 2019b; Fonseca et al.,
2020b; Amiri et al.; 2021). Usually the scattering feature of FRBs can be identi-
fied as an exponential decay in the pulse profile and fit by an exponential function
(McKinnon, 2014) except when the FRB has a complex pulse structure (e.g. Day
et al. 2020). A clear example is the temporal scattering in FRB 110220 (Thornton
et al.,, 2013; Petroff et al., 2019), as shown in Figure 1.12. The one-sided expo-
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Figure 1.12: Example of scattering in FRB 110220. The main panel shows the
dynamic spectrum of the burst, and the inset shows the frequency resolved pulse
profiles. There is a trend of more asymmetrical broadening in the pulse towards
lower frequencies, which can be well explained by the scattering effect. This figure
is adapted from Thornton et al. (2013).
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nential decay in the pulse profile increases towards lower frequencies as v~*0+04

(Thornton et al., 2013), consistent with the predicted frequency dependence (Bhat
et al., 2004).

Scattering with a timescale larger than the intrinsic burst width reduces the
burst amplitude (fluence is conserved) and thus the detectability of FRBs. This is
particularly true in low-frequency searches for FRBs. If an FRB has a scattering
timescale of 10ms at 600 MHz (Amiri et al., 2021), we would expect it to increase
to > 160ms at an observing frequency below 300 MHz. This means more sen-
sitive telescopes are needed to detect these signals as they get smeared at lower
frequencies. Note that other factors such as free-free absorption (see below) also

plays a prominent role in the detectability of the signal at low radio frequencies.

1.2.3.3 Free-free absorption

Free-free absorption is caused by the absorption of incoming radio waves by free
electrons. The amount of free-free absorption of radio emission is determined by
the density n. and temperature T" of the free electrons along the line of sight as
well as the observational radio frequency v. The opacity of a radio source due
to free-free absorption in the source environment can be expressed as the optical

depth (e.g. Condon & Ransom 2016)

m B g0 (L) ( Y )2'1 EM (1.10)
T =11 ~ O. —_— .
Eobs 104K GHz pcem=6 )’

where FEj is the amount of energy emitted by the source, E,s is the observed
amount after free-free absorption, and EM is the emission measure defined by

the integral of n? along the line of sight:

[ SXC N

If FRBs are produced in dense environments such as active star forming re-
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gions and supernova remnants (e.g. FRB 121102 and FRB 20201124A, Bassa
et al. 2017; Piro et al. 2021), free-free absorption may affect the detectability
of the FRB emission at low frequencies (< 1GHz) as the opacity of free-free

21 Therefore, free-free absorption may

absorption scales with frequency as v~
explain the shortage of FRB detections at low frequencies though the intrinsic
spectra of FRBs and scattering induced temporal broadening are also limiting
factors (Sokolowski et al.; 2018). Conversely, any detections of low-frequency

FRB emission would provide important probes of the source environments.

1.2.4 Repeater and non-repeater population properties

There is an empirical difference dividing of FRBs: repeaters (Spitler et al.; 2016)
and non-repeaters (Petroff et al.; 2015; Shannon et al.; 2018), and their progen-
itors and/or emission mechanisms could potentially be different (CHIME/FRB
Collaboration et al., 2019b; Fonseca et al., 2020b). The existence of two pop-
ulations of FRBs is further supported by recent studies using a large sample of
CHIME FRBs (Amiri et al., 2021; Pleunis et al., 2021a). While the intrinsic burst
widths and bandwidths of repeating FRBs are found to differ significantly from
the non-repeating population, the sky distributions, DM and scattering distribu-
tions and signal strengths of these two populations are quite similar.

Currently, there are 24 sources known to repeat (Spitler et al., 2016; CHIME /FRB
Collaboration et al., 2019b,c; Kumar et al., 2019; Fonseca et al., 2020b; Amiri
et al., 2021), and there is tentative evidence for periodic activity from two of them,
FRB 20121102A (Rajwade et al.; 2020b) and 20180916B (Chime/EFrb Collabora-
tion et al., 2020). Note that the periodicity here refers to long-term and periodic
episodes of increased burst rates, and is distinct from sub-second periodicity ob-
served among sub-pulses within a single burst (The CHIME/FRB Collaboration
et al,, 2021b). FRB 20180916B, first discovered by CHIME (CHIME/FRB Col-
laboration et al.; 2019¢), is the best characterised repeating FRB. Its burst rate
was found to vary with a period of 16.35 4+ 0.15 days (Chime/Frb Collaboration
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Figure 1.13: The dynamic spectrum of one burst detected by MeerKAT from
the repeating FRB 121102A. The top panel shows the integrated burst profile in
arbitrary units. The sub-bursts can be seen drifting downward in radio frequency
with time (i.e. the “sad trombone” effect; Hessels et al. 2019). This figure is
adapted from Caleb & Keane 2021.

et al.,, 2020). Similarly, FRB 20121102A was found to have a ~ 160 day burst
rate variance period (Rajwade et al., 2020b; Cruces et al.; 2021). This periodic
activity might indicate an orbital (loka & Zhang, 2020), rotational (Beniamini

et al., 2020) or precession (Levin et al., 2020) period.

Repeating and non-repeating FRBs often show different features in their burst
properties. For example, on average, repeating FRBs are likely to have longer
burst durations than non-repeating FRBs (Scholz et al., 2016; CHIME/FRB Col-
laboration et al.,; 2019¢; Fonseca et al., 2020b). The downward drifting of sub-
pulses in frequency with time, i.e. the “sad trombone” effect as shown in Fig-
ure .13, appears to be a common feature among repeating FRBs (Hessels et al.,
2019; CHIME/FRB Collaboration et al.; 2019a). While some repeating FRBs
share flat polarisation position angles within and between bursts, such as FRB
20121102A and FRB 201809168 (Michilli et al., 2018; Nimmo et al.; 2021), the
bursts of FRB 180301 show a diversity of polarisation position angle swings (l.uo
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et al., 2020). In-depth polarimetric and spectrotemporal studies of more FRBs

are needed to confirm and explain these features.

1.2.5 FRB models
1.2.5.1 FRB engine

There is a diversity of progenitor theories proposed as source models of FRBs,
which until the CHIME catalogue was released was even more than the number
of detected FRBs (Petroff et al., 2019). These models include exploding BHs
(Barrau et al., 2014), superconducting cosmic strings (Yu et al., 2014; Thompson,
2017a,b), technosignatures from extraterrestrial intelligences (Lingam & Loeb,
2017), magnetic reconnection in magnetars induced by axion quark nuggets (Van
Waerbeke & Zhitnitsky, 2019), NS - white dwarf binaries (Gu et al., 2016), binary
NS mergers (Yamasaki et al., 2018), white dwarf - BH mergers (Li et al., 2018),
and collapse of a supermassive rotating NS to a BH (Falcke & Rezzolla, 2014)
among others. Detailed reviews of these theories can be found in Katz (2016) and
Popov et al. (2018). Here I focus on theories involving magnetars, which have
been a plausible candidate for FRB engines since the early days of FRBs, with
additional encouragement through the detection of FRB-like signals from the
magnetar SGR 193542154 (CHIME/FRB Collaboration et al., 2020; Bochenek
et al., 2020).

The association of FRBs with magnetars can be made from a simple dimen-
sional argument. The characteristic length scale of FRB engines may be defined

as

leng S cw, (1.12)

where ¢ is the speed of light, and w is the observed pulse duration’. For a

typical FRB duration of milliseconds, we expect leng < 107cm. NSs are fa-

~Y

3This is an argument based on causality, but it is not a hard limit.
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vored over BHs due to their strong magnetic fields and large rotational energies,
both of which can provide enough energy for FRB emission (for FRB energetics
see Section 1.2.2.2). Additionally, NSs, well-known emitters of coherent radio
emission (though the underlying emission mechanism remains unknown; see Sec-
tion 1.2.5.2) can naturally account for similar characteristics observed between
FRB and pulsar emission, such as high brightness temperature, a variety of linear

and circular polarisation fractions, pulse widths and structures, and spectra.

Despite the previously noted strengths of the magnetar model, there is a
challenge to the magnetar model. Up until very recently, the radio luminosity
seen from known Galactic magnetars were many orders of magnitude lower than
that required for FRBs (see Figure 1.10). This vast luminosity gap between
magnetars and FRBs has been substantially narrowed by the recent discovery of
unusually bright FRB-like emission from the Galactic magnetar SGR 193542154
(CHIME/FRB Collaboration et al., 2020; Bochenek et al., 2020). The radio
burst detected from the magnetar SGR 1935+2154 with a burst energy at 400—
800 MHz of approximately 3 x 103 erg is more than three orders of magnitude
more energetic than the brightest magnetar radio bursts previously seen (Olausen
& Kaspi, 2014; Esposito et al., 2020), and could satisfy the energy budget for the
two nearest FRBs, FRB 181030 (CHIME/FRB Collaboration et al., 2019¢) and
FRB 141113 (Patel et al., 2018). It should be noted that distant FRBs can be
much more energetic (e.g. FRB 180110 with a burst energy of 1012-10%3 erg; Pol
et al. 2019; Shannon et al. 2018), and whether magnetars could generate such

energetic events is still unclear.

1.2.5.2 Radiation mechanisms

As magnetars (either existing or newly created) are at least one of the likely
progenitors of FRBs as discussed above, in this section I specifically consider
FRB emission mechanisms in the context of magnetars. Generally speaking,

there are two types of FRB emission mechanisms depending on the emission site
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with respect to the magnetar: in the magnetosphere (i.e. pulsar-like) or in the
relativistic jet powered by the magnetar (i.e. GRB-like). Here I briefly review

these two types of models. More details can be found in Zhang (2020D).

Pulsar-like models are promising for addressing the high brightness temper-
ature observed in FRBs through, e.g. plasma maser effects. One such model
suggests that magnetic reconnection in the magnetosphere (possibly induced by
magnetic pulses propagating away from the magnetar) can generate radio waves
compatible with FRB observations (Lyubarsky, 2020). Another model relies on
the assumption that a collection of charged particles can radiate in-phase due
to their clustering in momentum and position spaces. However, in such models,
it remains unclear how the bunched particles can be maintained in coherence
over the observed timescale of FRBs (Melrose, 1978). Plasma lensing, induced
by plasma structures in the host galaxy of FRBs, is also a possible explanation
for the high apparent luminosity of FRBs given the lense amplification can be as
large as ~ 100 as observed in pulsars (Cordes et al.; 2017). It could also explain
the strongly episodic burst detections and highly variable spectra observed in
repeating FRBs. Nonetheless, more FRB observations, especially those of ultra
wide band that can cover FRBs from ~ 0.1-10 GHz, are needed to test these

ideas.

In GRB-like models, FRBs are suggested to be produced via synchrotron
maser emission in relativistic jets, which has been explored in depth in GRB
models (Usov & Katz, 2000; Sagiv & Waxman, 2002). A realistic version of
the synchrotron maser model invokes either a weakly magnetised plasma where
negative absorption could happen within a narrow frequency range (Waxman,
2017) or a highly magnetised jet containing ordered magnetic fields that allow
energetic electrons to emit in phase (Plotnikov & Sironi, 2019). During the out-
ward propagation of shocks in media with a density decreasing with distance
from the magnetar, the maser frequency is expected to decrease with time. This

could account for the frequency downwards drifting in some repeating FRBs
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(CHIME/FRB Collaboration et al., 2019a,c; Hessels et al., 2019). However, the
highly ordered magnetic field required by such models seems contrived (Plotnikov
& Sironi, 2019). Therefore, while a variety of models have been proposed, the
radiation mechanism of FRBs is still a question needing further research. A com-

parison of the pulsar-like and GRB-like models can be found in Zhang (2020b).

1.2.6 FRB searches at low frequencies

Since the first discovery in 2007, the FRB field has been one of the most active
research areas in astronomy, with the FRB population expanding at an incred-
ible rate, and our understanding of their origins and mechanisms rapidly evolv-
ing. FRBs (both repeating and non-repeating) have been detected at frequencies
from 300 MHz (Chawla et al., 2020; Pilia et al., 2020; Parent et al., 2020) up
to 8 GHz (Gajjar et al., 2018). However, while FRB searches at low frequencies
(< 300 MHz) are ongoing (Coenen et al., 2014; Karastergiou et al., 2015; Tingay
et al., 2015; Rowlinson et al., 2016; Law et al., 2017; Sokolowski et al., 2018;
Sanidas et al., 2019; Houben et al., 2019; Sokolowski et al., 2021), the only de-
tection has been of the repeating FRB 20180916B, where Pleunis et al. (2021b)
reported the detection of 18 bursts between 110-188 MHz with LOFAR. This
confirms the existence and the detectability of low-frequency FRB emission from
cosmological distances (not limited by propagation effects or the FRB emission
mechanism).

The MWA has been previously employed to search for FRBs in the image do-
main (Tingay et al., 2015; Rowlinson et al., 2016; Sokolowski et al., 2018), which
is constrained to a balance between survey speed and sensitivity. Tingay et al.
(2015) performed a pilot search for FRBs in the frequency range between 139-
170 MHz using 10.5 hr of observations recorded in the imaging mode with a spec-
tral and temporal resolution of 1.28 MHz and 2s over a sky area of 400 deg?, and
found no FRB candidates above a threshold of 700 Jy ms. Rowlinson et al. (2016)

performed a pilot transient survey on timescales of 28 s using 100 hr of MWA ob-
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servations, and identified no FRB candidates above a threshold of 7980 Jy ms.
This search was less sensitive, and could be improved using high time resolution
data or image dedispersion (Anderson et al.,; 2021b) though at the expense of
processing speed. In other words, Tingay et al. (2015) sacrificed surveyed area
to increase sensitivity, while Rowlinson et al. (2016) sacrificed sensitivity to in-
crease the amount of surveyed data. Apart from the blind FRB searches in the
wide field of view of the MWA, there is also a targeted search. Sokolowski et al.
(2018) conducted a coordinated campaign with the MWA to specifically shadow
the bright FRBs detected by the ASKAP. A dedispersion search over simulta-
neous MWA observations of seven ASKAP FRBs with a temporal and spectral
resolution of 0.5s and 1.28 MHz across the 170-200 MHz band yields no candi-
dates within the ASKAP error regions exceeding a 50 threshold, corresponding
to a fluence upper limit of 450-6500 Jy ms. This work concluded that there must
be either a break in the spectrum (> 200 MHz) or a thick absorbing medium
in the environment of the ASKAP FRBs. While FRB searches with the MWA
have not yielded a real detection yet, there has been a significant improvement
on the sensitivity, which results in important constraints on the FRB emission

mechanism and environment.

1.3 MWA

As described in Section 1.1.5 and 1.2.6, MWA has been used to search for coherent
radio emission associated with GRBs and low-frequency FRB emission, placing
significant constraints on the coherent emission models applicable to GRBs and
FRB emission mechanisms. In this thesis, I further exploit the capacity of MWA
(e.g. the rapid-response mode and high time resolution data), and continue these
searches to further advance our understanding of GRB and FRB physics. In
this section, I introduce the MWA instrument and how I am going to use it for

targeted searches for prompt radio transients.

The MWA is a precursor of the Square Kilometre Array (SKA; Dewdney
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et al. 2010), located at the Murchison Radio-astronomy Observatory (MRO) in
the Murchison region of Western Australia. The MRO has been chosen to host
the MWA due to its low-level radio frequency interference made by humans,

particularly in the FM band covered by the operating frequency range of MWA.

The MWA commenced science operations in 2013 (i.e. phase I; Tingay et al.
2013). Its operational frequency range is between 80 and 300 MHz with an in-
stantaneous bandwidth of 30.72 MHz, and its standard correlator has a time and
frequency resolution of 0.5s and 10kHz (Tingay et al., 2013). It contains 128 tiles
with a minimum baseline of 7.7 m and maximum baseline of 2864 m, correspond-
ing to a field of view ranging from ~ 300 — 1000 deg? and angular resolution of
~ larcmin at 185 MHz (for a full description see Tingay et al., 2013). The phase
IT upgrade of MWA in 2018 doubles the number of antenna tiles to 256 with half
of them operational at a time due, and enables two distinct array configurations
with 72 of the new tiles arranged near the MWA core increasing the sensitivity
to diffuse emission, and the remaining 56 long baseline tiles improving the angu-
lar resolution and reducing the confusion noise (Wayth et al.; 2018). There are
two configurations of the 128 operating tiles: extended and compact. While the
extended configuration employs the long baseline tiles and the core, the compact
configuration employs only the tiles near the MWA core. Most of the baselines
in the compact configuration are shorter than 200 m, leading to the much lower
angular resolution of ~ 10arcmin (Wayth et al., 2018). An illustration of the

MWA phase I and phase II baseline configurations is shown in Figure 1.14.

Apart from the standard correlator, there is another observing mode of the
MWA: the Voltage Capture System (VCS; Tremblay et al. 2015). Unlike the
standard correlator, the VCS records channelised data (3072 channels across
30.72 MHz of bandwidth) for each tile (4 x 4 dipole array) instead of correlated
visibilities. This allows for the capture of high temporal and frequency resolu-
tion raw voltage data (100 us/10kHz). The MWA VCS observations are most

sensitive to millisecond-duration transient signals (for a comparison of sensitivity
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Figure 1.14: Compact (top) and extended (bottom) configurations of the MWA
phase II upgraded from the MWA phase I. The top panel shows the 72 new
tiles (green squares) arranged for the compact configuration, and the bottom
panel shows the 56 new tiles (green squares) arranged for doubling the maximum
baseline of the extended configuration. This figure is adapted from Wayth et al.
(2018).
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between the standard MWA correlator and the VCS see Chapter 3), and have
been extensively used for pulsar searches (Bhat et al., 2016; Xue et al.; 2017;
McSweeney et al., 2017; Meyers et al., 2018; Swainston et al., 2021). However,

the VCS data are also suitable for FRB searches. An FRB search with the MWA

VCS would be more promising for detecting low-frequency FRB emission than

previous works using the standard correlator (see Section 1.2.6).

1.3.1 Rapid response

The rapid-response mode of MWA is most important in searching for the earliest
radio emission associated with GRBs. Given the dispersion delay of radio signals,
low-frequency telescopes can potentially capture prompt radio signals produced
simultaneously or even prior to GRB events as long as their response to transient
alerts are fast enough. The rapid-response system on the MWA can receive and
analyse incoming GRB alerts from Swift and Fermi, and automatically schedule
30 min of standard observations centered at the source position. Note that simul-
taneous radio emission of GRBs is expected to arrive 18 s—6 min after GRBs for
an observing frequency of 185 MHz (the central frequency of the MWA observing
band; Tingay et al. 2013) and a redshift of 0.1 < z < 2.5 (the observed redshift
range of short GRBs; see Eq. 1.7; Gompertz et al. 2020).

The MWA has been used for performing triggered observations of GRBs since
2015 (e.g. Kaplan et al. 2015). In 2018, the MWA triggering system was upgraded
to enable it to trigger on VOEvents (Virtual Observatory Events, which is a
standard information 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.; 2019a). There are
three capabilities that make MWA a competitive telescope for searching for the

earliest radio signatures from GRBs:

(1) With a large number of closely spaced receiving antennas the MWA features

a high sensitivity over a wide field of view (> 300 deg?; Tingay ct al. 2013)
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and thus is capable of covering the large positional errors of Fermi GRBs (~
10°; Meegan et al. 2009) and a large portion of the even larger LIGO/Virgo

positional uncertainties.

(2) The upgrade from a GCN packet based notification system (on target within
23s of Swift GRB 150424A; Kaplan et al. 2015) to a VOEvent based au-
tomatic trigger system further reduces the response time of the MWA to
20-30s after receiving a transient alert and allows us to filter out Swift and
Fermi events more efficiently (Hancock et al.; 2019a). Given that signals at
low frequencies arrive later than high-frequency signals (see Section 1.2.3.1),
this rapid-response capability makes the MWA a promising instrument for

catching radio emission associated with a GRB.

(3) The upgraded triggering system is now capable of triggering observations in
the VCS mode, which boosts the time resolution to 0.1ms and thus increases
our sensitivity to FRB-like signals which would otherwise be smeared out

over the 0.5s coarse sampling of correlated observations.

The rapid-response and VCS mode of the MWA is currently employed for
searching for GRB associated radio emission. Given that the data rate of VCS
observations is high (~28 TB/hr), it is not practical to continuously observe one
GRB for more than ~100 min (Tremblay et al., 2015), making it difficult to probe
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). However, 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 GRBs for a wide range of DMs (150-2500 pc cm™3)
to much deeper sensitivities than the standard correlator while still creating a
manageable data volume.

A comparison between the rapid-response mode of MWA and other telescopes

of low radio frequencies is shown in Figure 1.15 (Anderson et al., 2021a). The ex-

50



pected dispersion delays of radio signals at the observing frequencies of different
telescopes are also included. We can see that MWA and LWA1 HAL are able to
be on target in time to capture any signals produced simultaneously with GRBs.
Whereas the response time of LOFAR (4-5min; Rowlinson et al. 2019, 2020) is
insufficient for probing the earliest predicted prompt signals, it is the most sensi-
tive telescope among all those listed in Figure 1.15, making LOFAR more suitable
for searching for persistent emission from magnetar remnants formed hours af-
ter GRBs. Therefore, the MWA'’s reasonable sensitivity and rapid-response time
make it the most competitive instrument for searching for and detecting prompt,

coherent radio signals from GRBs.

1.3.2 Experimental setup

An illustration of the experimental setup for triggering rapid-response observa-
tions of GRBs with the MWA is shown in Figure 1.16. When a GRB event
happens, it first triggers GRB detectors such as Swift-BAT or Fermi-GBM.
These detectors then send out a transient alert to the astronomy community (i.e.
VOEvents, described in the section above) with detailed information including
event position, alternative classifications and the probability of being a genuine
GRB. Note that Swift has a superior localisation capability than Fermi, with
GRBs localised by these two detectors having typical positional uncertainties of
1 — 4arcmin (Gehrels et al., 2004) and 1-10deg (Meegan et al.; 2009), respec-
tively. After receiving such an alert, the MWA rapid-response front-end service
parses the information contained, and in the case of identifying it as a real GRB
starts repointing the telescope to the event position and schedules either a 30 min

observation in the imaging mode or a 15min VCS observation (the latter for the

well localised Swift detected GRBs only).
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Figure 1.15: Comparison of response time and sensitivity between MWA and
other low-frequency telescopes. Different telescopes are represented by different
symbols, and those continuous monitoring programs (all-sky) that obtain simul-
taneous observations of GRBs are plotted at 1s post-burst. The dotted and
dot-dashed vertical lines indicate the expected arrival times of radio signals asso-
ciated with GRB 150424A (dark green) and GRB 180805A (yellow) for the MWA
and GRB 180706A (light green) and GRB 181123B (light green) for LOFAR, with
colors matching the observing frequency. The black horizontal dashed and dot-
ted lines show the expected sensitivity for the MWA at 185 MHz and LOFAR at
150 MHz. This figure is adapted from Anderson et al. (2021a).
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Figure 1.16: The experimental setup for triggering rapid-response observations
of GRBs with the MWA. Given the dispersion delay of radio signals (18s for an
observing frequency of 185 MHz and a redshift of z = 0.1; see Section 1.3.1), the
response time of the MWA (20-305s) enables us to search for simultaneous radio
emission of GRBs at a redshift of z > 0.1.
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1.4 Motivation for this thesis

There have been lots of theoretical models that predict coherent radio emission
from GRBEs, either produced by BNS mergers (short GRBs) or core-collapse su-
pernovae (long GRBs; see Section 1.1.4.3). Despite extensive searches for this
predicted emission, no detection has been claimed yet. Possible reasons for previ-
ous non-detections include a low sensitivity of the telescope or a slow response to
GRB detections. In order to increase our chance of detection and better under-
stand the radio emission mechanisms in the GRB scenario, a sensitive telescope
with a fast response is needed. The MWA is the desired telescope. It features a
rapid response to GRB detections by Swift and/or Fermi that is capable to cap-
ture the dispersed low-frequency radio emission produced concurrently with the
prompt gamma-ray emission. Additionally, the high sensitivity of the MWA high
time resolution VCS data would allow us to detect the predicted prompt radio
emission assuming typical model parameters. Therefore, searching for prompt
radio transients using the MWA would be very productive in studying the GRB

associated radio emission.

Given that GRBs could form magnetar remnants (see Section 1.1.3) and that
FRB progenitors are likely magnetars (see Section 1.2.5), there is potentially a
link between GRBs and FRBs. We can use the VCS data to search for low-
frequency FRB emission, which is expected to be more sensitive than previous
works using the imaging data (see Section 1.2.6). In particular, we can perform
a targeted search for low-frequency emission from repeating FRBs, which is mo-
tivated by the recent LOFAR repeating FRB detection (Pleunis et al., 2021b).
This search would either make a detection or place further constraints on the
poorly known FRB origin.

This thesis presents a low-frequency search for prompt radio transients from a
sample of GRBs and repeating FRBs. In Chapter 2, I provide a brief overview of
the theory of interferometry and data reduction and analysis used in this work.

I also describe the search for dispersed prompt emission using image dedisper-
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sion techniques and standard FRB searching software. In Chapter 3, I present a
low-frequency (170-200 MHz) search for coherent radio emission associated with
nine short GRBs using the MWA imaging data, which is the biggest sample yet.
I combine this sample with the upper limits of other GRBs in the literature and
place constraints on BNS merger coherent radio emission models. Chapter 4
presents the first VCS trigger on a GRB to search for prompt radio emission as-
sociated with a long GRB 210419A. T also discuss constraints on the X-ray flare
model of GRBs. Chapter 5 focuses on a targeted search for low-frequency (144—
215MHz) FRB emission from five known repeating FRBs discovered by CHIME
and ASKAP using archival VCS data from the MWA. T also discuss the impli-
cations for the spectrum and environment of repeating FRBs. I conclude with
Chapter 6, where I revisit the radio emission mechanisms in the GRB scenario
and low-frequency bursts of repeating FRBs, and conclude with a view towards

the future.
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Chapter 2

Methodology

Radio telescopes collect and record information about the phase and amplitude
of radio waves with the use of antennas and receivers. Because electromagnetic
waves at radio frequencies can be manipulated easily, the radio telescopes have
been developed into different forms, including single dishes (either parabolic or
parabolic sections) which concentrate incoming radiation at the focus and amplify
it with a radio receiver, and interferometry telescopes which collect signals at
separated antennas and combine these signals electronically to form an image.
This research project has made use of astronomical data taken by the radio
interferometer, MWA. In this chapter, I give a brief overview of the fundamentals
of radio interferometry. Then I describe the data reduction procedure for MWA

observations.

2.1 Single-dish radio telescopes

I start with single-dish radio telescopes as they can be considered fundamental
units of more complex interferometry telescopes. The performance of a radio
dish can be characterised by its angular resolution and sensitivity. The angular
resolution of a dish is limited by the size that is practical to build. For exam-

ple, a telescope with a diameter of D = 100 m and observing at a wavelength of
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A = 20cm has an angular resolution of § ~ 1deg based on the relation § ~ \/D
(corresponding to the half-power point of an approximate Gaussian sensitivity
pattern). The sensitivity of a dish is determined by the collecting area as well as
other factors such as system temperature and bandwidth. To overcome the limi-
tation of physical dish size and sensitivity, interferometric telescopes are needed
(see Section 2.2).

The calibration of single-dish radio telescopes, i.e. determining the conversion
between voltage response and incident radio flux as a function of sky position
and frequency, is simple. As all signals from a given direction are reflected by the
parabolic surface of the dish to the focus and thus combined in phase, we only
need to calibrate the telescope gain (i.e. the amplitude of the voltage response
to incident radiation; see below). Usually, we can observe a nearby (< 30° from
the target source) bright and persistent source with stable flux to calibrate the
telescope gain. More details on the fundamentals of radio astronomy and radio

telescopes can be found in Marr et al. (2015) and Condon & Ransom (2016).

2.1.1 Beam response

The beam response (i.e. response to the area of the sky where radiation can be
detected) of a single-dish radio telescope as a function of source directions can
be calculated using the Fourier transform. A basic diagram of a one-dimensional
aperture is shown in Figure 2.1 (generalization to a two-dimensional aperture
is straightforward). The plane waves emitted by a source at infinity induce an

electric field pattern at the aperture antenna

0= [ gtwe i, (2.1)

where | = sinf, u = /), and ¢ is the position dependent field strength (i.e.
illumination function) and stays constant for uniform illumination. Note that the
response of a single dish is a single value, but incorporates some kind of weighted

average over the entire beam area (Condon & Ransom, 2016). This expression
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can be easily generalized to the more realistic case of a two-dimensional aperture

f(l,m) :// g(u,v)e 2 Etm) gy dy, (2.2)
aperture

where m and v are second dimension analogs of [ and u, respectively. In summary;,
the beam pattern of a two-dimensional aperture is the two-dimensional Fourier
transform of the illumination function. A basic diagram of a two-dimensional
circular aperture and the corresponding beam pattern (Airy disk) is shown in

Figure 2.2.

Figure 2.1: Basic diagram of a one-dimensional aperture spanning —D/2 < = <
D/2 and a distant point source (R > D) in the direction 6 (with respect to the

normal of the aperture). This figure is adapted from Condon & Ransom (2016).

2.2 Interferometry

In order to increase the angular resolution of radio telescopes and enable the

association of radio sources with optical counterparts, radio interferometry is
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Figure 2.2: Schematic of a two-dimensional circular aperture (left) and the corre-
sponding beam response (right). In the left panel, incident plane waves along ray
paths (black arrowed lines) are reflected by the parabolic dish to the focal point.
In the right panel, the beam response of the two-dimensional circular aperture is
shown as the Airy disk. Source: John Reynolds, Radio Astronomy School 2015
in Narrabri, NSW Australia.
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used. This is a technique that uses two or more radio antennas in an array to
collect and combine electromagnetic signals. The fundamental unit of a synthesis
array is a two-element interferometer formed by each pair of antennas. The main
advantage of the synthesis array is angular resolution, as any pair of antennas
can be placed an arbitrary distance apart. Note that Earth-based interferometers
are inherently limited by the diameter of the Earth. While single-dish telescopes
still have strength in pulsar discovery and spectral line analysis, high-resolution
radio images can only be made by the multi-antenna radio interferometer. At a
wavelength of A = 10 cm, an array of radio telescopes with a maximum separation

of D = 5km can achieve arcsec angular resolution.

Interferometry telescopes have made great astrophysical discoveries, such as
the discovery and investigation of apparent superluminal motions in quasars by
the “Goldstack” interferometer (Whitney et al., 1971; Cohen et al.; 1971), the
measurement of proper motions and distances of HoO maser sources by the Very-
long-baseline interferometry (VLBI; Genzel et al. 1981b,a), the first image of the
supermassive black hole at the centre of the Milky Way revealed by the Event
Horizon Telescope (EHT; Akiyama et al. 2022a,b,c,d), and the recent discovery
of a large population of FRBs by CHIME in the beamforming mode (Amiri et al.,
2021). Moreover, the upcoming SKA, with unprecedented angular resolution and
sensitivity is expected to make most revolutionary contribution to the astronomy

field, including EOR, transients and galaxy evolution.

While interferometry telescopes have big advantages over single-dish tele-
scopes, their calibration is more complicated. As the interferometer consists of
individual antennas distributed at different locations, the observing conditions
such as the atmospheric conditions or the elevation of the source are different for
different parts of the array. For example, the ionosphere above the MWA has
been found to vary over a length scale of ~ 3-8km (Jordan et al., 2017), longer
than the baseline of the MWA phase II (see Section 1.3). Apart from the antenna

dependent calibration, a single calibration for the whole telescope is needed to
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determine the absolute gain and its evolution with time. Therefore, it is neces-
sary to calibrate the data from each antenna before making images. More details
on interferometric techniques can be found in Taylor et al. (1999) and Thompson

et al. (2017).

2.2.1 Antennas

An antenna is a detection element of radio telescopes that converts incident elec-
tromagnetic waves into electrical currents. There are various forms of antennas,
such as dipoles (a straight wire) and parabolic reflectors (for a complete review
see Balanis 2005). As this thesis research is conducted with an interferometer
made up of dipoles, here I give a brief introduction to dipole antennas.

A simple dipole antenna consists of two collinear wires, as shown in Figure 2.3.
When the dipole is driven by an oscillating current source, it can radiate with
a radiation power dependent on the amplitude and frequency of the oscillating
current. In order to maximise the radiation power, half-wave dipoles (I = \/2),
which have a nearly resistive load (i.e. all electric power is dissipated in the form
of radiation) due to resonance, are commonly used. Practical forms of dipole
antennas are more complicated as we need to consider the finite conductor thick-
ness and frequency dependent radiation characteristics. Examples of dipoles for
practical use include bow-tie antennas (used for MWA; Lonsdale et al. 2009; see
Section 1.3), inverted V-shaped dipoles (used for LOFAR; Ellingson 2005), log-
periodic antennas (used for the SKA-Low station; Bolli 2020), triangular sheets
(used for Shaped Antenna measurement of the background RAdio Spectrum;
Nambissan T. et al. 2021) and cylindrical dipoles (used for the Tianlai interfer-

ometer; Cianciara et al. 2017). More details can be found in Balanis (2005).

2.2.2 Interferometer response

We start with an analysis of the simplest case, i.e. two-element interferometers.

A schematic diagram is shown in Figure 2.4. The plane waves emitted by a source
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Figure 2.3: A short dipole made up of two wires of length [/2 (total length
[ < one wavelength \). When the dipole is driven by an oscillating current
source, it can create a radiation field in the surrounding space described by the
coordinate system (r, 6, ¢).

at infinity are sampled by two antennas with a separation vector B. There is a
path delay between the arrival times of the plane waves at the two antennas,
B- 5, where § is a unit vector in the source direction. Given the wave number
of the plane waves k = 27/\, that path delay can be converted to a phase delay
of kB - 3. If we combine the signals from the two antennas by multiplying them

electronically, it can be shown that the response of the interferometer is

R:/}www@”ua (2.3)

where do represent a small part of the source, and I(¢) is the emission intensity

(i.e. the sky emission pattern) of the small part. If we move the term eikBs

independent of the source out of the integral, the response can be written as

R:a@{/uaa@ﬁw. (2.4
Therefore, the amplitude of the response is simply given by the Fourier transform
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Figure 2.4: Basic diagram of an interferometer with a baseline B observing a
source in the direction 5 The vector b is the baseline vector projected on the
sky plane, and B -3is the path delay between the two waves arriving at the two
antennas. This figure is adapted from Jackson (2008).
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of the source intensity distribution. It is noteworthy that the phase in the term
eikB-5 depends on the relative direction between the baseline vector and the source,
which is known to vary sinusoidally with the Earth rotation, so this phase rotation
can be removed by the insertion of electronic delays (i.e. adding a time lag to one
antenna to artificially change B- 5). The source information is all contained in the

Fourier transform response, which is a complex quantity (also called visibility).

The response of the interferometer given by Eq. 2.5 can be further decomposed
using Cartesian coordinates. & is a vector on the sky plane, and can be easily
decomposed into & = zi + yj, where 7 and j are unit vectors in the east-west
and north-south directions, respectively. If we decompose B using the same
coordinates into B = ui + v (note that the component perpendicular to the sky
plane makes no contribution to B - 7), the response after phase compensation

becomes

R(u,v) ://I(m,y)eQﬂi(“x”L“y)dxdy, (2.5)

where u and v are in units of wavelength. The physical interpretation of uw
is quite straightforward: imagine we are on the source looking at the baseline,
it would appear as a line drawn on the Earth that can be decomposed into two
components, one is parallel to the equator (i.e. u) and the other towards the north
pole (i.e. v). The above equation means that the interferometer response (or
measured “visibilities”) is simply a 2D Fourier transform of the source intensity
distribution. An example of this transform is shown in Figure 2.5, where the top
panel shows a model image of a supernova remnant, and the bottom panel shows

the interferometer response in the uv plane.

As the Earth rotates, the v and v components change, tracing out an ellipse
in uv space in one Earth rotation. This change provides useful information on the
sky, enabling us to work backwards to recover the source structure if the source
remains constant over the duration of the observation (for details see Jackson

2008). The ellipse of the wv track is characterised by a semi-major and semi-
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Figure 2.5: Model image of a supernova remnant (top) and the real part of the 2D
Fourier transform of the model image in the wv plane (bottom). The u and v axes
are in units of wavelengths. This figure was created using the Friendly Virtual
Radio Interferometer tool (see https://github.com/crpurcell/friendlyVRI).
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minor axis of —cosé and L Y cosdsin D in the u and v directions respectively,
where L is the baseline length, and § and D are the declinations of the baseline
and the source, respectively. While an interferometer does not fully sample the
uv plane, resulting in the inferred images being incomplete, the rotation of the

Earth can help to fill in the uv plane by effectively rotating the array.

The best uv coverage for an interferometer is a full elliptical track. Note that
since the response function evaluated at position (u,v) is conjugate to the one at
(—u,—v), a single measurement covers two values in the wv plane (e.g. Moldon
2012). Therefore, a full track only requires 12hr of continuous observation. In
the case of shorter observations, the more complete the coverage of the uv plane
is, the more information we will obtain for the source brightness distribution on
the sky. Note that the MWA does not require such an observing strategy due to
the large number of well placed tiles resulting in lots of baselines and therefore
good instantaneous uv coverage. The recovery of the true sky brightness using

the incomplete uv coverage is discussed in Section 2.2.4.

Now we move to more realistic interferometers consisting of more than two
antennas. Given more than one baseline is present, visibilities corresponding to
different tracks on the uv plane can be measured simultaneously. So interferome-
ters with more antennas (and thus baselines) are expected to fill the Fourier plane
more quickly. However, the 2D wv plane may be insufficient for describing the
large number of antennas unlikely to be located in the same plane, particularly
as the Earth rotates. In this case, a third dimension, w, parallel to the line of
sight is needed. The visibility in the (u, v, w) coordinate system can be written

as

27ri(ux+’uy+wz)dx dy (26)

Bl v, ) //m

Note that the above integral is not a 3D Fourier transform as the variable z
implicitly depends on z and y (Condon & Ransom, 2016). However, it may

be approximated as a 2D Fourier transform if the field of view of instruments is
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sufficiently small (w ~ 0 and /1 — 22 — y? ~ 1). For a large field of view, several
methods have been developed to account for the w term, such as W-Projection
(Cornwell et al., 2005, 2008) and W-Stacking (Offringa et al., 2014). More details

can be found in, e.g. Thompson et al. 2017 and Condon & Ransom 2016.

2.2.3 Calibration

The calibration consists of phase calibration and amplitude calibration. Note that
we assume all antenna locations are fixed and known so that the true visibilities of
a source can be mathematically calculated and compared to measured visibilities
to derive a calibration solution. The amplitude calibration is to derive the scaling
factors that make all the visibility amplitudes consistent with known source mod-
els, the same as the calibration of a single-dish instrument (see Section 2.1). Note
that the scaling factors can be antenna dependent. The bright source observed
for amplitude calibration can also be used for phase calibration, by which we
recover source positions. Possible causes of phase errors include atmospheric ef-
fects, instrumental errors such as pointing and tracking errors, and random noise.
Ideally, the phase calibrator should be a point source at the observing frequency,
which means we known its phase should be zero. We first calibrate the phases of
the observation of the calibrator, and then transfer the phase corrections to the
target source. Note that in this process, the phases of the calibrator are set to
zero, so the reference direction of the calibrator is different from its real direction.
In order to diminish the difference in atmosphere conditions between the target
source and the calibrator so the phase solution can be transferred, we should
choose a calibrator near the target for calibration (e.g. Pradel et al. 2006). Note

that this is more critical for GHz frequency interferometers than for the MWA.

2.2.4 Imaging and deconvolution

The recovery of the sky brightness distribution I(x,y) from the interferometer

response function is called deconvolution. Ideally, we would like a fully filled
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Figure 2.6: Example uv coverage of a 30 min MWA observation at a frequency of
185 MHz. This figure was created using the Friendly Virtual Radio Interferometer
tool.

uv plane that can fully sample the intensity distribution of the target source.
However, this is not practical because an interferometer is constructed of separate
antennas forming fixed baselines’. We can only have discrete samples of the uv
plane. For an array composed of N antennas, the number of uv samples is equal
to the number of baselines, i.e. N, = %N (N —1). The lack of information from
unsampled baselines means there are uncertainties in the deconvolved images due
to the missing parts of the uv plane. An example of the uv coverage of a 30 min

MWA observation is shown in Figure 2.6.

The “dirty image” resulting from the imperfect sampling of the uv space is

given by

Ip(z,y) = //I(U,U)S(u, )2 ) duydy, (2.7)

where S(u,v) is the sampling function, set to 1 in the parts of the uv space

1The MWA has effectively two levels of interferometry, i.e. 4 x 4 dipoles form a tile and 128
tiles form the array (see Figure 2.8).
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Figure 2.7: Visibilities of a 30 min MWA observation of the supernova remnant
shown in Figure 2.5 in the uv plane (top) and the inverted image (bottom). The
uv coverage here is incomplete with long baselines for uv 2 2k\ (responsible for

we are losing fine structures in the inverted image when we compare it to the

original image in Figure 2.5. This figure was created using the Friendly Virtual
Radio Interferometer tool.
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that have been sampled and 0 in the other parts. Note that this equation can
be considered an inverse Fourier transform of Eq. 2.5 (except for the insertion
of the sampling function). Based on the convolution theorem (i.e. the Fourier
transform of the multiplication of two functions is equal to the convolution of

their respective Fourier transforms), the dirty image can be expressed as

]D<x7y) :I(ZL‘,y)*B(l‘,y), (28)

where

B(z,y) ://S(u,v)e%i(“””y)dudv, (2.9)

is the “dirty beam” (the Fourier transform of the sampling function). Therefore,
deconvolution (including cleaning) is basically a process of making additional
assumptions (e.g. the sky is mostly blank with occasional real sources that can
be modelled by delta functions) to recover the image I(x,y). An example of
this deconvolution process is shown in Figure 2.7, where the top panel shows the
visibilities of a 30 min MWA observation of the supernova remnant in Figure 2.5,
and the bottom panel shows the deconvolved image. As the uv coverage of the
MWA observation is incomplete (but far better than most other instruments; see
Figure 2.6), we can see some details missing in the deconvolved image (compared

to the original image in Figure 2.5).

It is worth mentioning that there are three different weighting schemes in the
imaging process that combines visibility data from all baselines: uniform weight-
ing, natural weighting and robust weighting (also known as Briggs’ weighting;
Briggs 1995). While the uniform weighting applies the same weight on every
scale, resulting in a high resolution but non-optimal system noise, the natural
weighting allows the scales with more baselines to dominate the image and pro-
vides the best nominal sensitivity. This can reveal more large scale features due

to the large number of short baselines in the array, but is likely to introduce more
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Figure 2.8: Example of MWA tiles and analog beamformers. This figure is
adapted from Tingay et al. (2013).

sidelobes to the image. The robust weighting is a trade-off between the above
two weighting schemes, and could provide a compromise between resolution and
sensitivity (Briggs, 1995). For point sources (e.g. the prompt radio transients
investigated in this thesis), a uniform-like robust weighting is commonly used

(see Chapter 3).

2.3 Data collection

The radio observations processed and analysed in this PhD project were all
recorded by the MWA. In this section, I introduce the data collection process
for both voltage data and correlated data.

2.3.1 Voltage data

The antennas of the MWA record celestial signals as electric signals. When an
electromagnetic wave arrives at the MWA antennas, it will induce electric signals
in the antennas. The signals from a set of 4 x 4 antennas (forming a “tile”) are

fed to an analog beamformer attached to the tile (see Figure 2.8). Different tiles
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have different signals due to their different locations and orientations. We call the
power produced in each tile the raw voltage data. It records the first information

about celestial signals.

The voltage data are 4-bit 4+ 4-bit raw complex voltages from every antenna,
polarisation, and 100 us and 10 kHz sample. These data were inaccessible in the
initial digital system design of the MWA, but enabled by the Voltage Capture
System (VCS) after 2015 (Tremblay et al., 2015). During the data acquisition, the
VCS passes the voltage data to a group of 16 servers made up of Redundant Arrays
of Independent Disks (RAIDs; amounting to 46 TB of storage in total). Given
that the voltage data rate is high (~28 TB/hr), these data can be continuously
written out to the RAIDS for ~ 100 min at most before reaching the storage
limit. These temporarily stored data will eventually be transferred to the MWA
data archive hosted by the Pawsey supercomputer center for long-term storage.
This could take a significant amount of time because higher priority is given
to archiving correlated visibilities (see below). More details can be found in

Tremblay et al. (2015).

2.3.2 Correlated data

The raw voltage data can also be transferred to hardware correlators for signal
correlation. At the correlation center (Ord et al., 2015); the voltage data from
each pair of the 128 MWA tiles are correlated to form baselines with different
lengths (for the correlation process see Eq. 2.3-2.6). The final product of correla-
tion is visibility data, which are then transmitted back from the telescope site to
the data center. Note that the correlated data are averaged to a lower time res-
olution of 0.5s to facilitate storage. The biggest difference between voltage data
and correlated data is time resolution. As the voltage data have a much higher
time resolution, they are more suitable for prompt radio transient searches (see

Chapters 4 and 5).
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2.4 Imaging

The MWA-correlated data can be used for imaging. The standard procedure
consists of flagging, calibration, cleaning and imaging. In this section, I describe
each of these processing steps.

Before data reduction, I briefly introduce data downloading. The command
line client MANTA-RAY-CLIENT” is used to download data from the MWA All-Sky
Virtual Observatory’ (ASVO) server. There are some options in the tool that
allow us to change the time and frequency resolution of the downloaded data,
apply COTTER (Offringa et al., 2015) for detecting and flagging RFI, and
convert the observation to Common Astronomy Software Application (CASA;
McMullin et al. 2007) measurement sets. The downloaded data are all stored at
Pawsey Supercomputing Center, and most of the processing I am going to discuss
in the following are built as high performance computing workflows.

The first step in data reduction is identifying any corrupted data for flagging
and discarding. There are several causes for data corruption, such as radio-
frequency interference (RFI), broken hardware or software, and scheduling errors.
As the bad data would introduce artefacts to the visibilities, we need to flag and
remove them. There are various methods for data flagging, either in the hardware
(Kocz et al., 2010; Barnbaum & Bradley, 1998; Briggs et al., 2000; Fridman &
Baan, 2001; Hellbourg et al., 2014) or software (Golap et al., 2005; Athreya, 2009;
Pen et al., 2009; Offringa et al., 2012; Sekhar & Athreya, 2018) domain. In this
PhD project, I used the software AOFLAGGER" (Offringa et al., 2012) to flag the
MWA data for its effective RFI rejection and fast performance.

The calibration is a process of determining the antenna dependent complex
gains. There are two calibration methods: in-field calibration (mainly used in
this thesis) and a standard calibrator. The in-field calibration uses the GaLactic

and Extragalactic All-sky MWA (GLEAM) survey (Hurley-Walker et al., 2017,

2https://github.com/mwatelescope/manta-ray-client.git
3https://asvo.mwatelescope.org/
4https://sourceforge.net/projects/aoflagger/
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2019) as a source model within the field of view, and avoids the bulk refractive off-
set resulting from transferring solutions from dedicated calibration observations.
However, for the target field with bright sources such as Pictor A or Centaurus
A within the primary beams, the in-field calibration was not possible as these
sources were not included in the GLEAM catalogue. Instead, we derived the cali-
bration solution from a nearby calibrator that had been observed within 12 hours
of the MWA observation. Note that in 2020 the GLEAM sky model was updated
to include the bright calibrator (A team) sources and the GLEAM Galactic plane
catalogue so now it can be applied to more MWA observations, especially those
near the Galactic plane with bright sources in the field.

The in-field calibration is performed as follows:

1. Create a catalogue that contains all GLEAM sources in the field of view
of the MWA observation using the script CROP_CATALOGUE.PY. Usually
we selected those sources from the GLEAM catalogue with a flux density
above 1Jy and within a radius of 30° of the MWA pointing center. If there
are too few sources (e.g. < 10), we can increase the radius until enough

sources are included.

2. Create a sky model for all the selected sources using the script VO2MODEL.PY.
For each source, there are four important parameters we need for calibrating
the antenna response, i.e. the coordinates (RA and Dec), the flux density at
200 MHz (the reference frequency in the GLEAM survey), and the spectral
index. These parameters constitute the sky model for the in-field calibra-

tion.

3. Calibrate the visibilities using the local sky model. This is to find the best
solution of the amplitude and phase corrections needed to apply to each
antenna that minimise the difference between the corrected data and the
model. After the fitting, we can inspect the solution for each antenna, and

flag the antennas with abnormal solutions such as divergent phase solutions
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over the processed bandwidth. If all solutions look consistent, i.e. varying
continuously with frequency without any abrupt jumps, we can apply the

solution to the downloaded data.

The standard calibration method is similar to the process described above, with
the only difference being the number of calibrators incorporated in the sky model.
With only one calibrator, the standard method usually generates inferior solutions
to the in-field calibration, which can be attributed to variations of conditions (e.g.
ionosphere) with time and sky location, or a poor model of the calibrator source.

During both in-field and standard calibration, we have assumed the antenna
based gains are constant with time. However, that may not be the case. In
practice, the phases on the target can vary with time, which may be caused by an
unstable ionosphere or an inadequate model of the source structure. In that case,
self-calibration is introduced to mitigate these fluctuations as it can be performed
on a shorter timescale than that of the variations (Cornwell, 1995; Walker, 1995;
Cornwell & Fomalont, 1999). A prerequisite step for self-calibration is in-field or
standard calibration. We need to make a first image of the target field, which
is used as an input to the self-calibration. The self-calibration makes use of the
point sources in the image as a new sky model to re-calibrate the visibilities. This
whole process can be repeated a few times until we see little further improvement
in the image quality. The main purpose of the self-calibration is to make the most
reliable image by improving the calibration using a better source model that is
appropriate for the time and direction of the target observations.

After obtaining a good calibration solution, we can continue to make images
with the calibrated visibility data. In this PhD project, I used the WSCLEAN algo-
rithm (Offringa et al.; 2014; Offringa & Smirnov, 2017) to image and deconvolve
the MWA visibility data. There are lots of parameters in the WSCLEAN command
line program, including the image size and resolution, image weighting, number

of iterations, and noise threshold” (for the choice of these parameters see Chap-

SMore details can be found on https://wsclean.readthedocs.io/en/latest/
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ter 3). After the cleaning, WSCLEAN outputs XX and YY polarisation images,
which can be converted into primary beam corrected total intensity (i.e. Stokes
I) images using the fully embedded element MWA beam model (Sokolowski et al.,
2017).

2.4.1 lIonospheric distortion correction

When observing celestial radio sources with low frequency telescopes like MWA |
a common issue is ionospheric distortions to the incident radio waves, resulting in
shifts of the measured positions of the radio sources from their real positions. The
total electron content (TEC) in the atmosphere along the line of sight induces
a constant phase shift to all interferometric antennas, and thus does not affect
the source positions. It is the gradient of the electron density in the direction
perpendicular to the line of sight A, TEC that contributes an angular shift to
the source positions, which is given by

Af = _8_71r2 77:;;6 % A TEC, (2.10)
where e and m, are the electron charge and mass, 7y is the vacuum permittivity,
and v is the radio frequency (Thompson, 2017a). For MWA the offsets in source
positions due to ionospheric effects are usually ~ arcmin (e.g. Hurley-Walker
et al. 2017; Hurley-Walker & Hancock 2018).  An example of the ionosphere
induced variations is shown in Figure 2.9.

We used the algorithm FITS_WARP® (Hurley-Walker & Hancock, 2018) to cor-
rect for the shifts in source positions in the MWA images. There are two tasks
performed by FITS_.WARP: cross-matching the sources found in the MWA im-
age with a reference catalogue, i.e. the GLEAM catalogue (Hurley-Walker et al.,
2017, 2019), and warping the image. The second task involves calculating the off-
sets from the reference position in the GLEAM catalogue for all matched sources,

fitting a smooth function to the offsets and applying the fitted model to the entire

Shttps://github.com/nhurleywalker/fits_warp
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Figure 2.9: Example of source position offsets induced by ionospheric effects. The
vectors indicate the direction and magnitude of the offsets of the sources from
their reference positions. Note that the vector lengths are in units of pixels rather
than degrees. This figure is adapted from Hurley-Walker & Hancock (2018).
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image. This algorithm has been fully tested on MWA data, demonstrating an
improvement in the mean offset of sources positions by a factor of 3 after applying

FITS_WARP (Hurley-Walker & Hancock, 2018).

2.4.2 Flux calibration

In the MWA images calibrated by the in-field calibration or a standard calibrator,
the flux scales can deviate from the input amplitude calibration model by < 50%
(Duchesne et al., 2020). The reasons could be an inaccurate calibrator model,
residual primary beam model errors, or the existence of bright sources other than
the calibrator being dominant in the field (for details see Duchesne et al. 2020).

We used the FLUX_WARP software package’ (Duchesne et al., 2020) to correct
for the absolute flux density deviations in the MWA images. Similar to what
FITS_WARP did, FLUX_WARP used the GLEAM catalogue as a reference catalogue,
and cross-matched it with the sources found in the MWA images to determine
the absolute flux density deviations. Then FLUX_WARP fits a smooth function
to the deviations and applies the corrections to the MWA images. The fitting
functions available in the software include a mean or median of the flux offset,
or a linear function of the elevation or declination of the image (Duchesne et al.,

2020). For simplicity, we adopted the mean offset for flux correction.

2.5 Image data processing

For my data processing I 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 details about the pipeline see
Anderson et al. 2021b). The final data products are images on timescales of
2m, 30s, and 5s for the full bandwidth of 30.72 MHz. The MWA-fast-image-

transients pipeline can also produce sub-band images for every 0.5s time step,

"https://gitlab.com/Sunmish/flux_warp
8https://github.com/PaulHancock/MWA-fast-image-transients
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Figure 2.10: A schematic diagram showing the MWA data reduction work-flow.
Red boxes represent a script or process, and yellow boxes represent input, inter-
mediate or final data products.

where the bandwidth is split into its constituent 1.28 MHz coarse channels. While
there is no universal data processing pipeline for the MWA | I put together specific
tools such as FITS_-WARP, FLUX_WARP and ROBBIE (a work-flow for detecting
transients and variables in the image domain; Hancock et al. 2019b) for my

transient reduction case. Here I describe my own custom workflows used to

process the MWA data.

Figure 2.10 shows the MWA data reduction work-flow. First we downloaded
the measurement sets from the ASVO server. We selected our calibration method

(infield or external calibrator) depending on the location of the GRB relative to
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bright sources in the sky and the Galactic plane (see Section 2.4). The WSCLEAN
algorithm (Offringa et al., 2014; Offringa & Smirnov, 2017) was used to image
and deconvolve the 2min observations of each GRB. Next we made images on
30s and 5s timescales, which accommodate the expected dispersive broadening
of a prompt radio signal across the MWA observing bandwidth for a redshift of
z ~ 0.1 (DM~ 120 pcecm™?; see Section 1.2.3.1) and z ~ 0.7 (DM~ 840 pccm ™),
the lowest and average 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 imaged and cleaned 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 6s of data, see Anderson et al. 2021b), and created the 5s

images without cleaning due to their high noise levels.

To allow for a de-dispersion search for prompt signals (see Chapter 3), we
created sub-band images by splitting the 2min observation into 0.5s intervals
and the 30.72 MHz bandwidth into 24 1.28 MHz channels, which is the native
coarse channel resolution of the MWA correlator (for the MWA system design
see Tingay et al. 2013). We also created 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 ab-
solute flux density calibration were corrected using FITS_-WARP (Hurley-Walker
& Hancock, 2018) and FLUX_WARP (Duchesne et al.; 2020), which apply correc-
tions to the MWA images via comparisons to the GLEAM catalogue. Ionospheric
corrections using FITS_WARP were applied to each individual 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 generated a solution from each
0.5s/30.72MHz 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 iono-

spheric position offsets (o< 1/1%). At our central observing frequency of 185 MHz,
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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 difference would be smaller
than the MWA synthesized beam size (see Section 1.3) and thus negligible. How-
ever, the flux density calibration was computed by running FLUX_WARP on the
ionospherically corrected high signal-to-noise 2min images, with the resulting
solutions then being transferred to the 30s, 5s and 0.5s images.

We did not correct the source positions and flux scales for the observations
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 of ~ arcmin, to be much smaller than the ~ 10 arcmin res-
olution 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 compact configuration observations of GRBs as all snap-
shots were calibrated using a single solution derived from an external calibrator.
Note that the flux scale in these images may be incorrect (see Section 2.4.2), but

that should not affect our transient and variable search (see below).

2.5.1 Transient and variable search

We adopted the ROBBIE’ (Hancock et al., 2019b) work-flow, which was further
updated in Anderson et al. (2021b) to process the MWA images and search for
variable and transient events. For each MWA dataset, ROBBIE first creates a
mean image, which is then used to extract a persistent source catalogue and cor-
responding light curves. Comparisons between the mean and individual images,
and a statistical analysis of the catalogue, are then used to identify variable and
transient candidates. We can also add a monitoring position into the catalogue
of persistent sources, which forces ROBBIE to perform prioritized fitting and ex-

tract a light curve at the position to search for associated radio emission (Hancock

9https://github.com/PaulHancock/Robbie
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et al., 2018). Note that the monitoring position could be of a known transient

(e.g. a well localised GRB; see Chapter 3).

We characterised the variability of all light curves output by ROBBIE through
the derivation of three parameters: the modulation index (m); the de-biased mod-
ulation index (my), which takes into account the errors on the flux densities; and
the probability of being a non-variable source (p_val). The first two parameters

are calculated as (Hancock et al., 2019b):

, (2.11)

v : (2.12)

where S; and o; are the flux density and uncertainty measured from the image
at epoch i, N is the total number of epochs, i and o are the mean and stan-
dard deviation of the measured flux densities. p_val is calculated differently from

described in Hancock et al. (2019b). First we normalise the light curve to

gz, =Dk (2.13)

g;

which has a zero mean and unit variance. Then we can compute p_val by per-
forming a Kolmogorov-Smirnov test of the normalised light curve {Z;} against a
normal distribution. In this way, we account for the effect of varying uncertainties
caused by the telescope changing its pointing centre throughout the observation,
which changes the local noise for a given sky position (more details can be found
in Anderson et al. 2021b). For variable candidates, we followed the threshold
set in Hancock et al. (2019h), i.e. p_val < 1073 and mg > 0.05, to distinguish

variables from non-variables.
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2.6 Beamforming

For the VCS data processing we used the VCS data processing pipeline, which
was initially developed for pulsar searches (e.g. Bhat et al. 2016, McSweeney
et al. 2017, Meyers et al. 2017 and Ord et al. 2019). This pipeline automates
the reduction of MWA VCS data of targeted sources, including downloading,
calibration and beamforming at the target positions. The final data product
is a time series of Stokes parameters packed into the PSRFITS format (Hotan
et al., 2004), which can be further analyzed by the PRESTO software package'’
(Ransom, 2001). Here I present specific details regarding calibrating the VCS
data and beamforming at the positions of the target sources.

First is calibration. For each MWA observation, we need to determine the
direction independent complex gains, including amplitudes and phases, for each
constituent tile (4 x 4 dipole array) through the calibration process (for details
see Ord et al. 2019). We selected a bright source that had been observed in the
standard correlator mode within 12 hours of the VCS observation as the calibrator
source. The Real Time System (RTS; Mitchell et al. 2008) was used to generate a
calibration solution for the amplitude and phase for each of the 24 x1.28 MHz sub-
bands and each tile from visibilities. We inspected these solutions and discarded
tiles showing poor calibration solutions. We also excised the edge channels (0-7
and 120-127) of each of the 24 sub-bands to alleviate the aliasing effects resulting
from the channelisation process. We applied this calibration process to each MWA
observation before coherently summing the power from the constituent tiles.

Next is beamforming. In order to maximize our sensitivity to any millisecond-
duration signals coming from certain directions, we coherently summed the volt-
ages from individual MWA tiles to form a tied-array beam in the signal directions
(i.e., coherent beamforming; Swainston et al. 2022). This can be viewed as the
interferometer response to a single direction rather than the whole sky (see Sec-

tion 2.2.2). Relative to incoherent beamforming (which simply sums up the power

Onttps://github.com/scottransom/presto
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from each tile to preserve a large field of view), this can potentially gain more
than an order of magnitude in sensitivity for each phase centered beam (Bhat
et al, 2016). The performance of coherent beamforming is affected by a few
factors, such as the quality of the calibration solution (for the possible causes of

poor solutions see Section 2.4) and the pointing direction of the telescope.

Here I briefly summarise the beamforming process (for more details see Swain-
ston et al. 2022). The essential step is converting cable and geometric delays to
the pointing center into phase shifts for each tile. With the knowledge of the de-
lay model and the complex gain information from the calibration solution derived
in the calibration process, we can obtain the tile based gain solution to equalise
the tile gains and phase all tiles to the same direction. Note that this is different
from what the correlator does given that I do not need to choose sweet spots for

the observing direction center.

2.7 Time series data processing

Using the VCS tied-array beamformer, we produced time series data with a tem-
poral and frequency resolution of 100 us and 10kHz for the MWA VCS obser-
vations. As the prompt, coherent radio emission we are searching for will be
dispersed in time by the medium it propagates through, it was necessary to
perform a de-dispersion search to increase our sensitivity to any short-duration
(~ms) signals.

There are quite a few publicly accessible software packages that are designed
for dispersed pulse searches, i.e. reading in instrument data and outputting sin-
gle pulse candidates. Some examples of popular pipelines include HEIMDALL"
primarily used for FRB searches with Parkes and UTMOST (Champion et al.,

2016; Caleb et al., 2017), PRESTO' used at Arecibo and Green Bank (Ran-

Nhttps://sourceforge.net/projects/heimdall-astro/
2nttps://github.com/scottransom/presto
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som, 2001), FREDDA used at ASKAP (Bannister et al., 2017), AMBER" used
at the Westerbork Telescope (Sclocco et al., 2016; Mikhailov & Sclocco, 2018),
BURST_SEARCH' for the GBT telescope, and BONSAI for CHIME (CHIME/FRB
Collaboration et al., 2018). Different software packages implement different algo-
rithms, and they have been optimised for specific survey configurations. There-
fore, they are differently sensitive to single pulse signals, and the sensitivity could
change in different regions of the parameter space ([<eane & Petroff, 2015). So far
there has been no universal standard to compare these codes and their efficiency
in single pulse searches. More details can be found in Petroff et al. (2019).

We chose the PRESTO software package for the dispersed pulse search because
it has been thoroughly tested in pulsar searches using the MWA VCS observations
(Bhat et al., 2016; McSweeney et al., 2017; Meyers et al., 2017, 2018; Ord et al.,
2019; Xue et al., 2019). PRESTO uses sub-band dedispersion techniques, which
performs tree dedispersion over the subbands within the full bandwidth (Ransom,
2011; Spitler et al., 2014). As an incoherent dedispersion method, it is not as
accurate as the coherent dedispersion method in recovering the intrinsic pulse
shape, but computationally simpler and faster (Zackay & Ofek, 2017).

First we dedispersed the time series using the PREPDATA routine in PRESTO.
Compared to other radio telescopes traditionally used for high-time resolution
analysis, the MWA is generally less affected by RFI (Offringa et al., 2015). There-
fore, we did not perform any RFIT excision that is often used at higher observing
frequencies (see procedures outlined in Swainston et al. 2021). Nonetheless, any
spurious events caused by RFI can be identified from the final candidates by vi-
sual inspection. We determined the DM search range of each observation based
on the potential DMs of the target source. Then we found out the optimal DM
trials using the DDPLAN.PY algorithm in PRESTO using the parameters passed:
central frequency, bandwidth, number of channels, and sampling time. As the

dispersive channel smearing increases with the DM value, the data could be down

Bhttps://github.com/TRASAL/AMBER
Mnttps://github. com/kiyo-masui/burst_search
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sampled to match the smearing time. The DM step size was increased when the
DM smearing would cause a loss in sensitivity equal to a DM error the size of
half a DM step.

We searched for single pulses from each of the de-dispersed time series us-
ing PRESTO’s matched-filtering based SINGLE_PULSE_SEARCH.PY routine, which
convolves the time series with boxcars of different widths. Single pulse events
detected with an S/N above six were classified as candidates (e.g. Chawla et al.
2020, Meyers et al. 2018, Bannister et al. 2012). We adopted the definition of o,
i.e. the noise level, as output by PRESTO for our S/N value (e.g. Zhang et al.
2020). Note that the statistics of this S/N may be complicated by a few facts,
mainly that the matching algorithm is difficult to model statistically and the
search over different DM trials and pulse widths is not necessarily independent

(e.g. Bannister et al. 2012).
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Chapter 3

Early-time searches for coherent

radio emission from short GRBs

with MWA

This chapter is a reproduction of J. Tian, G. E. Anderson, P. J. Hancock, J.
C. A. Miller-Jones, M. Sokolowski, A. Rowlinson, A. Williams, J. Morgan, N.
Hurley-Walker, D. L. Kaplan, Tara Murphy, S. J. Tingay, M. Johnston-Hollitt,
K. W. Bannister, M. E. Bell, B. W. Meyers (2022), “Early-time Searches for
Coherent Radio Emission from Short GRBs with the Murchison Widefield Array”,
Publications of the Astronomical Society of Australia, Volume 39, article id. e003,
DOI: https://doi.org/10.1017/pasa.2021.58. I have adapted the chapter to
make it better fit into this thesis, avoiding repetition of the materials already
included in Chapters 1 and 2 and keeping all references consistent within this

thesis.

3.1 Introduction

As discussed in Section 1.1.4.3, there are several models that predict that short

GRBs may produce coherent low-frequency radio emission. However, these signals
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remain undetected even though there have been many searches for prompt radio
emission associated with GRBs (see Section 1.1.5). The MWA, equipped with
a rapid-response mode, combined with its wide field-of-view and high sensitivity
(see Section 1.3), is an ideal instrument for searching for the model predicted
emission via triggered observations of GRBs. In this chapter, 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 MWA rapid-
response observing mode. The MWA began observing these events within 30 to
60s of their high-energy detection, enabling us to capture any dispersion delayed
signals emitted by short GRBs for a typical range of redshifts. Using MWA ob-
servations, we conducted transient searches at the GRB positions on different
timescales that can accommodate the expected dispersive smearing of a prompt
radio signal over the MWA observing bandwidth for typical short GRB redshifts.
We also searched for dispersed signals at a temporal and spectral resolution of
0.5s and 1.28 MHz using the image dedispersion technique, which could improve
our sensitivity to any prompt radio signals. Then the fluence and persistent emis-
sion upper limits derived from the MWA observations of the nine short GRBs
were compared to the short GRB coherent emission models, allowing us to place
constraints on key parameters of the models, including the radio emission effi-
ciency of the nearly merged neutron stars, the fraction of magnetic energy in the
GRB jet, and the radio emission efficiency of the magnetar remnant (assuming
the formation of magnetar remnants by these GRBs). Finally, we discussed how
this GRB triggering experiment can be further improved using the MWA VCS
mode (to be demonstrated in Chapter 41).

In Section 3.2, we describe the sample of short GRBs analysed in this chap-
ter. We describe the processing pipeline in Section 3.3, followed by data analysis
methods we used to search for prompt radio emission on 2min, 30s, and 5s
timescales in Section 3.4. We also describe our search for dispersed prompt emis-

sion using image de-dispersion techniques with an image temporal and spectral
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resolution of 0.5s and 1.28 MHz in Section 3.4. Our results are then presented
in Section 3.5. 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 3.6. 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 chapter. In Section 3.7, 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.

3.2 GRB sample

As discussed above, in order to search for GRB associated coherent radio emission
we have been using the MWA to perform triggered observations of GRBs detected
by Swift and/or Fermi since 2015 (see Section 1.3). There were 22 short GRBs
detected by Swift and/or Fermi during the period from April 2017 to September
2020 that triggered MWA rapid-response observations. After inspecting their im-
ages individually, we selected nine GRBs with good image quality to be included
in this chapter as listed in Table 3.1 (for their image quality see Figure A.l and
A.2 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 1.4sr field of view of Swift-BAT (Gehrels et al., 2004). Among the
GRBs not chosen for analysis, six were contaminated by the Sun (these observa-
tions were taken before we implemented the Sun suppression algorithm; Hancock
et al.; 2019a), 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., 2019a),

and GRB 180805A was published in a previous paper (Anderson et al.; 2021h).
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The MWA configuration in which each GRB was observed is listed in Table 3.1.

3.2.1 Swzft 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
advantage 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 detections/red-
shift determinations much more likely. The XRT also performs these observations
rapidly following the BAT trigger (109.8 s and 81.5s for GRB 190627A and GRB
191004A, respectively; Sonbas et al. 2019b, Cenko et al. 2019b), with the result-
ing X-ray light curves allowing us to constrain coherent radio emission models
(see Section 3.6.1).

GRB 190627A has a brief duration of 1.6s (Barthelmy et al.; 2019), placing
it in the short GRB category based on the usual criterion Tgy < 28 (Kouveliotou
et al.; 1993). Nonetheless, there are a few caveats about this identification. De-
spite the short duration of GRB 190627A, the relative softness of its spectrum
makes it intermediate between most short and long bursts detected 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 con-
strain its DM when searching for associated dispersed signals as described in
Section 3.4.3. 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), making it unusual in the population
of short GRBs (I<ann, 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
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calculated its hardness ratio (i.e., fluence in 50-100 keV over fluence in 25-50 keV)
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; Belezynski et al.; 2010) or the isotropic gamma-ray energy and spectral
peak (L 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 < 2
should it occur at z > 0.2, we treated GRB 191004A as if it were short. Note
that the first three 2 min 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 3.1.

3.2.2 Ferma 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 ob-
servation of GRB 190804A, the source coordinates were updated by Fermi by
more than 20deg, resulting in the first few MWA pointing centres being well
separated from the final GRB position, and subsequently discarded. Note that in
Table 3.1, the quoted start time is the earliest time that the MWA was actually
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 location (beyond 50% of the primary beam) by the Sun suppres-
sion algorithm (Hancock et al., 2019a). Among the seven Fermi GRBs, three
were further localised by the Interplanetary Network (IPN; Hurley et al. 2013),
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GRB Detector Trigger No. Start Time Time (sec) Config. RA Dec Uncertainty Tyg Localisation  Calibrators

(UT) post-burst (deg) (deg) (sec)  instrument

1708278 Fermi 525555489  19:38:38 34 I 30.39 -47.86  1.29° 0.18 IPN PicA
190420.98  Ferms 577495949  23:33:18 53 ITIE 319.29  -66.41  2.04° 1.47  Fermi-GBM IF
190627A Swift 911609 11:19:26 55 I1IE 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
190804 A Fermi 586574612  01:32:54 567 ITE 108.02 -64.86  12.02° 2 Fermi—-GBM IF
190903A Fermi 589223981  17:20:30 54 I1C 63.95 -59.485 0.46° 0.27 IPN PicA
191004 A Swift 927825 18:13:34 392 I1C 31.668  -36.933 1.77 244 Swift-XRT PicA
200325A Fermi: 606799116  03:19:26 54 ITE 31.72 -31.816 4’ 0.96  Swift-BAT IF
200327A Fermi 607035413  20:57:50 62 ITE 236.074 -4.217 13.7 0.64 IPN IF

Table 3.1: 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 3.2.1).

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
(T1C);

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 Toy < 2s; 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; i
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.
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one was later localised by Swift-BAT, whereas for the other four events, the only
position was provided by the Fermi—GBM. The positional 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.

3.3 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 details see Chapter 2). The
final data products are images on timescales of 2min, 30s, and 5s as well as
0.5s/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. 2021b for details). Here we present specific details regarding

the image calibration and cleaning of the nine short GRBs in our sample.

3.3.1 Calibration

We used two calibration methods (infield calibration or single calibrator) depend-
ing on the location of the GRB relative to bright sources in the field (for details
see Chapter 2). The calibration methods adopted for each of the nine GRBs
are listed in the last column of Table 3.1. 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.
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3.3.2 Imaging

The MWA-fast-image-transients pipeline, which incorporates the WSCLEAN al-
gorithm (Offringa et al., 2014; Offringa & Smirnov, 2017), was used to image
and deconvolve the 2 min observations of each GRB. We adopted a pixel scale of
32 arcsec for the observations taken in the MWA phase I configuration, 16 arcsec
for the phase II extended configuration, and 1.6 arcmin for the phase Il compact
configuration. The default image size was 4096 x 4096 pixels. For the Ferm:
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 reso-
lution compact configuration, we made smaller images of 1000 x 1000 pixels. See
Figure A.1 and A.2 in Appendix A for the first 2 min snapshots of the nine short
GRBs in our sample.

We also created full band images on 30s and 5s timescales (for accommo-
dating dispersed prompt radio signals) and 0.5s/1.28 MHz sub-band images (for
image dedispersion). Details on the imaging process and corrections of ionosphere

induced source position offsets and flux scales can be found in Chapter 2.

3.4 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.

3.4.1 Transient and variable search

We adopted the ROBBIE (Hancock et al.; 2019b) work-flow to process the MWA

images and search for variable and transient events within the positional error
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regions of each GRB (for more details on running ROBBIE see Chapter 2). We
devised two analysis methods depending on the GRB localisation accuracy. The
two Swift GRBs in our sample were localised by XRT, which resulted in smaller
position errors than the angular resolution of MWA (Wayth et al.; 2018). There-
fore, we can force 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. 2019b; also see Chapter 2 for details on prioritized fitting).

For the less well localised Fermi GRBs, we assumed that any associated vari-
able or transient candidates were located within the Fermi—-GBM lo error region
(Narayana Bhat et al.; 20106) 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 restricted our source search to
the inner part of the MWA primary beam, within 50% of the maximum sensitiv-
ity. 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 region 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 3.1 (for other
Fermi GRBs see Figures A.1 and A.2 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.

3.4.2 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.
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Figure 3.1: MWA image of the field of GRB 170827B. The image size is 30° x 30°,
and the integration time is 2min 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 3.4.3).
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For the Fermi GRBs, we inspected the ROBBIE transient and variable candi-
dates 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 ~ 10~ under the assumption of Gaussian
noise that is independent in both the space and time dimensions. 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 RO,
and there were ten 2min snapshots, resulting in a final trial number of ~ 2 x 106.
Therefore, we expected a false positive transient rate of 2 x 1072 at a 6o level
in the ROI for GRB 190420.98 for the full 20 min observation. See Table B.2
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.

In order to check the accuracy of the Gaussian noise assumption, we compared
the distribution of real noise in the MWA image of GRBs to the Gaussian dis-
tribution. Figure 3.2 shows an example of the noise distribution observed in the
ROI of the first 2min image of GRB 190420.98 (see Figure A.2 in Appendix A).
Note that we have subtracted the mean value from the noise and normalised the
noise using the RMS within the ROI. We observed a rate of 3 x 1073, 8 x 1074,
2 x 107* and 0 for events with a SNR above 3, 4, 5 and 6, respectively, against
the expected false positive rate of 1 x 1072, 3 x 107%, 3x 1077 and 1 x 10~ under
the Gaussian noise assumption. Furthermore, we subtracted a standard Gaussian
function from the observed noise distribution to demonstrate the actual variation
in probability density < 0.002, as shown in the bottom panel of Figure 3.2. The
above comparisons suggest the Gaussian distribution is a reasonable approxima-

tion of the real noise, and thus could be used to estimate noise induced false
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Figure 3.2: Distribution of the noise observed in the ROI of the first 2 min image
of GRB 190420.98 (top; see Figure A.2 in Appendix A) and difference between
the observed noise distribution and the ideal Gaussian function (bottom). The
dashed red line is a standard Gaussian curve, and shows how close the noise
distribution is to Gaussian noise (see Section 3.4.2).
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signals.

As a sanity check, we used another method to estimate 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 multiplying 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 13.2.

For variable candidates, we followed the threshold set in Hancock et al. (2019b),
i.e. pval < 1072 and my > 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 B.2.

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 ¢ flux density upper limits (6 times the average
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GRB Upper limit (Jy/beam)
30min 2min 30s 5s
170827B  0.41 094 21 21
190420.98 0.29 027 058 1.1
190627A  0.027  0.084 0.29 0.42
190712.02  0.33 0.86 2.1 4.6
190804A  0.21 0.58 21 4.1
190903A 2.9 11 15 20
191004A 1.1 2.0 1.9 1.9
200325A  0.19 039 081 1.7
200327A 0.2 071 14 3.2

Table 3.2: 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.

RMS within the ROI) for each of the Fermi GRBs on timescales of 2min, 30s,
and 5s, as shown in Table 3.2. As the light curves generated at the position of
the Swift GRBs on different timescales are consistent with the noise, we quote
30 flux density upper limits. We also include a 30 deep limit derived from the
30 min full observation for each GRB in Table 3.2, which can be used to constrain

persistent emission models (see Section 3.6.2.3).

3.4.3 Search for dispersed signals

Our observations are specifically targeting prompt, coherent radio signals pre-
dicted to be associated with short GRBs, which will be dispersed in time by the
intervening 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 observation. A technique has been developed to search for dispersed
signals in short timescale, sub-band radio images of a transient event, which gen-
erates a de-dispersed time series in units of SNR at a single sky position (for
details see Anderson et al. 2021b). The de-dispersion code has four main steps

for creating de-dispersed time series, which was run on all relevant sky positions
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within the ROI of each short GRB.

1. Create a dynamic spectrum at each relevant sky position using the 0.5s 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 3.1. The search areas of GRB 190712.02 and GRB 190804A were
prohibitively large (see Figure A.2 in Appendix A) so we did not perform
this analysis on these two Fermi GRBs.

2. Create a de-dispersed time series from each dynamic spectrum. For every
0.5s time step and 12 pc cm ™ 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. 2021b 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 running the de-dispersion code on 100 nearby posi-
tion 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 parent 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 GRBs, the noise was estimated in the same way but by

averaging the de-dispersed time series created at each independent pixel in

the ROL.

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 indepen-
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dent 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™3) was chosen
by equating the expected dispersion smearing across the full 30.72 MHz band-
width to the temporal resolution of 0.5s (see eq. 1in Anderson 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
intergalactic medium to the DM of a short GRB can be estimated from the red-
shift for the cosmological paradigm of a flat universe. We adopted the method
described by Macquart et al. (2020) to calculate DMjgy, taking into account
the redshift evolution of the fraction of cosmic baryons in diffuse ionized gas.
The redshift range corresponded to a range of 90 < DMjgy < 2400 pccm™
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 (DMyes ~ 30 pcem™3; Cordes & Lazio 2002). Assum-
ing a similarly small contribution from the Milky Way based on the YMW16
DM model (DMypw ~ 30pcem™; Yao et al. 2017), we adopted a DM range
of 150-2500 pccem ™2 for our search for dispersed signals associated with GRBs
without a known redshift.

The redshift of GRB 190627A corresponded to a DM;gy of ~ 1800 pccm ™
However, this value can vary depending on the number of galactic halos inter-
sected by the line of sight, corresponding to a possible DM range between 1400
and 2400 pccm ™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 DMypw ~ 50 pcem™ based
on the YMW16 electron-density model (Yao et al.; 2017). We therefore estimate
a DM of DMyus; + DMyw + DMiayn = 19007500 pcem™ for GRB 190627A.

In order to set a threshold for selecting dispersed signal candidates for further
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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 5o, 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 3.3 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 3.3, one can see that the high SNR events observed in
our dataset are consistent with noise. There are fewer detected events above 5o
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 Sec-
tion 3.4.1) and adopted a 7o upper limit for each Fermi: GRB given less than one
event above 7o is expected from Gaussian statistics (see Table 3.3). 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
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astrophysics (see Tables 3.3 and 3.4).

3.4.4 Dispersed signal simulations for well localised GRBs

As GRBs 190627A, 191004A, and GRB 200325A were well localised by Swift
(Fermi GRB 200325A was localised 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
allowing us to derive fluence limits as a function of DM (as done by Anderson
et al. 2021b). 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 pcecm™3. As the redshift is known for GRB 190627A, we simulated pulses

over a smaller DM range between 1500 and 2500 pccm™3.

By injecting 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 3.3.
The fluence limits quoted in Table 3.4 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 pres-

ence of bright sources in the field, the GRB location within the primary beam,

and the elevation of the observation.

3.4.5 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 sig-
nificantly 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 GRB, it would be hugely computationally
expensive. Instead we created a de-dispersed time series for each of the indepen-

dent positions in the ROI and derived a 7o fluence upper limit for each of the
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GRB  fluence limit (Jy ms)

190627A 80-100
191004A 1300-1600
200325A 600-1200

Table 3.4: 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 3.4.4).

Fermi GRBs using the noise calculated from these de-dispersed time series, cor-
responding to a false positive rate of ~ 107!2 under the assumption of Gaussian
noise (see Table 3.3). 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.

3.5 Results

3.5.1 Swift GRBs

The light curves derived at the position of the two Swift GRBs using priorized
fitting showed no evidence of variable or transient radio emission over any of
the timescales investigated (see Table B.1 in Section B for the corresponding
variability parameters described in Section 3.4.1) 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, 2min, 30s, and 5s in
Table 3.2.

We also performed a search for dispersed signals at the position of the two
Swift GRBs but none were detected above 5o (which is well below our detection
threshold of 7). In order to calculate the efficiency of our detection algorithm
to dispersed signals, we injected simulated pulses covering a fluence range of
30-140 Jyms and a DM range of 1500-2500 pc cm ™2 into the dedispersed time-
series of GRB 190627A (see Sections 3.4.3 and 3.4.4). The variation of detection
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Figure 3.3: Detection efficiency of dispersed signals as a function of fluence for
GRB 190627A, GRB 191004A and GRB 200325A calculated through signal in-
jection (see Section 3.4.4). The DM ranges of the simulated signals were based
on the known redshift of GRB 190627A (see Section 3.4.3) or in the case of GRB
191004A and GRB 200325A, the known redshift range of short GRBs.
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efficiency as a function of fluence for this GRB is shown in Figure 3.3(a), which
increases with increasing DM. For this DM range, we found a 90% detection ef-
ficiency for signals with a fluence of 80-100 Jy ms. Note that the 90% detection
efficiency is commonly used as a threshold 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 performed this simulation over a much broader DM range of
150-2500 pccm ™ (see Section 3.4.3). The detection efficiency of dispersed signals
in the GRB 191004 A dataset as a function of fluence for various DM values are
also shown in Figure 3.3(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 A.1 in Appendix A).
The much higher noise in the field of GRB 191004A is caused by the sidelobes
from a nearby bright source (Fornax A). We use the 90% detection efficiency as
the fluence limit in our analysis in Section 3.6 for both Swift GRBs, which are

also listed in Table 3.4.

3.5.2 Fermi: GRBs

We inspected the transient candidates detected on timescales of 2min, 30s, and
5s from the seven Fermi GRBs (see Table B.2). We used two different methods
to estimate the expected false positive detection rate (see Section 3.1.2). Given
that there was no transient candidate passing our inspection, we quote a 6 upper
limit on the flux density for the Fermi GRBs, as shown in Table 3.2.

We inspected the variable candidates detected from the seven Ferm: GRBs
(see Table B.2), and found the number of variables detected in each GRB ROI to
be consistent with the expected false positive event rate. Further inspection re-
vealed that all candidates showed similar light curve variations to nearby sources,
with larger flux density variations likely due to errors associated with ionospheric

positional corrections (GRB 190712.02 and GRB 190804A) or errors associated

110



with the flux density scale correction (GRB 190420.98). No variable candidates

passed our inspection.

We searched for dispersed signals from the Fermi GRBs (excluding GRB
190712.02 and GRB 190804A for the reason given in Section 3.4.3) following the
procedure described in Sections 3.4.3, 3.4.4 and 3.4.5. Fermi: GRB 200325A was
localised by Swift-BAT to within 4 arcmin (DelLaunay et al., 2020a) so we can
assume that the image noise did not change over this small region (see Figure A.1
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 5o
in the de-dispersed time series. Our detection efficiency of the simulated signals
as a function of fluence is shown in Figure 3.3(c¢), which yields a fluence upper
limit of 600-1200 Jy ms for the DM range of 150-2500 pccm™ (90% detection
efficiency, see Table 3.1). 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 A.2 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 algorithm for these four Ferm:
GRBs is given in Table 3.3, 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 compelling evidence of any dispersed signals.
The range in 7o 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 3.3.

In summary, no associated radio emission was observed for any of the nine
short GRBs. Table 3.2 shows the flux density upper limits derived from the
transient/variable analysis of the nine GRBs over different timescales, and Table
3.3 and 3.4 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
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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).

3.6 Constraints on emission models

We discuss the implications of our fluence and flux density upper-limits with
respect to three models that predict 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 magnetar so we assume that such a remnant was formed by each
of the short GRBs studied in this chapter. 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.

3.6.1 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 differ-
ent 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 product 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 Rowlin-
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son 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 (DelLaunay et al.,
2020b), insufficient for fitting the magnetar 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
1-10000 keV rest-frame luminosity light curves, as shown in Figure 4.1. Consid-
ering 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 Rowlinson & Anderson 2019). This bolometric luminosity and the du-
ration 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 My, a ra-
dius of 10 cm, and an efficiency factor of f = 3.45 (see eq. 6, 7 and section 2.2.2
in Rowlinson & Anderson 2019). Table 3.5 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
191004 A 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. Incorporating
other radiative losses such as gravitational wave emission (e.g. Sarin et al. 2020)

may further improve our fitting results.

We caution that there is significant uncertainty in the magnetar properties,
only a fraction of which has been included in the quoted uncertainties in Ta-
ble 3.5. Specifically, the unknown redshift z (for GRB 191004A) and efficiency
factor f could introduce substantial uncertainty to the fitted magnetar period P

and magnetic field B. Therefore, the model predicted coherent radio emission de-
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CRB P (ms) B (10" G)
190627A  1.353T0097 0.668700:2

191004A  6.167032  17.4%),

Table 3.5: 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 M, (as described in Section 3.6.1). P and B represent the spin period and
magnetic field with 1 o uncertainties.

pendent on the magnetar properties (i.e. the GRB jet-ISM interaction, persistent
pulsar emission and magnetar collapse; see Section 3.6.2) could be much fainter
than those presented for GRB 190627A and GRB 191004A in Section 3.6.3.1 and
3.6.3.2, which means our conclusions on model constraints could be relaxed in
certain circumstances, e.g. a high redshift of GRB 191004A of z > 0.7 or a large
efficiency factor f > 3.45.

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 Rowlinson & Anderson 2019), may be defined as
possessing a magnetic field of 2.471¢ x 10'® G and a spin period of 9.72%* 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).

3.6.2 Coherent emission models

Various models have predicted the production of coherent radio emission asso-
ciated with short GRBs (for a review see Rowlinson & Anderson 2019). The
emission predicted to be produced by the alignment of the merging NS magnetic
fields is independent of the magnetar remnant (see Section 3.6.2.1), while the

other models require us to derive magnetar parameters from X-ray data (see Sec-
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(a) GRB 190627A

(b) GRB 191004A

Figure 3.4: 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 3.6.1). We used the redshift z = 1.942 for GRB 190627A and
assumed a typical short GRB redshift of z = 0.7 for GRB 191004A.
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tions 3.6.2.2 and 3.6.2.3). Here we briefly review the four emission mechanisms

we have chosen to test.

3.6.2.1 Interactions of NS magnetic fields

The earliest coherent radio emission may come from the inspiral phase, where
interactions between the NS magnetospheres 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 emis-
sion 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

F,~2x10°(1+ 2) % & Jy, (3.1)
where 1g obs 18 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 Bjs = 1072 in units of 10" G, a mass of M; 4 = 1 in units
of 1.4Mg, and a radius of Rg = 1 in units of 10°cm (Rowlinson & Anderson,
2019). Note that the parameters Bys, M; 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, 20006).

3.6.2.2 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 mag-
netised shock front (Usov & Katz, 2000). As this emission is linked to the rela-

tivistic gamma-ray jet and only propagates through the pre-existing low density
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surrounding medium, it should be detectable within the first few minutes of a

GRB trigger. The radio fluence is given by

N 0.lep(B — 1)< v

Vmax

-8
o, ) @, ergem 2 Hz ™! (3.2)

Vmax
where €p is the fraction of magnetic energy in the relativistic jet, and § ~ 1.6
is the spectral index (Usov & Katz, 2000). The peak frequency of the coherent
radio emission (V. 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 erg cm=2.

3.6.2.3 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, 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, ~8x 10" v ;' e, D72 B, RS P4 Jy, (3.3)

where P_3 is the magnetar spin period in units of 1073s (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 3.6.1).

3.6.2.4 Collapse of the magnetar remnant

Finally, as the magnetar remnant spins down in its conversion of rotational energy

to radiation power (see the section above), it may collapse into a BH, resulting in
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a short-duration coherent radio signal via magnetic reconnection (Zhang, 2014).
This magnetar collapse may not occur until 2 hr post-burst (Zhang, 2014). The

radio fluence is given by

10723¢ B

D2 (a+ l)V;(O‘H)ﬂ Jy ms, (3.4)
m

b, ~ —
1+ 2

where € is the efficiency of converting the magnetic energy of the magnetar rem-
nant Fp (in units of erg) to radio emission, « is the spectral index if we assume a
power-law spectrum for the radio emission (i.e. o< v*), and v, is the plasma fre-
quency of the emitting region of an electron number density n (i.e. v, >~ 9nkHz;
Rowlinson & Anderson 2019; Rowlinson et al. 2021). Note that this model is
unlikely to be probed by our 30 min MWA observations immediately following
GRBs, and thus not discussed in the following sections of this chapter. We will
explore the detectability of this model emission in Chapter 6.

3.6.3 Constraints from individual GRBs
3.6.3.1 GRB 190627A

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 lu-
minosity distance of 15.2 Gpc and directly constrain the fundamental 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 energy 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. 2021b). In addition, as this
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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 3.5 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 radio emission efficiency €, (see Eq. 1 in Section 3.6.2.1). We compare this
prediction to the upper limit derived from the 2 min 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 3.5 that this coherent emission would only be detectable on a 2 min
timescale if it has an efficiency > 1072, We also plot the deeper limit derived
from the dispersed signal simulations (see Section 3.4.4) in Figure 3.5. In this

case, the emission would be marginally detectable for a typical pulsar efficiency.

In Figure 3.6 we plot the predicted fluence produced by the relativistic jet
and ISM interaction as a function of the fraction of magnetic energy ep (see
Eq. 2 in Section 3.6.2.2). The gamma-ray fluence of GRB 190627A was mea-
sured to be (9.9 4 2.2) x 107®ergem™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 magnetised 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 3.5). 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 cm™ for the poorly known electron
density of the surrounding medium (Fong et al., 2015) we were able to derive
Umaz (see Section 3.6.2.2 and Rowlinson & Anderson, 2019). We then compared
the fluence upper limit we derived through our de-dispersion analysis (Table 3.4;
horizontal dotted line in Figure 3.6) to the fluence prediction (solid line), con-
straining the fraction of magnetic energy in the relativistic jet launched by GRB
190627A to ep < 2 x 107, which is consistent with the limit ez < 1073 given by

the requirement that the magnetic stress at the shock front should not disrupt the
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Figure 3.5: The predicted 185 MHz flux density (blue line) of the prompt signal
emitted by the alignment of the merging NS magnetic fields (Section 3.6.2.1) in
GRB 190627A as a function of the radio emission efficiency (¢,). The horizontal
dotted line shows the least constraining flux density upper limit derived from the
2 min snapshots of GRB 190627A (Table 3.2). 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 3.4), and the vertical line
shows the typical efficiency observed for known pulsars (e, ~ 107).
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Figure 3.6: The predicted fluence (blue line) of a prompt signal produced by
the relativistic jet and ISM interaction (Section 3.6.2.2) for GRB 190627A as a
function of the fraction of magnetic energy in the GRB jet (ep). The horizontal
dotted line shows the least constraining fluence upper limit derived from our
image de-dispersion analysis (Table 3.4), and the vertical dashed line shows a
typical value for the magnetic energy fraction of eg = 1073 (Katz, 1997).

thin colliding shells in internal shock models (vertical dashed line in Figure 3.6;
Katz 1997).

In Figure 3.7 we plot the predicted flux density of persistent pulsar emission
from the magnetar remnant as a function of the radio emission efficiency ¢, using
the magnetar parameters listed in Table 3.5 and Eq. 3 in Section 3.6.2.3. We
use the upper limit obtained from the 30 min integration of GRB 190627A to
constrain our detection of the persistent emission (Table 3.2). Figure 3.7 shows
that for our limit, the magnetar remnant likely has a radio emission efficiency of
6 S 1073

From the above comparison between the upper limits and the theoretical

predictions, we obtained the following constraints on the model parameters for
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Figure 3.7: The predicted flux density of the persistent emission from a magnetar
remnant (Section 3.6.2.3) resulting from GRB 190627A as a function of the radio
emission efficiency (e,). The shaded region corresponds to the 1 ¢ uncertainty on
the fitted magnetar remnant parameters listed in Table 3.5 (see Section 3.6.1).
The horizontal line shows the flux density upper limit obtained from the 30 min
integration of GRB 190627A (Table 3.2), and the vertical line shows the typical
efficiency observed for known pulsars.

122



GRB 190627A: the radio emission efficiency of the nearly merged NSs €, < 1074;
the fraction of magnetic energy in the GRB jet ez < 2 x 107%; 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 107% < ep < 1073
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 1077, which is the typical value in the surrounding medium of short GRBs,
assuming a density of 1cm™ and a magnetic field of ~ puG 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 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).

3.6.3.2 GRB 191004A

GRB 191004A is one of the two events detected by Swift. Given that the first
three 2min snapshots were corrupted, the delay between the MWA first being
on-target with respect to the GRB detection (see Section 3.2.1) 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 3.6.2.1
and 3.6.2.2) 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 3.6.2.3. 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 magnetar
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model to the rest frame X-ray light curve (assuming z = 0.7; see Section 3.0.1).
These parameters therefore vary with redshift (Rowlinson & Anderson, 2019),

with the magnetic field and spin period scaling according to

Bis < D71 (1 + 2), (3.5)

Py D7H(1 4 2)1/2. (3.6)

Figure 3.8 shows the predicted persistent pulsar emission from a magnetar
remnant produced by GRB 191004A as a function of redshift. We used the fit-
ted magnetar parameters derived for GRB 191004A (listed in Table 3.5) and the
above scaling relations (Eq. 3.5 and 3.6) to calculate the predicted flux density.
Otherwise, we assumed the same parameters as adopted for GRB 190627A in
Section 3.06.3.1. Since the observations of GRB 191004A were conducted with
the MWA compact configuration, the confusion noise caused the upper limit on
the 30 min integration to be less constraining compared to other GRB observa-
tions taken in the extended configuration. Our MWA flux density limit for GRB

191004A is therefore insufficient for constraining this model.

3.6.3.3 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 3.6.1), we now
compare the radio emission upper limits derived from our MWA observations to
theoretically predicted values described by models presented in Section 3.6.2.2
and 3.6.2.3. Note that since none of the Fermi: GRB fluence upper limits place
constraints on the NS magnetic field interactions described in Section 3.6.2.1, we

do not consider this model further (see discussion in Section 3.7.1.1).

Figure 3.9 shows the predicted prompt radio emission produced by the GRB
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Figure 3.8: 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 3.6.2.3). The shaded region corresponds to the 1o uncertainties
on the fitted magnetar parameters (see Section 3.6.1 and Table 3.5). The radio
emission efficiency is assumed to be ¢, = 107%, 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.
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Figure 3.9: 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 magnetar 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 3.6 (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 scattering in the distribution of the parameters of
typical magnetars. Different from Figure 3.8, 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. 2021b) 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 3.7.1.2.)
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jet—ISM interaction as a function 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 period and magnetic field strength of magnetar rem-
nants 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. 3.2), which we list in Table 3.6 for each GRB as measured 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 3.9). We also plot the model
radio fluence predictions corresponding to the minimum and maximum gamma-
ray fluence in our sample (Table 3.6) in Figure 3.9 (thin black curves). Note
that the uncertainty in the predicted emission due to the magnetar parameters
encompasses the range in predictions caused by different gamma-ray fluence mea-
surements. 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 3.3
and 3.4) on Figure 3.9 to constrain the GRB jet-ISM interaction model (Sec-
tion 3.6.2.2). 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 dis-
tances 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. (2021b). In each
case, we plot the maximum fluence limit in the range quoted in Tables 3.3 and
3.4. It can be seen that the majority of our fluence limits in this chapter are con-
straining for GRBs at low redshifts z < 0.5 for a subset of magnetar parameters.
In Section 3.7.1.2, we further explore the implications of our upper limits on this

emission model.

2]

Figure 3.10 shows the predicted persistent dipole radiation from a typical

magnetar as a function of redshift (thick black curve). Again, the shaded region
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GRB y-ray fluence (10~7 erg cm™2)

1708278 4.7+0.1*
190420.98 6.5 £0.3*
190903A 7.8 £0.6"
200325A 2494+ 1.2°
200327A 15.3 4 0.64

Table 3.6: The gamma-ray fluences (10-1000 keV) measured by Fermi—-GBM for
those Fermi 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. (2020D).

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 3.2. 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 3.7.1.3.

3.7 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 3.2 3.4, and 3.3). The de-dispersion analysis
in the image space (see Section 3.4.3) 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 (5s, 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. 2021b), we are able to use these fluence upper limits to constrain
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Figure 3.10: Similar to Figure 3.9, here we plot the predicted flux density for
the persistent radio emission from the dipole radiation of a magnetar remnant
(see Section 3.6.2.3). 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 (Ka-
plan et al., 2015), GRB 180706A (a long GRB; Rowlinson et al.; 2019), GRB
180805A (Anderson et al.,; 2021b) and GRB 181123B (Rowlinson et al., 2020).
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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 3.6.2 for a summary of these

models).

3.7.1 Constraints on the tested coherent emission models

In this section, we consider the implications of the constraints the nine short
GRBs in our sample place on the emission models described in Section 3.6.2.
The upper limits we obtained for the Swift GRB 190627A demonstrates the best
sensitivity MWA can achieve with triggered observations using the standard cor-
relator mode, as can be seen from Figure 3.9 and 3.10 (black triangle). As part of
this investigation, we also compare our results to the low frequency fluence and
flux density upper limits obtained from investigations of individual short GRBs.
In Figure 3.9, we include the fluence upper limits on the prompt radio emission
from individual short GRBs, including 1.2 x 10* Jy ms for GRB 150424A observed
by the MWA (IKaplan et al., 2015), 5.85 x 10* Jyms for GRB 170112A observed
by OVRO-LWA (Anderson et al., 2018a), 570-1750 Jy ms for GRB 180805A ob-
served by the MWA (Anderson et al., 2021b) and 1824 Jy ms for GRB 181123B
observed by LOFAR (Rowlinson et al.,; 2020). In Figure 3.10, we chose to include
the flux density upper limits on the persistent radio emission from individual
GRBs, including 0.9 Jy on a 30min timescale for GRB 150424A observed by
MWA (Kaplan et al., 2015), 1.7mJy on a 2h timescale for GRB 180706A ob-
served by LOFAR (a long GRB; Rowlinson et al.; 2019), 40.2mJy on a 30 min
timescale for GRB 180805A observed by MWA (Anderson et al., 2021b), and
153 mJy on a 2h timescale for GRB 181123B observed by LOFAR (Rowlinson
et al., 2020). Even compared to previous surveys and triggered observations, our
triggered MWA observations 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.
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3.7.1.1 Interaction of NS magnetic fields

In Section 3.6.2.1, we described that one of the earliest prompt, coherent signals
predicted from a short GRB may be produced by the alignment of the NS mag-
netic fields prior to the merger. Here we compare the model prediction to the
fluence upper limits derived from our short GRB sample. From Table 3.3 and 3.4,
we can see the fluence upper limits range from 80 to 12,110 Jy ms. According to
Eq. 3.1, 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.

3.7.1.2 Relativistic jet and ISM interaction

As outlined in Section 3.6.2.2, we expect the collision of a relativistic jet with
the ISM to produce prompt, coherent 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. Considering 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 3.9. 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 observation of GRB 190627A
is the most sensitive, and 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 eg = 1072 for the predicted emission in Figure 3.9, our non-
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detection might suggest a constraint of eg < 1073, comparable to the theoretical
limit on e for GRBs with narrow subpulses in internal shock models (Usov &
Katz, 2000). Compared to previous constraints on eg using radio observations
of short GRBs, our limit is comparable to the eg < [107*-107?] (depending
on pulse widths) derived for GRB 150424A (Rowlinson & Anderson, 2019), but
less constraining than the eg < [3 x 1075-2 x 107*] 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 consistent 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 3.9).

In Figure 3.9 we also compared the expected sensitivity of the MWA Voltage
Capture System (VCS; Tremblay et al., 2015) to the model prediction and short
GRB fluence limits. The VCS mode has a temporal and spectral resolution
of 100 us and 10 kHz, respectively, making it specifically sensitive to narrow (~
10 ms) pulsed and therefore dispersed signals. Rapid-response MWA observations
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 3.7.2).

3.7.1.3 Persistent pulsar emission

If a magnetar is formed via the BNS merger, it is predicted to emit in the same
way as pulsars (see Section 3.06.2.3). Again, this emission is dependent on the
magnetar remnant properties. In Figure 3.10, 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
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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 191004A, we did not assume typical magnetar parameters but

used those derived from their X-ray light curves in Section 3.6.1.

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
observation 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 persistent 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 3.10 (excluding the long GRB 180706A), 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 parameters over a wide range of redshifts, at least up
to z ~ 0.6. The non-detections from such a big sample provide 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 3.10
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
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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 emission 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
GRB:s.

We therefore conclude that the non-detection of persistent 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 invalid, 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. It is also
possible that some GRBs in the sample, such as GRB 190627A and 191004A
(see Section 3.2.1) may actually be long GRBs, which means their higher density

environments could prevent the radio emission from escaping.

3.7.2 Future improvements

The biggest improvement to this experiment will be to perform triggered observa-
tions on short GRBs using the VCS as its high temporal resolution (100 us) will
increase our sensitivity to FRB-like signals (~ 10ms width), which would other-
wise 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 pro-
duced 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). However,

a 15min integration with the VCS will allow us to search for prompt, coher-
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ent emission predicted to occur either just prior, during, or shortly following
the merger (see the models described in Sections 3.6.2.1 and 3.6.2.2) for a wide
range of DMs (150-2500 pccm ™) to much deeper sensitivities while still creating
a manageable data volume. This is demonstrated in Figure 3.9 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 3.10. 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 3.5, 3.6 and 3.7 (see also
Section 3.6.3.1).

3.7.2.1 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 GW events. Com-
pared to short GRBs detected by Swift and/or Fermi, GW events detected by
aLLIGO/Virgo are much closer (< 190 Mpc in observing run O4 likely commenc-
ing mid-2022; Abbott et al. 2020b), which means their associated radio emission
would be much brighter. In Figure 3.9 we plot the expected maximum redshift of

GWs with a vertical dotted red line. While observations with the standard MWA
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correlator have an almost 50% chance of detecting the predicted 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. (2021b), 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 triggering MWA on
‘negative latency’ al.IGO/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 radio emission. For further details on MWA follow-
up strategies of GWs, see Kaplan et al. (2016), James et al. (2019), and Anderson
et al. (2021b).

3.7.2.2 Prospects for SKA-Low

The low-frequency component of the Square Kilometre Array (SKA-Low; Dewd-
ney et al. 2009) is a radio telescope covering the frequency range 50-350 MHz
and of an unprecedented sensitivity, resulting from the enormous number of
dual-polarisation antennas (Sokolowski et al.; 2021). Given the model predic-
tions shown in Section 3.6.3.3, the far greater sensitivity of the SKA-Low will
rigorously test these models. Therefore, it is plausible to implement our rapid-
response system on the SKA-Low to search for coherent radio emission associated
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).
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3.8 Conclusions

In this chapter, we have searched for coherent radio emission 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 min postburst (7 of the
9 events within ~ 1 min post-burst), integrating for a maximum of 30 min. We
have inspected the images of these nine GRBs that were made on timescales of
30min, 2min, 30s, and 5s but found no associated transient or variable emission
within the GRB positional error regions, quoting flux density upper limits in
Table 3.2. 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 3.3 and 3.4. 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 1.1), we were able to acquire the magnetar remnant
parameters (see Table 3.5). As GRB 190627A is the only event in our sam-
ple with a known redshift, we were able to constrain key parameters of the
emission models described in Section 3.6.2; including the radio emission ef-
ficiency of the nearly merged NSs (¢, < 1071), the magnetic energy fraction

in the GRB jet (e < 2 x 107%), and the radio emission efficiency of the

magnetar remnant (e, < 1073, see Figures 3.5, 3.6 and 3.7).

~

2. The fluence upper limits derived from the de-dispersion analysis of our
MWA standard observations were sensitive enough to detect the predicted

prompt radio emission produced by the GRB jet-ISM interaction (see Sec-
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tion 3.6.2.2) up to a redshift of z ~ 0.5 for a subset of typical magnetar
parameters (see Figure 3.9). While it is unlikely that the majority of short
GRBs are at z > 0.5 (Gompertz et al.; 2020), our sensitivity is not very
constraining when considering the full regime of predictions (shaded region
in Figure 3.9) 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.

. The flux density upper limits derived from the 30 min observations of a
sample of short GRBs suggest that we should be able to detect the persistent
radio emission produced by a typical magnetar remnant (see Section 3.6.2.3)
up to a redshift of z ~ 0.6 (see Figure 3.10). 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 magnetar 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 mergers. In the next chapter, we 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

incorporating 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 (discussed in Section 6.3.41).
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Chapter 4

High time resolution search for

prompt radio emission from the

long GRB 210419A with MWA

This chapter is a reproduction of J. Tian, G. E. Anderson, P. J. Hancock, J. C.
A. Miller-Jones, M. Sokolowski, N. A. Swainston, A. Rowlinson, A. Williams,
D. L. Kaplan, N. Hurley-Walker, J. Morgan, N. D. R. Bhat, D. Ung, S. Tingay,
K. W. Bannister, M. E. Bell, B. W. Meyers, M. Walker (2022), “High time
resolution search for prompt radio emission from the long GRB 210419A with the
Murchison Widefield Array”, Monthly Notices of the Royal Astronomical Society,
Volume 514, Issue 2, page 2756-2768, DOI: https://academic.oup.com/mnras/
article-abstract/514/2/2756/6595331. I have adapted the chapter to make
it better fit into this thesis, avoiding repetition of the materials already included

in Chapters 1 and 2 and keeping all references consistent within this thesis.

4.1 Introduction

In Chapter 3 we performed a search for GRB associated coherent radio emis-

sion using the rapid-response mode and the standard correlator (imaging mode)
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of the MWA. In this chapter we continue our search for these coherent signals
by performing triggered observations on GRBs using the MWA VCS, which, as
discussed in Chapter 3, is expected to be more sensitive to prompt radio signals
than the imaging mode due to the high time resolution of VCS data. Here we
present the first MWA VCS observation triggered on the long GRB 210419A for
coherent signal search. Although the long GRB 210419A is more likely to have a
denser environment than the sample of short GRBs studied in Chapter 3 (Zhang,
2014), we might still expect there to be a chance for prompt radio signals emitted
by GRB 210419A to be able to escape (e.g. Rowlinson et al. 2019; Rastinejad
et al. 2022; also see Section 6.1). Note that the different coherent emission mod-
els investigated with MWA observations of short GRBs in Chapter 3 are also
applicable to long GRBs except for the interaction of NS magnetic fields (see
Section 1.1.4.3).

The MWA began observing GRB 210419A within 89s of its detection by Swift,
enabling us to capture any dispersion delayed signal emitted by this GRB for a
typical range of redshifts. Using the MWA observation, we conducted a standard
single pulse search with a temporal and spectral resolution of 100 us and 10 kHz
over a broad range of dispersion measures. By deriving fluence upper limits from
the VCS observation and comparing these limits to the GRB jet-ISM interaction
model, we can place constraints on the fraction of magnetic energy in the GRB
jet, as was done in Chapter 3. It is noteworthy that while in Chapter 3 we
assumed the formation of magnetar remnants by GRBs, which acted as central
engines capable of powering coherent radio emission, we do not make the same
assumption in this chapter. Interestingly, we observed an X-ray flare in the light
curve of GRB 210419A. Assuming the X-ray flare was emitted as part of the
prompt emission, it could also drive coherent radio emission via ISM interactions
similar to that of the gamma-ray jet as suggested by Starling et al. (2020). This

motivated us to perform a search for signals during the X-ray flaring activity of

GRB 210419A, and derive an intensity upper limit for constraining the fraction of
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magnetic energy during X-ray flares. Finally, this chapter highlights the prospect
of the MWA VCS triggering program in searching for GRB associated coherent
signals (to be discussed in detail in Chapter 6).

For the rest of this chapter, we describe the observation of GRB 210419A
obtained using Swift in Section 4.2 and the VCS triggering mode of the MWA in
Section 4.3. We describe the data processing in Section 4.4, followed by analysis
methods we used to search for prompt radio emission in Section 4.5. Our results
are then presented in Section 4.6. We use the upper limit derived from our VCS
observation of GRB 210419A to constrain coherent radio signals associated with
the relativistic jet during the prompt gamma-ray emission phase and from an

X-ray flare in Section 4.7.

4.2 GRB 210419A

The GRB 210419A was first detected by Swift Burst Alert Telescope (BAT;
Barthelmy et al. 2005a) at 06:53:41 UT on 2021 April 19 (trigger ID 1044032;
Laha et al. 2021). Refined analysis of the BAT light curve determined a Ty of
64.43+11.69s (Palmer et al.; 2021), unambiguously placing this GRB in the long
GRB category (Tog 2 2s; Kouveliotou et al. 1993). The time-averaged gamma-
ray spectrum from T+21.92 to T+95.01 s is best fit by a simple power-law model
with an index of 2.17+0.24, consistent with typical long GRBs (Lien et al., 2016),
and the gamma-ray fluence in the 15-150keV band is (7.8 £1.2) x 10~ 7 erg cm 2
(Palmer et al., 2021).

A subsequent detection of the X-ray afterglow by the Swift-XRT localised this
GRB to the position a(J2000.0) = 05"47m24%.23 and §(J2000.0) = —65°30'9”0
with an uncertainty of 2”70 (90% confidence; Osborne et al. 2021). The XRT
X-ray spectrum (0.3 —10keV) at ~ 1h post-burst is best fit by a power law with
a photon index of 2.607032 and an absorption column of 1.970% x 10*! cm~2 in
the Photon Counting (PC) mode (Beardmore et al., 2021).

Combining the Swift-BAT and —XRT data from the Swift Burst Analyser
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(Evans et al., 2010), we created the X-ray light curve for GRB 210419A in the
0.3-10keV energy band in the observer frame, as shown in Figure 4.1. The
light curve is characterised by a power law decay with an X-ray flare peaking at
~ 4 x 10?5 (shaded region), followed by a plateau phase starting from ~ 10%s. In
order to calculate the duration and fluence of the X-ray flare of GRB 210419A, we
fitted the flare with a smooth broken power-law function plus a declining power-
law to model the underlying X-ray emission decay (see eq. 1 & 2 in Yi et al.
2016), as shown in Figure 4.2. The duration of the flare (248s) is defined as the
interval between the two intersections of the flare component and the underlying
power law decay (335-583s; Yi et al. 2016). Integrating the flux density over this
duration, we obtained a fluence of 1.58 x 10~ erg cm~? for the X-ray flare, which
is a typical value among observed X-ray flares (see figure 1 in Starling et al. 2020).
For the analysis, results and interpretation of the X-ray flare see Sections 4.4.3,
1.6.2 and 4.7.2.2, respectively. We do not see a steep decay following the plateau
phase in the X-ray light curve, which might suggest it is powered by a stable
magnetar (Rowlinson et al.; 2013). No redshift was obtained for GRB 210419A.
An optical follow-up of this GRB with the Las Cumbres Observatory (LCO) 1-m
Sinistro instrument did not detect any uncatalogued optical source within the

XRT error region (Strausbaugh & Cucchiara, 2021).

4.3 MWA observation

The MWA triggered observation of GRB 210419A was taken at a central fre-
quency of 185 MHz with a bandwidth of 30.72 MHz in the phase II compact
configuration (Wayth et al.; 2018) using the VCS mode, which has a temporal
and frequency resolution of 100 us and 10 kHz, respectively. The size of the MWA
synthesised beam in this configuration is ~ 10 arcmin, much larger than the GRB
positional error. The GRB position was continuously observed for 15 min. Note
that 45/128 tiles were offline during this observation, which resulted in a notice-

able sensitivity loss (see Section 4.5.2).
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Figure 4.1: 0.3-10keV flux light curve of GRB 210419A. The black and blue
data points were obtained by the Swift-BAT (extrapolated to 0.3-10keV) and
the Swift-XRT, respectively. The shaded region indicates the period covering the
X-ray flare investigated in Section 4.7.2.2. The X-ray plateau phase starts around
1000 s post-burst.

Figure 4.2: The fit to the X-ray flare from GRB 210419A used to calculate
its duration of 248 s (between 335-583s post-burst). We used a smooth broken
power-law function to fit the flare plus a declining power-law to fit the underlying
X-ray light curve observed by Swift—XRT (blue points), with the fitting result
being shown as the black line.
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UT Time  Latency Event Description
(2021-04-19) (s) (#)

06:53:41 0

06:54:57 76
06:54:57.5 76.5
06:54:57.8 76.8
06:54:59.1 78.1
06:55:06.2 85.2
06:55:10.0 89

—_

Swift-BAT detects GRB 210419A
Swift VOEvent alert notice circulated
MWA front-end receives VOEvent
VOEvent handler parses VOEvent and sends trigger to schedule observations
MWA schedule is updated
MWA is on target
MWA sets up the VCS mode and begins observations

N O O W N

Table 4.1: Timeline for MWA triggered observation of GRB 210419A

The VOEvent broadcasting the Swift—-BAT detection of GRB 210419A was
circulated 76s post-burst. Just 0.5s later, the MWA rapid-response front-end
web service received the VOEvent. The VOEvent handler took 0.3s to parse this
VOEvent, identifying it as a real GRB, and triggered MWA VCS observations,
with the subsequent update of the MWA observing schedule taking 1.3s. The
telescope then took a further 10.9s to re-point and begin collecting data in the
VCS mode. Therefore, the total latency between the Swift broadcast of the
VOEvent and the MWA being on target was 13s. Overall, the MWA observation
of GRB 210419A started at 06:55:10 UT, just 89s following the Swift detection.

A time-line of the triggering process is summarised in Table 4.1.

4.4 Data processing

Since GRB 210419A was localised to within the MWA phase II compact configu-
ration tied-array beam, we could coherently beamform the VCS data at the GRB
position. Here we present specific details regarding the calibration and beam-

forming of the VCS observation of GRB 210419A (for details see Chapter 2).

4.4.1 Calibration

We selected a bright source (Hydra A) that had been observed in the standard
correlator mode three hours after the VCS observation of GRB 210419A as the
calibrator source. For each of the 24 x 1.28 MHz sub-bands and each tile of the
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GRB observation, a calibration solution for the amplitude and phase was gener-
ated from the visibilities using the RTS (Mitchell et al., 2008). After inspecting
each solution, we discarded a further nine tiles due to their poor calibration so-
lutions. We also excised the edge channels to alleviate the aliasing effects (see

Chapter 2).

4.4.2 Coherent beamforming

After calibration, we used the coherent beamforming to phase all tiles of the MWA
observation of GRB 210419A to the GRB position. This requires the knowledge
of cable and geometric delays to the pointing centre (i.e. the position of GRB
210419A) for each tile (for details see Chapter 2). Combining the delay model
and the complex gain information from the calibration solution derived above,
we obtained the tile based gain solution to phase all tiles to the same direction

of GRB 210419A.

4.4.3 Imaging over a long integration time

While the high time resolution data are most suitable for searching for the prompt
radio emission, snapshot images on ~min timescales can be used for detecting
dispersed long duration signals (see Section 1.7.2.2). Compared to MWA imaging
in the standard correlator mode (see Chapter 3), there is a prerequisite step for
imaging the VCS data, i.e. offline correlation for creating visibilities (Sett et al.,
2022). We used the same calibration observation as in Section 4.4.1 for calibrating
the visibilities, and made an image with 248 s of data that covers the duration of
the X-ray flare (highlighted in Figure 4.1 and fitted in Figure 41.2). To take into
account the dispersion delay in the arrival time of any associated radio emission
with respect to the X-ray flare, we offset the start time of the image. Given the
unknown redshift of GRB 210419A, we made images starting from 347s, 582s
and 820 s post-burst, corresponding to the dispersion delay for a typical long GRB
at low, mean, and high redshift (Le & Mehta, 2017), including z = 0.1, 1.7 and
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4 respectively, and inspected them for any associated signals.

For the image we adopted a pixel scale of 2arcmin and size of 2048 x 2048
pixels, and used the WSCLEAN algorithm (Offringa et al., 2014; Offringa &
Smirnov, 2017) for deconvolution. This imaging exercise also provides a check on
the data quality and the calibration solution despite the relatively poor imaging
performance in the compact configuration. The final MWA image covering the
period of the X-ray flare assuming a redshift of z = 1.7 is shown in Figure 4.3.

For the results and interpretation see Sections 4.6.2 and 4.7.2.2.

4.5 Data Analysis

The coherent beamforming of the VCS observation of GRB 210419A resulted in
a time series with a temporal and frequency resolution of 100 us and 10kHz. As
any prompt radio signals emitted by GRB 210419A would be dispersed in time
by the medium it propagates through, we need to perform a de-dispersion search
(see Chapter 2). Considering this emission may be linked to different emission
models and thus have different start times following the GRB (see Section 4.7.2),

we performed the search across the entire 15 min observation.

4.5.1 Dispersed pulse search

The de-dispersion search was performed using the PRESTO software package (Ran-
som, 2001). Note that we did not perform RFI excision (see Chapter 2). We used
the PREPDATA routine in PRESTO to de-disperse the time series. Since there
is no redshift measurement for GRB 210419A, we searched over a broad DM
range from 1 to 5000 pcem ™3, corresponding to a redshift range up to z ~ 4
using the DM-redshift relation DM ~ 1200z pcecm™ (e.g. Toka 2003; Inoue 2004;
Lorimer et al. 2007; Karastergiou et al. 2015). This DM range covers up to 90%
of long GRBs detected by Swift per year based on their known redshift distribu-
tion (Le & Mehta, 2017). The DM trials used for de-dispersion were determined
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by the DDPLAN.PY algorithm in PRESTO, and the time series data were down
sampled by up to a factor of 16 to match the dispersive channel smearing (see
Chapter 2). This results in 4401 DM trials and a temporal resolution ranging be-
tween 0.1-1.6 ms. Finally, we used PRESTO’S SINGLE_PULSE_SEARCH.PY routine
to search for single pulses in the de-dispersed time series. More details can be

found in Chapter 2.

Following this analysis, PRESTO identified 143 trials with a SNR> 6, with
a maximum SNR of 7.1 (for the distribution of the SNRs see Figure C.2 in
Appendix C). As a further test on the sample of > 60 trials and the likelihood
of some being real, we performed another single pulse search by creating a set
of time series on the same dataset using (unphysical) negative DM trials (see
Chapter 3 for further details). We found 119 candidates and a maximum SNR of
6.7 for the negative DM trials. Given the similar maximum SNR values resulting
from the processing of both the positive and negative DM datasets, it is unlikely

that any of the > 60 candidates are real dispersed signals.

As a physically motivated filtering step, we examined the DM values of the
candidates output by PRESTO. Although it is difficult to predict the total DM of
coherent emission associated with GRB 210419A as we do not know its redshift,
we know that it is at cosmological distances. We can therefore use the DM
contribution from the Milky Way in the GRB direction as a lower limit, which is
DMypw ~ 62 pcem™ according to the YMW16 electron density model (Yao et al.,
2017). All prompt signal candidates must therefore have a DM > 62 pcem ™. We

arrived at 11 candidates at this stage.

As a final filtering step, we used a friends-of-friends algorithm (Burke-Spolaor
et al., 2011; Bannister et al., 2012) to identify possible false positives. This
algorithm exploits the fact that statistical fluctuations above the threshold are
likely to appear only in a single DM trial and time stamp whereas a real signal
would be partially detected in adjacent trials. Therefore, only candidates detected

in a group of three or more adjacent DMs and times are likely to be real. Following
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both filtering criteria described above, there remained no valid candidate.

4.5.2 Determination of system sensitivity

We converted the 6 o threshold on the SNRs output by PRESTO into flux density

limits using the radiometer equation,

SEFD
\/Nplint AV ’

where n, is the number of polarisations sampled, ;. is the integration time in

Sin = (S/N) x (4.1)

units of us, and Av is the bandwidth in units of MHz (see e.g. Meyvers et al.
2017). The overall system equivalent flux density (SEFD) is determined by the

ratio of the system temperature T4, and gain G,

Tss Tan 1_ Tam Trec
SEFD = -2 1 g> bt Tree (4.2)

where 7 is the direction and frequency dependent radiation efficiency of the MWA
array, and T, Tamp and Tre represent the antenna, ambient and receiver temper-
atures, respectively. The radiation efficiency n at the position of GRB 210419A
at our observing frequency of 185 MHz is 0.987 (Ung et al., 2019), the receiver
temperature (which is well characterised across the MWA band) is 23 K, and the
ambient temperature (calculated from the metadata of our observation) is 311 K.

The calculation of the antenna temperature and gain requires a good knowl-
edge of the tied-array synthesised beam pattern, i.e. the product of the array
factor and an individual MWA tile power pattern. The array factor contains
the phase information that points the telescope to a target position, and the tile
pattern can be simulated as described in Sutinjo et al. (2015). Assuming a sky
temperature map at our observing frequency based on the global sky model of
de Oliveira-Costa et al. (2008), we convolved it with the tied-array beam pat-
tern (e.g. Sokolowski et al. 2015) to estimate the antenna temperature and the

tied-array gain (for a full description of this procedure see Meyers et al. 2017).
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Altogether, we found the SEFD for our coherently beamformed data to be 986 Jy
for the full (128 tiles) MWA.

We need to consider a few other factors in order to calculate our final sensi-
tivity for this observation. First is the bandwidth consideration. As we flagged
16 of the 128 fine channels, the effective bandwidth is reduced to 87.5% of
the full 30.72MHz. To correct for this, we need to apply a scaling factor of
0.87571/2 ~ 1.07 when converting to flux density limits. In estimating the SEFD,
we used 128 tiles of the full MWA for our simulation. However, there were 45 bad
tiles during our observation of GRB 210419A. In the ideal case where the sen-
sitivity scales with the number of tiles, this means we have lost 35% sensitivity.
Additionally, a coherency factor is introduced to quantify the deviation of the
theoretical expectation from the actual improvement with respect to incoherent
sums, and can be estimated by comparing the SNRs of a bright pulse in the co-
herently and incoherently beamformed data (for details see Mevers et al. 2017).
We chose the brightest pulsar (PSR J0437-4715; Bhat et al. 2014) in our field
of view and produced an estimate of 0.639 for the coherency factor. This pulsar
detection also demonstrates that our data processing and searching pipeline were
operating correctly. Taking into account the above considerations, we arrived at

a flux density upper limit of 60 = 25 Jy on a 1 ms timescale.

To better characterise our sensitivity to prompt radio signals, we converted

the flux density limit to a fluence limit

F = 25 (weps/1ms)? Jy ms, (4.3)

which is dependent on the pulse duration (weps). The observed pulse duration is

given by

Wobs = \/[wint,rest(l + Z)P + w2 + w]%s + wgcattera (44)

sample

where Wing rest, Wsample, Wps aNd Wgcatter are the rest-frame intrinsic pulse duration,
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observational sampling time, dispersion smearing, and pulse scattering, respec-
tively (Hashimoto et al., 2020a). Here we assume that the scattering would not
limit the observability of prompt radio signals (Sokolowski et al., 2018). As the
observed pulse width varies with the redshift, our prompt emission fluence limit

is also redshift dependent (see Section 4.7.2.1).

4.6 Results

4.6.1 Prompt signal search

As described in Section 4.5.1, we performed a single pulse search on the high time
resolution VCS triggered observation of Swift-detected GRB 210419A. Of these
143 trials > 60, only 11 had a DM> 62 pccm™3. As mentioned in Section 4.5.1,
none of these candidates passed the friends-of-friends algorithm filtering, however,
we still visually inspected the 11 candidates for signs of a dispersion sweep in the
dynamic spectrum. None were seen reaffirming they are not viable dispersed
signal candidates.

In conclusion, for the DM range of 62-5000pccm™3, corresponding to all
extragalactic distances up to z ~ 4, we do not detect any associated prompt radio
emission from GRB 210419A. For an intrinsic pulse width of wip rest = 0.5-10ms
(typical for FRBs; Hashimoto et al. 2019, 2020b), our non-detection points to a
60 fluence upper limit of 32-224 Jy ms, which can be used to constrain theoretical

coherent emission models (see Section 4.7.2).

4.6.2 Long timescale emission during the X-ray flare

In order to search for long duration coherent radio signals associated with the
X-ray flare described in Section 4.2, we generated an MWA image that covers
the lifetime of the flare and potential dispersion delay for several redshifts as
shown in Figure 4.3 (see Section 4.4.3). We performed a forced fit to the synthe-
sised beam at the Swift-XRT position of GRB 210419A using the radio transient
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Figure 4.3: The MWA image showing the region surrounding GRB 210419A
integrated over the duration of the X-ray flare assuming a redshift of z = 1.7
as described in Sections 4.4.3 and 4.6.2 (see radio fluence predictions in Sec-
tion 4.7.2.2). The two white lines point to the GRB position localised by the
Swift—-XRT to within a synthesised beam of the MWA , where the RMS noise was
measured to be 190mJy beam ™. The ellipse in the lower left corner shows the
synthesized beam size of 23.4 x 9.4 arcmin.
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detection work-flow ROBBIE (Hancock et al., 2019b). For the three tested red-
shifts of z = 0.1, 1.7, and 4, we obtained a flux density of 93 + 165 mJy beam ™",
115+ 169 mJy beam ™!, and 46 4 171 mJy beam ™', respectively, which are consis-
tent with zero within the uncertainties and therefore indicating a non-detection.
We used ROBBIE (Hancock et al., 2019b) to calculate a local RMS noise of
190 mJy beam ™" in the image that assumes the GRB is at z = 1.7 (Figure 4.3),
and therefore derived a 3¢ upper limit of 570 mJy beam ™ for the long timescale
radio emission during the X-ray flare. The RMS noise in the other two im-

L and

ages assuming redshifts of z = 0.1 and z = 4 are similar, 185 mJy beam™
192 mJybeam ™!, respectively. The flux density upper limit can be used to con-
strain model parameters applicable to the GRB jet during the X-ray flare phase

(see Section 4.7.2.2).

4.7 Discussion

4.7.1 Propagation effects

There are several propagation effects limiting the observability of the coherent,
prompt radio emission we are searching for, such as absorption due to induced
Compton scattering (Condon & Ransom, 2016) and absorption below the plasma
frequency in the dense environment of the emission site (Condon & Ransom,
2016). Such considerations are particularly import for long GRBs as observa-
tions show they often occur in star forming regions near the centres of their host
galaxies (generally with low metallicity; e.g. Berger 2009, Levesque et al. 2010),
consistent with their core collapse origin. Due to the strong wind emission from
a massive star prior to its collapse (Weaver et al., 1977), the circum-burst media
of long GRBs exhibit a large density range typically between ~ 107'-10% cm ™3
(Laskar et al., 2015). In the following, we investigate the effect of both absorption
mechanisms on any prompt radio emission emitted by GRB 210419A.

It has been shown that in the dense environments of long GRBs, induced
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Compton and Raman scattering can severely reduce the detectability of radio
pulses at ~MHz frequencies (Macquart, 2007). For long GRBs in dense envi-
ronments, only if the GRB jet is ultrarelativistic or the intrinsic opening angle
of the emission is extremely small, could the predicted radio emission be visi-
ble. Given our incomplete knowledge of the GRB Lorentz factors (only lower
limits have been observed, e.g. Ackermann et al. 2010, Zhao et al. 2011 and
Zou et al. 2011) and the precise jet opening angles (they are likely confined to a
narrow region; see Beniamini & Nakar 2019; Salafia et al. 2020), it is unknown
whether the radio emission can evade induced Compton scattering. Nonethe-
less, a detection would provide valuable information on the Lorentz factor and
the opening angle of the GRB jet. Specifically, it would indicate the evasion of
induced Compton scattering, implying that the intrinsic emission angle is less
than or equal to AQ <5 x 1074(T5/10%° K)~/2sr where T = 10%*-10* K is the
brightness temperature of the radio emission (Thompson, 1994; Macquart, 2007).
If the radio emission is isotropic in the rest frame of the jet, this means that the
minimum possible Lorentz factor of the jet is T' 2 10%(D/100 Mpc) where D is
the luminosity distance of the GRB (Macquart, 2007).

The column density obtained from the X-ray spectrum of GRB 210419A can
be used to estimate the plasma absorption of the radio emission along the line
of sight. The X-ray spectrum of GRB 210419A is best fitted with an absorbed
power law with a photon index of 2.6()1“8:%? and an absorption column of 1. 9+0 6 X
10%* em™2 (Beardmore et al., 2021), which is in excess of the Galactic value of 7.8 x
102 em =2 (Willingale et al., 2013). If we ignore the contribution of intervening
systems (the interstellar and intergalactic media) along the line of sight, the
intrinsic absorbing column density for GRB 210419A would be ~ 1.1 x 10*! cm™2,

10.8

which is smaller than the typical value of 5%3%° x 10*! cm™

evaluated from a
sample of long GRBs (Campana et al., 2012) and comparable to the typical value
of 2.573% x 10%! cm~? for a sample of short GRBs (Asquini et al., 2019). As shown

by Zhang (2014) in the specific context of GRBs, the plasma frequency in the
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GRB environment must be lower than the radio frequency for the radio emission
to escape, i.e. 1/2m X \/m < Vyps, Where n, is the electron number
density, and e and m, are the electric charge and mass of electrons (Vlasov,
1968). At the MWA observing frequency of v,,s = 185 MHz, that would require

3. corresponding to an electron

an electron number density n, < 4 x 10%cm™
column density of < 4 x 102! em™2 if we assume the length scale of the GRB
environment to be ~ 10" cm (Zhang, 2014). While the electron column density
along our line of sight derived from the XRT spectrum of GRB 210419A is less
than this value, the uncertainty associated with the length scale makes it difficult
to conclude whether our observing frequency is above the plasma frequency. For
the following analysis, we assume that it is above the plasma frequency in order

to investigate the constraints our observations place on coherent radio emission

predicted by the jet-ISM interaction model.

4.7.2 Constraints on the jet-ISM interaction model

The GRB jet-ISM interaction model has been described under the magnetar
assumption in Chapter 3. However, this model also works in the case of no
magnetar formation (Usov & Katz, 2000). Here we revisit this model without any
assumption of magnetars, which would further generalise our model discussion

(see Chapter 6 for more discussion).

4.7.2.1 Radio emission associated with the prompt gamma-ray emis-

sion

As suggested by Usov & Katz (2000), the interaction between a Poynting flux
dominated jet and the ISM can generate a coherent radio pulse as well as the
prompt gamma-ray emission. In this scenario, the bolometric radio fluence @,
(erg cm™?) is proportional to the bolometric gamma-ray fluence @, (ergcm™2) in
the energy range of 0.1-10* keV, the widest energy range for current GRB detec-

tion satellites (e.g. Rowlinson et al. 2019). This power ratio is roughly estimated
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to be ~ 0.1eg (Usov & Katz, 2000), where ep is the fraction of magnetic energy
in the relativistic jet. In the typical spectrum of low-frequency waves generated

at the shock front, there is a peak frequency determined by the magnetic field

1
Vinax = [0.5—1] T qu9/2 x 10° Hz (4.5)

(in the observer’s frame; Rowlinson et al. 2019). For our observing frequency
v = 185 MHz, which is above the peak radio frequency, the observed radio fluence

is given by

Vmax max

-8
-1 v
o, = p CI>T< ) ergem 2 Hz L. (4.6)
Note that the bolometric radio fluence @, is the fluence integrated over frequency
and thus has a different unit to ®,. Assuming a typical spectral index of § = 1.6
(Usov & Katz, 2000), the power ratio between @, and ®., can be written in terms

of the radio fluence at our observing frequency:

0= §V1'6V_0'6—V. (4.7)

Thus, the predicted radio fluence is given by

Dgsnm, = [0.9-1.4) x 107195(1 + 2) %%, (4.8)

In order to calculate the unabsorbed bolometric gamma-ray fluence (0.1 —
10*keV) for GRB 210419A, we applied a correction factor to the gamma-ray
fluence measured by Swift-BAT in the 15 — 150keV energy band. Assuming a
simple power-law model for the spectrum of the prompt emission as given by
Palmer et al. (2021) and the absorption column derived from the spectral fit to
the Swift-XRT PC observation of GRB 210419A (Beardmore et al., 2021, see
also Section 1.2), we used the WebPIMMS tool (Mukai, 1993) to obtain a fluence
correction factor of 6.27%5. Note that the errors come from the uncertainty on

the spectral index, which dominates the errors on the absorption column.
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Both the model-predicted prompt radio emission and our fluence upper limit
at 185 MHz (see Eq. 4.3) depend on redshift, which is an unknown quantity
for GRB 210419A. Under the assumption that we would be able to capture the
dispersion delayed radio emission generated at the prompt gamma-ray emission
phase (when the GRB jet first interacts with the ISM), the 89s delay of our
observation with respect to the GRB detection (see Section 4.3) means we can
only detect signals with a minimum DM of 734pcem™3. After subtracting the
Galactic contribution (see Section 4.5.1), this corresponds to events at z 2 0.6.
We are therefore able to search for prompt radio signals associated with the jet-

ISM interaction within the redshift range of 0.6 < z < 4 for GRB 210419A.

In order to constrain the model-predicted prompt emission in Eq. 4.8, we need
to convert the sensitivity of our observation to a fluence upper limit using Eq.
4.3, which is dependent on the unknown rest-frame intrinsic pulse width wip yest-
In the absence of detected prompt emission from long GRBs, we base our choice
Of Wing rest ON known rest-frame intrinsic durations of FRBs with known redshifts
and no scattering features (~ 0.5-10ms; Hashimoto et al. 2019, 2020b). We
therefore assume durations of Wiy rest = 0.0ms and 10ms for our fluence upper

limits when constraining the model predictions.

With the assumed redshifts and intrinsic pulse widths, we illustrate how our
fluence upper limits derived from our MWA observation of GRB 210419A can
constrain the model predictions for the fraction of magnetic energy in the rela-
tivistic jet in Figure 4.4. For a redshift range of 0.6 < z < 4 and an intrinsic
pulse width of 0.5ms < Wipgrest < 10ms, we derived a 60 fluence upper limit
of 77224 Jy ms (see Section 4.5.2), resulting in a constraint on the fraction of
magnetic energy in the relativistic jet launched by GRB 210419A eg < 0.05 and
eg S 0.1 at the lowest and highest redshift, respectively. These upper limits on
ep are comparable to eg < [0.24-0.47] derived in Rowlinson et al. (2019) for
long GRB 180706A. Note that our constraints on eg are only valid if the jet-ISM

interaction is indeed active in the GRB under study.
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Figure 4.4: The predicted fluence of a prompt signal produced by the interaction
between the relativistic jet of GRB 210419A and the ISM at 185 MHz as a function
of the fraction of magnetic energy. The shaded regions illustrate those predictions
assuming the maximum and minimum redshift considered in this investigation,
with the uncertainties resulting from the peak frequency of the prompt radio
emission at the shock front (see Eq. 4.5) and the measured gamma-ray fluence
(see Section 4.2), which has been corrected to a bolometric gamma-ray fluence
(see Section 41.7.2.1). The horizontal dotted lines in different colors represent the
fluence upper limits we obtained from the VCS observation of GRB 210419A for
different combinations of redshift and intrinsic pulse width.
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As one of the key open questions in the GRB field, i.e. whether the relativis-
tic jet is Poynting flux or baryon dominated, GRB jet magnetisation has been
investigated extensively (e.g. Lyutikov et al. 2003, Bégué & Pe'er 2015, Pe'er
2017). Zhang & Pe’er (2009) reported a lower limit of eg 2 [0.94-0.95] at the
photosphere radius based on the non-detection of a thermal component in gamma
rays (~ 50keV) from GRB 080916C. Note that eg evolves with the radius from
the central engine and may become much smaller at the deceleration radius where
the relativistic ejecta collides into the ISM (IKKumar & Zhang, 2015). A detailed
simulation of spectra of GRB prompt emission using a hybrid relativistic outflow
containing both fireball and Poynting-flux components finds eg = 0.5 at a dis-
tance of 10' cm from the central engine (a possible prompt gamma-ray emission
site covered by our MWA observation; Gao & Zhang 2015). Therefore, our con-
straint on the magnetisation of GRB jets potentially undermines the Poynting
flux dominated scenario investigated in this simulation but at a low significance,

particularly given our assumptions on the spectral index 3, the GRB redshift and

the pulse width.

4.7.2.2 Radio emission during the X-ray flare

As the X-ray light curve of GRB 210419A displays flaring activity as shown in
Figure 4.1 (shaded region), we explore the GRB jet properties in the context of
any radio emission associated with X-ray flaring in this section.

While X-ray flares are commonly observed following GRBs, their physical ori-
gin still remains unclear, with suggestions including internal dissipation (prompt-
emission-like; Falcone et al. 2007; Chincarini et al. 2010; Margutti et al. 2010)
and external shock (afterglow-like; Giannios 2006; Panaitescu 2006; Bernardini
et al. 2011) mechanisms. There is a criterion to distinguish these two scenarios
based on the flare variability and occurrence time (Atpwpyy the full width at half

maximum of the pulse and ¢, the time of the flare maximum; loka et al. 2005;

Lazzati & Perna 2007). If Atpwam/tpxk < 1, as is the case for GRB 210419A
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(see Figure 4.1), the flare is difficult to accommodate within the external shock
model. Therefore, here we assume an internal shock origin for the flare observed
in the X-ray light curve of GRB 210419A (the same as for the prompt gamma-ray
emission), which means the jet-ISM interaction model discussed in Section 4.7.2.1

may also apply to the X-ray flare (as described by Starling et al.; 2020).

For this scenario, we use the X-ray fluence derived for the X-ray flare in
Section 4.2 to calculate the fluence of the predicted radio signal using the Usov &
Katz (2000) model equations given in Section 4.7.2.1. In order to convert the X-
ray fluence measured in the 0.3 — 10 keV energy band to a bolometric gamma-ray
fluence (0.1 —10*keV), we again used WebPIMMS and the power law spectral fit
to the Swift-XRT data provided by Beardmore et al. (2021, see also Section 4.2)
to derive a correction factor of 4.0723. Note that we used the photon index from
the spectrum derived from the PC mode observation as the recorded data covers

the duration of the X-ray flare we are investigating (see Figure 4.1).

When placing fluence limits on the associated radio emission, we do not con-
sider signals of millisecond duration for this scenario. Given that the fluence from
the X-ray flare is much lower than what is supplied by the prompt gamma-ray
emission, it would provide a less stringent constraint on ep (see Eq. 4.8) than
that calculated in Section 4.7.2.1. However, it is possible that the predicted radio
pulse has a much longer duration, similar to that of the X-ray flare (Starling
et al., 2020). Any signals on such a long timescale would not be dispersion lim-
ited at reasonable GRB redshifts, and would have a flux density equal to the
undispersed pulse (see eq. 16 in Rowlinson & Anderson 2019). We can therefore
readily search for associated radio emission in an MWA image created over the

same timescale as the X-ray flare duration.

In Figure 4.3 we show the region surrounding GRB 210419A made from an
offline correlation of the VCS data with an integration time that covers the du-
ration of the X-ray flare, assuming a dispersion delay corresponding to a typical

long GRB redshift of z = 1.7 (see Section 4.4.3). We compare the 30 flux density
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upper limit derived from the MWA image in Figure 4.3 (which is similar to the
upper limits from the images that assume redshifts of z = 0.1 and z = 4) to the
predicted model emission associated with the X-ray flare for a range of redshifts
in Figure 4.5. The MWA was on target and observing GRB 210419A before the
X-ray flare, which occurred 335s post-burst so there is no lower limit on the red-
shift range we are able to constrain (unlike in Section 4.7.2.1). We therefore plot
the model predictions corresponding to the lowest (z = 0.1), typical (z = 1.7),
and highest (z = 4) observed long GRB redshifts. As can be seen from Fig-

< 1073,

Y

ure 4.5, we are able to constrain the fraction of magnetic energy to eg
ep <2x1073 and eg < 3 x 1072 during the flaring activity at the lowest, average,
and highest redshifts. These constraints are more stringent than those derived
during the prompt gamma-ray emission phase in Section 4.7.2.1. Note that our
constraints on eg are only valid under the assumption that there is indeed radio

emission during the X-ray flare of GRB 210419A.

Starling et al. (2020) predicted that 44% of X-ray flares detected by Swift-XRT
should have had detectable low frequency radio emission by LOFAR assuming
magnetically dominated GRB jets. Here, assuming a magnetic energy fraction of
eg = 1072 comparable to the constraint shown in Figure 4.5, our MWA rapid-
response observation should be able to detect the predicted radio emission from
30% of X-ray flares. Assuming a magnetically driven outflow at the base of the
jet where it is launched (e.g. Komissarov et al. 2009; Tchekhovskoy et al. 2010),
our non-detection of radio emission during the X-ray flare might imply the exis-
tence of magnetic energy dissipation in the GRB jet, which results in insufficient
magnetic energy for radio emission during X-ray flares (e.g. Kumar & Zhang

2015).
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Figure 4.5: The predicted flux density of the radio signal produced during the
X-ray flare from GRB 210419A as a function of the fraction of magnetic energy.
The shaded region in different colors represent the model predictions assuming
the lowest, typical and highest long GRB redshift, with the uncertainties again
resulting from the predicted peak frequency of the prompt radio emission at the
shock front (see Eq. 4.5) and the measured X-ray fluence (see Section 4.2), which
has been corrected to a bolometric gamma-ray fluence (see Section 4.7.2.2). The
horizontal dotted line shows the 30 flux density upper limit derived from the
MWA image integrated over the duration of the X-ray flare.
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4.7.3 Future prospects
4.7.3.1 Improvements to future VCS triggers

We expect there to be much more sensitive observations with the full MWA in
the future. During our observation of GRB 210419A, several of the receivers were
down due to beamformer faults on-site, which resulted in a 35% sensitivity loss.
With the full MWA operational, we could have reached a sensitivity of ~ 40 Jy ms
for a 10 ms wide pulse, comparable to the prediction in Rowlinson & Anderson
(2019). This would represent a factor of ~ 3 in improvement in sensitivity com-
pared to our results for GRB 210419A, which would further constrain the fraction
of magnetic energy in the relativistic jet of GRBs during the prompt gamma-ray
phase (see Section 1.7.2.1) to eg < [0.01—0.03] under the assumption that the
jet-ISM interaction indeed operates in the GRB under study.

We expect to trigger the VCS on more Swift GRBs in the future, with a par-
ticular focus on short GRBs as associated prompt radio signals are more likely to
escape their less dense surrounding environments (Zhang, 2014). With a compact
binary merger origin, short GRBs have additional channels to produce coherent
radio emission such as the interactions of the neutron star magnetic fields just
preceding the merger (Lyutikov, 2013). Assuming a typical short GRB redshift
of z = 0.7 (Gompertz et al.; 2020), the MWA response time of 89 s would allow us
to capture the signals produced as early as ~ 13 s prior to the prompt gamma-ray
emission. Based on the number of short GRBs detected by Swift per year (~ 9;
Lien et al. 2016) and assuming 30% sky coverage of the MWA | we would expect
to trigger on 2 -3 short GRBs per year.

While the VCS data are most sensitive to prompt radio emission, they can be
used to search for long timescale or persistent emission after offline correlation
and imaging, as was done in Section 4.7.2.2. However, since the observation of
GRB 210419A was taken when the MWA was in the compact configuration, the
resulting image has a low angular resolution (~ 10arcmin) and is limited by

classical confusion (see Figure 4.3; Condon 1974; Franceschini 1982), making the
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upper limit derived from the RMS noise less constraining than what we would
expect from an observation taken in the extended configuration. Assuming a
typical flare duration of 247s (for the distribution of flare durations see Yi et al.
2016) and the general relation that image noise scales with integration time as

1

o At._l/g, we expect a sensitivity of ~ 0.1 Jybeam™ " on the 247s timescale in

int
the extended configuration (a factor of 2 times better than our observation of
GRB 210419A in the compact configuration) based on the upper limits derived
on 30 min timescales from previous MWA observations (see Chapter 3). Note that
our sensitivity estimation does not take into account sidelobe confusion. In the
future we expect to undertake VCS observations in the extended configuration,
which will increase the sensitivity to any long timescale emission by an order

of magnitude and thus improve our constraint on the coherent radio emission

associated with X-ray flares.

4.8 Summary and conclusions

In this chapter, we have searched for prompt radio bursts associated with GRB
210419A in the frequency range of 170 to 200 MHz using the rapid-response mode
on the MWA, triggering VCS observations. This is the first time that the MWA
VCS has been used in the rapid-response follow up of a GRB. The MWA rapid-
response observing mode makes it possible to capture the early time emission,
which would be missed by other low frequency radio telescopes with slower re-
sponse times and/or all-sky instruments that necessarily have lower sensitivities
(for a comparison of response times for different low-frequency telescopes see
figure 10 in Anderson et al. 2021b).

As a result of this work, we come to the following main conclusions:

1. We have performed a single pulse search on the high time resolution data
but found no prompt emission associated with GRB 210419A. We derive

a fluence upper limit of 77-224 Jyms on prompt radio bursts associated
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with GRB 210419A, assuming a pulse width of 0.5-10ms and a redshift of
0.6 < z < 4. This allows us to test the jet-ISM interaction model assuming
a spectral index of f = 1.6 (Usov & Katz, 2000). The fluence limit results
in the fraction of magnetic energy constraint of eg < [0.05-0.1] in the
relativistic jet (see Figure 4.4), disfavoring the Poynting flux dominated

composition for the jet though at a low significance.

. We have also inspected the MWA images made via offline correlation of
the VCS data for signals occurring during the X-ray flare of GRB 210419A
assuming redshifts of z = 0.1, 1.7, and 4 but found no emission at the
GRB position (see Figure 4.3), obtaining a 3¢ flux density upper limit of
570 mJy beam ™. This allows us to test the same jet-ISM interaction model,
which also predicts radio emission during X-ray flares (Starling et al., 2020).
The flux density limit results in a constraint on the magnetic energy fraction
during the X-ray flare of eg < 1073 over a redshift range of 0.1 < z < 4 (see

Figure 4.5), suggesting magnetic energy dissipation in the GRB jet.

. Compared to previous MWA searches for prompt radio bursts using the
standard correlator with a temporal resolution of only 0.5s (see Chapter 3),
our VCS observation of GRB 210419A with a temporal resolution of 100 ps
is equally as sensitive to our best constrained burst GRB 190627A using
image dedispersion techniques (see Chapter 3), and demonstrates the po-

tential for even more sensitive VCS observations in the future.

In conclusion, our non-detection of coherent radio emission associated with

GRB 210419A seems to challenge the Poynting flux dominated scenario commonly
assumed for GRB jets (Usov 1994; Thompson 1994; Drenkhahn & Spruit 2002),

which is a prerequisite for the radio emission mechanisms proposed by Usov &

[Katz (2000) and Starling et al. (2020). However, there are some other possible

reasons for our non-detection. Given the unknown redshift of GRB 210419A and

observations of long GRBs at redshifts of z > 6 (Salvaterra, 2015), it may be
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too distant to have detectable radio emission. Given the X-ray absorption might
not reflect the true density in the GRB environment (e.g. Rahin & Behar 2019;
Dalton & Morris 2020), it is possible that GRB 210419A resides in a high density
surrounding medium that prevents low-frequency emission from escaping.

In order to detect the predicted radio emission or fully explore the parameter
space of the emission model, we need more MWA rapid-response VCS observa-

tions of GRBs, especially short GRBs with redshift measurements.
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Chapter 5

A targeted search for repeating

fast radio bursts with the MWA

This chapter is a reproduction of J. Tian, G. E. Anderson, P. J. Hancock, J. C.
A. Miller-Jones, M. Sokolowski, C. W. James, N. D. R. Bhat, N. A. Swainston,
D. Ung, B. W. Meyers (2022), “A targeted search for repeating fast radio bursts
with the MWA”, Monthly Notices of the Royal Astronomical Society, Volume 518,
Issue 3, page 4278-4289, DOI: https://doi.org/10.1093/mnras/stac3392. I
have adapted the chapter to make it better fit into this thesis, avoiding repetition
of the materials already included in Chapters | and 2 and keeping all references

consistent within this thesis.

5.1 Introduction

As discussed in Section 1.1.4, there are potential links between GRBs and FRBs,
as evidenced by the observational (CHIME/FRB Collaboration et al.; 2020; Boch-
enek et al., 2020; The CHIME/FRB Collaboration et al., 2021a) and theoreti-
cal (Zhang, 2020b; Beloborodov, 2020; Lyubarsky, 2020) association of FRBs
with magnetars, one type of remnant that could be formed by GRBs (Rowlinson

et al., 2013). In this chapter we present a targeted search for low-frequency (144-
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215MHz) FRB emission from five repeating FRBs. We used 23.3 hr of archival
data taken with the MWA VCS between 2014 September and 2020 May. This
is the first time that the MWA VCS has been used to search for FRB signals
from known repeaters, which enables much more sensitive FRB searches than
previously performed with the standard MWA correlator mode (Tingay et al.,
2015; Rowlinson et al., 2016; Sokolowski et al.; 2018). We performed a standard
single pulse search with a temporal and spectral resolution of 400 us and 10 kHz,
respectively, over a broad DM range centred at the known DM of each studied re-
peating FRB. With the fluence upper limits derived from the VCS data, we were
able to study the burst rates, low-frequency spectra and local environments of the
five repeaters. Finally, this chapter highlights the importance of VCS follow-up
or archival searches for low frequency bursts from known repeaters, which would

provide unprecedented information on FRB emission mechanisms and /or physics.

5.1.1 Low-frequency FRB searches

Up until very recently, FRB repeating sources have been detected at frequencies
between 300 MHz (Chawla et al., 2020; Pilia et al., 2020; Parent et al., 2020) and
8 GHz (Gajjar et al., 2018). However, simultaneous observations of repeating
FRBs in different bands suggest that individual pulses are narrow-band, yet are
scattered across a wide range of frequencies with time (Gourdji et al.; 2019). For
example, FRB 20180916B has been detected up to 5.3 GHz (Bethapudi et al.,
2022), yet the absence of simultaneous detections at frequencies 2.3 and 8.4 GHz
demonstrates its frequency dependent activity (Pearlman et al.; 2020). While
Chawla et al. (2020) detected FRB 20180916B at 300-400 MHz using the Green
Bank Telescope, no emission was seen contemporaneously at 110-188 MHz using
the Low Frequency Array (LOFAR). Such narrow-band emission has also been
demonstrated for FRB 20121102A (Gourdji et al., 2019; Majid et al., 2020) and
FRB 20190711A (KKumar et al., 2021a).

To date, there have been many searches for FRB emission below 300 MHz,
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including simultaneous, multiband, targeted (Law et al., 2017; Sokolowski et al.,
2018; Houben et al., 2019) and wide-field blind (Coenen et al., 2014; Karaster-
giou et al., 2015; Tingay et al., 2015; Rowlinson et al., 2016; Sanidas et al., 2019)
searches using LOFAR, the Murchison Wide-field Array (MWA) and the Long-
wavelength Array. In addition, searches for prompt and dispersed (FRB-like)
signals predicted to be associated with gamma-ray bursts have also been con-
ducted with MWA and LOFAR via rapid-response observations (Iaplan et al.,
2015; Rowlinson et al., 2019, 2021; Anderson et al., 2021b; Tian et al., 2022a,b),
none of which have yielded a detection. However, recently Pleunis et al. (2021Dh)
reported the detection of 18 bursts from FRB 201809168 between 110-188 MHz
using LOFAR, the only detections of any FRB below 300 MHz to date. This con-
firms the existence and the detectability of low frequency bursts from repeating
FRBs at cosmological distances, which are not limited by propagation effects or
the FRB emission mechanism. Additionally, this same repeater appears to un-
dergo chromatic periodic activity where its activity window is wider and occurs
later with decreasing frequency. This is demonstrated by the ~ 3 day delay in the
peak activity between bursts observed by CHIME/FRB at 600 MHz and those
observed by LOFAR at 150 MHz (Pleunis et al.; 2021b; Pastor-Marazuela et al.,
2021).

There are several reasons for the dearth of FRB detections at low frequencies.
First is an increase in the sky background temperature at low radio frequencies
(e.g. de Oliveira-Costa et al. 2008; Cong et al. 2021). This can increase the
noise level in low frequency observations and reduce the observed signal-to-noise
ratio (S/N). As FRB signals propagate through intervening ionized media before
reaching the Earth, the effects of scatter broadening of the pulse profiles and
intrachannel dispersive smearing, which are more significant at low frequencies,
can also reduce the peak S/N. In addition, repeating FRBs are also known to
suddenly turn on and enter periods of long-term (> a few years) activity (e.g.,

FRB 20201124A; Lanman et al. 2022). This makes it difficult to define proper
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burst rates for sources that exhibit burst clustering, which may be more/less
active at higher/lower frequencies (e.g., FRB 20121102A and FRB 20180916B;
Josephy et al. 2019; Pearlman et al. 2020). All of these present challenges to FRB
searches at low radio frequencies.

Nonetheless, low frequency FRB searches are very important. A real detec-
tion at low frequencies would complement high frequency detections for broad-
band measurements of the FRB spectrum, allowing more reliable studies of the
burst energetics and the emission mechanism. It would also allow us to better
constrain the local environments of FRBs based on propagation effects such as
free-free absorption. As this effect is more obvious at lower frequencies (optical

~21) | FRB measurements at low frequencies would place

depth scales as ¢ o< v
more stringent constraints on the size of the emission site (Pleunis et al.; 2021D).
Low frequency FRB emission is also sensitive to other propagation effects such as
the dispersion, scattering and Faraday rotation, and could provide precise mea-
surements of the dispersion measure, scattering timescale and rotation measure

of FRBs (Petroff et al., 2022). Therefore, low frequency FRB searches are well

motivated scientifically in spite of the observational challenges.

5.1.2 SMART survey

The MWA VCS mode has been extensively used for pulsar studies and searches
(Bhat et al., 2016; Xue et al., 2017; McSweeney et al., 2017; Meyers et al., 2018;
Swainston et al.; 2021). In September 2018, an all sky pulsar search project,
the Southern-sky MWA Rapid Two-meter (SMART) survey (Bhat et al., 2022),
was commenced to search the entire sky south of +30° in declination for pulsars,
with regular data collection planned until ~ 2023. This survey, along with tar-
geted observations toward a number of already known pulsars, generates a large
amount of VCS observations in the MWA archive. These all-sky archival data at
the highest time resolution available with the MWA, combined with the MWA’s

large field of view are an invaluable resource to exploit for transient studies and
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enable the search for low frequency bursts from known repeating FRB sources.
The observations we selected for FRB searches were taken between 2014 Septem-
ber and 2020 May, spanning the MWA Phase I and Phase II, which differ in array
configuration, and baseline length and distribution. The MWA Phase I presents
an angular resolution of ~ 2 arcmin at 185 MHz (Tingay et al., 2013). The MWA
phase II has two configurations: extended and compact configurations with an-
gular resolutions of ~ 1 and ~ 10 arcmin, respectively (Wayth et al., 2018). Both
can be used for FRB searches.

In this chapter, we use the archival MWA observations taken with the VCS to
search for FRB signals from known repeating FRBs. In Section 5.2, we describe
our selection of MWA observations in the data archive and the data processing
and analysis we used for the FRB search. Our results are then presented in
Section 5.3. We discuss the implications of our results for FRB sources and

emission models in Section 5.4, followed by conclusions in Section 5.5.

5.2 Observations and data reduction

5.2.1 Sample selection

We used the first complete FRB catalogue' (including FRB events published in
the Transient Name Server’, FRBCAT and the CHIME/FRB Catalogue; Petroff
et al. 2016; Amiri et al. 2021) to identify targets for our FRB search, i.e. those
repeaters that could be viewed by the MWA. Since the majority of repeaters
have been detected by CHIME, which looks at the Northern sky (CHIME/FRB
is sensitive to sky locations with declinations > —11°; Amiri et al. 2021), only
a few of them are located in the MWA observable sky. We filtered through
the population of known repeating FRBs using the criterion of their maximum

elevation above the MWA'’s horizon of > 30° (for the choice of the elevation

"https://www.herta-experiment.org/frbstats/
’https://www.wis—tns.org/
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limit, see Hancock et al. 2019a), and obtained a list of five repeating FRBs (see
Table 5.1).

The five repeating FRBs display varying burst widths, fluences and degrees
of activity and repetition rates, as shown in Table 5.1. FRB 20190711A was first
detected by ASKAP in the frequency range 1.1-1.3 GHz (Macquart et al., 2020),
and hundreds of hours of follow-up observations with ASKAP and Parkes de-
tected only one repeat burst at 1.4 GHz in the Parkes observations (Kumar et al.,
2021a), indicating an extremely low repetition rate. We do not report a burst
rate for this repeater in Table 5.1. FRB 20190116A, 20190117A, 20190213A and
20201124A were first detected by CHIME in the frequency range 400-800 MHz,
with a burst rate simply estimated by the ratio of the number of detected bursts
to the exposure time of the CHIME system on the source (CHIME/FRB Collabo-
ration et al.; 2019¢; Fonseca et al.; 2020a). The brightest repeater in this sample,
FRB 20201124A, was subsequently detected by multiple instruments including
the Karl G. Jansky Very Large Array (VLA) at 1.5 GHz (Law et al., 2021), the
Australian Square Kilometre Array Pathfinder (ASKAP) at 864.5 MHz (Kumar
et al., 2021d,b) and the Five-hundred-meter Aperture Spherical radio Telescope
(FAST) at 1.2GHz (Xu et al., 2021), and reported to enter a sudden period of
high activity in 2021 March (Marthi et al.; 2021; Piro et al., 2021; Lanman et al.,
2022). Thanks to these radio observations between 864.5 MHz and 1.5 GHz, FRB
20201124A is the only repeater in our sample that has a measured spectral index
o = —5.827088 (Kumar et al., 2021c). For the CHIME repeaters, the burst rates
quoted in Table 5.1 assume an average rate that does not take into account the
likely variable nature of a potential activity window, and thus may not apply to
the time windows of the MWA observations inspected in our analysis (see dis-
cussions in Section 5.4.1). Note that the CHIME rates in Table 5.1 are all based
on CHIME observations except for FRB 20201124A, which is estimated for the
period of high activity after 2021 March while its rate prior to discovery is as low

as < 3.4day™" (Marthi et al., 2021; Piro et al., 2021; Lanman et al., 2022).
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5.2.2 MWA observations

We used the MWA All-Sky Virtual Observatory” (ASVO) to search for all VCS
observations that overlap with the positional errors of the five repeating FRBs,
and found 61 observations in the MWA data archive. We then estimated the
sensitivity of each VCS observation in the directions of the five repeating FRBs
based on the Full Embedded Element model of the MWA (Sokolowski et al.,
2017). We selected only those observations with at least 20% of the maximum
sensitivity in the primary beam. This resulted in a total of 25 observations with
integrations between 15min and 1.5hr (23.3hr in total) and central frequencies
between 144 MHz and 215 MHz, as listed in Table 5.2. Of these observations,
12 were taken in the MWA Phase II compact configuration, and the others were
recorded in the higher angular resolution of Phase I and the Phase II extended

configuration.

5.2.3 Data processing

For the data processing we used the VCS data processing pipeline, which was
initially developed for pulsar searches (for details see Chapter 2). The calibrator
source selected to calibrate each MWA observation is listed in Table 5.2. Here
we briefly summarise the beamforming process.

We used the coherent beamforming to phase all MWA tiles to the known
positions of the five repeating FRBs, as listed in Table 5.1. The number of
coherent beams we needed to form for each FRB depended on the positional error
of the FRB and the angular resolution of the MWA observation. The ASKAP
repeater, FRB 190711A, has a small positional error of 0.38 arcsec (Macquart
et al., 2020), well within the synthesized beam of the MWA, so we only needed
to beamform the VCS data at a single position. The other CHIME repeaters
have a positional error of ~ 10arcmin. Depending on the configuration of the

MWA this corresponded to 2—16 beams for the phase II compact configuration

3https://asvo.mwatelescope.org/
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and ~ 550 beams for the phase I and phase II extended configuration, as shown

in Table 5.2.

5.2.4 FRB search

The single pulse search was performed using the PRESTO software package (Ran-
som, 2001). We did not perform any RFI excision (see Chapter 2), but any
spurious events caused by RFI can be identified from the final candidates via
visual inspection.

First we dedispersed the time series using the PREPDATA routine in PRESTO.
We determined the DM search range of each observation based on the nominal
DM of the target FRB (see Table 5.3). Specifically, we searched around the known
DM with approximately 450 pccm™3 but shifted that limit to within the closest

3, covering a DM range of 100 pccm ™. Given that there is

multiple of 10 pcecm™
no evidence of DM evolution for the five repeating FRBs analysed in this paper,
and the largest DM variation observed for FRB 20190711A and FRB 20201124A
is 7 and 10 pcem ™3, respectively (likely caused by varying burst morphology;
Kumar et al. 2021a,c), the DM range we chose is sufficient for the repeat bursts
searched for here. We adopted a DM step size of 0.1 pccm ™3, resulting in 1000
DM trials for each observation. To reduce the data size, the dedispersed time
series were downsampled to a lower time resolution of 400 us. This would not
affect our search for repeating bursts given the shortest burst width is 0.64 ms in
our sample of repeating FRBs (see Table 5.1) and the general trend of increasing
burst widths at lower frequencies (e.g. Chawla et al. 2020; Pleunis et al. 2021Db).
We performed a traditional single pulse search using PRESTO’s SINGLE_PULSE_SEARCH.PY,
which convolves the dedispersed time series with boxcars of different widths. We
chose different pulse width search ranges for the five repeating FRBs based on
their brightness and the sensitivity of the MWA observations. While we searched
up to a pulse width of 1.3s (the maximum scatter broadening expected at the

MWA observing frequency; see Section 5.2.6 and Table 5.3) for the two bright-
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est FRBs in our sample, i.e. FRB 20190711A and FRB 20201124A, we only
searched up to 150 ms for the other three FRBs as any signals scattered beyond
150 ms are expected to have a flux density of < 0.2Jy, < 1.4Jy and < 0.2 Jy for
FRB 20190116A, 20190117A and 20190213A, respectively (assuming a spectral
index of & = —2; see Table 5.3), which is below the MWA sensitivity of ~ 1.4 Jy
on 150 ms timescales. Single pulse events detected with a S/N above six were
classified as candidates (e.g. Chawla et al. 2020, Meyers et al. 2018, Bannister
et al. 2012). We then applied a friends-of-friends algorithm (Burke-Spolaor et al.,
2011; Bannister et al., 2012) to identify possible false positives. In the case of
more than five individual boxcar/DM trials clustering into a candidate (e.g. Ku-
mar et al. 2021a), we reserved it for further inspection (see Figure 5.1 for an

example candidate).

We tested our data processing and FRB detection pipeline by searching for
single giant pulses from the Crab pulsar in a 154 MHz MWA observation listed in
Table 5.2 (Obs ID: 1165246816). We ran our FRB search pipeline over a chosen
DM range of 56.77 = 5pcem™ (from the ATNF Pulsar Catalogue’; Manchester
et al. 2005). We successfully detected 89 single pulses with S/N > 10 from this
15 min observation (see Appendix D and Figure D.1 for the dedispersed dynamic
spectrum of the brightest Crab pulse). In order to calculate the expected giant
pulse rate from the Crab at the observing frequency of 154 MHz, we took the
Crab pulse rate of 0.35s71 at 185 MHz for a fluence > 520 Jyms, the spectral
index of —0.7 4= 1.4 and the power-law fluence distribution N(> F,) < F,# with
g = 2.88+0.12, all calculated by Meyers et al. (2017). We obtained a pulse rate
of 0.03-0.17s™! for a fluence > 1000 Jy ms (corresponding to the 100 sensitivity
of the tested observation). Therefore, the expected number of detectable giant
pulses from the Crab at 154 MHz within our 15 min observation is 27-153, which
is consistent with our detection of 89 pulses, and thus verifying the utility of our

VCS data processing and FRB detection pipeline.

“https://www.atnf.csiro.au/research/pulsar/psrcat/
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Figure 5.1: An example dynamic spectrum of a candidate burst detected in an
MWA observation (Obs ID: 1163853320) beamformed at the position of FRB
20190213A. Data have been dedispersed to a DM of 635.4 pccm™3. The dynamic
spectrum has been averaged to a time resolution of 3 ms and a frequency resolution
of 0.24 MHz. The frequency-averaged pulse profile is shown on the top panel with
the candidate located between the two vertical dashed lines. The time-averaged
spectrum is shown on the right panel.
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5.2.5 Determination of system sensitivity

Corresponding to the 6o threshold on S/N, we determined a flux density upper
limit for each of the selected MWA observations using the radiometer equation
(see Section 4.5). Taking into account the sensitivity loss induced by flagging bad
tiles and channels during the calibration process (see Section 4.4), we arrived at

a 60 flux density upper limit for each observation, as shown in Table 5.2.

5.2.6 Pulse width and fluence estimates

As mentioned above, the sensitivity of the MWA observations is characterised
by flux density. However, in the field of FRB astrophysics it is common to use
fluence for presenting results. We can convert the flux density limit to a fluence
limit using Eq. 4.3 (pulse duration dependent) in Chapter 4. The pulse durations
of the five repeating FRBs have been measured at their observed frequencies, as
shown in Table 5.1. We can estimate the pulse duration at the MWA observing
frequency using Eq. 4.4 in Chapter 4. Here we are mainly concerned about three
factors: weps is the observed pulse duration at higher frequencies, and wpg and
Wyeatter @ccount for the pulse broadening due to dispersive smearing and pulse
scattering at the MWA observing frequency. The dispersion smearing across the
MWA channel, Av = 10kHz, can be calculated at the nominal DM values listed
in Table 5.1 for the five repeaters using (e.g. Anderson et al. 2018b)

Av v o\3 DM
— 8.3 x 10° ( ) — ) 1
wps = 8.3 x 10° X (MHz) *\ v X (pccm—3) S (5.1)

For a typical observing frequency of the MWA, v = 185 MHz, the corresponding

dispersion smearing is ~ 5ms.

FRBs also experience scattering. However, given the unknown environment of
FRBs the scattering timescale is largely uncertain. We may infer the lower limit of
the scattering timescale based on the Galactic contribution. Using the NE2001

model of electron density fluctuations (Cordes & Lazio, 2002), we obtained a
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minimum scattering timescale at 1 GHz of 4.3 x 10~ ms, 2.6 x 10~*ms, 1.7 x
10~*ms, 3.2 x 10~*ms and 5.8 x 1072 ms for the five repeaters. The upper limits
on scattering timescales have been derived for FRB 190116A, 190117A, 190213A
and 201124A to be < 11ms, < 74ms, < 4.0ms and < 11.1ms at 600 MHz
(CHIME/FRB Collaboration et al., 2019¢; Fonseca et al., 2020a; Marthi et al.,
2021). Given FRB 190711A has no scattering fitting due to its complex time-
domain structure (Day et al., 2020) or low S/N (Kumar et al., 2021a), we assumed
a typical scattering timescale of < 10ms (Amiri et al., 2021). Assuming the
scattering timescale depends on frequency as v~* (Bhat et al., 2004), we can
obtain a range of scattering timescales at the MWA observing frequency. The final
lower and upper limits on the scatter broadening can be found in Table 5.3. Note
that the final range in Table 5.3 was calculated individually for each observation
before being combined.

With the estimated dispersion smearing and scattering timescales, we can
derive a range of pulse widths for each observation using Eq. 4.4, which can be
further used to derive the final range of fluence limits for each observation using
Eq. 4.3. The ranges of fluence limits derived from different observations covering
the same repeating FRB were combined to obtain the final range of fluence limits

for the repeater, as shown in Table 5.3.

5.3 Results

We performed FRB searches on 25 VCS observations at the positions of five re-
peating FRBs, of which four were discovered by CHIME and one by ASKAP.
Following the automated pulse search, we further filtered all candidates with a
S/N above 60 using the friends-of-friends algorithm. The number of remaining
candidates at the position of each repeater is listed in Table 5.2, totalling 543
candidates discovered in 23.3 hr of VCS data. We visually inspected their pulse
profiles and dynamic spectra, and found no evidence of a dispersion sweep, sug-

gesting they are not real signals. An example dynamic spectrum of a candidate

180



(7'7°¢ uoryoeg 99s) sedIpul [e1joads JueIohIp Yim wnIjoads

mef-1omod e Surumsse (ZHN G8T) Aouenboy Suratesqo YA\N 013 03 pejejodel)xe s PPAISSO o1} JO 9duen[ padadxe o], 9
(9°7°G uoI309g 99S) UOIYRAISSCO OB 10] POALIOP IWII] o) WOIJ POULqUIOd g Yoeo I0J ] Joddn ooueny oy J, :g

(97 °¢ uwonoeg 99s) Surw)jess osnd pue SuLreous

oAIsIodsIp 09 anp Surueprolq asd o) JuNoodR OJul Sulye) Aq PoALp Adusnbaly SUIAISSqO YAAIN o2 e Yipmm osind oy, :F
{(G'7°¢ uoryoeg ees) Aem AN[IJA O} WOIJ UOIIMLIJUOD Y}

pue seuonbolj I9YSIY e FULID}IRIS POAISSO 9} WOIJ PALIdJUl Aousnboaly SUIAISSqO YAATN 9} e o[essowr) SuLI))ess oy, ¢
{(1°G o[qR], 998) 9fRI JSIN( JURISTOD B SUIUNSSE SISING JO IdquNu pa1dadxe o], g

‘GYA yoeo 03 VAN Jo awary oamsodxo [e10) oy, T

‘Aouenbaly SuIAIesqo YAAN 93 e s1ojeadar oAl oY) Jo seryredord 9sInq poALId(] :¢°G 9[qr],

Ve61-€v  8L6-81 9676 887-9¢ 6¢C1-¢S'6 8CCI-G6'V 09¥-04¢€ 0¢ 6'T V¥cII0c
Ovee—Ly  LESTC 9LC-8 GLTIT-¢E 9011-90°G 9011220 099-049 / ¢'6  VITLOGT
(@5 81-¢ 012 1vy—8v V€76 =410 00.-009 G0 ¢V VEICO6T
80¢-¢€¢ 90T-0¢ 05-91 7€9-¢E 618-02°G 618220 067-05¢€ 81 89  VLIIO6T
6L 4 8¢ 8V9—<¢¥ L121-26°G L12T-70°0 005-00% g0 4 VITT06T
T— =0 ¢¢I—=0 [—=0 (swdr) yuuy (sw) sypmn osmd  (swr) Suriojjess (g_wood) Sismq (1q)

(sw Ap) 4pojoadxo vouonyg Toddn eouenyq JO spunog JO spunog oFueI IedS (] PoRdxi  'sqO qaaa

181



burst detected in an MWA observation (Obs ID: 1163853320) with S/N = 6.59
is shown in Figure 5.1.

We derived a flux density limit for each of the 25 MWA VCS observations
searched for FRB signals, as shown in Table 5.2. For FRB 20201124A, the flux
density limits ranged between 18.41-22Jy. We also inferred a range of pulse
widths of 9.52-1229ms at the MWA observing frequency of 185 MHz for this
repeater. With the derived flux density limits and pulse widths, we finally arrived
at a range of fluence limits of 36488 Jy ms for FRB 20201124 A. We did a similar
analysis for the remaining FRBs, and present all results in Table 5.3. Note that
the three faint repeaters in our sample, i.e. FRB 20190116A, 20190117A and
20190213A, were only searched up to a pulse width of 150 ms (see Section 4.5.1).
The uncertainties in the final fluence limits span more than an order of magnitude,
which can be attributed to the largely uncertain scattering timescales. In the best
case, i.e. minimal scattering, we would have detected any bursts with a fluence
2 50 Jyms. Note that the low-frequency bursts detected by LOFAR from FRB
20180916B can reach a fluence of 308 £ 10 Jy ms (Pleunis et al., 2021b), much
higher than this fluence threshold.

In summary, no bursts from the five repeaters were detected in MWA obser-
vations. Based on their known properties, we inferred a range of fluence upper
limits for each repeater, as shown in Table 5.3, which can be used to constrain

the burst properties of the repeating FRB population.

5.4 Discussion

We have performed a search for bursts from five repeating FRBs at low frequen-
cies with the MWA, obtaining a range of fluence upper limits on each of these
repeaters (see Table 5.3). Given their burst rates estimated by CHIME or ASKAP
observations (see Table 5.1), we calculated the expected bursts during the MWA
observations assuming the burst rate is constant and frequency independent, as

shown in Table 5.3. We can see there is a non-negligible chance of bursting dur-
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ing the MWA observations of these repeaters, especially for FRB 201124 A, which
can potentially emit 30 bursts within 1.9hr (Lanman et al.; 2021). Therefore,
the fact that we did not detect any bursts could suggest that our assumption of
a constant burst rate is wrong, the FRB emission has a shallow spectrum, or the
circumburst environment prevents the low frequency radio emission from escap-
ing. In this section, we discuss the constraints placed on the properties of these

repeaters by the MWA non-detections.

5.4.1 Burst rate

The first explanation for our non-detection may be that the repeaters were not
active during the MWA observations. If that is the case, we can further con-
strain the burst rates of the five repeaters at the MWA observing frequency of
~ 185MHz to < 0.50hr™!, < 0.15hr %, < 0.24hr™*, < 0.11hr " and < 0.53hr™*
for FRB 190116A, 190117A, 190213A, 190711A and 201124A, respectively, as-
suming the rate is constant. The most stringent constraint on the burst rate of
FRB 190711A is comparable to the lowest observed rate for a CHIME repeater
(0.05hr* for FRB 190212A; Fonseca et al. 2020b). Note that these two burst
rates are measured at different frequencies, and there seems to be a decreasing
trend in burst rates towards lower frequencies though it is not conclusive (e.g.
Pearlman et al. 2020; Pleunis et al. 2021b).

There is also another possibility that the repeaters were in quiescence during
the MWA observations. That is, the five repeaters have variable burst rates, de-
pending on their episodic bursting behavior. This has been shown to be the case
for FRB 201124A. While this FRB has been observed to emit 48 bursts within
three hours (Marthi et al., 2021), its rate prior to discovery is low as < 3.4 day '
(Lanman et al., 2021). Despite the above uncertainties in the FRB activity, it
is intriguing to assume the repeaters emitted signals during the MWA observa-
tions and investigate their spectral properties (see Section 5.4.2) and emission

environments (see Section 5.4.3).
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5.4.2 Spectral properties

Here we consider that our non-detections of FRB emission is due to low fluences
in the MWA observing band. In the case of broadband FRB emission, we can
constrain the spectral index using the fluence upper limits we derived for the five
repeaters and their observed fluences at higher frequencies. The mean spectral
index of FRB emission has been determined to be —1.5%0% from the summed
power of 23 ASKAP FRBs over a frequency range of 1.1-1.5 GHz (Macquart et al.,
2019) and —1.5379 75 by a simulation on a sample of 82 FRBs detected by Parkes,
ASKAP, CHIME and UTMOST over 0.4-1.5 GHz (Bhattacharyya et al., 2021).
Here we extrapolated the fluences observed at higher frequencies to the MWA
observing frequency of 185 MHz for three different spectral index values of -1, -
1.53 and -2 (the same range of spectral indices explored by Sokolowski et al. 2018)
and include them in Table 5.3 where they can be compared to the fluence upper
limits derived from our data. While low frequency bursts from FRB 20190116A
and 20190213A were likely undetectable in the searched MWA datasets based on
the assumed mean spectral index, bursts from the other repeaters may well be
detectable if they were active during the MWA observations. Although the scatter
broadening of pulses can significantly reduce our sensitivity to FRB emission (as
demonstrated by the large range of fluence upper limits shown in Table 5.3),
our non-detection of low frequency bursts from the two brightest repeaters FRB
20190711A and 20201124A cannot be explained by scattering alone unless their
spectral indices are a 2 —1, which is consistent with the conclusion in Sokolowski
et al. (2018).

There is another possibility that the spectrum of repeating FRBs needs to
be generalised beyond a simple power law. This could be attributed to a low
instantaneous bandwidth as has been observed for FRB 20121102A, 201809168
and 20190711A with a typical fractional bandwidth of ~ 20% (Law et al., 2017;
Gourdji et al., 2019; Majid et al., 2020; Kumar et al., 2021a) and/or clustering
of spectra of repeat bursts as has been observed for FRB 20121102A (peaking
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around 1650 MHz) and 20201124A (peaking around 650 and 500 MHz; Aggarwal
2021; Lanman et al. 2022). In the former case, the narrowband feature is similar
to that observed for giant pulses from some pulsars (e.g. Geyer et al. 2021;
Thulasiram & Lin 2021), and might hint at similarities in emission mechanisms

between repeating FRBs and giant pulses.

5.4.3 Free-free absorption

A low-frequency break in the spectrum of FRB emission is a plausible explanation
for our non-detection. It has been suggested that free-free absorption by electrons
in the circumburst environment can suppress low-frequency emission (Ravi &
Loeb, 2019; Rajwade et al.; 2020a). Here we derive an upper limit on the size
of a nebula that the repeater may be embedded in in the context of free-free
absorption (e.g. Sokolowski et al. 2018).

The optical depth due to free-free absorption is given by

i 7o\ 185 y o4
—11x10 (—)
e =11x 1077 % (104K> " {185 MHz
DM?Z,
fef‘prc7

(5.2)

where T is the electron temperature, v is the observing frequency normalised to
185 MHz, L. is the size of the absorbing material, fog accounts for the volume
filling correction, and DM, is the DM contribution from the absorbing material
(Condon & Ransom, 2016). DM can be estimated by the DM values in excess
of the Milky Way contributions in the directions of FRBs (Cordes & Lazio, 2002)
and a further Milky Way halo contribution of 15 pcem™ (Shannon et al., 2018).

If free-free absorption is responsible for the absence of low frequency emission,
we can place a constraint on the size of the absorbing medium by requiring
T > In(Fexp/ Flim), Where Fiy, is the expected fluence at the observing frequency

for a spectral index of —1.53%0% (Bhattacharyya et al., 2021) and Fj, is the
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fluence upper limit derived from the MWA observation (see Table 5.3). In the case
of minimum scattering, we find feg Ly < 1.00 x (T/10*K) ™3 pc (using Feyp =
106 Jyms), 0.92 x (T/10°K) 1% pc (using Fix, = 837 Jyms) and [0.22-2.50] x
(T/10*°K)~1¥ pc for FRB 190117A, 190711A, and 201124A, respectively. Note
that the fluence upper limits on the other two repeaters are not sufficient for
constraining the size of their absorbing media.

We can compare our constraints on the size of an ionized nebula with those
derived for other repeaters, such as FRB 121102 and FRB 180916B. The lowest
frequency detection of FRB 121102 was reported at 600 MHz by CHIME (Josephy
et al.; 2019). However, a search for low-frequency emission from FRB 121102 with
LOFAR resulted in a fluence upper limit of 42 Jy ms at 150 MHz (Houben et al.,
2019). If we adopt the DM value derived from Balmer line measurements for the
DM contribution from the host galaxy, DMypes < 324 pcem™ (Tendulkar et al.,
2017), the size of the ionized region surrounding FRB 121102 can be constrained
to < 2.85pc, which is comparable to the constraints derived above. Different
than FRB 121102 and the repeaters studied here, FRB 1809168 was reported to
have low-frequency emission between 110-188 MHz, suggesting a lower limit on
the size of an ionized nebula > 0.16 x (T//10*K)~*3% pc (Pleunis et al., 2021b).
If the population of repeating FRBs analysed here have a similar environment as
FRB 180916B, we would expect a nebula size of ~ pc, comparable to the Crab
Nebula.

5.4.4 Comparison of FRB searches with the MWA

The MWA has been employed to search for FRBs previously in the image domain
(Tingay et al., 2015; Rowlinson et al., 2016; Sokolowski et al., 2018). Here we
present the first FRB search using the MWA VCS observations. Compared to the
imaging mode, the VCS data features a much higher time resolution, increasing
our sensitivity to short duration (~ms) FRB emission which would otherwise be

diluted by the 0.5s coarse sampling of the standard correlator. Table 5.4 displays
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Reference Obs.  Freq. Time/Freq. Sensitivity
(hr)  (MHz) resolution (Jy ms)
Tingay et al. 2015 10.5 156 2s/1.28 MHz 700
Rowlinson et al. 2016 100 182 285 /1.28 MHz 7980
Sokolowski et al. 2018 3.5 185 0.5s/1.28 MHz  450-6500
This work 24.1 144-215 400ps/10kHz  32-1175

Table 5.4: Comparison between FRB searches using the MWA.

a comparison of our search with previous works. Note that while Tingay et al.
(2015) and Rowlinson et al. (2016) performed a blind search for FRB emission in
the wide field of view of the MWA, Sokolowski et al. (2018) specifically targeted
the bright FRBs detected by ASKAP via a shadowing observing strategy. We
can see the VCS observations used in this work demonstrate the best sensitivity.
In the case of minimal scattering, the VCS observation is more than an order
of magnitude more sensitive than the standard observation, and thus is most

promising for searching for FRBs in the future.

5.4.5 Future prospects

Considering the ongoing searches for FRBs with multiple different facilities, e.g.,
Parkes (Keane et al., 2018), ASKAP (Bannister et al., 2017), CHIME (CHIME/FRB
Collaboration et al., 2018), UTMOST (Caleb et al., 2016) and FAST (Jiang et al.,
2019), we expect more repeating FRBs to be discovered that can be observed by
the MWA in the future. Since most FRBs are discovered by CHIME, here we
focus on the prospect of CHIME repeating FRB follow-up using the MWA. At
the location of MWA we are able to observe only those FRBs with low declina-
tions (< 30deg), amounting to ~20% of the whole population based on the sky
distribution of FRBs (see figure 10 in Amiri et al. 2021). Therefore, given that 18
repeating FRBs have been discovered by CHIME during its first year of operation
(CHIME/FRB Collaboration et al., 2019¢; Fonseca et al., 2020a), we expect to
be able to follow up ~ 4 new repeating FRBs using the MWA per year assuming

that the discovery rate is constant. Note that we would ideally target repeating
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FRBs that were away from the Galactic plane where the sky temperature is much

higher, as well as choose those that show lower levels of scattering.

A very interesting source among the population of repeating FRBs is FRB
20180916B, which features a periodicity of 16.3day and low frequency emis-
sion detected by LOFAR in the frequency range of 110-188 MHz (Pleunis et al.,
2021b), overlapping with the MWA observing band. Note that it is unobserv-
able by the MWA due to its location in the northern hemisphere. However, the
fluences of the bursts from this FRB ranging from 26 to 308 Jy ms are close to
the fluence upper limits we derived from the MWA VCS observations studied in
this analysis, making it intriguing to explore the detectability of these bursts by
the MWA if they appeared in the MWA field of view. In Figure 5.2, we plot
the pulse widths and fluences of the 18 detected bursts (black points) and the
fluence upper limits derived from the MWA observations included in this work
(blue region). Considering the sensitivity of the MWA observations in this work
are limited by the low elevations of the targeted FRBs in the MWA field of view,
we also plot a typical sensitivity near the zenith of the full MWA for comparison
(Meyvers et al. 2017, 2018; dashed red line). While the observations in this work
would only have been sensitive enough to detect the seven brightest bursts, a
typical VCS observation near the zenith could have detected up to 12 bursts,
and therefore ~ 70% of the bursts reported by Pleunis et al. (2021b) from the
repeating FRB 20180916B at low frequencies (< 200 MHz). Therefore, if another
repeating source with emission properties similar to FRB 20180916B becomes
known in the MWA sky in the future, follow-up campaigns with the MWA would

be capable of detecting low frequency bursts.

Apart from follow-up observations of repeaters, we plan to conduct an all-sky
FRB search with the MWA. The rate of FRB detections by the MWA can be

estimated using
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Figure 5.2: The fluences of the bursts reported by Pleunis et al. (2021b) from
the repeating FRB 201809168 between 110-188 MHz versus their pulse widths.
The black points represent the 18 bursts detected by LOFAR, the blue region
represents the range of fluence upper limits derived from the MWA observations
analysed in this work, and the dashed red line represents a typical VCS sensitivity
near the zenith of the MWA.

189



where RE! (REZ?) is the sky rate above a fluence of F'1 (F2) at a radio frequency of
vl (12), a is the average spectral index (—1.5310%9; Bhattacharyya et al. 2021),
and (3 is the power-law index parameterizing the fluence distribution (—1.40 +
0.117005; Amiri et al. 2021). Here we adopted the latest sky rate of 820 +
607220 sky ! day ™! for FRBs (including both repeaters and non-repeaters) with
a fluence > 5Jyms and a scattering time less than 10 ms at 600 MHz, which is
based on the first large sample of FRBs (Amiri et al., 2021) and consistent with
the rate reported from the Green Bank North Celestial Cap (GBNCC) survey in
the 300400 MHz band (Parent et al.; 2020). Scaling this rate down to the MWA
observing frequency of 185 MHz and a typical fluence upper limit of 50 Jy ms as
shown in Figure 5.2 using Eq. 5.3, we expect a rate of 15-78sky ' day '. Given
the ~ 1% instantaneous sky coverage of the MWA (Tingay et al., 2013, 2015), we
expect on average 1-7 days of VCS observations would yield an FRB detection.
It is noteworthy that the computational cost of processing such a large amount

of data is still a challenge (Trott et al., 2013).

5.5 Conclusions

In this chapter, we have searched for low-frequency emission from five repeating
FRBs using the VCS observations in the MWA archive. This is the first time that
the MWA VCS has been used to search for bursts from repeating FRBs. The
25 MWA VCS observations analysed ranged in integration times between 15 min
and 1.5hr (23.3hr in total). As a result of this work, we come to the following

main conclusions:

1. If FRB 190711A and FRB 201124A were active during the MWA observa-
tions, then we can constrain their spectral index to o = —1, shallower than
the mean spectral index estimated on a sample of FRBs (Bhattacharyya

et al., 2021).
2. The fluence upper limits derived from the MWA observations in the case of
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minimum scattering on the FRB emission (contributed only by the Milky
Way) enable us to constrain the size of the absorbing medium to < 1.00 x
(T/10*°K) =¥ pe, < 0.92x (T/10*K) 3% pc and < [0.22-2.50]x (T'/10*K)~13° pc
for FRB 190117A, 190711A, and 201124A respectively, which is compara-

ble to the size limit on FRB 121102 (Tendulkar et al., 2017; Houben et al.,
2019) and lower limit for FRB 180916B (Pleunis et al., 2021b).

3. Compared to previous MWA searches for low-frequency FRB emission using
the standard correlator with a minimum temporal resolution of only 0.5s
(Tingay et al., 2015; Rowlinson et al., 2016; Sokolowski et al., 2018), our
VCS observations with a temporal resolution of 100 us are more than an
order of magnitude more sensitive to FRB signals except in the case of

severe pulse broadening due to scattering beyond ~ 0.5s.

4. A comparison between the typical sensitivity of the MWA VCS observation
at the zenith and the fluences detected by LOFAR from FRB 180916B
reveals that the MWA would be able to detect ~ 70% of the low frequency
bursts from a repeater like FRB 180916B.

In conclusion, our non-detections are likely due to the limited total integration
time of our VCS observations, during which the repeaters were likely inactive.
However, we cannot rule out the possibility of a shallow spectrum or a dense en-
vironment. In order to detect the low-frequency counterparts of repeating FRBs
or clearly constrain their burst properties, we need a combination of the reanal-
ysis of archival VCS observations, which will continue to be collected over the
duration of the SMART survey, and potentially dedicated VCS observing cam-
paigns. Higher frequency instruments such as CHIME and ASKAP can be used
to determine the active windows of repeating FRBs when targeted observations
with the MWA will be most useful. Currently, the high time resolution dataset
that covers a large part of the Southern Sky, which is only made possible via

access to high time resolution data archives, presents a unique opportunity for
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transient science. Given this rich dataset, a blind search is a logical and efficient

way of identifying low frequency FRBs and repeaters.
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Chapter 6

Discussion and conclusions

I have performed a low frequency search for coherent, prompt radio emission from
different transient events, including GRBs (see Chapters 3 and 4) and repeating
FRBs (see Chapter 5), using the MWA rapid-response observing mode and the
archival MWA data, respectively. The main technique for prompt radio transient
searches used in this thesis is dedispersion in the image domain (see Chapter 3) or
the high time resolution and coherently beamformed voltage data (see Chapters 4
and 5). This is the most sensitive attempt that the image dedispersion has been
used for searching for prompt radio emission associated with GRBs, demonstrat-
ing one of the best sensitivities achieved to date. With the upper limits derived
from the MWA observations of GRBs, I tested various models that predict coher-
ent radio emission associated with GRBs. I found the composition of GRB jets
is possibly baryon dominated, which moves forward our understanding of one of
the fundamental open questions in the GRB field, i.e. what is the composition of
the GRB jet? T also used the upper limits derived from the MWA observations of
repeating FRBs to constrain the spectral properties of the FRB emission and the
FRB environments. This PhD research was aimed at exploiting the capabilities of
the MWA rapid-response observing mode in low frequency searches for dispersed

radio transients in the context of GRBs and FRBs.
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6.1 Revisiting coherent emission models of GRBs

We described the theoretical models that predict coherent radio emission from
short and long GRBs in Section 1.1.4 and in Chapters 3 and 4 that include a
sample of 10 GRBs. Testing these models with rapid follow-ups of a sample of
GRBs with the MWA provides new insights into the theories. Here I discuss the
implications of our non-detections of coherent radio emission from a sample of
GRBs on the emission models. Note that the first emission model introduced
in Section 1.1.4.3, interactions of binary NSs, is only applicable to short GRBs,
while the other models are applicable to both short and long GRBs.

6.1.1 Relativistic jet and ISM interaction

I start with the most extensively studied model, interactions between the relativis-
tic jet launched by GRBs and the ISM (e.g. Bannister et al. 2012; Palaniswamy
et al. 2014; Rowlinson & Anderson 2019; Rowlinson et al. 2019, 2021; Ander-
son et al. 2021a). The big sample of GRBs studied at low radio frequencies
(< 300 MHz), including twelve short and two long ones (from both MWA and
LOFAR triggers; Kaplan et al. 2015; Anderson et al. 2021a; Rowlinson et al. 2019,
2021; also see Chapters 3 and 4), allowed us to draw some solid conclusions, i.e.
the GRB jet is possibly baryon dominated during both the prompt gamma-ray
emission phase and X-ray flares of GRBs.

Compared to the other coherent emission models, the GRB jet-ISM interaction
involves the least assumptions as this model does not require the formation of a
magnetar. Note that in Chapter 3 we did assume a typical magnetar model for
deriving the radio emission resulting from the GRB jet-ISM interaction, but in
order to generalise our discussion (e.g. GRBs could also form BHs; Cannizzo et al.
2011) we can directly assume typical GRB parameters (as done in Chapter 4; also
see Rowlinson et al. 2019, 2021). Moreover, detections of the prompt gamma-
ray emission spontaneously indicate that any radio signals produced in the jet

would point towards us. Therefore, we are most likely to detect the prompt
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radio emission predicted by the jet-ISM interaction model. The MWA is ideal
for capturing this emission given its rapid response mode and high sensitivity on
short timescales, as demonstrated in Chapters 3 and 4. Surprisingly, we did not
detect this predicted emission from a large sample of GRBs, which drive us to

rethink the GRB jet-ISM interaction model.

First we revisit the fast response mode of the MWA. Considering a typi-
cal response time of the MWA between 30-60s as shown in Chapter 3, if the
prompt radio emission is produced concurrently with the prompt gamma-ray
emission, we would capture the dispersion delayed emission from GRBs for red-
shifts z 2 0.2-0.4 at an observing frequency of 185 MHz. Given the known
redshift distribution of short (Rowlinson et al., 2013) and long (Le & Mehta,
2017) GRBs, we should be able to capture the radio emission predicted for most
GRBs (~ 90%). Therefore, the rapid response mode of the MWA is sufficient

for capturing the prompt radio emission produced by the relativistic jet and ISM

Interaction.

Next, we compare the sensitivity of the MWA with the predicted fluence of
the prompt radio emission produced by the relativistic jet and ISM interaction, as
shown in Figure 6.1. Note that we include both model predictions from Chapters 3
and 4, i.e. with or without magnetar formation. As shown in Chapter 3, the
predicted radio fluence is proportional to the magnetisation of the GRB jet, i.e.
the fraction of magnetic energy in the jet (eg). If eg < 1073, the sensitivity of the
MWA imaging mode would be insufficient for detecting the predicted emission, as
shown in Figure 6.1. However, this requirement on eg would undoubtedly point
to a baryon dominated jet (e.g. Rowlinson et al. 2020). We also notice that in
the case of no magnetar formation, the prompt signal prediction would be much
fainter (two orders of magnitude; see Figure 6.1), and we need more sensitive

telescopes such as the SKA-Low for probing this emission (see Section 6.3.4).

It may be worth considering propagation effects applicable to the GRB en-

vironment, i.e. absorption below the plasma frequency and induced Compton
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scattering, as these effects may obscure real signals. The absorption below the
plasma frequency is determined by the electron number density in the GRB
environment. At the MWA observing frequency of 185 MHz, in order for the
plasma frequency to be below this frequency, the electron number density must
be n, < 4 x 108em ™2, as shown in Chapter 4. While short GRBs are known to
occur in low density environments (Zhang, 2014; Fong et al., 2015), it is uncer-
tain whether the environments of long GRBs can fulfill the requirement on the
electron number density. Based on X-ray absorptions, we might expect some long
GRBs could arise from a low density environment, such as GRB 210419A (see
Chapter 1) and GRB 180706A (Rowlinson et al., 2019). Therefore, the absorp-
tion below the plasma frequency may be negligible for short GRBs and some of

the long GRBs.

Induced Compton scattering can also strongly limit the detectability of the
coherent radio emission emanating from the GRB environment, as discussed in
Chapter 4. In order for the coherent radio emission to evade induced Compton
scattering, the Lorentz factor of the GRB jet should be T' = 103(D/100 Mpc)
(assuming the radiation within the jet is isotropic; Lyubarsky 2008). The distri-
bution of bulk Lorentz factors of GRB jets before deceleration has been found
to have a typical value of ~ 300 (150) for a uniform (wind-type) circumburst
medium using the peak time observed in the optical or GeV light curves of GRBs
(Ghirlanda et al., 2018), which could possibly fulfill the above requirement for
evading induced Compton scattering. Therefore, while the propagation effects
can prevent the coherent radio emission from being detected, we anticipate them

to be negligible for some GRBs.

Given the above considerations, our non-detections of the prompt radio emis-
sion from a sample of GRBs with the rapid follow up of the MWA might suggest
a low magnetisation of GRB jets. That is, the GRB jet is possibly baryon domi-
nated. Note that we cannot rule out the possibility that some GRBs are at high

redshifts and/or they do not form magnetars resulting in fainter radio emission.
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Another possibility is that they reside in a dense environment that prevents radio

emission from escaping.

6.1.1.1 Flare model

Apart from searching for the coherent radio emission produced during the prompt
gamma-ray emission phase of GRBs, we performed another search for radio emis-
sion associated with GRB flares using triggered MWA VCS observations, as de-
scribed in Chapter 4. This study was enabled by the MWA rapid-response mode.
The flares are observed in the X-ray and likely produced by internal shocks, as is
the prompt gamma-ray emission. This is the first time that the flare model has
been studied at such low frequencies. Since the X-ray flare occurred ~5 min after
the prompt gamma-ray emission of GRB 210419A, the rapid-response MWA ob-
servation meant it was on-target in time to capture any radio emission associated
with the flare. Here I discuss the constraint placed by the MWA VCS observation

on the flare model.

If the relativistic jet is baryon dominated at the earlier prompt gamma-ray
emission phase as discussed above, given that the magnetic energy thought to
power the prompt gamma-ray and X-ray emission dissipates with time (e.g. Ku-
mar & Zhang 2015), it makes sense that by the time we observe the X-ray flaring
activity, the magnetic energy remaining in the jet is minimal. If the fraction of
magnetic energy in the relativistic jet during the flaring activity of GRB 210419A
is eg < 1073 (possibly baryon dominated), we need even more sensitive obser-
vations than the MWA VCS observation of GRB 210419A to detect the pre-
dicted coherent radio emission, as demonstrated in Chapter 4. Therefore, our
non-detections of coherent radio emission associated with the prompt gamma-ray
emission of a sample of GRBs and the X-ray flare of GRB 210419A suggest the
possibility of baryon dominated jets.
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Figure 6.1: Comparisons between the MWA sensitivity and the fluence or flux
density predictions of the four coherent emission models described in Chapter 3.
We plot the sensitivity of the MWA imaging data on 0.25s (for image dedisper-
sion) and 2 hr timescales (blue dash-dot lines), the VCS sensitivity for incoherent
(blue dotted lines) and coherent (blue dashed lines) beamforming, and the sensi-
tivity of the SKA-Low imaging data (red dashed lines). Note that the sensitivities
quoted here are all at 60 levels, as adopted in Chapters 3 and 4. Continued on
the following page.
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Figure 6.1: The four labelled panels correspond to the four emission models. a)
The GRB jet - ISM interaction. The light and dark shaded regions represent the
model predictions with (see Chapter 3) and without (see Chapter 4) the mag-
netar assumption, respectively. The blue dash-dot line represents the expected
sensitivity of performing image dedispersion on 0.25s timescales with MWAX.
b) The persistent pulsar emission from the magnetar remnant. The blue dash-
dot and red dashed lines represent the sensitivity of MWA and SKA-Low on
2hr timescales, respectively. ¢) The interaction of NS magnetospheres. d) The
magnetar collapse. The vertical dash-dot lines in all four panels represent the
expected maximum redshift of GWs to be detectable by aLIGO/Virgo observing
run O4 (Abbott et al., 2020b).

6.1.2 Persistent pulsar emission

The persistent pulsar emission model is the best constrained by our data among
the four models introduced in Section 1.1.4.3. Thanks to the big sample of GRBs
from both MWA and LOFAR triggers (including twelve short and two long ones;
Kaplan et al. 2015; Anderson et al. 2021a; Rowlinson et al. 2019, 2021; also see
Chapters 3 and 1) and the MWA rapid response mode, we performed the most
comprehensive study of this model to date. First the pulsar emission is on until
the magnetar remnant collapses into a BH (~ 1000-10000s depending on the
equation of state of NSs; Ravi & Lasky 2014; Lasky et al. 2014), which allows the
MWA enough time to capture this emission. In addition, the persistence nature of
this emission enables deep searches in images of a long integration time, resulting
in stringent flux density upper limits, as shown in Figure 6.1. Note that this
model is also well constrained in previous searches for GRB associated coherent
radio emission (not limited to MWA), especially by LOFAR (Rowlinson et al.,
2019, 2021).

The lack of detections of the predicted persistent emission from a sample of 14
GRBs is puzzling, driving us to reconsider the assumptions and/or uncertainties
involved in the pulsar emission model. First is the magnetar remnant assumption.
A systematic study of the X-ray light curves of Swift short GRBs shows that at
least half of them can be fitted with a magnetar model (the rest are uncertain due

to insufficient data; Rowlinson et al. 2013). As a conservative estimation, we may
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expect seven magnetar remnants to be formed by the sample of GRBs explored
in this thesis. Next we consider the redshifts of these magnetar remnants. As
demonstrated in Chapter 3, the MWA and LOFAR observations should be able
to detect the model predicted emission for a large subset of typical magnetar
parameters, at least up to a redshift of z ~ 0.6. Based on the distribution of
known GRB redshifts (Gompertz et al., 2020), we expect only one third to have
redshifts of z > 0.6. That is, five out of the seven magnetar remnants should
be located within a redshift of 0.6, and half of them, i.e. 2-3, have persistent
emission brighter than a typical magnetar remnant and thus are detectable. The
final issue needing to be considered is the orientation of the radiation beam of the
magnetar remnant, i.e. whether the emission is pointing towards the Earth. One
possibility is that the radiation beam is along the magnetic axis of the magnetar
remnant (like typical pulsars), which is likely to align with the magnetar rotation
axis due to dynamo activity induced magnetic field amplification (Cheng & Yu,
2014; Giacomazzo et al., 2015). That means the radiation beam of the magnetar
remnant is also likely to align with the GRB jet, and thus point towards the
Earth. Given the above considerations, we should be able to detect the persistent
emission from 2-3 GRBs in our sample. Therefore, our non-detections of the
predicted persistent emission from such a big sample of GRBs suggest some of
the assumptions involved in this magnetar emission model might need to be re-
examined, e.g. the fraction of GRBs that form long-lived magnetars may be very

small, much less than the assumed 50%.

The equation of state of NSs and the formation of magnetars have been a long
standing question in the GRB field. Searching for the pulsar emission following
GRBs may be the most direct way to solving this problem as a detection would
immediately confirm the formation of magnetars and open an important window

for studying the equation of state of NSs.
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6.1.3 Interactions of NS magnetic fields

Short GRBs likely originate from merging NSs (Narayan et al., 1992). The ra-
dio emission resulting from interactions of NS magnetic fields just prior to their
merger is least explored with observations. As this emission happens prior to
the BNS merger and thus the GRB emission, pointed instruments are highly un-
likely to capture it. However, the rapid response of the MWA, combined with
the dispersion delay of low frequency radio prompt emission with respect to the
gamma-ray emission, provides an opportunity to study this emission model on
GRBs at large redshifts. Considering a typical response time of the MWA be-
tween 30-60s as shown in Chapter 3, we can achieve a negative latency for GRBs
with redshifts z 2 0.2-0.4 at an observing frequency of 185 MHz. Specifically,
for a typical short GRB redshift of z = 0.7 (Rowlinson et al., 2013), the rapid
response follow-up observations with the MWA would allow direct studies of the

radio emission produced up to ~ 70s prior to the burst.

The fluence upper limits derived from the MWA observations of short GRBs
have been compared with the model predicted radio emission in Chapter 3. As-
suming typical parameters of the merging NSs such as the mass Myg = 1.4 Mg,
radius Ryg = 10% cm, magnetic field Byg = 102G and radio emission efficiency
e, = 107 for typical pulsars (Taylor et al., 1993), we found this model predicts
the prompt emission fluence produced by the revived pulsar in the merging binary
(<« 100 Jy ms at a typical short GRB redshift) to be much fainter than our upper
limits. Therefore, our non-detections of this radio emission did not rule out its ex-
istence. The possibility of using future MWA VCS observations for constraining
this model is explored in Section 6.3.1 (see Figure 6.1). More sensitive telescopes
with a similar fast response mode such as the SKA-Low would be promising in
exploring the potential for prompt radio signals emitted prior to the BNS merger

(see Section 6.3.4).
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6.1.4 Magnetar collapse

The magnetar collapse could be the final phase in the evolution of GRBs that
form an unstable magnetar remnant. X-ray observations seem to suggest that the
spin down induced collapse of the magnetar into a black hole may not occur until
2h post-burst (Zhang, 2014), as shown in Chapter 3. Therefore, our 30 min MWA
observations immediately following GRB triggers are unlikely to capture the brief
flash of coherent radio emission produced by magnetic reconnection within the
pulsar magnetosphere during the collapse.

In order to detect this model emission, we need to overcome a few difficul-
ties. First is the largely uncertain collapse time, depending on the unknown
equation of state of magnetar remnants formed by the merging NSs or core-
collapse supernovae. This uncertainty makes it difficult to schedule a follow up
that just captures the one-off burst at a minimal cost, i.e. least observing time
requested (specifically a problem for VCS data due to the large data volume).
Additionally, the predicted fluence of this prompt radio emission is quite low. As
shown in Rowlinson et al. (2021), the predicted emission would reach a fluence of
2 100 Jy ms only within a redshift of z < 0.05 for typical magnetar parameters
such as the amount of available energy in the magnetic field (Eg = 1.7 x 1047 erg),
the fraction of magnetic energy converted into the radio emission (¢ = 107%) and
the spectral index of the coherent radio emission (@ = —2; Rowlinson et al.
2021). Despite the above difficulties, we have devised several ways of probing the

emission predicted to be produced by the magnetar collapse in Section 6.3.1.

6.2 Low-frequency studies of repeating FRBs

We have performed a search for low radio frequency emission from five repeating
FRBs with the VCS data in the MWA archive (mainly from the SMART survey;
also see Chapter 5). This is one of the most extensive searches for low frequency

FRB emission from known repeaters. Our observations may suggest that repeat-
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ing FRBs have very shallow spectra, that the five repeating FRBs are affected by
free-free absorption and could be sitting in persistent nebulae, or (more likely)

the five repeaters were not active during the MWA observations.

I'start with the most plausible scenario, i.e. the repeaters being inactive during
the MWA observations. None of the five repeaters studied in Chapter 5 are known
to show periodic activity as is the case for some sources (e.g. FRB 20121102A and
FRB 20180916B; Rajwade et al. 2020b; Chime/Frb Collaboration et al. 2020),
so we do not know when they were active. Given their observed low burst rates,
we would expect only a few bursts to be emitted by these repeaters during the
MWA observations. Indeed, it is more likely all repeaters may have active and
inactive periods, further reducing the likelihood of a detection. However, we can
use the MWA observations to place further constraints on the duty cycle of the
five repeating FRBs. Particularly, we can update the burst rate of FRB 190116A,
190117A, 190213A and 201124A to a lower value of 0.20hr™*, 0.19hr™*, 0.09 hr "
and 9.80hr™!, respectively. Note that here we have ignored the dependence of
burst rates on observing frequencies and fluences (Pearlman et al.; 2020; Pleunis
et al.,,; 2021b). The burst rate of FRB 190711A is extremely low, and not included

here (see Chapter 5).

We might still expect some of the repeaters could be active during the MWA
observations, such as FRB 190117A and FRB 201124A with an expected number
of bursts of 1.8 and 30, respectively (see Chapter 5). In this case, our results
demonstrate a shallow spectrum for the FRB emission, given the expected low
frequency burst must be below the sensitivity of the MWA observations. Specif-
ically, we can constrain the spectral index of the FRB emission to a 2 —1, as
shown in Chapter 5. This constraint is larger than the typical spectral index mea-
sured over a large sample of FRBs (~ —1.5; Macquart et al. 2020; Bhattacharyya
et al. 2021), and also larger than the spectral index measured for FRB 201124A
(~ —5.8; Kumar et al. 2021¢). Given that previous measurements of the spectral

index are all based on high frequency (> 300 MHz) observations, this disagree-
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ment might suggest that the FRB spectrum is shallower at low frequencies than
at high frequencies, or there is a break in the spectrum. This could be further
related to pulsar emission, which resembles FRBs in many respects such as the
high brightness temperature and the potential association with compact objects.
Also many pulsars have been observed to show spectral breaks in the frequency
range of 100-300 MHz (Bilous et al., 2016; Murphy et al., 2017).

Our results can also be used to constrain the FRB environment if we assume
free-free absorption attenuates the low frequency radio burst to below the sensitiv-
ity of the MWA observations. This requires clustering of the absorbing material at
the burst site, as given by the constraint on the size of the ionized nebula hosting
the repeating FRBs studied in Chapter 5. This small sized nebula of ~pc is com-
parable to the Crab Nebula. If the repeaters studied in Chapter 5 are associated
with magnetars formed via core-collapse supernovae, the large amount of material
produced prior to the explosion would be able to absorb the low frequency radio
bursts via free-free absorption (Woosley et al.; 2002). Given the plausible link
between repeating FRBs and magnetars in both observations (Bochenek et al.,
2020; CHIME/FRB Collaboration et al., 2020) and theories (Metzger et al., 2019;
Lu et al., 2020; Beloborodov, 2020; Lyubarsky, 2020), this scenario of free-free
absorption is possibly in operation and can naturally explain our results even if
low frequency bursts with a typical spectral index were emitted by the repeaters
during the MWA observations. Note that this scenario also implies a potential
link between repeating FRBs and long GRBs. In summary, the results of our low
frequency FRB search suggest a lower burst rate than previously calculated for

the five repeating FRBs investigated in Chapter 5.

6.3 Future prospects

I have discussed how current MWA observations can be used for GRB and re-
peating FRB studies in Section 6.1 and 6.2. In order to further our understanding

of GRB models, GW science and the source of repeating FRBs, while paving the
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way for SKA activities, it is important to continue improving the existing tran-
sient experiment. In this section I discuss different future prospects of the MWA

and SKA-Low in GRB, GW and FRB research.

6.3.1 Improving the MWA VCS triggering program for
GRBs

First we discuss how the GRB triggering program with the MWA VCS can be
used to advance our knowledge of the coherent emission models investigated in
this thesis. We compare the sensitivity of the MWA VCS under coherent and
incoherent beamforming to the four model predictions in Figure 6.1. As can be
seen, the VCS data are more sensitive to the prompt radio emission associated
with GRBs than the imaging data. Yet currently there is only one published
VCS observation of a long GRB 210419A (see Chapter 4). We need more VCS
triggers and observations of GRBs to increase the sample size and further test
the emission models (see Section 1.1.4.3), especially for short GRBs detected
by Swift (more emission mechanisms and less subjection to absorption). Here I

discuss the prospective science that would come from triggering on more GRBs

with the MWA VCS.

6.3.1.1 GRB triggering rates and improved sample size

First we need more VCS observations of Swift GRBs, which compared to Ferm:
GRBs have much more accurate localisation (see Section 1.3). Based on the
number of GRBs detected by Swift from 2005 to 2014 (Lien et al., 2016), there are
~ 100 GRB triggers per year, of which ~ 90 are long and ~ 10 short. Assuming
30% sky coverage of the MWA, we expect there to be ~ 27 long and ~ 3 short
GRBs likely to be in the MWA observable sky every year. If we factor in the
downtime of the array (including breakdowns, upgrades and software failures,
which could add up to half a year), the final number of triggers would be 13-14
and 1-2 for long and short GRBs, respectively.
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While long GRBs are more common, they are more likely to suffer from ab-
sorption (see Section 6.1.1). Meanwhile, short GRBs are more likely to have
detectable radio emission with more predicted emission scenarios but are much
rarer events. Given that we already have useful statistics from the first five years
of MWA triggering on both Swift and Fermi GRBs, we can make true MWA trig-
ger rate estimates. For Swift GRBs, the trigger rate is 12 per year, of which 11
are long and one short, consistent with the above estimation. For Ferm: GRBs,
the trigger rate is 29 and 12 per year for long and short GRBs, respectively. As
we can see, the trigger rate for Ferm: detected short GRBs is much higher than
for Swift detected short GRBs. Note that we have attempted to filter out long
GRBs in MWA triggering on Fermi GRBs (Hancock et al., 2019a), so the pro-
portion of short GRB triggers is much higher than in actual GRB detections by

Ferma.

In order to increase the GRB sample, we need to trigger on Fermi: GRBs
as well as Swift GRBs with the MWA VCS. The main obstacle is the large
position errors of Fermi GRBs, which contain a prohibitively large number of
synthesised beams needing coherent beamforming. We may solve this problem by
only triggering on those events with small position errors, even if it means waiting
for a few position updates. Note that this could delay the MWA observation by
~ 10s-10min and affect our search for the emission predicted to be produced
by the interaction of NS magnetic fields and the GRB jet-ISM interaction. The
threshold of position errors for filtering Fermi GRBs should depend on the array
configuration, e.g. < 1deg for the extended configuration and < 10deg for the
compact configuration. That means that the compact configuration is in fact

preferable for GRB triggered follow-up with the VCS.

In the case when a GRB is not above the MWA horizon at the time of detec-
tion, we can calculate how long it will take for the GRB to rise. If that is within
the next two hours, we can schedule a VCS observation at the time the GRB

has risen. In this case, we are still sensitive to the persistent emission from the
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magnetar remnant. Also we may optimise the observation time to capture the
emission produced when the magnetar collapses, i.e. scheduling a VCS observa-
tion around 2hr post-burst, the expected time of the collapse (Zhang 2014; see

the section below).

6.3.1.2 Optimising VCS observations to target prompt emission mod-

els

The four emission models investigated in this thesis operate at different phases
of during BNS mergers or core-collapse supernovae (see Section 1.1.4.3). Based
on that we can optimise the MWA VCS observing strategy to better target each
of the predicted signals.

First we consider the GRB jet-ISM interaction. For probing this model, we
need to improve the MWA latency (Hancock et al., 2019a). We may investigate
the time taken by every step in the triggering process (e.g. the latencies associated
with the MWA front end receiving the VOEvent, the parsing of VOEvents and
the scheduling of MWA observations) and find out which steps could be further
optimised. As shown in Figure 6.1, the MWA VCS observation with coherent
beamforming would be able to detect the predicted emission (with a magnetar
engine; see Chapter 3) up to a redshift of z ~ 1 assuming typical model parame-
ters including the spin period and magnetic field of a typical magnetar remnant,
the gamma-ray fluence and the fraction of magnetic energy in the relativistic jet.
Note that in this section all predictions are based on the full MWA array. Based
on the redshift distribution of GRBs in the Swift era, around one third of GRBs
have a redshift of z < 1 (Le & Mehta, 2017). That means if we can trigger on six
GRBs, the probability of at least one GRB having z < 1 would be ~ 90%. Based
on the expected MWA trigger rate of GRBs estimated in the previous section,
that could take six years and six months for Swift detected short and long GRBs,
respectively. Including Ferm: detected short GRBs could double our trigger rate
and reduce the time needed for six GRB triggers to three months. Note that the
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model prediction without a magnetar engine is too faint to be detected by the

MWA VCS, and will be explored in Section 6.3.4 with the SKA-Low.

Next we consider the pulsar emission model (the best constrained; see Sec-
tion 6.1.2). In order to optimise our chance of a detection of the persistent
emission from the magnetar remnant, we plan to schedule a further 2 hr observa-
tion in the standard correlator mode following the first 15 min VCS trigger if the
GRB is likely to be short. This could improve our sensitivity to any persistent
emission by a factor of two compared to the 30 min MWA observation analysed
in Chapter 3. With such a high sensitivity, we would be able to detect the pre-
dicted emission from the magnetar remnant at all reasonable redshifts for a large
parameter space (see Figure 6.1). The final chance of detection may depend on
whether magnetar remnants are formed by GRBs, the orientation of the mag-
netar radiation beam and the low radio frequency emission being able to escape

from the GRB environment.

For the earliest signal produced by the interaction of NS magnetic fields (only
applicable to short GRBs), improving the MWA latency is also important. As
demonstrated in Figure 6.1, the MWA VCS observation with coherent beamform-
ing would be able to detect the predicted emission only within a small redshift
range of z < 0.1. That means we can hardly test the NS magnetic field interac-
tion model with the MWA VCS due to insufficient sensitivity. SKA-Low is more

promising for this model (see Section 6.3.1).

The 2hr standard observation planned above can also be used for probing
the prompt signal produced when the magnetar remnant collapses. With the
highest temporal resolution of the standard correlator (0.25s for MWAX; private
communication), we would be able to detect the predicted signal using image
dedispersion (see Chapter 3) for a redshift range of z < 0.5, as shown in Figure 6.1.
We could also schedule another 15-30 min VCS observation around 2hr post-
burst, which would increase the detectable redshift range to z < 1 (see Figure 6.1).

Again, SKA-Low will be more promising for probing this model, as discussed in
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Section 6.3.4.

6.3.2 MWA VCS triggers on GWs

BNS mergers can produce GWs as well as short GRBs, as confirmed by the
near-coincident detection of GW170817 and GRB 170817A (see Section 1.1.4.1).
Therefore, in addition to triggering on GRBs, we can also trigger on GW events
and search for the radio emission predicted to be produced by BNS mergers. We
compare the sensitivity of the MWA VCS with coherent and incoherent beam-
forming to GW associated prompt radio signals predicted by the four emission
models (see Section 6.1) in Figure 6.1. In this section, I discuss the prospect
of triggering on GW detections with the MWA VCS during the al.IGO/Virgo
observing run O4 (expected to commence in 2022; Abbott et al. 2020b).

We can probe all the same models with follow-up observations of GWs as
have been investigated in this thesis. Note that here we are only concerned with
GW signals resulting from BNS mergers, not those from binary BH or BH-NS
mergers. However, a big advantage of triggering on GW events over GRBs is the
much closer distance of GWs (< 190 Mpc, BNS predicted horizon limit for O4;
Abbott et al. 2020b), which means the associated radio emission would be much
brighter than from distant GRBs, as shown in Figure 6.1. Given the proximity
of the events, a non-detection with an MWA VCS trigger could mean we need
to make significant amendments to the model assumptions (depending on the
orientation of the event). It could be that the BNS merger does not produce a
magnetar remnant. We may also be able to constrain the fraction of magnetic
energy in the relativistic jet launched by the merger to be < 1073, which would
suggest GRB jets are baryonic rather than Poynting flux dominated.

While the expected results from GW triggers look exciting, we need to over-
come a few challenges in this experiment. First is the even more stringent re-
quirement on the fast response of the telescope (compared to GRB triggers; see

Section 1.3). As the proximity of GW events means little dispersion delay, the
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MWA needs to respond to GW detections almost instantly, for which there are
some hardware and software limitations (Hancock et al.; 2019a). However, in-
stead of triggering on GW signals emitted at the final moment of a BNS merger,
we could trigger on the signals emitted during the inspiral phase, i.e. negative-
latency triggering (James et al., 2019). This could help alleviate the requirement
on response times, allowing the MWA enough time to catch any associated prompt
radio signals, especially those produced by the relativistic jet-ISM interaction and

NS interaction model.

Another difficulty is the poor localisation of GW events, which can hardly be
covered by the MWA. We need high time resolution observations of a large portion
of the sky that is still sensitive enough to detect the signals we are searching for.
The traditional method is to point the MWA to the most probable position of
GWs, which can be obtained by fitting an all-sky probability map of the GW
signal. We can attain the best sensitivity of the MWA for our search for any
associated radio emission but bear a risk of missing the emission if the GW is
not near the most probable position. In addition, the computational time for
processing the GW position probability density map would delay the telescope
being on target so we would miss any signal emitted either just prior to or during
the merger event. A strategy proposed by James et al. (2019) was to switch off
all but one of the sixteen dipoles on each tile, which would widen the MWA field
of view to the entire sky down to the horizon limit. Note that the proximity of
GW events is likely to outweigh the sensitivity loss in this case (James et al.,
2019). As a balanced strategy, we may divide the full MWA array into multiple
subarrays and point them in different directions (private communication) in order
to cover half of the hemisphere. Thus we can obtain a slightly bigger field of view
at a slightly lower sensitivity. However, dealing with the data from the subarrays
would be a problem as we would need multiple copies of the data and then flag
out all the tiles pointed in different directions. This is a bit clumsy and may take

large amounts of disk space but it is still feasible.
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Here we propose another observing mode for GW triggers, i.e. the VCS mode
with incoherent beamforming. While the incoherent beamforming is less sensitive
than the coherent beamforming (by a factor of ~ 10; see Figure 6.1), we can
preserve a large field of view. As the GW associated radio emission is expected to
be much brighter than the GRB associated emission as discussed above, the lower
sensitivity of incoherent beamforming could still yield meaningful results. As
shown in Figure 6.1, incoherent beamforming of the MWA VCS data is sensitive
enough to make a real detection of the prompt signals predicted to be produced
by the relativistic jet-ISM interaction, the NS magnetosphere interaction and the

collapse of the magnetar remnant, or place constraints on these models.

6.3.3 MWA follow-up of repeating FRBs

Detecting low frequency bursts from repeating FRBs is extremely important as
the low frequency emission can be used to study the spectral properties and local
environments of repeaters as well as improve the estimation of FRB rates (see
Section 6.2). Yet currently there is only one FRB that has been detected at
< 300 MHz frequencies (Pleunis et al., 2021b). The MWA VCS, with a wide field
of view and a high time resolution, is an ideal instrument for low frequency FRB
searches.

We plan to study repeating FRBs using both archival VCS data and new
pointed follow-up observations. First we expect there to be ~ 20 new repeating
FRBs likely to be discovered per year based on the results published by CHIME
(CHIME/FRB Collaboration et al., 2019¢; Fonseca et al., 2020a). We can use
the archival VCS data resulting from the SMART survey (Bhat et al., 2022) to
search for low frequency bursts from these newly discovered repeaters. Although
the MWA and CHIME are located in different hemispheres, given the huge sky
coverage of the SMART survey (the entire sky south of +30° in declination; see
Chapter 5) we expect ~ 20% of the CHIME FRBs to be in the MWA observable

sky, i.e. ~ 4 newly discovered repeating FRBs per year. Currently there are
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~ 168 hr of VCS data in the MWA archive available for this FRB search program.
We also plan to perform routine targeted observations of known repeating FRBs
to obtain monthly coverage. Note that a few additional observations in the pulsar

queue may also increase our coverage of repeating FRBs.

Apart from repeating FRBs of sporadic bursting behavior, some FRBs might
be discovered to show periodic activity in the future, similar to FRB 20121102A
and FRB 20180916B. In this case, we can target the periodic window of these well
characterised repeaters with the MWA. Certainly, the repeaters must be visible to
the MWA. This strategy has been proved to be successful through the detection of
low frequency bursts from FRB 20180916B by LOFAR (Pleunis et al., 2021b). As
shown in Chapter 5, the sensitivity of the MWA VCS observation is sufficient for
detecting most of the low frequency bursts detected by LOFAR (see Figure 5.2).
Therefore, if another periodically bursting FRB with similar emission properties
to FRB 20180916B occurs in the MWA field, targeting the periodic window with
the MWA VCS would be highly likely to yield a detection.

Another strategy would be to perform rapid follow-up VCS observations of
repeating FRBs that are shown by other instruments to have entered a sudden
period of high activity. Note that the “rapid” here refers to a timescale of ~ days,
different from the rapid follow-ups of GRBs. One of the five repeating FRBs
studied in Chapter 5, FRB 201124A, is such a case. It shows a highly variable
burst rate. Specifically, during the period from 2021 March 20 to 2021 May 27
FRB 201124A is estimated to have a burst rate between 92 day ' and 201 day ™",
while the burst rate prior to discovery was only < 3.4day ' (Lanman ct al,
2021). This long (months) period of high activity allows scheduled follow up
observations, yielding detections of repeat bursts by different telescopes over a
broad range of frequencies (Marthi et al.; 2021; Piro et al.; 2021; Lanman et al.,
2021). Inspired by this success, we plan to keep monitoring the latest report of
FRB activities and follow up on any repeaters with the MWA VCS that show

signs of sudden high activity.
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6.3.4 Transient strategies for SKA-Low

Our experience in observing the coherent radio emission associated with GRBs
and low frequency emission from repeating FRBs is applicable to the low fre-
quency component of the SKA (SKA-Low; Dewdney et al. 2009)". As a low
frequency (50-350 MHz) radio telescope, the SKA-Low would feature an unprece-
dented collecting area and sensitivity (Sokolowski et al.; 2021), which makes it
interesting to discuss the prospective science the SKA-Low would be able to ex-
plore in the context of GRBs and repeating FRBs. Note that there may be a
pulsar mode (similar to the VCS) for the SKA-Low, but here we are only con-
cerned about the SKA-Low imaging mode as this mode has been discussed in
detail recently (Sokolowski et al., 2021, 2022).

The biggest improvement of the SKA-Low is sensitivity. For a single coarse
channel of 0.926 MHz within the SKA-Low operational range of 160-230 MHz, we
expect a sensitivity of 42+£15 Jy on a 2 s timescale (Sokolowski et al., 2021). Since
the SKA-Low will consist of 512 stations and have an instantaneous bandwidth of
~ 50 MHz, we expect a sensitivity (scaling with the bandwidth as oc Av~'/2 and
the number of baselines as oc N];alsélzine in the correlator mode) of ~ 0.02 Jy on 25
timescales for the full SKA-Low. If we scale the sensitivity with integration time
as o Ati;i/ ? we expect a sensitivity of ~ 0.002 Jy on 2 min timescales (integration
time of individual MWA observations; see Chapter 3). This is an improvement of
more than an order of magnitude on the sensitivity of the MWA imaging mode,
even compared to the best images created from the MWA observations of GRB
190627A (0.084 Jy on 2min timescales; see Chapter 3). For a comparison of the
sensitivity between the imaging mode of MWA and SKA-Low see Figure 6.1.

Another improvement is the employment of a high time resolution (~millisecond)
imaging mode for the SKA-Low (Sokolowski et al.; 2021). The time resolution of
the MWA imaging data is only 0.5 s, limiting the sensitivity to transient signals on

shorter timescales. For example, a pulsed signal with a duration of 10 ms would

Ihttps://www.skatelescope.org/
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be diluted by the 0.5s coarse sampling of the MWA imaging data to ~ 14% of
its intrinsic intensity. The high time resolution of SKA-Low images will prevent
such a sensitivity loss. Therefore, the SKA-Low imaging mode, with an unprece-
dented sensitivity and a high time resolution, would be extremely sensitive to any

prompt radio signals, as shown in Figure 6.1.

6.3.4.1 Prospect on the GRB triggering experiment

As discussed in Section 6.3.1, the SKA-Low is very promising in probing the
coherent emission models applicable to GRBs, especially the NS magnetosphere
interaction and the magnetar remnant collapse, which predict extremely faint
emission. We compare the expected sensitivity of the SKA-Low to the coherent
emission model predictions in Figure 6.1. Here I assume the SKA-Low will have
a similar fast response as the MWA and discuss the prospect of the SKA-Low in
the GRB triggering experiment.

First I consider the prospect of probing the GRB jet-ISM interaction model
with the SKA-Low. In Figure 6.1, we compare the expected sensitivity of the
SKA-Low to the typical sensitivity of the MWA VCS data (coherent beamform-
ing; see Chapter 5) and the predicted radio emission produced by the GRB jet-
ISM interaction model. Note that we presume the SKA-Low will have a time
resolution of 1 ms in the imaging mode, and we would perform image dedisper-
sion with the imaging data. In the case of lower resolutions, e.g. ~ 10ms, we
would expect a downgrading factor of ~ 3 in the sensitivity. We can see from
Figure 6.1 that the SKA-Low will be more than an order of magnitude more
sensitive to prompt radio transients than the MWA VCS data. In the case of a
magnetar central engine (light shaded region), while the MWA observations can
detect the predicted emission up to a redshift of z ~ 1.5 for typical model pa-
rameters (see Chapter 3), the SKA-Low will be able to detect the emission up to
a similar redshift but for almost the full parameter space. Even in the case of no

magnetars (dark shaded region), the SKA-Low would have a chance of detection
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from GRBs at a redshift of z < 0.3. Therefore, SKA-Low observations of GRBs
will have a high chance of detecting the predicted emission or place constraints
on the model.

Next I explore the prospect of detecting the persistent radio emission predicted
to be produced by the magnetar remnant with the SKA-Low. A comparison
between the SKA-Low sensitivity and the predicted flux density for the model
emission is shown in Figure 6.1. Note that we adopt a 2hr integration time
for the SKA-Low, as discussed in Section 6.3.1. We can see the SKA-Low is
more sensitive than the LOFAR (2h integration time; Rowlinson et al. 2019),
and would be able to detect the persistent radio emission for the full magnetar
parameter space up to a redshift of z ~ 0.5.

We also compare the SKA-Low sensitivity with the faint radio emission pre-
dicted by the NS magnetosphere interaction and the magnetar remnant collapse
in Figure 6.1. We can see the SKA-Low allows us to detect the emission predicted
by these two models from GRBs at a redshift of z < 0.3 and z < 1, respectively.
If the SKA-Low can respond to GRB detections as fast as the MWA, we would
expect the SKA-Low to be able to detect the earliest radio emission from BNS
mergers within a redshift range of 0.2 < z < 0.3 (see Section 6.1.3). In the case
of GW events, this means the SKA-Low would be able to detect associated radio
emission for future GW observing runs that will likely have a larger horizon than

0O4.

6.3.4.2 Prospect on repeating FRB searches

The extremely high sensitivity of the SKA-Low on millisecond timescales (in the
imaging mode and with image dedispersion), as shown in Figure 6.2, can also
be used for FRB search. Here we discuss the potential of a targeted search for
repeating FRBs and a blind survey with the SKA-Low.

First we explore the detectability of repeating FRBs like FRB 20180916B by
the SKA-Low. As shown in Figure 6.2, SKA-Low would be able to detect all the
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Figure 6.2: Same as Figure 5.2 in Chapter 5 except the additional magenta
dashed line representing the expected sensitivity of the SKA-Low. The black
points represent the 18 bursts detected by LOFAR, the blue region represents
the range of fluence upper limits derived from the MWA observations analysed
in Chapter 5, and the dashed red line represents a typical sensitivity near the
zenith of the MWA.

low frequency bursts detected by LOFAR from FRB 201809168 (Pleunis et al.,
2021b). Even fainter bursts will also be readily detected. The many more low
frequency bursts likely to be detected by the SKA-Low from known repeating
FRBs may help characterise their active windows and lead to discoveries of more
(quasi-)periodic FRBs.

For a blind survey we can estimate the expected detection rate of FRBs
with the SKA-Low based on current estimation of FRB rates (including both
repeaters and non-repeaters). As discussed in Chapter 5, the FRB detection rate

depends on the observing frequency and sensitivity of the telescope. Adopt-
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ing an observing frequency of 160 MHz (as tested in Sokolowski et al. 2021)
and a typical sensitivity of 5Jyms (see Figure 6.2), we expect a sky rate of
~ 4 x 104 x 10*sky ' day ™' for repeating FRBs that can be detected by the
SKA-Low. Given the huge field of view of the SKA-Low (= 10* deg®, around 25%
of the full sky; Sokolowski et al. 2021), 1hr of SKA-Low observation would re-
sult in ~ 40-400 FRB detections. This would significantly expand the repeating
FRB population at low frequencies. Note that the actual detection rate by the
SKA-Low may differ considerably from this prediction as the spectrum of FRB
emission at low frequencies (< 300 MHz) is still poorly explored and propaga-
tion effects may absorb some of the low frequency bursts (Sokolowski et al. 2018;
Pleunis et al. 2021b; also see Chapter 5).

The high time resolution of the SKA-Low imaging data would allow a direct
FRB search in the image domain (using image dedispersion as used in Chapter 3
on MWA imaging data) with the maximum sensitivity instead of using the voltage
data. This can significantly reduce the computational cost for FRB searches in a
large area of the sky when compared to coherent beamforming at a large number
of independent pointings (see Chapter 5). Naively, we might expect a boost in
the FRB search speed by a factor equal to the number of synthesised beams in the
FRB search area as techniques described in Chapter 3 can be performed directly
on the high time resolution images. Therefore, the high time resolution imaging
mode of the SKA-Low would make the data processing more manageable than
the traditional FRB search method using the voltage data. Note that storing
a large amount of high time resolution SKA-Low images may still be a limiting

factor on this search strategy.

6.4 Conclusions

This thesis has presented targeted searches for coherent low frequency radio tran-
sients with the MWA. We have observed nine short GRBs with the rapid response
of the MWA in the imaging mode and one long GRB with the VCS, doubling the

217



number of sensitive low frequency (< 300 MHz) searches for coherent, prompt ra-
dio emission (Kaplan et al., 2015; Anderson et al., 2018b; Rowlinson et al., 2019,
2021; Anderson et al.; 2021a), and performed one of the most deepest searches
on both short (~ms) and long (~ 30min) timescales for GRB associated radio
emission. We also performed one of the most extensive searches for repeat bursts
at low frequencies (< 300 MHz) from known repeating FRBs with archival MWA
VCS data. These works have proved that the MWA is a powerful tool in transient
searches, demonstrating that further observations of GRBs and repeating FRBs
are promising for future detections. The main conclusions from this thesis are

summarised as follows.

6.4.1 Feasibility of MWA in the GRB triggering experi-

ment

As demonstrated in Chapters 3 and 4, the fast response of the MWA to GRB
detections by Swift-BAT and/or Fermi-GBM allows us to catch any dispersed
radio signals produced simultaneously with the GRB for a minimum redshift
between 0.2 and 0.6. Furthermore, for GRBs at a larger redshift, e.g. a typical
short GRB redshift of z = 0.7, the MWA could even catch radio signals emitted
prior to the GRB, during the inspiral phase of the BNS merger.

In Chapter 3, we constrained the prompt radio signals predicted by the jet-
ISM interaction model to < 100 Jyms using the MWA imaging data and the
image dedispersion technique. This upper limit was improved in Chapter 4, where
we used the MWA VCS and coherent beamforming for a dispersed pulse search,
and derived some of the most stringent upper limits, constraining the fraction of
magnetic energy in the relativistic jet of GRB 210419A to eg < [0.05-0.1] during
the prompt gamma-ray emission phase and eg < 1073 during the X-ray flare with
the MWA VCS observation of this GRB. This might suggest a baryon dominated
jet, providing a clue for the jet composition problem for GRB 210419A. Note

that this was achieved with only two thirds of the full MWA tiles. Therefore,
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even in the case of no detections of GRB associated prompt signals, MWA VCS
triggered observations of GRBs can significantly contribute to our understanding
of the GRB jet composition.

Apart from prompt radio emission, we used the MWA to search for persistent
radio emission predicted to be produced by the magnetar remnant formed via
BNS mergers or core-collapse supernovae, as demonstrated in Chapter 3. The
deep MWA images created using the standard correlator with an integration
time of 30 min can detect the predicted emission from GRBs up to a redshift
of z ~ 2. In summary, the MWA, equipped with the rapid-response mode has
the capability to either detect the predicted coherent radio emission produced by

GRBs or place significant constraints on the emission models.

6.4.2 Feasibility of MWA in targeted searches for repeat-
ing FRBs

As demonstrated in Chapter 5, the large amount of archival MWA VCS data
resulting from the SMART survey, combined with the GRB triggering experiment
naturally provides generous sky coverage and exposure time over multiple epochs
to search for low frequency bursts from known repeating FRBs. This is the first
systematic search for low frequency bursts from a large sample of repeating FRBs,
allowing us to constrain the spectral index and the size of the absorbing medium
in the FRB environment for these repeaters.

In Chapter 5, we compared the sensitivity of the MWA VCS observations to
the expected fluence of five repeating FRBs in the frequency range of 144-215 MHz
assuming a typical spectral index, predicting that MWA could detect the two
brightest FRBs, i.e. FRB 190711A and FRB 201124A, if they were active during
the MWA observations. We also found a considerable fraction of the low frequency
bursts emitted by FRB 20180916B that were detected by LOFAR (Pleunis et al.,
2021b) were bright enough to be detectable by the MWA, which is encouraging

for low frequency VCS detections of bursts from repeating FRBs in the future. In
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conclusion, MWA is an incredible instrument for prompt radio transient searches,

and it is paving the way for even more exciting transient science with SKA-Low.
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Appendix A

MWA images

In Figures A.1 and A.2, 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 3.2). The positions of those GRBs localised by
Swift are indicated by white lines or a circle in Figure A.1, and the ROIs of those
GRBs localised by Ferm: 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 A.2 (see Section 3.4.1). 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.
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Figure A.1: The first 2min 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.
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Figure A.2: Similar to Figure A.1, 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 3.4.1).
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Appendix B

Transient and variable candidates

for Fermi GRBs

In Table B.1, we provide the light curve variability parameters derived via prior-
ized fitting at the position of the two Swift GRBs on timescales of 2min, 30s and
5s, i.e. the modulation index (m), the de-biased modulation index (mgy; which
takes into account the errors on each data-point), and the probability of observ-
ing such variability in a non-variable (steady) source (p_val; see Section 3.4.1 for
details).

In Table B.2 of this appendix, we report the number of transient and variable
candidates that were detected by ROBBIE 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 3.4.2 for details).
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GRB Timescale Variability statistics

m mg  p-val
190627A 2min 6.47 -1.6 0.7
30s 582 253 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 B.1: 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 (my), and the probability
of being a non-variable source (p_val; see Section 3.4.1).
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Appendix C

Candidates of dispersed pulse

search

In Figure C.1, we provide the candidates output by PRESTO with SNR above 6o
from our dispersed pulse search on the rapid-response MWA VCS observation
of GRB 210419A. The candidates found from another set of time series created
on the same dataset using (unphysical) negative DM trials are also included for
comparison (see Section 4.6.1).

In Figure C.2, we present the distribution of SNRs of all candidates shown in
the left panel of Figure C.1. We also plot a histogram for those candidates with
DM > 62pcem™ (red points in Figure C'.1), which are more likely to originate

from cosmological distances (see Section 4.5.1).
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Figure C.1: Single pulse candidates with SNR above 60 (blue circles) produced
by positive (left) and negative (right) DM trials, respectively. The 11 candidates
with DM > 62 pccm ™ are marked with red colors.
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Figure C.2: Distribution of SNRs of all candidates above 60 (left) and those with
DM > 62pcem™ (right), respectively.
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Appendix D

The brightest pulse detected
from the Crab pulsar with the
MWA observation

In Figure D.1, we present the dynamic spectrum of the brightest pulse detected
from the Crab pulsar with an MWA observation (Obs ID: 1165246816) at a DM
of 56.76 pccm™3, S/N of 21.84 and time since the observation start of 319.59s

(see Section 4.5.1).
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Figure D.1: The dynamic spectrum of the brightest pulse detected with an MWA
observation from the Crab pulsar. Data have been dedispersed to a DM of
56.76 pccm 3. The dynamic spectrum has been averaged to a time resolution
of 3ms and a frequency resolution of 0.24 MHz. The frequency-averaged pulse
profile is shown on the top panel (between the two vertical dashed lines), and the
time-averaged spectrum is shown on the right panel.
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