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Long gamma-ray bursts (GRBs) are produced during the deaths of massive
stars. They are the most powerful explosions known in the Universe and release
most of their energy via a narrow cone of emission. The long-lived afterglows of the
brightest GRBs detected by the Fermi Large Area Telescope (LAT) are visible from
radio to gamma-rays, and this relative abundance of broadband data makes them
excellent tools for constraining theoretical models regarding their origins. Here, we
use our sample of bright GRBs to test emission models beyond the canonical on-
axis, top-hat jet model which has historically been applied throughout the literature.
We demonstrate that many GRBs are likely to produce emission via a structured
jet. We also find that derived physical parameters are highly dependent upon the
fraction, &, of electrons which contribute to the synchrotron emission. Our findings
for & are contrary to what is generally assumed during GRB modeling (£ = 1.0),

but consistent with theoretical simulations which predict lower values. Lower pre-



dictions for £ would impact our current understanding of GRBs, implying denser
environments and higher energetics than commonly assumed.

Fast radio bursts (FRBs) are extremely bright, short-duration pulses at radio
frequencies that were only confirmed as true astrophysical sources a decade ago.
Although the field has experienced major leaps in recent years, many questions
regarding their progenitors and emission processes remain. The identification of
counterparts at higher energies is critical to understanding the physical origins of
FRBs. Here, we report on an archival search of previously identified FRBs with
the Fermi Gamma-ray Burst Monitor (GBM), the Fermi-LAT, and the Swift Burst
Alert Telescope (BAT). We find no significant X-ray or gamma-ray counterparts
but report upper limits on the high-energy fluence, f , for each FRB in our sample.
We also report lower limits on the ratio of radio to high-energy fluence (fr/f ). We
discuss the implications of our results on several FRB progenitor theories, including

pulsar-like analogs and magnetar flares.
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Preface

A portion of the research presented within this dissertation has been previously
published. Chapter 2 is presented with only minimal modification since appearing
in the Astrophysical Journal (ApJ) as “A Search for High-Energy Counterparts to
Fast Radio Bursts” (Cunningham et al., 2019). Chapter 3 is also presented with
minimal modification since appearing in ApJ as “GRB 160625B: Evidence for a

Gaussian-shaped Jet” (Cunningham et al., 2020).
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Chapter 1: Introduction

We are sitting at the cusp of a "big data' revolution in astronomy. Next gen-
eration observatories to be commissioned in a few years will generate more than
10 million alerts per night, increasing our knowledge of known transients and un-
doubtedly leading to the discovery of novel types of events. The work presented
here focuses on two particular types of transients - fast radio bursts (FRBs) and
gamma-ray bursts (GRBs). Both represent extreme systems - GRBs as the most
relativistic known out ows, and FRBs as the sources with the largest brightness
temperatures. As a result, the work outlined in this thesis serves as a small step-
ping stone towards preparing for this deluge of information as we enter this new

dawn of transient astronomy.

1.1 Gamma-ray Bursts

1.1.1 History and Background

Gamma-ray bursts (GRBs) were a serendipitous discovery during the Cold
War. The United States, the United Kingdom and the Soviet Union signed the

1963 Partial Test Ban Treaty to prohibit nuclear weapons testing in the atmo-



sphere, outer space, and in the ocean. Following this, the United States launched
a series of satellites of which one of their purposes was to detect radiation signa-
tures from potential treaty violations. The Vela satellites - appropriately named
after the Spanish wordvelar (to keep watch over) - never con rmed any de nitive
illegal testing on Earth, but did lead to the discovery of several mysterious bursts
of gamma-ray energy coming from outer space (Klebesadel et al., 1973).

Today we recognize these events as some of the most energetic and catas-
trophic explosions known to exist in the Universe, although it took several decades
to con rm this fact. Early space-based gamma-ray detectors had particularly poor
positional accuracy which made it di cult to localize the bursts to a host source.
The lack of a distance estimate led to contentious debates over their origins (Kulka-
rni, 2018; Ruderman, Sutherland, 1975). More theories than known bursts were
proposed, astronomers found themselves taking sides in the galactic vs extragalac-
tic debate, and whole conferences were dedicated to tackling the mystery. It was
not until the 1990s that signi cant progress was made towards understanding their
origins. The Burst and Transient Source Explorer (BATSE) on board the Comp-
ton Gamma-ray Observatory con rmed that the bursts were not only isotropically
distributed (suggesting an extragalactic origin) but also could be classi ed into two
groups - short duration, spectroscopically hard bursts versus longer, softer bursts
(Kouveliotou et al., 1993; Meegan et al., 1992).

It soon became clear that further progress necessitated the detection of a
counterpart at lower energies. The satellite BeppoSAX (Boella et al., 1997) was the
rst to detect fading X-ray afterglows to GRBs and its increased positional accuracy

2



eventually helped facilitate the nding of the rst optical and radio counterparts

as well which led to the rst host-galaxy associations (e.g., GRB970228; Costa
et al. 1997), thus revolutionizing the eld (Frontera, 2019). Redshift measurements
allowed a proper calculation of isotropic energy productiohsuggesting GRBs were
even more energetic than supernovae (SNe). Eventually, the connection between
bright SNe and long GRBs (e.g., SN 1998bw; Galama et al. 1998; Iwamoto et al.
1998) led to the understanding that both are produced during the collapse of massive
stars, and the detection of a short GRB coincident with a gravitational wave signal
(GRB170817A/GW 170817; Abbott et al. 2017a,c) con rmed that at least some
short GRBs are produced by the coalescence of two neutron stars. Despite the huge
leaps made in recent history, several fundamental questions remain and the eld of

GRB research continues to reward us with new surprises.

1.1.2 Observational Properties

Prompt emission: Initial bursts from GRBs consist of bright emission at
gamma-ray and X-ray wavelengths lasting from less than 1 s to up to 1000 s (Pe'er,
2015). The prompt emission phase of GRB light curves can vary widely in terms of
behavior and structure and is thought to be directly related to the internal physics
of the burst central engine (Figure 1.1). While many individual peaks follow FRED-
like behavior (a fast rise followed by exponential decay), no two GRB events appear

exactly the same (Pe'er, 2015). Some GRBs consist of a single peak of emission

1Due to the uncertainty in measuring GRB beaming angles, isotropic (non-beaming-corrected)
energies are often reported instead.



while others may display multiple peaks, the emission can be smooth or highly vari-
able, and some GRBs may even exhibit delayed or long-lasting gamma-ray emission
(Beloborodov et al., 2014).

Individual peaks of emission within the GRB light curve de ne the minimum
variability timescale. This property is directly correlated with the peak isotropic
luminosity (Fenimore, Ramirez-Ruiz, 2000) and also sets the physical size scale for
these events, both of which are highly relevant when considering the non-therrmal
nature of the prompt emission (MacLachlan et al., 2013, 2012; Sonbas et al., 2013).

Spectrum: GRB prompt emission spectra are nonthermal in nature and typi-
cally peak around several hundred keV. In some bursts the spectral tail may extend
into GeV energies. Spectra are well-described by the empirically-derived “Band'
function (Band et al., 1993)? The Band function describes the photon number ux,

Ne (E), and consists of a smoothly broken power law characterized by the low and

high-energy power-law exponents, and , and the break energyEo:

A 100EReV exp Eéo ( )Eo E;

Ne(E) = (1.1)

W N QO

( )Eo E .
A 100 keV exp( ) 100 keV ( JEo E:

Rates and energy scales: It was quickly noted that GRBs are distributed
isotropically on the sky. This was most naturally explained as indirect evidence for

their extragalactic origins. On average, more than one GRB is detected per day

2More recent work has explored the potential for more physical models with multiple compo-
nents in the prompt emission (Guiriec et al., 2015).



Figure 1.1: 12 GRB light curve examples highlighting their variable nature. The
y-axis represents the detector count rate in counts . GRB prompt emission may
consist of a single peak or multiple pulses and can range from a few seconds to many
minutes long. Figure is taken from Pe'er (2015).



over the whole sky (Lien et al., 2016a; Sun et al., 201%)The GRB detection rate

is dependent upon the detector used and the type of GRB observed (short GRBs
have lower discovery rates compared to long GRBs, partially due to their on-average
lower luminosities, lower event rates, and inability to be seen out to larger distances;
Shahmoradi, Nemiro 2015; Sun et al. 2015).

GRBs are known to emit most of their energy along a narrow cone of emission,
or jet, which may impact estimates of both their event rates and energies. Assum-
ing GRBs radiate isotropically, their observed luminositiesEiso, typically measure
between 16° and > 10°* erg s ! (Pescalli et al., 2015). Due to the uncertainty
in measuring GRB jet widths it can be di cult to convert isotropic measurements
into the true energy produced during each GRB explosion. Therefore, we typi-
cally report the isotropic emission rather than the true beaming-corrected energy:
E = Eiso(1 cos j) Eisoé,“ whereE is the beaming-corrected energy of the burst,
Eiso Is the uncorrected isotropic energy, and; is the jet opening angle (Bloom et al.,
2001; Frail et al., 2001). Most detected long GRBs have typical isotropic energies
between 18! 102 erg (Figure 1.2).

Dual population:  The duration of the burst is de ned by the Tgo parameter,
which is the portion of time over which from 5% to 95% of its total measured
background-subtracted counts are detected (Koshut et al., 1995). While there are
known issues with using it (e.g., it is dependent on detector sensitivity and bandpass,

it can be di cult to distinguish between prompt and afterglow phases, and it can be

3Depending on instrument sensitivity
4This equation is only valid for a simple top-hat jet.



Figure 1.2: Total bolometric isotropic energy versus redshift for several GRBs de-
tected by Fermi-GBM, Konus, Swift, and pre-Swift observatories. High-luminosity
GRBs dominate at higher redshifts due to the inability to detect low-energy events
at such large distances. Lines of constant uence are denoted by the dotted curves.
Particularly bright GRBs of interest are circled and labeled. Figure is taken from
Perley et al. (2014).



Figure 1.3: Classi cation of short and long BATSE GRBs based on burst duration
(Teo) and observed peak energyH;). The upper right gure shows the probability
that each GRB in the sample belongs to the long GRB class based upon fuzzy C-
means clustering. GRBs with probabilities>0.5 are considered long GRBs. Long
GRBs are de ned by durations longer than 2 3 s and are typically spectrally
softer than short GRBs. Figure is taken from Shahmoradi, Nemiro (2015).

complicated by the presence of precursors and aftershockB)y can still be a useful
metric. The distribution of Tgo is bimodal with an energy-dependent boundary
around 2 seconds (Figure 1.3); thus GRBs are usually classied as being either
short or long in duration (Kouveliotou et al., 1993). Generally, only around 25-
30% of detected GRBs are classi ed as short (Shahmoradi, Nemiro , 2015). Short
GRBs also tend to have a higher hardness ratio (the di erence between the exposure
corrected counts in a high and low energy band) than the softer long GRBs, further

supporting the idea that they are distinct populations.



1.1.3 Theoretical Considerations

Relativistic emission:  The short timescales of GRBs necessitate that a sig-
ni cant amount of gamma-ray radiation must be produced within a compact region,
i.e., the GRB is a "reball'. Early theoretical works envisioned a pure reball which
would produce optically thick radiation via pair production and eventually expand
and cool (Goodman, 1986; Paczynski, 1986). However, physically realistic GRB
models must account for the baryons within the jet that inevitably interact with
the surrounding environment (commonly referred to as "baryon loading’). Paczyn-
ski (1990) and Shemi, Piran (1990) found that in this more realistic situation the
relativistic energy of the explosion would be converted into baryonic kinetic energy.
In both situations the expected GRB spectrum would be thermal.

Counter to these early reball theories GRB spectra are decidedly nonthermal.
Given this, a "compactness' problem emerged since the short variability timescales
imply a compact, optically thick source. For example, a typical cosmologicaD(= 3
Gpc) GRB with a minimum variability timescale of t = 10 ms implies a physical
size of no more thanR < ct 3000 km. Assuming an average GRB uence of
F =10 7 erg cn?, the equation for optical depth to pair production becomes:

f, TFD?

— 3.
= Rem. 10%; (1.2)

where 1 is the Thompson cross-sectiom.c? is the electron rest energy, and, is

the fraction of electrons satisfying the condition for pair production (Piran, 2005;



Piran, Shemi, 1993). Clearly, with such a large optical depth all photons should
pair produce resulting in a thermal spectrum.

To solve this discrepancy we must invoke relativistic e ects. Emitted photons
have been blueshifted as they propagate towards the observer, meaning their energy
is a bulk Lorentz factor, , higher at the observer compared to the source. Accord-
ingly, the fraction of photons at the source that would have the requisite energy to
pair produce is then reduced by a factor of 2 , where is the power law spectral
index of the emission. In addition, relativistic e ects cause the observer to view the

source radius as larger by a factor of?, Rgouce < 2Ct. Therefore,

= (1.3)

and the compactness problem can be resolved if the emission is ultra-relativistic and

> 107

Multiwavelength afterglows: After the prompt phase GRB light curves

begin a phase of slow power law decay seen across all wavelengths (Figure 1.4).
This afterglow emission is the burst ejecta interacting with the material immediately
surrounding the progenitor star. However, instead of radiating isotropically, GRBs
instead only emit over a small portion of their surface area; i.e., their relativistic
emission is beamed into jets. Typical long GRB jet widths are between 1{10
(Rhoads, 1999; Sari et al., 1999). A GRB jet is emitted with an opening angle,

, and a large initial Lorentz factor, > 100. Over time, as the burst ejecta

propagates forward and interacts with the circumburst media it will decelerate and
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Figure 1.4. The multiwavelength afterglow of GRB 130427A at radio, millimeter,
near infrared, optical, ultraviolet, X-ray, and gamma-ray wavelengths. Figure is
taken from Perley et al. (2014).

spread laterally. Due to relativistic beaming e ects at early times an on-axis observer
will only see a small portion of the jet equal to ! (Sari, 2000). At the point when

1 beaming e ects decrease signi cantly and the GRB afterglow begins to fade
much more rapidly. This onset of rapid deceleration is referred to as the “jet break’
(Figure 1.5). Since the causes are purely geometrical, jet breaks are achromatic and
can be seen at the same time across all observing frequencies.

Some GRB light curves may have additional components beyond the jet break
such as plateau phases, ares, and additional changes in the light curve slope over
time (Zhang et al., 2006). Several of the GRBs mentioned within this work have
noticeable reverse shocks (e.g., GRB 160625B, Alexander et al. 2017; GRB 160509A,

Laskar et al. 2016a). In addition to the forward shock which produces most of the

11



Figure 1.5: A cartoon example of a GRB jet break in a light curve. Large and
relativistic beaming e ects in uence what portion of the GRB jet is visible to an
observer at early times. When the jet slows down and ! the light curve begins
to fade much more rapidly. Figure is adapted from Poonam Chandra’s slides.

long-lived afterglow there is a shorter-lived reverse shock which propagates into the
GRB ejecta (Gao, Meszros, 2015). The reverse shock typically manifests observa-
tionally as an early-time radio are and possibly an optical/IR ash (Kobayashi,
Sari, 2000; Meszaros, Rees, 1999; Sari, Piran, 1999). While in theory GRBs should
produce afterglows at all wavelengths from radio to gamma-ray, in practice their
detection can be limited by high GRB redshift, host galaxy absorption, limited
instrument sensitivities, and observational visibility.

Gathering multiwavelength observations and precisely measuring GRB jet
breaks can provide critical information about the GRB central engine, jet micro-
physics, surrounding circumburst medium, bulk energy properties, and jet internal

structure (Lamb et al., 2021; Panaitescu, Kumar, 2002; Sari et al., 1999). There-
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fore, campaigns to rapidly follow-up and observe GRB afterglows are vital for un-
derstanding their physical properties. One of the best sources of information from
broadband observations came out of the joint LIGA=ermi-INTEGRAL detection
(GW 170817/GRB 170817A; Abbott et al. 2017a,c). Modeling of the multimessen-
ger data showed that the event was observed at a viewing angle 020 and that
emission was visible beyond the central core of the jet (Fong et al., 2019; Lamb
et al., 2020; Lazzati et al., 2018; Troja et al., 2019).

Synchrotron emission processes: Inthe reball model we assume that the
observed non-thermal afterglow emission is produced via synchrotron radiation from
a spherical blast wave expanding into a surrounding medium with densitp, and
accelerating electrons. The properties of the emission are directly dependent upon

the post-shock magnetic eld strength,B,:

B2=32m,gn % (1.4)

where g is a dimensionless parameter representing the fraction of magnetic energy,
Ug, imparted to the electrons (g = U?B), e is the total thermal energy, m, is the
particle mass, and is the Lorentz factor of the shock front (Sari et al., 1996,
1998). We also assume that a constant fraction of thermal energy is imparted to
the electrons by the shock front: . = Y, whereUs =4 2nm,c.

Electrons are accelerated via shock heating to a power law distribution of

Lorentz factors:

N( e) oM (1.5)
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Values of p must be larger than 2 to prevent the distribution from diverging at
large values of ..> Now the minimum Lorentz factor (or low energy cut-o ) can be

written as

N

_ mp
n= e b o (L.6)

|

The resulting synchrotron spectral energy distribution presents as a series of
power laws smoothly broken at three characteristic frequencies;, below which self
absorption becomes an important factor; ,, the frequency of the minimum energy
electron; and ., the minimum frequency at which electrons begin to cool e ciently.
The exact shape of the spectrum (Figure 1.6) depends upon the ordering @f .,
and . as well as whether the burst is expanding into an ISM- (interstellar medium;

(r)/ r% or wind-like medium ( (r)/ r 2).

Most GRB afterglows are observed in the slow-cooling regime.(>  and

only a portion of the electrons can cool e ciently). To calculate the ux over a

range of frequencies for an ISM-like density we integrate over Eq. 1.5 and nd:

8
% | h
1=3 a < m
F / (2.7)
% (1 p=2 m < .
: p=2

c

SCases where the electron energy distribution may be very hard (i.e., 1.8 p < 2.0) have been
explored, e.g., Bhattacharya 2001.
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8

t1=2 < a

t1=2

F/ (1.8)
% t3(1 p)=4

> 12 3p)=4

In the case of a wind-like medium the temporal relationships instead become:

8
.

FJ ¢ =S (1.9)
%t(l 3p)=4 m < . |
512 3p)=4 .

Other examples of potential GRB spectra (e.g., fast cooling) can be seen in
more detalil in Granot, Sari (2002).

Broadband Afterglow Modeling: Analytical methods for describing GRB
afterglows typically involve looking at the closure relations, i.e., measuring the tem-
poral and spectral scaling relations of the SED (as described in the previous section).
Historically, a full analytical description depended upon the assumption of an on-
axis, uniformly collimated out ow, or "top-hat' jet (e.g., Frail et al. 2001). However,

a range of alternative jet structure types have been proposed in the literature { some
common examples include variations of top-hat, Gaussian, and power law models

(Aloy et al., 2005; Coughlin, Begelman, 2020; Du ell, MacFadyen, 2013a; Margultti
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Figure 1.6: Examples of potential GRB spectral shapes, taken from Granot, Sari
(2002). Temporal and frequency dependencies are given for both wind (bottom
or right of arrow) and ISM-like (top or left of arrow) environments and a range
of orderings for 5, m, and .. The break frequencies and their dependencies are
denoted by dotted lines.
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et al., 2018; Mesaros et al., 1998; Rossi et al., 2002, 2004; Zhang et al., 2004; Zhang,
Meszaros, 2002). The exact structure of any one GRB jet may be dependent upon
several factors such as the immediate circumburst environment and interactions
with the stellar envelope. Given these more complicated structure types, numerical
methods o er a much more comprehensive view of the physical processes within the
GRB jet.

Several numerical codes have been developed within recent years to model
GRB afterglows (Alexander et al., 2017; Laskar et al., 2013; Leventis et al., 2013;
Perley et al., 2014; Ryan et al., 2015; van Eerten et al., 2010, 2012; van Eerten,
MacFadyen, 2012). Such methods o er an advantage over the simpli ed approach
of power law tting since they do not necessarily require contemporaneous mul-
tiwavelength observations and o er much improved abilities to quantify physical
models, estimate parameter uncertainties, and perform model comparisons since
they are typically based in Bayesian inference methods. Many of these numerical
codes utilize Markov-Chain Monte Carlo methods (MCMC; Foreman-Mackey et al.
2013; Goodman, Weare 2010) which e ciently handle arbitrarily complex models,
multimodal solutions, and large data sets.

One of the standard tools for GRB analysis is the publicly availabl8oxFit
package (van Eerten et al., 2012)BoxFit generates synthetic GRB light curves and
spectra via two-dimensional relativistic hydrodynamic simulationsBoxFit produces
highly accurate light curves via fully numerical methods to model the nonlinear
hydrodynamics of the spherical blast wave.ScaleFit (Ryan et al., 2013, 2015)
later expanded upon the methods oBoxFit by utilizing scaling relations in the
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radiation equations to reduce the set of scale-invariant characteristic quantities in
the model tting.

For the following analysis we utilize the methods of thafterglowpy package
which is a publicly available, open-sourcpython code for modeling GRB afterglows
(Ryan et al., 2020). Afterglowpy uses the single-shell approximation to semiana-
lytically model a relativistic blast wave propagating through a surrounding medium
as a function of jet structure and viewing angle. It operates under the assumption
that the afterglow is produced via synchrotron emission from the forward shock.
Afterglowpy trades some of the physical accuracy of the fully numerical methods
of BoxFit and ScaleFit for greater exibility and e ciency. Afterglowpy takes the
broadband uxes, observation times, and frequencies to produce model light curves
based upon the following physical parameters: viewing angle,, isotropic kinetic
energy released by the blastwavek .o, jet core opening angle, ., circumburst
density, n, spectral slope of the electron distribution,p, fraction of shock energy
imparted to electrons, ., and to the magnetic eld, 5.

In addition, we also include the participation fraction of electrons, , as a
free parameter in some of our models. The participation fraction,, describes
the percentage of total electrons which are accelerated by the passing shock wave
and contribute to the power-law distribution. 100% participation ( = 1) is often
assumed in the literature but simulations have shown can be as low as 1& (Sironi,
Spitkovsky, 2011; Sironi et al., 2013) and that lower values are likely to be more
physically realistic (Warren et al., 2018).

Progenitors: Short GRBs are found in both early type and star-forming
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galaxies, often lack a detectable afterglow, and are not associated with supernovae
or massive stars (Berger, 2014; D'Avanzo, 2015). Compact object mergers had long
been a favored model given their short timescales, expected low circumburst density,
and non-correlation with star formation. The joint detection of a short GRB and

a GW signal in 2017 de nitively con rmed that binary neutron star mergers can
power short GRBs (Abbott et al., 2017a,c).

Unlike short GRBs, long GRBs are exclusively found in star-forming regions of
spiral and irregular galaxies at small nuclear o sets. They are conclusively linked to
massive star collapse via supernovae emission. While the association between long
GRBs and the deaths of massive stars is long-standing the exact details regarding
the physics of the central engine remain elusive. Currently, two popular progenitor
models are favored to explain the central engines of long GRBs: magnetars and
black hole systems.

The spindown of a newborn millisecond pulsar could potentially power a long
GRB via a Poynting- ux dominated relativistic out ow (Thompson et al., 2004;
Zhang, Mesaros, 2001). These magnetars are limited by their nite reserve of
rotational energy. For a neutron star with a mass limit of 2 M , a radius of 10
km, and a spin period of about 1 ms places a cap on the available energy a0
erg (Metzger et al., 2011, 2007). This energy cap can be increased in the case
of "supramassive' neutron stars that have been stabilized by centrifugal forces and
therefore could accommodate rotational energies of up to*8@erg (Metzger et al.,
2015). However, Beniamini et al. (2017) and Metzger et al. (2018) have recently
shown that the true reservoir of available energy is unlikely to reach beyond 10°2
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erg and so the magnetar model may be in tension with at least the most energetic
long GRBs (Cunningham et al., 2020).

In the second scenario, a black hole is formed in the immediate aftermath of
the death of a massive star (MacFadyen, Woosley, 1999; Woosley, 1993; Woosley,
Heger, 2012). Stellar material accreting back onto the newly formed black hole may
power relativistic jets. The jets burrow through the stellar envelope and provide an
outlet for relativistic material to escape (Morsony et al., 2007). The typical 10-100
s durations of long GRBs correspond to the free-fall time of the star's helium core.
Unlike magnetars, these "collapsars' have much less stringent caps on the poten-
tial energy which could be extracted. Theoretical predictions can easily produce
energy releases greater than 90erg, however the exact mechanism via which the
energy is extracted remains uncertain. Potential processes which could power this
energy extraction include the Blandford-Znajek process (Blandford, Znajek, 1977)

and neutrino annihilation (Popham et al., 1999).

1.2 Fast Radio Bursts

1.2.1 History and Background

Fast radio bursts (FRBs) are a more recently discovered class of transients.
They were also an accidental discovery and their story parallels that of GRBs in
many ways. The rst FRB (FRB010724; Lorimer et al. 2007) was discovered six
years after the initial detection when Duncan Lorimer and his student were searching

through archival pulsar observations from the Parkes radio telescope. Therefore, this
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rst burst is now often referred to as the Lorimer burst. Over the next ten years
a few dozen more FRBs would be detected. FRBs were particularly intriguing due
their highly dispersed signals. Dispersion measure (DM, explained in more detail in
81.2.2) is commonly used as a proxy for distance and the large DM of FRBs implied
potentially cosmological origins and also distinguished them from galactic pulsars
(Chatterjee, 2021; Katz, 2018; Lorimer, 2018; Petro et al., 2019; Stappers et al.,
2019; Zhang, 2020).

Many astronomers remained skeptical that FRBs were truly an astrophys-
ical source. The rst FRBs were all observed by the same instrument (Parkes
Radio Telescope) and their large implied luminosities seemed extreme. When it
was reported that a similar type of mystery radio event, perytons, were caused by
impatient lunch-goers opening microwaves too early (Petro et al., 2015) the out-
come for FRBs looked even more grim. However, eventually FRBs were detected at
other radio observatories con rming that they were not geographically constrained
to Australia and probably were astrophysical in origin.

Similarly to GRBs, the initial instruments (single dish radio telescopes) used
to detect FRBs did a particularly poor job of localizing the rst bursts, making it
di cult to perform rapid followup at other wavelengths or to identify host galaxies.
The rst real breakthrough in the eld occurred when a repeating FRB was detected
(FRB121102; Spitler et al. 2014). Astronomers were nally able to undertake a
coordinated campaign between the Arecibo telescope and the Very Large Array
(VLA) to localize the FRB to within an arcsecond and identify the host galaxy

(Chatterjee et al., 2017), con rming they were indeed extragalactic events.
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Like the early days of GRBs, at some point there were more theories about
FRBs than there were FRBs themselves. In fact, many early GRB theories were
recycled to help explain FRBs (Platts et al., 2019). Unlike GRBs however, FRBs
have yet to reveal a multiwavelength afterglow. The lack of an observable counter-
part made placing constraints on the various theories di cult but because of their
short timescales and large energetics a compact object progenitor has always been
favored.

The next big break came only in 2020 when the elusive counterpart was -
nally observed for the rst time. Several X-ray satellites observed a bright burst of
emission from the soft gamma-ray repeater SGR 1935-2154 (Bochenek et al., 2021,
Kirsten et al., 2020; Mereghetti et al., 2020; Zhang et al., 2020). SGRs are ob-
jects which irregularly emit extreme bursts of X-ray and gamma-ray energy and are
thought to be a type of highly magnetized neutron star called a magnetar. A burst
of X-ray activity from SGR 1935-2154 matched with a repeating FRB that was de-
tected coincidentally (The Chime/FRB Collaboration et al., 2020). This provided
the rst evidence that at least some types of FRBs may originate from magnetar
activity. The discovery is a major breakthrough in the eld but many questions
still remain. The eld of FRBs is still in its relative infancy and much more work is

required before it reaches an established state like that of GRBs.
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1.2.2 Observational Properties

Burst duration:  FRBs are so called due to their short durations of only a few
milliseconds on average (although durations can range from sub-millisecond to tens
of milliseconds; Petro et al. 2016). For a typical FRB with an intrinsic duration of
1 ms, causality limits the size of the emitting region to be less than 300 km (barring
bulk relativistic motion). This limits the potential progenitor to compact objects
such as black holes and neutron stars (Zhang, 2020). FRB pulses can vary widely in
shape, ranging from single peak pulses to double peaked and sometimes repeating
signals (Figure 1.7).

Disperson measure: As FRBs propagate through space they interact with
ionized electrons, causing a frequency-dependent delay in the signal (Figure 1.8).

R
The dispersion measure is de ned as DM :ODZ 112('(?)

dl, whereD, is the comoving
distance to a sourcen, is the number density of free electrons along the line of sight,
| is the length, andz is redshift. For a radio observation between two frequencies

1 and , the observed time delay will be:

e

2m <C

(.2 ,%DM: (1.10)

The large DMs (100 to 2600 pc cn?; Petro et al. 2016) of FRBs imply they must
come from either cosmological distances or regions of high density.
Fluence and luminosities:  The typical radio uence of an FRB is around

2 Jy ms. In cases where it can be determined the isotropic luminosity ranges from
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Figure 1.7: Example FRB light curves for the ve FRBs reported by Champion
et al. (2016). FRB pulses can take on a variety of shapes.
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