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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, ξ, of electrons which contribute to the synchrotron emission. Our findings

for ξ are contrary to what is generally assumed during GRB modeling (ξ = 1.0),

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



dictions for ξ 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, fγ, for each FRB in our sample.

We also report lower limits on the ratio of radio to high-energy fluence (fr/fγ). 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 outflows, 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-

1



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 word velar (to keep watch over) - never confirmed any definitive

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 confirm this fact. Early space-based gamma-ray detectors had particularly poor

positional accuracy which made it difficult 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 significant progress was made towards understanding their

origins. The Burst and Transient Source Explorer (BATSE) on board the Comp-

ton Gamma-ray Observatory confirmed that the bursts were not only isotropically

distributed (suggesting an extragalactic origin) but also could be classified 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

first to detect fading X-ray afterglows to GRBs and its increased positional accuracy

2



eventually helped facilitate the finding of the first optical and radio counterparts

as well which led to the first host-galaxy associations (e.g., GRB 970228; Costa

et al. 1997), thus revolutionizing the field (Frontera, 2019). Redshift measurements

allowed a proper calculation of isotropic energy production,1 suggesting 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

(GRB 170817A/GW 170817; Abbott et al. 2017a,c) confirmed 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 field 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.
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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 define 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).2 The Band function describes the photon number flux,

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

high-energy power-law exponents, α and β, and the break energy, E0:

NE(E) =


A
(

E

100 keV

)α
exp

(
− E
E0

)
(α− β)E0 ≥ E,

A
(

(α−β)E0

100 keV

)α−β
exp(β − α)

(
− E

100 keV

)β
(α− β)E0 ≤ E.

(1.1)

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).
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Figure 1.1: 12 GRB light curve examples highlighting their variable nature. The
y-axis represents the detector count rate in counts s−1. 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).
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over the whole sky (Lien et al., 2016a; Sun et al., 2015).3 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, Nemiroff 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 luminosities, Eiso, typically measure

between 1046 and > 1054 erg s−1 (Pescalli et al., 2015). Due to the uncertainty

in measuring GRB jet widths it can be difficult 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 θj) ≈ Eiso
θ2j
2

,4 where E is the beaming-corrected energy of the burst,

Eiso is the uncorrected isotropic energy, and θj is the jet opening angle (Bloom et al.,

2001; Frail et al., 2001). Most detected long GRBs have typical isotropic energies

between 1051 − 1053 erg (Figure 1.2).

Dual population: The duration of the burst is defined by the T90 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 difficult 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.
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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 fluence are denoted by the dotted curves.
Particularly bright GRBs of interest are circled and labeled. Figure is taken from
Perley et al. (2014).
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Figure 1.3: Classification of short and long BATSE GRBs based on burst duration
(T90) and observed peak energy (Ep). The upper right figure 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 defined by durations longer than ∼ 2 − 3 s and are typically spectrally
softer than short GRBs. Figure is taken from Shahmoradi, Nemiroff (2015).

complicated by the presence of precursors and aftershocks), T90 can still be a useful

metric. The distribution of T90 is bimodal with an energy-dependent boundary

around 2 seconds (Figure 1.3); thus GRBs are usually classified as being either

short or long in duration (Kouveliotou et al., 1993). Generally, only around 25-

30% of detected GRBs are classified as short (Shahmoradi, Nemiroff, 2015). Short

GRBs also tend to have a higher hardness ratio (the difference 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.
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1.1.3 Theoretical Considerations

Relativistic emission: The short timescales of GRBs necessitate that a sig-

nificant amount of gamma-ray radiation must be produced within a compact region,

i.e., the GRB is a ‘fireball’. Early theoretical works envisioned a pure fireball 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 fireball 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 cosmological (D = 3

Gpc) GRB with a minimum variability timescale of δt = 10 ms implies a physical

size of no more than R < cδt ≈ 3000 km. Assuming an average GRB fluence of

F = 10−7 erg cm2, the equation for optical depth to pair production becomes:

τγγ =
fpσTFD

2

R2mec2
≈ 1013, (1.2)

where σT is the Thompson cross-section, mec
2 is the electron rest energy, and fp is

the fraction of electrons satisfying the condition for pair production (Piran, 2005;
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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 effects. Emitted photons

have been blueshifted as they propagate towards the observer, meaning their energy

is a bulk Lorentz factor, Γ, 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 Γ−2α, where α is the power law spectral

index of the emission. In addition, relativistic effects cause the observer to view the

source radius as larger by a factor of Γ2, Rsource < Γ2cδt. Therefore,

τ =
τγγ

Γ2α+4
(1.3)

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

Γ > 102.

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,

θ, and a large initial Lorentz factor, Γ > 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 effects at early times an on-axis observer

will only see a small portion of the jet equal to Γ−1 (Sari, 2000). At the point when

θ ≈ Γ−1, beaming effects decrease significantly 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, flares, 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
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Figure 1.5: A cartoon example of a GRB jet break in a light curve. Large Γ and
relativistic beaming effects influence what portion of the GRB jet is visible to an
observer at early times. When the jet slows down and θ ≈ Γ−1 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, Mészáros, 2015). The reverse shock typically manifests observa-

tionally as an early-time radio flare and possibly an optical/IR flash (Kobayashi,

Sari, 2000; Mészáros, 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 LIGO-Fermi -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 of ∼20◦ 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: In the fireball 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 density, n, and

accelerating electrons. The properties of the emission are directly dependent upon

the post-shock magnetic field strength, B,:

B2 = 32πmpεBnγ
2c2, (1.4)

where εB is a dimensionless parameter representing the fraction of magnetic energy,

UB, imparted to the electrons (εB = UB
e

), e is the total thermal energy, mp is the

particle mass, and γ 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: εe = Ue
e

, where Ue = 4γ2nmpc
2.

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

Lorentz factors:

N(γe) ∼ γ−pe . (1.5)
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Values of p must be larger than 2 to prevent the distribution from diverging at

large values of γe.
5 Now the minimum Lorentz factor (or low energy cut-off) can be

written as

γm = εe

(
p− 2

p− 1

)
mp

me

γ. (1.6)

The resulting synchrotron spectral energy distribution presents as a series of

power laws smoothly broken at three characteristic frequencies: νa, below which self

absorption becomes an important factor; νm, the frequency of the minimum energy

electron; and νc, the minimum frequency at which electrons begin to cool efficiently.

The exact shape of the spectrum (Figure 1.6) depends upon the ordering of νa, νm,

and νc as well as whether the burst is expanding into an ISM- (interstellar medium;

ρ(r) ∝ r0) or wind-like medium (ρ(r) ∝ r−2).

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

only a portion of the electrons can cool efficiently). To calculate the flux over a

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

Fν ∝



ν2 ν < νa

ν1/3 νa ≤ ν < νm

ν(1−p)/2 νm ≤ ν < νc

ν−p/2 ν ≥ νc

(1.7)

5Cases where the electron energy distribution may be very hard (i.e., 1.0 < p < 2.0) have been
explored, e.g., Bhattacharya 2001.
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Fν ∝



t1/2 ν < νa

t1/2 νa ≤ ν < νm

t3(1−p)/4 νm ≤ ν < νc

t(2−3p)/4 ν ≥ νc.

(1.8)

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

Fν ∝



t1 ν < νa

t0 νa ≤ ν < νm

t(1−3p)/4 νm ≤ ν < νc

t(2−3p)/4 ν ≥ νc.

(1.9)

Other examples of potential GRB spectra (e.g., fast cooling) can be seen in

more detail 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 outflow, 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; Duffell, MacFadyen, 2013a; Margutti
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Fig. 1. from The Shape of Spectral Breaks in GammaRay Burst Afterglows
Granot & Sari 2002 ApJ 568 820 doi:10.1086/338966
http://dx.doi.org/10.1086/338966
© 2002. The American
Astronomical Society. All rights reserved. Printed in
U.S.A.

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 νa, νm, and νc. The break frequencies and their dependencies are
denoted by dotted lines.
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et al., 2018; Mészáros et al., 1998; Rossi et al., 2002, 2004; Zhang et al., 2004; Zhang,

Mészáros, 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 offer 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 offer an advantage over the simplified approach

of power law fitting since they do not necessarily require contemporaneous mul-

tiwavelength observations and offer 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 efficiently handle arbitrarily complex models,

multimodal solutions, and large data sets.

One of the standard tools for GRB analysis is the publicly available BoxFit

package (van Eerten et al., 2012). BoxFit generates synthetic GRB light curves and

spectra via two-dimensional relativistic hydrodynamic simulations. BoxFit 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 of BoxFit by utilizing scaling relations in the
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radiation equations to reduce the set of scale-invariant characteristic quantities in

the model fitting.

For the following analysis we utilize the methods of the afterglowpy package

which is a publicly available, open-source python 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 flexibility and efficiency. Afterglowpy takes the

broadband fluxes, observation times, and frequencies to produce model light curves

based upon the following physical parameters: viewing angle, θv, isotropic kinetic

energy released by the blastwave, EK,iso, jet core opening angle, θc, circumburst

density, n, spectral slope of the electron distribution, p, fraction of shock energy

imparted to electrons, εe, and to the magnetic field, εB.

In addition, we also include the participation fraction of electrons, ξ, as a

free parameter in some of our models. The participation fraction, ξ, describes

the percentage of total electrons which are accelerated by the passing shock wave

and contribute to the power-law distribution. 100% participation (ξ = 1) is often

assumed in the literature but simulations have shown ξ can be as low as 10−2 (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 definitively confirmed 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 offsets. 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-flux dominated relativistic outflow (Thompson et al., 2004;

Zhang, Mészáros, 2001). These magnetars are limited by their finite 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 at ∼ 1052

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 1053 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 ∼ 1052
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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 1053 erg, 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 first FRB (FRB 010724; 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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first 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

§1.2.2) 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; Petroff et al., 2019; Stappers et al.,

2019; Zhang, 2020).

Many astronomers remained skeptical that FRBs were truly an astrophys-

ical source. The first 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 (Petroff et al., 2015) the out-

come for FRBs looked even more grim. However, eventually FRBs were detected at

other radio observatories confirming 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 first bursts, making it

difficult to perform rapid followup at other wavelengths or to identify host galaxies.

The first real breakthrough in the field occurred when a repeating FRB was detected

(FRB 121102; Spitler et al. 2014). Astronomers were finally 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), confirming 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 difficult 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 fi-

nally observed for the first 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 first evidence that at least some types of FRBs may originate from magnetar

activity. The discovery is a major breakthrough in the field but many questions

still remain. The field 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; Petroff 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).

The dispersion measure is defined as DM =
∫ Dz
0

ne(l)
1+z(l)

dl, where Dz is the comoving

distance to a source, ne is the number density of free electrons along the line of sight,

l is the length, and z is redshift. For a radio observation between two frequencies

ν1 and ν2 the observed time delay will be:

∆t =
e2

2πmec
(ν−21 − ν−22 )DM. (1.10)

The large DMs (100 to 2600 pc cm−3; Petroff et al. 2016) of FRBs imply they must

come from either cosmological distances or regions of high density.

Fluence and luminosities: The typical radio fluence 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 five FRBs reported by Champion
et al. (2016). FRB pulses can take on a variety of shapes.
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Figure 1.8: The dynamic spectrum of FRB 110220 highlighting the classic DM sweep
observed in all FRBs. Figure is taken from Thornton et al. (2013).
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1038 − 1046 erg s−1 (Zhang, 2020), though this does not take into consideration any

potential beaming angle effects.

Spectra: FRBs have been detected at frequencies as low as 300 MHz and

as high as 8 GHz (Chawla et al., 2020; Gajjar et al., 2018). The spectra of the

repeating bursts from FRB 121102 are highly variable. Fitting their spectra with a

power law model results in estimates of α ranging from -10 to +14 (Spitler et al.,

2016). This range in spectral behavior is thought to be intrinsic to the source rather

than caused by some extrinsic mechanism (e.g., scintillation or free-free absorption

cannot explain the behavior alone).

Coherent emission and brightness temperatures: Any source emitting

incoherently (e.g., synchrotron radiation) cannot exceed a brightness temperature

of 1012 K (Readhead, 1994). As previously noted in the burst duration discussion,

their short timescales limit the size of the emitting region to be less than 300 km.

Assuming an FRB distance of ∼1 Gpc, peak flux density of ∼1 Jy at ν ∼1 GHz

implies a brightness temperature of TB ≥ 1035 K. For FRBs TB � 1012 K, from

which we infer that FRBs must be emitting coherent radiation. Only a handful of

astronomical sources are known to radiate coherently, with pulsars being the most

well-known example.

Event rates: Since most FRBs have been discovered by relatively narrow

field-of-view instruments, the true all-sky rate is remarkable: ∼ 800 sky−1 day−1

above a fluence of 5 Jy ms at 600 GHz (The CHIME/FRB Collaboration et al.,

2021). For comparison, this is much larger than the all-sky rate of gamma-ray

bursts (∼few per day at current detector sensitivities) and comparable to the rate
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of supernovae (core-collapse and thermonuclear) out to a redshift of z ≈ 0.5 (Li

et al., 2011).

Host galaxies: The first repeating FRB 121102 was localized to a dwarf star-

forming galaxy (Chatterjee et al., 2017; Tendulkar et al., 2017), consistent with the

hosts of long GRBs and SLSN. However, as more and more FRBs were followed-up

it became clear that 121102 was an outlier and most FRBs appear to reside in more

massive galaxies with lower rates of star formation (Li, Zhang, 2020).

Non-radio counterparts: Initially, FRBs had only been observed at ra-

dio frequencies and due to the poor localization abilities of most single-dish radio

telescopes it was difficult to identify a host galaxy or easily perform follow-up at

other wavelengths. Therefore, the detection of a counterpart at optical or higher-

energy bands was necessary and since their initial discovery several campaigns have

been undertaken to identify simultaneous prompt counterparts. The first confirmed

non-radio counterpart was only reported in April 2020 when an FRB-like burst

of emission was detected coincident with a short hard X-ray flare during a period

of heightened activity from the soft gamma-ray repeater (SGR) 1935-2154 (The

Chime/FRB Collaboration et al., 2020).

1.2.3 Theoretical Considerations

Emission mechanism: Any valid FRB model must account for several ob-

served properties - their high DM, large event rates, energetics, host galaxy prop-

erties, redshifts, etc. Although several potential progenitors have been proposed in
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the literature (Zhang, 2020), the exact mechanism via which the FRB itself could

be produced is not well-understood. The two most commonly invoked pathways by

which one could produce an FRB are (1) magnetospheric interactions in pulsar-like

compact objects and (2) relativistic shocks from GRB-like compact objects.

Like FRBs, pulsars produce coherent emission, making them an obvious choice

for a theoretical starting point. However, magnetospheric plasma instability models

struggle to reproduce the high brightness temperatures of FRBs (Lu, Kumar, 2018)

and curvature radiation (Ruderman, Sutherland, 1975), while often invoked to ex-

plain FRBs, is difficult to maintain throughout the pulse duration (Kumar et al.,

2017; Lu et al., 2020; Yang, Zhang, 2018). Most pulsar-like models require unusual

circumstances, such as extreme magnetic and electric fields or volatile environments,

to satisfy the observational constraints.

Similary to GRBs, a radio signal could be produced via relativistic shocks

far outside the magnetosphere. These synchrotron maser models require large bulk

Lorentz factors, Γ, magnetized shocks, and a compact central engine (Beloborodov,

2017; Lyubarsky, 2014). One common mechanism by which this radiation could be

produced is via ultrarelativistic shock waves released through magnetar giant flares

(Metzger et al., 2019).

Magnetar progenitors and SGR1935-2154: FRB progenitor theories are

complicated by the apparent discrepancy between repeating and non-repeating busts

- do they have the same progenitors? Or are they distinct from each other? In

either situation neutron stars have long been favored as an explanation for FRBs

due to their compact sizes, coherent emission mechanisms, and large all-sky rates.
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(Bhandari et al., 2020; Bochenek et al., 2021; Heintz et al., 2020; Margalit et al.,

2020)

Magnetars in particular offer several potential pathways to FRB production.

Magnetars are highly-magnetized neutron stars with surface magnetic field strengths

of Bsurf ∼ 1014 - 1015 G (Duncan, Thompson, 1992). They are often classified as ei-

ther soft gamma-ray repeaters (SGRs) or anomalous X-ray pulsars. Commonly

invoked theories for powering FRBs include SGR 1806-20-like giant flares, magne-

tospheric shocks, magnetar remnants from core-collapse supernovae, and mergers

between compact objects.

The simultaneous X-ray/FRB-like detection from SGR 1935-2154 provided the

first observational proof that magnetars can produce FRBs (Mereghetti et al. 2020;

The Chime/FRB Collaboration et al. 2020; Figure 1.9). Interestingly, SGR 1935-

2154 is a common galactic magnetar implying that at least some FRBs do not

require special or extreme conditions, although this also implies the fraction of

galactic magnetars which produce FRB-like emission must be quite low (about 1

out of every 100, depending on expected timescales). Given that X-ray emission

is known to be produced within the magnetosphere (Thompson, Duncan, 1995)

pulsar-like emission mechanisms are then favored in this case for the FRB itself.

1.3 Connections between FRBs and GRBs

Given the relative newness of the field of FRBs and the lack of fundamental

information it can be helpful to draw connections to the neighboring field of GRBs.
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Figure 1. from INTEGRAL Discovery of a Burst with Associated Radio Emission from the Magnetar SGR 1935+2154
null 2020 APJL 898 L29 doi:10.3847/2041-8213/aba2cf
http://dx.doi.org/10.3847/2041-8213/aba2cf
© 2020. The American Astronomical Society. All rights reserved.

Figure 1.9: The 20-200 keV INTEGRAL light curve of SGR 1935-2154 (black) and
radio pulses from CHIME (orange). The inset shows a zoomed-in portion of the
pulse where the X-ray data have been fit (red) with a combination of Gaussian
curves (Mereghetti et al. 2020).

As our understanding of FRBs evolves it appears that insight in that field may prove

useful in regards to remaining GRB questions as well. Connections between the two

fields include:

Recycling GRB theories for FRBs: Considering the large fluences, short

timescales, dual populations (short versus long GRBs, repeating versus non-repeating

FRBs), and isotropic distributions of both objects it was immediately obvious that

some of the original theories proposed in the early days of GRBs could be recycled

and applied to FRBs. These included both galactic theories - collisions with near-

Earth objects, stellar flares from red dwarfs, pulsar giant flares - and extragalactic

theories - collisions between compact objects, AGN flares. Although we now know

that galactic magnetars produce FRB-like events, there still remains a debate over

whether multiple classes of FRBs exist. If so, insights from GRBs may still be

relevant in those cases especially regarding magnetar theories for SLSNe and long
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GRBs.

Need for contemporaneous multiwavelength observations: Initially,

both GRBs and FRBs were only observed at a single waveband - gamma-rays and

radio waves, respectively. Progress within the field of GRBs only occurred after the

detection of their multiwavelength afterglows. Indeed today, broadband observa-

tions are still necessary to perform proper GRB modeling and analysis. Likewise,

multiwavelength counterparts will prove critical in understanding FRBs. Although

one FRB now has a confirmed X-ray counterpart, the field still has a long ways to go

and will require observation campaigns and rapid follow-up similar to that already

in place for GRBs.

Remaining open ended questions regarding emission mechanism:

Although the connections between short GRBs/compact object mergers and long

GRBs/massive star collapse are well established, many questions remain regarding

the emission mechanism which produces the GRB. The inner workings of neutron

stars are active fields of research and major insights are yet to come. As we learn

more about FRBs, the knowledge is likely to lead to to progress in the field of GRBs

as well.

1.4 Thesis Overview

The motivation for undertaking this thesis stems from the community-wide

wave of excitement as we prepare for the next era in transient astronomy. The

preparation for upcoming instruments such as the Vera Rubin Observatory (Ivezić
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et al., 2019), the Nancy Grace Roman Telescope (Spergel et al., 2015), the James

Webb Space Telescope (JWST; (Gardner et al., 2006)), and the Square Kilometer

Array (SKA; Schilizzi et al. 2010) has fueled renewed interest in understanding all

classes of transient objects, both long-standing and newer types. As such, this thesis

will be structured as follows:

Chapter 2: A Search for High-energy Counterparts to Fast Radio Bursts

For FRBs - a much younger and far less well-understood field than GRBs -

better localizations and working knowledge of their higher-energy counterparts are

a necessary first step towards understanding their origins and role in the universe.

Here, we complete an archival search for contemporaneous X-ray and gamma-ray

signals from FRBs using the Burst Alert Telescope (BAT), the Gamma-ray Burst

Monitor (GBM), and the Large Area Telescope (LAT). We place upper limits on the

high-energy fluence produced during the event and lower limits on the ratio of the

high-energy to radio fluence. We use the results of the search to constrain several

possible FRB progenitor theories, including analogs of giant pulses from the Crab

pulsar and hyperflares from magnetars.

Chapter 3: Evidence for a Gaussian-shaped Jet in GRB160625B

For GRBs, our initial goals were to determine the true scale of GRB energetics

via multiwavelength observations of their afterglows. This can often be difficult to do

due to the lack of afterglow data from most GRBs. However, detailed analysis of the

abundant broadband data associated with very bright bursts can help constrain their

beaming angles and microphysical parameters, probe their birth environments, and
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understand the role of the participation fraction - all of which are crucial information

for understanding their central engines and relativistic jet mechanisms. Here, we

model the afterglow of the exceptionally bright burst GRB 160625B with a range

of structured jet models using the afterglowpy code described in §1.1.3. The

multiwavelength data used in this analysis comes from previously published works,

publicly available archives, and new observations. We use the results of the fitting

to explore the role of different parameters in the modeling and to shed light on the

GRB central engine.

Chapter 4: The Afterglows of Fermi -LAT GRBs: Jet Structure, Ener-

getics, and Physical Origins

Here, we expand on the work outlined in Chapter 3 by applying our analysis

to a larger sample of GRBs detected by the Fermi Large Area Telescope (LAT).

GRBs detected by LAT have long been observed to be brighter and more energetic

than GRBs detected by other instruments, but it is unclear whether this is because

they are truly more energetic or rather because they are more narrowly beamed.

The bright, multiwavelength afterglows of these GRBs provide the best opportunity

to constrain their physical properties and origins. We again test multiple structured

jet models on our sample of GRBs. The results of this analysis are used to test

assumptions regarding LAT GRB energetics, their relativistic jet structure, and

their progenitors.

Chapter 5: Summary and Future Directions

In Chapter 5, I summarize the main results of the thesis. I also outline plans,
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both immediate and long-term, for future work within each field. Finally, I conclude

by acknowledging the facilities and software used throughout this work.
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Chapter 2: A Search for High-Energy Counterparts to Fast Radio

Bursts

We report on a search for high-energy counterparts to fast radio bursts (FRBs)

with the Fermi Gamma-ray Burst Monitor (GBM), Fermi Large Area Telescope

(LAT), and the Neil Gehrels Swift Observatory Burst Alert Telescope (BAT). We

find no significant associations for any of the 23 FRBs in our sample, but report

upper limits to the high-energy fluence for each on timescales of 0.1, 1, 10, and

100 s. We report lower limits on the ratio of the radio to high-energy fluence, fr/fγ,

for timescales of 0.1 and 100 s. We discuss the implications of our non-detections

on various proposed progenitor models for FRBs, including analogs of giant pulses

from the Crab pulsar and hyperflares from magnetars. This work demonstrates the

utility of analyses of high-energy data for FRBs in tracking down the nature of these

elusive sources.

2.1 Introduction

Fast radio bursts (FRBs) are bright (typical fluences of 2 Jy ms), short-

duration (∼few ms) pulses at frequencies of ∼1 GHz (Lorimer et al., 2007; Thornton

et al., 2013). FRBs can be distinguished from other short-duration radio pulses (e.g.,
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pulsars) by their high dispersion measures (DM) for their Galactic latitude (100 to

2600 pc cm−3; Petroff et al. 2016). Because the DM derived for FRBs can be signifi-

cantly in excess of the Galactic value (average of ∼ 250 pc cm−3 for Galactic pulsars;

Manchester et al. 2016), they must either reside in regions of large over-densities of

free electrons if in the Milky Way or at extragalactic distances.

The first FRB was discovered in 2007 (Lorimer et al., 2007) and it was not

until 2013 that their reality as a class of astrophysical objects was firmly estab-

lished (Thornton et al. 2013, c.f. perytons). Only ∼70 FRBs have been published

in the literature at the date of this publication (see the FRB Catalog (FRBCAT)

at frbcat.org; Petroff et al. 2016). However, because these have been discovered

by relatively narrow field-of-view instruments, the true all-sky rate is remarkable:

∼ 6000 sky−1 day−1 above a fluence of ∼few Jy ms at ∼1 GHz (Champion et al.,

2016; Keane, Petroff, 2015; Nicholl et al., 2017). For comparison, this is much larger

than the all-sky rate of gamma-ray bursts (∼few per day at current detector sensi-

tivities) and comparable to the rate of supernovae (core-collapse and thermonuclear)

out to a redshift of z ≈ 0.5 (Li et al., 2011).

Only two FRBs are known to exist as repeating bursts: FRB 121102 (“The

Repeater”) and FRB 180814.J0422+73 (Spitler et al., 2016; The CHIME/FRB Col-

laboration et al., 2019). FRB 180814.J0422+73 was reported as this work was being

completed and so is not included in our following analysis. Spitler et al. (2016)

report the detection of 12 bursts from the Repeater at 1.4 GHz from Arecibo and

5 bursts at 2 GHz from Green Bank, Chatterjee et al. (2017) report 9 bursts at 3

GHz from the Very Large Array (VLA), and Scholz et al. (2017a) report 8 bursts

36

frbcat.org


at 2 GHz from Green Bank, 2 bursts at 1380 MHz from Arecibo, and 2 bursts seen

by both telescopes. All repeating bursts display a consistent DM but can vary in

pulse shape and spectral shape. The Repeater exhibits no evidence for periodicity,

but instead appears to show episodes of enhanced activity (i.e., active and quiescent

periods). Other FRBs have been reobserved, but none show repeated bursting as

displayed by the two previously mentioned. In several cases it is possible to rule out

repeat outbursts with the intensity and frequency of FRB 121102; however less fre-

quent and/or fainter, repeated outbursts remain viable (Palaniswamy et al., 2018).

It is therefore not currently known if all FRBs repeat, or if the known population

comprises multiple classes of events (e.g., repeaters and non-repeaters; Fonseca et al.

2020).

Only the repeating FRB 121102 has been localized to within a host galaxy.

No obvious host has yet been identified for FRB 180814.J0422+73. Chatterjee et al.

(2017) use high angular resolution radio interferometry to place FRB 121102 within

a dwarf galaxy at z ∼ 0.2 (Tendulkar et al., 2017). The FRB location is consistent

with a faint, persistent radio source of unknown origin (Chatterjee et al., 2017).

While this result provides unprecedented insight into the physics of the repeating

FRB, without detections from radio interferometers for the other FRBs it is impos-

sible to localize them to such high precision using this method.

Despite being a recent discovery, FRBs have nonetheless piqued great inter-

est in the area of high time-resolution radio astronomy. This excitement can be

divided into two separate motivations: FRBs may become powerful probes of the

intergalactic medium (IGM), and the emission mechanism powering these outbursts
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may help clarify some long-standing issues in astrophysics, including the missing

baryon problem and the nature of coherent emission (see below).

The large DM derived from FRBs suggest that the signals have encountered

more free electrons than can be accounted for in the ISM of the Milky Way. While

Galactic models resulting from a large local density of free electrons do exist (e.g.,

Maoz et al. 2015), the most natural explanation is that FRBs are of extragalactic

origin (e.g., Thornton et al. 2013). In fact if all the DM were to result from elec-

trons in the intergalactic medium (IGM), this would imply cosmological redshifts of

z ≈0.5-1.0 for these events.

The possibility of using FRBs to measure the density of free electrons at cos-

mological distances may offer a way to solve the “missing baryons” problem. In the

local universe, only half of cosmic baryons reside at densities and temperatures that

result in detectable emission and/or absorption (Bregman, 2007; Shull et al., 2012).

McQuinn (2014) demonstrates how the location of these baryons can be inferred

from the distribution of DM (at a fixed redshift). Similarly, samples extending out

to z ≈ 3 with measured DM and redshift may even be able to constrain the equation

of state of dark energy (Zhou et al., 2014).

In addition to their potential utility as cosmological probes, FRBs also offer

a means to improve our understanding of coherent emission processes. Any source

emitting incoherently (e.g., synchrotron radiation) cannot exceed a brightness tem-

perature of 1012 K (Readhead, 1994). 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. For FRBs at distances of ∼1 Gpc, the peak flux densities
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of ∼1 Jy at ν ∼1 GHz imply a brightness temperature of TB & 1035 K. Clearly for

FRBs TB � 1012 K, from which we infer that FRBs must be emitting coherent radi-

ation. Only a handful of astronomical sources are known to radiate coherently, with

pulsars being the most well-known example. Given the large uncertainties in the

pulsar emission mechanism, the advent of FRBs offer the real hope of fundamental

progress towards understanding coherent processes in this long-standing field.

As with many astronomical phenomena, the number of theoretical models has

rapidly grown larger than the number of known FRBs. Here we consider several of

the more plausible models, which must incorporate the following basic tenets: com-

pact emission region, extragalactic distance scale, coherent emission mechanism,

repeated outbursts from at least some FRBs, and large all-sky rates. We consider

models for FRBs resulting from outbursting neutron stars (either magnetically or ro-

tationally powered), as mergers between neutron star binaries, or as “cosmic combs”.

We describe the models and their various predictions in greater detail in §2.3.

The goal of this paper is to search for possible counterparts at high-energy

wavelengths to FRBs. We use data from the Fermi Gamma-ray Burst Monitor

(GBM; Meegan et al., 2009), the Fermi Large Area Telescope (LAT; Atwood et al.,

2009), and the Neil Gehrels Swift Observatory (Gehrels et al., 2004) Burst Alert

Telescope (BAT; Barthelmy et al., 2005) to search for X-ray and gamma-ray (8 keV

to 300 GeV) counterparts to FRBs. Although the energy range of the Swift-BAT

overlaps with the Fermi -GBM we choose to include the BAT due to its arcminute

localization, compared to the GBM. Scholz et al. (2016) use the same instruments

to search for sources related to the repeating FRB but report no significant detec-

39



tions. They conducted another campaign coordinating observations between the

Green Bank, Effelsberg, and Arecibo radio telescopes and the Chandra X-ray Ob-

servatory and XMM-Newton (Scholz et al., 2017b) but also report no significant

X-ray detections. Their searches focus on a single FRB but our project extends to

cover all FRBs within the field-of-view of each instrument as well as extending the

timescales of interest that were analyzed. One advantage of this population study

is the ability to potentially identify fundamental differences between repeating and

non-repeating FRBs. There also exist upper limits for three FRBs from the IN-

TEGRAL observatory (Savchenko et al., 2018a,b,c) which has comparable energy

coverage to the Fermi -GBM and Swift-BAT. These limits are in agreement with the

limits found here in this paper.

Tendulkar et al. (2016) place limits on the ratio of radio to gamma-ray emis-

sion for FRBs based on observations of SGR 106−20. We conduct a more sensitive

search for high-energy counterparts in the GBM by employing the targeted search

techniques developed for coincident searches for gravitational wave counterparts

(Blackburn et al., 2015). We also use these ratios to compare our results with the

proposed gamma-ray counterpart to FRB 131104 (DeLaunay et al., 2016). With

the exception of the host galaxy for FRB 121102 (Chatterjee et al., 2017; Marcote

et al., 2017; Tendulkar et al., 2017), no other electromagnetic analogs have so far

been confirmed, despite rigorous efforts.

The detection of robust high-energy signals from FRBs would have a signif-

icant impact on the field as current theories predict widely differing high-energy

fluences. Although a confirmed, positive detection of a high-energy counterpart
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would definitively rule out many theories, a non-detection and corresponding upper

limit could also eliminate many as well.

This paper is organized as follows: in §2.2 we describe the data products and

analysis methods for calculating the high-energy upper limits for each FRB. In §2.3

we compare our results with various theories from the literature before we draw our

conclusions in §2.4 on the likelihood and implications for each model. In this work

we assume a standard ΛCDM cosmology and that the Milky Way is well-described

by Galactic structure models such as NE2001 (Cordes, Lazio, 2002).

2.2 Data and Results

There are 23 published FRBs used in this analysis (taken from the FRBCAT)

as of July 2017. 17 were detected with the Parkes Radio Telescope, 3 with UTMOST

(Upgrade of The Molonglo Observatory Synthesis Telescope), 1 with the Arecibo

Telescope, 1 with the Green Bank Telescope, and 1 with ASKAP (the Australian

Square Kilometre Array Pathfinder). We search for contemporaneous high-energy

emission from all these events with three different instruments: Fermi -GBM, Fermi -

LAT, and Swift-BAT (see Table A.1 for a breakdown of available observations per

FRB). We search for high-energy emission on a variety of different timescales. To

place limits on a coincident (i.e., ms-long) pulse, we utilize the smallest time bin

available from each relevant instrument. Where possible, we also place limits on

timescales of 0-1 s, 0-10 s, and 0-100 s.1 This spans the range from hyperflares of

magnetars (∆t ∼ 0.1 s) to short (∆t ∼ 1 s) and long (∆t ∼ 10− 100 s) gamma-ray

1We take the zero-point time, tfrb, as the arrival time of an infinite energy photon.
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bursts (GRBs).

2.2.1 Fermi -GBM

The Gamma-ray Burst Monitor (GBM; Meegan et al., 2009) is a collection of

hard-X-ray/soft gamma-ray detectors onboard the Fermi Gamma-ray Space Tele-

scope sensitive to photons with energies from 8 keV to 40 MeV. Fermi is in a

low-Earth (96 min) orbit, and the GBM is sensitive to gamma rays from the entire

sky unocculted by Earth when outside the South Atlantic Anomaly (SAA).

The GBM consists of two sets of detectors: twelve sodium iodide (NaI) scintil-

lators cover a lower energy range from 8 keV to 1 MeV, and two bismuth germanate

(BGO) scintillators cover the higher end from 300 keV to 40 MeV. The 12 NaI detec-

tors are positioned to enable all-sky coverage, while the two omnidirectional BGO

detectors are positioned on opposite sides of the spacecraft for the same reason. The

14 detectors are positioned in such a way that any burst should be seen by multiple

detectors. The 12 NaI detectors are used for triggering and localization and the two

BGO enable a broader energy range for spectroscopy. The rates received by each

detector combined with their relative position and angle to each other allow the

position of bursts to be determined to a few degrees accuracy (Connaughton et al.,

2015).

Each of the 14 detectors in the GBM record several data products. The two of

interest for this work are continuous time (CTIME) and time-tagged events (TTE).
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The CTIME data are binned by 0.256 seconds with eight energy channels. The TTE

data are continuous event data precise to 2 microseconds with 128 energy channels.

Due to the short duration of FRBs, TTE data are preferred over CTIME; however

continuous TTE data only started in 2012, so are not available for every FRB in

our sample.

Of the 23 FRBs in our sample, 20 occurred after Fermi ’s launch. Of those 20,

12 were visible to Fermi during good time intervals for GBM. Of the 38 repeat bursts

of FRB 121102, 15 were visible to Fermi during good time intervals for GBM. To

determine if a candidate counterpart exists in GBM data we ran a targeted search

(Blackburn et al., 2015; Goldstein et al., 2016a) of GBM data around tfrb for ±15 s

for the 0.1 and 1.0 s timescales, ±250 s for the 10 s timescales, and ±400 s for the

100 s timescales (the 100 s timescale was only searched when the background was

stable over periods of a few hundred seconds and had continuous TTE coverage).

The targeted search was designed to identify untriggered, faint, short GRB-

like counterparts to gravitational-wave events, which makes it a useful tool to adapt

to our purposes. We use the same three standard spectral templates described in

Goldstein et al. (2016a), which generally cover the diverse range of short to long

GRBs: a low-energy soft Band function (Band et al. 1993; Epeak = 70 keV), a

medium-energy Band function (Epeak = 230 keV), and a power law with an expo-

nential cutoff (Epeak = 1.5 MeV). While we calculate fluence upper limits for each

of these three spectral types, the limits listed in this paper will be given for the

hardest template. On average, this harder spectral template results in a factor of

∼2.5 times the fluence of the medium-energy template and ∼5 times the fluence of
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the low-energy template.

We employ the Bayesian likelihood analysis originally developed by Blackburn

et al. (2015) to search for contemporaneous signals around the FRB radio detections.

This method calculates the likelihood of a signal matching one of the three spectral

templates compared to the null hypothesis of a constant background. Owing to the

highly transient universe in the gamma-ray band and GBM’s all-sky coverage there

were a few real transient gamma-ray signals in GBM during time intervals of inter-

est; however, these are known to be unrelated due to inconsistent sky localizations

or classification as a known source type (e.g., a solar flare). No possibly related

signal is significant over the total lifetime of the search (See the Appendix for more

detail on these unrelated signals).

In the absence of any correlated gamma-ray signal with the FRBs, we estimate

flux upper limits in the search time windows around each tfrb on timescales of 0.1,

1, 10, and 100 s using the same spectral templates that were used by the targeted

search. These conservative upper limits were calculated by utilizing the NaI detector

with the smallest normal angle to the FRB, and estimating the maximum 3σ count

rate flux upper limit in the window based on the modeled background noise. The

count rate upper limit was then converted to a flux upper limit by assuming each of

the template spectra, folding them through the GBM detector responses calculated

for the FRB sky location, and fitting for the amplitude of the template spectra. This

procedure results in 3σ flux upper limits listed in Table 2.1. Five of these FRBs

are analyzed by Tendulkar et al. (2016) where the limiting gamma-ray fluence is

estimated to be 1× 10−8 erg cm−2, roughly consistent with the faintest known short
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GRBs detected by GBM. The targeted search used here provides consistent, though

slightly shallower, limits to Tendulkar et al. (2016).

In addition, we consider the results derived from performing a stacking anal-

ysis of the bursts from the Repeater and a separate stacking analysis of the bursts

from the non-repeating FRBs. In the case of the non-repeating FRBs we assume

that all FRBs are approximately at the same redshift (z = 0.1− 0.3). This assump-

tion will be justified in §2.3 where each of the models we consider in this work limits

the distance of the FRBs to no further than ∼1 Gpc. We find no obvious potential

signals which would warrant any further stacking analysis for either case.

2.2.2 Fermi -LAT

The Large Area Telescope (LAT; Atwood et al., 2009) is a pair-conversion tele-

scope on board the Fermi satellite, sensitive to gamma rays with energies between

20 MeV and more than 300 GeV. The LAT has a wide field-of-view (FOV), scans

continuously and covers approximately 20% of the sky at any given time. The LAT

completes all-sky coverage every two orbits over a duration of about three hours.

The timing accuracy of the LAT is better than 10 µs and its localization precision

is highly energy-dependent (∼ 5′ for GeV photons).

We search the Fermi -LAT data for gamma-ray counterparts by performing

an unbinned likelihood analysis using the standard analysis tools developed by

the LAT team (ScienceTools version v10r01p0).2 For this analysis, we use the

2http://fermi.gsfc.nasa.gov/ssc/
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‘P8R2 TRANSIENT V6’ instrument response functions and select ‘Transient’ class

events in the 0.1–100 GeV energy range from a 12◦ radius energy-independent re-

gion of interest (ROI) centered on the FRB location. The size of the ROI is chosen

to reflect the 95% containment radius of the LAT energy-dependent point spread

function at 100 MeV. The ‘Transient’ event class is chosen because it represents

looser cuts against non-photon background contamination and is typically used to

study GRBs on very short timescales (Ackermann et al., 2012).

In standard unbinned likelihood analysis, the observed distribution of counts

at a particular position is fit to a model that includes all known gamma-ray sources

in the 3FGL catalog (Acero et al., 2015) within a radius of 30◦, as well as Galac-

tic and isotropic background components.3 The Galactic component, gll iem v06,

is a spatial and spectral template that accounts for interstellar diffuse gamma-ray

emission from the Milky Way. The isotropic component, iso transient v06, pro-

vides a spectral template to account for all remaining isotropic emission including

contributions from both residual charged particle backgrounds and the isotropic

celestial gamma-ray emission. Possible emission from a FRB is modeled as an un-

catalogued point source with a power law spectrum where the normalization and

photon index are left as free parameters. A likelihood-ratio test is then employed to

quantify whether there exists a significant excess of counts due to the uncatalogued

point source above the expected background model. If no significant new source is

found, we calculate the 95% confidence level upper limits using a Bayesian method

described in Ackermann et al. (2016), which we convert to a fluence limit for the rel-

3https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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evant timescale. Note that these fluence limits are calculated via a different method

than we use for the GBM (§2.2.1) and BAT (§2.2.3) data.

The three earliest FRBs are again excluded from our analysis since they oc-

curred before Fermi was launched on June 11, 2008. Of the remaining 19 non-

repeating FRBs, six are located within the LAT FOV at the time of radio detection.

Five of the 38 repeating bursts are in the LAT FOV as well. We examine two time

intervals based on the zero-point detection time, tFRB: 0−10 s and 0−100 s (Table

2.1). No photons are detected for any of the FRBs within 1 second of the initial

burst.

2.2.3 Swift-BAT

The Neil Gehrels Swift Observatory (Gehrels et al., 2004) Burst Alert

Telescope (BAT) is a coded-aperture instrument dedicated to triggered hard X-ray

observations of GRBs. The BAT detectors have an energy range of 15 to 300 keV

with a resolution of ∼7 keV, a large FOV of 1.4 steradians (half-coded) and a

positional accuracy of ∼3′ (Barthelmy et al., 2005). Although the detectors are

sensitive up to 300 keV, the coded mask is transparent to photons above 150

keV and so is unable to determine their direction from the sky. When running in

survey mode, BAT collects detector plane histograms that are binned in ∼300 s.

These detector plane histograms can be used to generate sky images and search

for sources in the BAT FOV. In addition to these spatially-resolved images, BAT
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also collects raw rate data from all of the enabled detectors. The raw rate data

are a continuous stream of events which can be used to search for GRB triggers

not in the BAT FOV. We analyze both the five-minute time-binned survey images

and the 64 ms-binned, four energy band (15-25 keV, 25-50 keV, 50-100 keV, and

100-350 keV) rate data lightcurves using the standard Swift-specific tools provided

by the HEASoft package (version 6.18).

Only FRB 110626, FRB 150215, and FRB 160410 were within the BAT FOV

at the time of radio detection. The three earliest FRBs occured prior to Swift ’s

launch on November 20, 2004 so they are excluded from the analysis. Of the 19

non-repeating FRBs examined 10 of the bursts were out of the FOV, and one

did not occur during recorded observations (i.e., the telescope was most likely

slewing to a new location), 3 were within the FOV while the BAT was in the SAA,

and 1 occurred while the BAT was slewing. 30 of the 38 repeating signals from

FRB 121102 were not within the FOV at the time of detection and six occured

while the BAT was in the SAA. Three of the bursts (FRB 131104 and bursts 2 and

3 of FRB 121102) were located right on the edge of the BAT FOV but are excluded

from analysis due to their low partial coding fraction. It is standard practice to

remove pointings with partial coding fractions corresponding to less than 10% of

the array being illuminated (Krimm et al., 2013).4

The survey images provide more accurate positional information compared to

the rate data. The rate data are the cumulative sum of all counts seen within and

4DeLaunay et al. (2016) report a Swift-BAT counterpart to FRB 131104 with a partial coding
fraction of 2.9%. A more detailed analysis of this event is currently underway for a separate work
(Sakamoto et al., in prep).
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around the BAT FOV. It can be difficult to definitively attribute a significant rise in

counts to any single FRB as it could also be due to a nearby source. In the survey

images the precise timing information is lost due to the 300-second binning of the

counts. While the rate data are useful for identifying sudden significant changes in

the aggregate background emission on short timescales, the survey images are more

accurate for producing limits for the specific FRB locations. The fluence limits

derived from the rate data are shallower than, yet still consistent with, the limits

derived from the survey images.

We find no significant counterpart detections at 3σ confidence level for

FRB 110626, FRB 150215, and FRB 160410, but we are able to determine upper

limits to the high-energy fluence. We produce 8-channel spectra using the mask-

weighted background variation counts detected in the survey images, and estimate

the flux that would have been equivalent to a 3σ detection. Assuming a simple

power law function with index 2.0 for the FRB spectra, we calculate an estimate of

the flux within XSPEC based on the spectral fit over an energy range of 15 to 350

keV (Arnaud, 1996). We use the FRB location on the BAT FOV to generate the

instrument response matrix corresponding to the respective grid ID on the BAT

detector (Lien et al., 2014). The fluence limits are listed in Table 2.1 for 300-second

timescales. Here we find comparable limits for those same FRBs analyzed by

Tendulkar et al. (2016) with Swift-BAT.

For comparison we also examine the raw rate data for FRB 150215 and
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FRB 160410.5 We model the rate background emission over a total of 500 seconds

as a linear fit in time. If necessary we use a low-order polynomial fit instead. We

compute the root mean square of the background level in 200 second duration bins

at ±50 seconds from the time region of interest and denote the total number of

counts in the bins as Nbins. We assume that the scatter within the region of interest

also follows this scatter as well. From there we calculate 3σ upper limits on the

count rate assuming Poisson statistics. We then use XSPEC to convert the count

rate limit to a fluence over the same energy range as the survey data. We find

consistent results between the event rate data and survey images.

Table 2.1: 3σ upper limits to fγ in different time ranges and
energy bands for each FRB. Values listed for fγ are the flu-
ence for the spectral template of a power law with an expo-
nential cutoff (Epeak = 1.5 MeV). We also explore two softer
spectral templates. See §2.2.1 for more information.

FRB Name Bandpass Date Time RA Dec ∆t fγ
[yyyy-mm-dd] [hh:mm:ss] [s] [10−6 erg

cm2 ]

090625 8 keV-40 MeV 2009-06-25 21:53:51 46.95 -29.93 100 <7.9
10 <2.5
1 <0.82

0.1 <0.28

110523 8 keV-40 MeV 2011-05-23 15:06:20 326.30 -0.16 100 <7.5
10 <2.3
1 <0.76

0.1 <0.26

110626 8 keV-40 MeV 2011-06-26 21:33:16 315.75 -44.73 100 <7.5
10 <2.3
1 <0.76

0.1 <0.26

110703 8 keV-40 MeV 2011-07-03 18:59:39 352.50 -2.87 100 <8.2
10 <2.6
1 <0.84

continued . . .

5A flare from a nearby X-ray binary occurred at the same time as FRB 110626 and so we exclude
those results for the rate data here.
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. . . continued

FRB Name Bandpass Date Time RA Dec ∆t fγ
[yyyy-mm-dd] [hh:mm:ss] [s] [10−6 erg

cm2 ]

0.1 <0.29

130628 8 keV-40 MeV 2013-06-28 03:57:59 135.76 3.44 100 <6.6
10 <2.1
1 <0.7

0.1 <0.24

130729 8 keV-40 MeV 2013-07-29 09:01:51 205.34 -6.00 100 <7.1
10 <2.3
1 <0.75

0.1 <0.26

131104 8 keV-40 MeV 2013-11-04 18:04:00 101.04 -51.28 100 <8.4
10 <2.7
1 <0.87

0.1 <0.3

150215 8 keV-40 MeV 2015-02-15 20:41:39 274.36 -4.90 100 <7.0
10 <2.2
1 <0.73

0.1 <0.25

150418 8 keV-40 MeV 2015-04-18 04:29:05 109.12 -19.04 100 <7.1
10 <2.3
1 <0.74

0.1 <0.25

150807 8 keV-40 MeV 2015-08-07 17:53:55 340.10 -55.27 100 <6.9
10 <2.2
1 <0.73

0.1 <0.25

160317 8 keV-40 MeV 2016-03-17 09:00:30 118.45 -29.61 100 <7.0
10 <2.2
1 <0.73

0.1 <0.25

160608 8 keV-40 MeV 2016-06-08 03:52:57 114.17 -40.80 100 <7.7
10 <2.4
1 <0.79

0.1 <0.27

121102 3 8 keV-40 MeV 2015-05-17 17:51:41 82.99 33.15 100 <7.6
10 <2.4
1 <0.78

0.1 <0.26

121102 4 8 keV-40 MeV 2015-06-02 16:38:08 82.99 33.15 100 <6.5
10 <2.1
1 <0.69

0.1 <0.24

121102 5 8 keV-40 MeV 2015-06-02 16:47:36 82.99 33.15 100 <6.7
10 <2.1

continued . . .
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. . . continued

FRB Name Bandpass Date Time RA Dec ∆t fγ
[yyyy-mm-dd] [hh:mm:ss] [s] [10−6 erg

cm2 ]

1 <0.69
0.1 <0.24

121102 17 8 keV-40 MeV 2015-12-08 04:54:40 82.99 33.15 100 <7.2
10 <2.3
1 <0.75

0.1 <0.25

121102 18 8 keV-40 MeV 2016-08-23 17:51:24 82.99 33.15 100 <7.6
10 <2.4
1 <0.79

0.1 <0.26

121102 19 8 keV-40 MeV 2016-09-02 16:19:00 82.99 33.15 100 <7.2
10 <2.3
1 <0.76

0.1 <0.26

121102 20 8 keV-40 MeV 2016-09-02 16:41:02 82.99 33.15 100 <7.7
10 <2.4
1 <0.79

0.1 <0.27

121102 21 8 keV-40 MeV 2016-09-07 11:59:06 82.99 33.15 100 <8
10 <2.6
1 <0.84

0.1 <0.29

121102 22 8 keV-40 MeV 2016-09-12 10:58:31 82.99 33.15 100 <7.3
10 <2.4
1 <0.78

0.1 <0.26

121102 24 8 keV-40 MeV 2016-09-15 11:11:03 82.99 33.15 100 <7.5
10 <2.4
1 <0.78

0.1 <0.27

121102 27 8 keV-40 MeV 2016-09-17 10:29:09 82.99 33.15 100 <7
10 <2.2
1 <0.73

0.1 <0.25

121102 28 8 keV-40 MeV 2016-09-18 04:10:17 82.99 33.15 100 <8
10 <2.5
1 <0.83

0.1 <0.28

121102 29 8 keV-40 MeV 2016-09-18 05:14:14 82.99 33.15 100 <8.5
10 <2.7
1 <0.89

0.1 <0.3

121102 33 8 keV-40 MeV 2017-01-12 01:39:26 82.99 33.15 100 <7.2

continued . . .
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. . . continued

FRB Name Bandpass Date Time RA Dec ∆t fγ
[yyyy-mm-dd] [hh:mm:ss] [s] [10−6 erg

cm2 ]

10 <2.3
1 <0.76

0.1 <0.26

121102 34 8 keV-40 MeV 2017-01-12 02:25:12 82.99 33.15 100 <6.6
10 <2.1
1 <0.69

0.1 <0.24

121102 35 8 keV-40 MeV 2017-01-12 02:36:30 82.99 33.15 100 <6.8
10 <2.2
1 <0.72

0.1 <0.25

121102 37 8 keV-40 MeV 2017-01-12 03:16:33 82.99 33.15 100 <6.8
10 <2.2
1 <0.71

0.1 <0.24

121102 38 8 keV-40 MeV 2017-01-12 03:26:24 82.99 33.15 100 <7.5
10 <2.3
1 <0.75

0.1 <0.25

090625 60 MeV-100 GeV 2009-06-25 21:53:51 46.95 -29.93 100 <0.31
130628 60 MeV-100 GeV 2013-06-28 03:57:59 135.76 3.44 100 <0.83
150215 60 MeV-100 GeV 2015-02-15 20:41:39 274.36 -4.90 100 <1.5
150418 60 MeV-100 GeV 2015-04-18 04:29:05 109.12 -19.04 100 <0.31
160317 60 MeV-100 GeV 2016-03-17 09:00:30 118.45 -29.61 100 <0.77
160608 60 MeV-100 GeV 2016-06-08 03:52:57 114.17 -40.80 100 <0.38

121102 18 60 MeV-100 GeV 2016-08-23 17:51:24 82.99 33.15 100 <0.45
121102 19 60 MeV-100 GeV 2016-09-02 16:19:00 82.99 33.15 100 <1.4
121102 22 60 MeV-100 GeV 2016-09-12 10:58:31 82.99 33.15 100 <0.73
121102 27 60 MeV-100 GeV 2016-09-17 10:29:09 82.99 33.15 100 <0.5
121102 34 60 MeV-100 GeV 2017-01-12 02:25:12 82.99 33.15 100 <1.4

110626 15-350 keV 2011-06-26 21:33:16 315.75 -44.73 300 <4.8

150215 15-350 keV 2015-02-15 20:41:39 274.36 -4.90 300 <2.3
100 <0.065
10 <0.055
1 <0.027

0.064 <0.0092

160410 15-350 keV 2016-04-10 08:33:38 130.35 6.08 300 <1.6
100 <0.17
10 <0.08
1 <0.021

0.064 <0.0048
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2.3 Analysis and Interpretation

We report no significant excess in high-energy emission from the Fermi -

GBM, Fermi -LAT, or Swift-BAT for any of the individual FRBs or repeats from

FRB 121102. The expected high-energy fluence from FRBs is highly model-

dependent. Given the number of theories in the literature we take a two-fold

approach in this work. First, we compare our results with previously reported

observations of high-energy counterparts to FRBs, such as that claimed for

FRB 131104. Second, we consider the implications of our non-detections for some

of the more plausible models that have been considered.

2.3.1 Limits on the Ratio of Radio to Gamma-ray Fluence

A recent paper by DeLaunay et al. (2016) reports a possible connection of

FRB 131104 to a Swift-BAT long GRB with fluence fγ ≈ 4 × 10−6 erg cm−2 and

duration T90 = 377 s, where T90 is defined as the time over which a burst emits

from 5% of its total measured counts to 95%. With the reported radio fluence for

FRB 131104 of 2.33 Jy ms, this implies a ratio of radio to gamma-ray emission of

≈ 6× 105 Jy ms erg−1 cm2. For consistency with the DeLaunay result we consider

fluences on 100 s timescales. The radio fluences are taken from the FRBCAT. We

find that fr/fγ & 105 − 107 Jy ms erg−1 cm2 for the non-repeating FRBs in our

sample and we find fr/fγ & 104 − 105 Jy ms erg−1 cm2 for the repeating bursts

of FRB 121102 (Table 2.2). None of the limits derived from the Swift-BAT or
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Fermi -LAT are consistent with the DeLaunay result, providing lower limits to the

radio to gamma-ray emission ratio that exceed their reported values. However nine

out of the eleven non-repeating FRBs and all of the repeating bursts from the

Fermi -GBM are consistent.

We then compare our limits to those expected from magnetar hyperflares

(see §2.3.2.2), given observations of SGR 1806−20. Tendulkar et al. (2016) find

upper limits of fr/fγ < 107 Jy ms erg−1 cm2 for the giant flare event on December

27, 2004, based on archival observations of FRBs taken with the Konus-Wind

gamma-ray spectrometer, the Swift-BAT, and the Fermi -GBM. Although the

timescales and the bandpass of the Konus-Wind (10 keV to 10 MeV) are not

identical to our analysis, this is inconsistent with four of the non-repeating FRBs

yet consistent with all of the repeating bursts (10 in our sample) for limits on

timescales of order 0.1 s (Table 2.2).

We also compare our ratios to those of Scholz et al. (2017b) who find a lower

limit on fr/fγ of > 2 × 108 based on Fermi -GBM observations of the Repeater.

Although they look at bursts on finer timescales of a few hundred milliseconds this

is consistent with all of our Fermi -GBM limits on timescales of 0.1 s.

Table 2.2: Maximum 3σ ratio of radio to high-energy emis-
sion on 100 s and 0.1 s timescales.

FRB Name Bandpass ∆t fr fγ log(fr/fγ)
[s] [Jy ms] [10−6 erg cm−2] [Jy ms erg−1 cm2]

090625 8-4e4 keV 100 2.19 <7.9 >5.44
0.1 <0.28 >6.89

110523 8-4e4 keV 100 1.04 <7.5 >5.14
0.1 <0.26 >6.60

continued . . .
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. . . continued

FRB Name Bandpass ∆t fr fγ log(fr/fγ)
[s] [Jy ms] [10−6 erg cm−2] [Jy ms erg−1 cm2]

110626 8-4e4 keV 100 0.56 <7.5 >4.88
0.1 <0.26 >6.33

110703 8-4e4 keV 100 1.80 <8.2 >5.34
0.1 <0.29 >6.80

130628 8-4e4 keV 100 1.22 <6.6 >5.26
0.1 <0.24 >6.70

130729 8-4e4 keV 100 3.43 <7.1 >5.68
0.1 <0.26 >7.13

131104 8-4e4 keV 100 2.33 <8.4 >5.45
0.1 <0.3 >6.89

150215 8-4e4 keV 100 1.96 <7 >5.45
0.1 <0.25 >6.90

150418 8-4e4 keV 100 1.76 <7.1 >5.39
0.1 <0.25 >6.84

150807 8-4e4 keV 100 44.80 <6.9 >6.81
0.1 <0.25 >8.26

160317 8-4e4 keV 100 69.00 <7 >7.00
0.1 <0.25 >8.44

160608 8-4e4 keV 100 37.00 <7.7 >6.68
0.1 <0.27 >8.14

121102 3 8-4e4 keV 100 0.10 <7.6 >4.12
0.1 <0.26 >5.58

121102 4 8-4e4 keV 100 0.20 <6.5 >4.49
0.1 <0.24 >5.93

121102 5 8-4e4 keV 100 0.09 <6.7 >4.13
0.1 <0.24 >5.58

121102 17 8-4e4 keV 100 0.09 <7.2 >4.10
0.1 <0.25 >5.55

121102 28 8-4e4 keV 100 0.36 <8 >4.65
0.1 <0.28 >6.11

121102 29 8-4e4 keV 100 0.29 <8.5 >4.53
0.1 <0.3 >5.98

121102 33 8-4e4 keV 100 0.62 <7.2 >4.93
0.1 <0.26 >6.38

121102 35 8-4e4 keV 100 0.03 <6.8 >3.65
0.1 <0.25 >5.09

121102 37 8-4e4 keV 100 0.22 <6.8 >4.51
0.1 <0.24 >5.96

121102 38 8-4e4 keV 100 0.10 <7.5 >4.13
0.1 <0.25 >5.60

090625 60-1e5 MeV 100 2.19 <0.31 >6.85
130628 60-1e5 MeV 100 1.22 <0.83 >6.17
150215 60-1e5 MeV 100 1.96 <1.5 >6.10

continued . . .
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. . . continued

FRB Name Bandpass ∆t fr fγ log(fr/fγ)
[s] [Jy ms] [10−6 erg cm−2] [Jy ms erg−1 cm2]

150418 60-1e5 MeV 100 1.76 <0.31 >6.75
160317 60-1e5 MeV 100 69.00 <0.77 >7.95
160608 60-1e5 MeV 100 37.00 <0.38 >7.99

150215 15-350 keV 100 1.96 <0.065 >7.48
0.1 <0.0092 >5.60

160410 15-350 keV 100 34.00 <0.17 >8.29
0.1 <0.0048 >9.85

2.3.2 Constraints on Theoretical Models

Given that there are dozens of theories put forth attempting to explain

FRBs, because of their implied small sizes (<300 km), we choose to favor models

involving compact objects like neutron stars. We cannot examine all models

in our analysis here so we consider only those models which satisfy the criteria

of a compact emission region, extragalactic distance scale, coherent emission

mechanism, repeated outbursts from at least some FRBs, and large all-sky rates.

Here we consider the ramifications of our results in reference to some of the more

probable theories.

2.3.2.1 Rotationally-powered Pulses from Neutron Stars

The Crab pulsar exhibits rare, giant radio pulse behavior at GHz frequencies.

Giant pulse occurrences are random in time but are correlated with the pulsar’s

main pulse or interpulse periods. About 1% of pulses from the Crab are giant

pulses. These giant bursts can exceed 0.5 MJy over a duration of a few nanoseconds
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(Cordes, Wasserman, 2016). The most extreme event was a 0.4 ns pulse with a

flux density of 2.2 MJy at 9 GHz (Hankins, Eilek, 2007). The short durations,

large fluxes, and non-periodic nature of giant pulses make them an excellent test

for comparison with FRBs.

The Crab emits across all frequencies and also exhibits giant pulse behavior in

the gamma- and X-ray as well (Bühler, Blandford, 2014). Mickaliger et al. (2012)

examine the correlation between radio giant pulses and high-energy photons from

0.1 to 100 GeV and find no significant association.

If FRBs are powered by giant pulses from pulsars then we would expect them

to be nearby. Cordes, Wasserman (2016) show that even the most extreme giant

pulse from the Crab could not provide the necessary radio fluences of ∼2 Jy ms at

1 Gpc (the reported distance of the Repeater). For these observed fluences they

find a maximum distance for Crab-like giant pulses of ∼100 Mpc.

An extremely energetic burst of gamma rays from the Crab occurred in April

2011 with a luminosity of Lγ = 4× 1036 erg s−1 (Buehler et al., 2012; Striani et al.,

2011). If we assume this energy scale for FRBs, then at 1 Gpc we would expect to

observe a fluence around 20 orders of magnitude fainter than the background level.

The expected flux density is orders of magnitude too small at 1 Gpc to account

for the radio emission observed. However, if indeed the FRBs are located at these

Galactic distances this would imply that most of the DM is local to the source,

rather than from the IGM. Although the distances derived here are inconsistent

with that of the Repeater we still consider giant Crab-like pulses as a viable model

for FRBs since the energy scale and lack of high-energy emission are consistent
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with that observed for FRBs.

2.3.2.2 Magnetically-powered Pulses from Neutron Stars

Magnetars are highly-magnetized neutron stars with surface magnetic field

strengths of Bsurf ∼ 1014 - 1015 G (Duncan, Thompson, 1992). They are known to

regularly emit hard X-ray/soft gamma-ray flares of duration <1 s with total energy

1041 erg (Kouveliotou et al., 1998). Distinct from these “average flares”, magnetars

can also emit hyperflares which are several orders of magnitude higher in energy. A

hyperflare is marked by a millisecond rise time, hard X-ray peak, and an oscillating

tail lasting for minutes. Although there are ∼30 magnetars known to date, there

are only three observed hyperflare events, with the SGR 1806−20 event being the

most energetic (Hurley et al., 2005, 1999; Mazets et al., 1979; Palmer et al., 2005).

Magnetar hyperflares are a popular theory for FRBs (Kulkarni et al., 2015;

Lyubarsky, 2014; Pen, Connor, 2015; Popov, Postnov, 2013). They have sub-second

time variation, extreme energetics, and (depending on assumptions made about

the underlying magnetar population) comparable event rates (Nicholl et al., 2017).

Magnetars are thought to be correlated with recent star formation and should

therefore be enshrouded in dense gas and dust. This would imply a significant

portion of an FRB’s DM can be attributed to its local environment, rather than to

the IGM, placing them at extragalactic, but not necessarily cosmological, distances.

The properties of the host galaxy of the repeating FRB (e.g., a low mass, low
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metallicity, star-forming dwarf galaxy at redshift z ∼0.2) is consistent with where

we might expect to find magnetars (Tendulkar et al., 2017).

If FRBs are caused by magnetar-like hyperflares we can place constraints on

their distances by assuming a similar energy release to the SGR 1806−20 event.

The total flare energy of this event is 1047 erg and could only have been observed

out to 40 Mpc before falling below the threshold of most X-ray/gamma-ray

telescopes. Figure 2.1 shows the inferred Eγ for each FRB at different distances,

neglecting k-corrections.6 We can be conservative and consider possibilities that

other hyperflares could be stronger than the SGR 1806−20 event, therefore pushing

the maximum energy release to Eγ = 1049 erg. For fluence upper limits set by the

harder spectral template in GBM we find the FRBs should be located no nearer

than about 0.5 Gpc, which is consistent with the distance of the Repeater at 1 Gpc.

There are a few caveats with this picture. One is that, based on the

SGR 1806−20 event, we may not expect to see any radio emission from these

hyperflares (see §2.3.1). On the other hand, Lyutikov (2002) proposes a model

where radio counterparts could be seen at ∼1 Gpc distances. We note that we are

extrapolating the properties of all giant magnetar flares from a total sample of three

and that it is impossible to yet know what other subclasses of magnetar hyperflares

might actually exist. Another issue with the theory is that, based on constraints

from the DM, optical depth, and expansion of the supernova (SN) ejecta surround-

ing the magnetar, the age of the source must be less than 100 years (Metzger et al.,

6K-corrections allow a conversion between a measurement at a redshift, z, to its equivalent
rest-frame value.

60



2017). This implies that as the remnant expands in time we should expect to see

the observed DM evolve as well, despite there being no such evidence for this based

on the DM of the repeating bursts from FRB 121102. However, given these caveats

we still consider the theory that FRBs originate as magnetar hyperflares as plausible.

2.3.2.3 Coalescence Models

Dokuchaev, Eroshenko (2017) propose a model where FRBs are caused by

collisions between neutron stars in the centers of evolved galaxies. This coalescence

is suggested to generate short GRBs and the extreme energies produced have led

some to suggest they could also power FRBs (Berger, 2014; Takami et al., 2014).

The model predicts that a binary merger is not necessary to generate an FRB

signal. As the neutron stars inspiral, their magnetic fields become synchronized

with the binary rotation. This can result in magnetic reconnections which produce

coherent radio emission.

The inferred rate of FRBs is much higher than that of neutron star - neutron

star mergers. Only the most optimistic binary neutron star merger rates could

begin to compare with the lowest expected FRB rates (Callister et al., 2016).

Assuming this is the case however would imply that the majority of binary neutron

star mergers will result in an observable FRB. This is in apparent conflict with the

small number of known FRBs - only 70 to date (FRBCAT) - and the lack of any

associated FRB with the recent GRB 170817A/GW 170817 event (Abbott et al.,
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Figure 2.1: Given the fluence upper limits on varying timescales (Table 2.1) we
can predict how far away FRBs can be observed as predicted by different models.
The hatched pattern represents viable parameter space. The black dashed line is
the reported distance of the host galaxy of FRB 121102. (a.) The red dashed line
represents the energy cut-off for magnetar hyperflares (Eγ < 1049 erg). (b.) The
red dashed line represents the energy cut-off for coalesence models (Eγ < 1051 erg).
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2017c). However we caution that radio observations of GW 170817 did not begin

until approximately 12 hours after the merger, making firm conclusions difficult to

draw.

With the notable exception of GRB 170817A (a highly sub-luminous event;

Abbott et al. 2017b), the prompt isotropic energy release of short GRBs is

∼ 1051 − 1052 erg (Berger, 2014). The divide between short and long GRBs occurs

at about 2 s (Kouveliotou et al., 1993), so therefore we consider time scales of

high-energy emission of 1 s. We take a similar approach to the magnetar model

and constrain distances out to which we should expect to see FRBs if they are

powered by coalescence (Figure 2.1). We find that colliding neutron stars must

reside outside of ∼ 3 Gpc to account for the lack of detected high-energy emission

we observe. This is inconsistent with the FRB 121102 result and the observed DMs

of the other FRBs. If we attribute all of the observed DM to propagation through

the IGM then we would expect FRBs to reside at distances of no more than ∼3

Gpc (Thornton et al., 2013). In addition, low-luminosity, GRB 170817A-like events

must be located at distances further than a few hundred Mpc to account for a lack

of radio emission. This is inconsistent with the merger’s reported distance of only

40 Mpc (Abbott et al., 2017c).

If FRBs are the result of collisions between neutron stars then the absence of

gamma-ray emission is puzzling. Dokuchaev, Eroshenko (2017) propose that the

GRB occurred off-axis and we are left seeing only the radio afterglow. In addition,

they propose that collisions of this kind may also produce relativistic fireballs which

can be lensed by the central supermassive black hole. The effects of this lensing
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is to produce a range of achromatic flashes of varying wavelengths. In this case

the gas produced by the collision could absorb some of the high-energy emission.

However, given the inconsistencies between this model and the FRB rate, observed

FRB DMs, and the distances of the Repeater and GRB 170817A we consider it

unlikely that FRBs are caused by binary neutron star mergers.

2.3.2.4 “Cosmic Combs”

Zhang (2017) proposes a model that can reproduce the variety of observations

associated with FRBs (e.g., the gamma-ray signal associated with FRB 131104, the

active galactic nucleus (AGN) possibly coincident with FRB 150418,7 and the re-

peating nature of FRB 121102). The magnetosphere of a cosmological pulsar can be

“combed” by a passing astrophysical plasma stream and accelerated by magnetic

reconnections to produce a FRB. The origins of the plasma stream will determine

what signatures are detected. For example, Zhang proposes that the radio flare

associated with the FRB 150418 event is in fact the original plasma stream which

combed a pulsar to create the observed FRB. Also, they suggest that the repeater

could be powered by irregular emission from a supernova remnant. Anything from

AGN, GRBs, SNe, tidal disruption events, or stellar flares could be responsible for

combing these signals from pulsars. The only condition needed to produce such

a phenomenon is that the ram pressure of the plasma stream from these objects

7Keane et al. (2016) use the coincidence of FRB 150418 to a fading radio transient to identify
a host galaxy at z ∼ 0.5. Williams, Berger (2016) claim that the radio source is instead AGN
variability and is not connected to the FRB.

64



exceeds the magnetic pressure of the magnetosphere of the pulsar.

Similar to §2.3.2.3, we consider the proposition that FRBs are caused by short

GRBs originating from binary neutron star collisions. If we consider FRBs as coun-

terparts to combed GRB signals then we can use a statistical approach to determine

the maximum percentage of events that must come from GRB-like sources in order

to account for the observed high-energy non-detections. We assume a binomial dis-

tribution of cosmic comb outcomes where p is the probability of a cosmic comb event

originating from a GRB and take our sample size to be the n = 12 non-repeating

FRBs in Table 2.1. Therefore the probability of getting k observed high-energy

events is:

P =

(
n

k

)
pk(1− p)n−k. (2.1)

Since we report no significant high-energy counterparts, the probability of getting

k=0 events is <17.5% (at 90% confidence). If instead we calculate the probability

of finding k=0 events over all observations (both repeating and non-repeating, n =

30) then this decreases to <7.4%. Therefore we disfavor GRB cosmic combs as a

plausible explanation for the origins of FRBs.

2.3.2.5 Other Compact Object Models

To date, there exist dozens of theories in the literature describing FRB

origins. In this section we summarize additional models involving compact objects

which we feel do not warrant the full analytical treatment exhibited in previous
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sections.

FRBs could be produced by collapsing supramassive neutron stars (Falcke,

Rezzolla, 2014; Zhang, 2014). While the timescale of collapse is consistent with

that of FRBs, it fails to explain any repeating phenomena or the production of

the radio emission itself. Similarly to §2.3.2.3, binaries involving neutron stars and

white dwarfs have been proposed (Gu et al., 2016; Lin et al., 2018) although are

specifically invoked to explain only the Repeater. Several models exist involving

neutron star interactions with black holes (Abramowicz et al., 2018; Bhattacharyya,

2017), black hole interactions with white dwarfs (Li et al., 2018), and events from

various other types of black holes and AGN (Vieyro et al., 2017; Zhang, 2016), but

these theories all remain highly speculative.

For a full treatment of all plausible theories on FRB origins we direct

the reader to recent reviews which cover models involving both compact and

non-compact sources (Katz, 2018; Lorimer, 2018).

2.4 Conclusions

We searched for high-energy counterparts to FRBs in Fermi -GBM, Fermi -

LAT, and Swift-BAT. We detect no significant high-energy emission on timescales

of several 0.1 to 100 s. We report upper limits to the emission in Table 2.1 for each

timescale (0.1, 1, 10, and 100 s) and energy range (15-350 keV, 300-40,000 keV, and

60-100,000 MeV) and also report limits on the ratio of radio to high-energy fluence
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for timescales of 0.1 and 100 s (Table 2.2).

We consider the implications of non-detections in the context of several theo-

retical models. We regard the neutron star coalescence model as highly unlikely as it

is inconsistent with the observed FRB DMs, the number of observed FRBs to date,

and the distance of the FRB 121102 host galaxy. In addition, if the cosmic comb

model explains FRBs then it is unlikely that FRBs are caused by GRBs “combing”

pulsars.

Two of the more promising theories - magnetically or rotationally powered

neutron stars - remain viable. We place lower limits on the distance for magnetar

hyperflares which are consistent with the observed FRB DMs and the FRB 121102

result. While the non-detection of high-energy emission agrees with the rotationally

powered theory, it does not agree with the distance of the repeater.

Although we exclude FRB 131104 due to its low partial coding fraction we

compare our results from the other FRBs with that of its claimed counterpart in

BAT (DeLaunay et al., 2016). If FRBs are caused by similar events as that reported

by DeLaunay then for the majority of our sample the observed gamma-ray fluence

should have been larger than reported here.

As this paper was being written new FRBs have been reported, including the

second repeating burst FRB 180814.J0422+73 (see the FRB Catalog at frbcat.org

(Petroff et al., 2016)). We will continue to explore the high-energy properties of

these (and any other future FRBs) with the same methods as described in this

paper. However for best results a dedicated, multi-wavelength follow-up proce-

dure needs to be put in place. Ideally there would exist a joint campaign between
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telescopes for co-observing candidates so that data at other wavelengths would be

immediately available. If there are in fact no counterparts to FRBs at other wave-

lengths, then future progress in the field will require precise localization from radio

measurements, in particular interferometry.
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Chapter 3: GRB 160625B: Evidence for a Gaussian-Shaped Jet

We present multiwavelength modeling of the afterglow from the long gamma-

ray burst GRB 160625B using Markov Chain Monte Carlo (MCMC) techniques of

the afterglowpy Python package. GRB 160625B is an extremely bright burst with

a rich set of observations spanning from radio to gamma-ray frequencies. These ob-

servations range from ∼0.1 days to >1000 days, thus making this event extremely

well-suited to such modeling. In this work we compare top-hat and Gaussian jet

structure types to find best fit values for the GRB jet collimation angle, viewing

angle, and other physical parameters. We find that a Gaussian-shaped jet is pre-

ferred (2.7-5.3σ) over the traditional top-hat model. Our estimate for the opening

angle of the burst ranges from 1.26◦ to 3.90◦, depending on jet shape model. We

also discuss the implications that assumptions on jet shape, viewing angle, and par-

ticularly the participation fraction of electrons have on the final estimation of GRB

intrinsic energy release and the resulting energy budget of the relativistic outflow.

Most notably, allowing the participation fraction to vary results in an estimated

total relativistic energy of ∼ 1053 erg. This is two orders of magnitude higher than

when the total fraction is assumed to be unity, thus this parameter has strong rel-

evance for placing constraints on long GRB central engines and concerning details
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of the circumburst media.

3.1 Introduction

Long gamma-ray bursts (GRBs)1 are amongst the most violent and energetic

phenomena in the Universe. Despite observations of thousands of GRBs over the

last few decades, key open questions – such as the nature of the central engine and

the structure and composition of the relativistic jets – remain unsolved.

One key to unraveling these mysteries lies in accurately measuring their ener-

getics. Estimates of the total relativistic energy released by a GRB can have ma-

jor implications for constraining their physical characteristics and origins. Precise

measurements could potentially distinguish between different progenitor systems.

Two popular theories include rotationally-powered magnetars (Metzger et al., 2015;

Thompson et al., 2004; Zhang, Mészáros, 2001) and the collapse of a massive star

into a black hole (MacFadyen, Woosley, 1999; Woosley, 1993; Woosley, Heger, 2012).

GRBs are known to be highly collimated explosions with jet opening angles

typically between 1–10◦ (Rhoads, 1999; Sari et al., 1999). The true value of the

intrinsic energy release of a GRB is dependent upon this collimation angle: Eγ =

Eγ,iso(1−cos θj) ≈ Eγ,iso
θ2j
2

, where Eγ is the beaming-corrected gamma-ray energy of

the burst, Eγ,iso is the uncorrected isotropic gamma-ray energy, and θj is the jet half-

opening angle (Bloom et al., 2001; Frail et al., 2001).2 This jet collimation correction

1The primary focus throughout this paper will be on long-duration GRBs, unless otherwise
noted.

2This equation is only valid for the simple top-hat jet. More complicated jet structure types
are discussed in §3.3.2.2
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can affect the value of Eγ by a factor of 10 – 100 (Frail et al., 2001). Therefore a

precise measurement of θj is imperative for understanding the true energetics of

GRBs.

Making a precise measurement of the collimation angle can be difficult how-

ever, as it usually requires sustained, detailed, multiwavelength observations of the

GRB afterglow and the identification of a ‘jet-break’, i.e., a change in the temporal

slope of the light curve associated with the observer becoming aware of the edge of

the jet (Goldstein et al., 2016b; Kocevski, Butler, 2008; Panaitescu, 2007; Racusin

et al., 2009; Sari et al., 1999). Alternatively, the energy of the explosion can be

inferred via non-relativistic calorimetry (Berger et al., 2004; Frail et al., 2000). At

late times the ejecta slows to a non-relativistic spherical blastwave and can be mod-

eled independently of the jet collimation angle. This is of course only possible when

sufficiently late-time radio data exists.

Here we focus on events detected at GeV energies by the Large Area Telescope

(LAT; Atwood et al. 2009) on Fermi. This sample is well-suited for studying GRB

energetics since Fermi -LAT tends to select events with high values of Eγ,iso. This

effect can be partly explained by both the Amati Relation (Epeak − Eγ,iso, Amati

et al. 2009) and also the lower sensitivity of the LAT compared to X-ray instruments.

LAT-detected GRBs often display values of Eγ,iso > 1053 erg (Figure 3.1; Cenko et al.

2011, 2010; Perley et al. 2014; Xu et al. 2013) and their afterglows can generally be

well modeled by a series of more simple power laws (Yamazaki et al., 2019).

We are conducting a campaign to model the broadband behavior of a sample

of LAT-detected GRBs. Here we present the methodology and apply this to one
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example, that of GRB 160625B - an exceptionally bright long-GRB at z=1.406 (Xu

et al., 2016). Future work will discuss the broader population in the hopes of

identifying whether LAT GRBs in fact represent a unique group and if so, how

they differ from the rest of the GRB population (e.g., jet shape, local environments,

magnetar vs black hole central engines; Racusin et al. 2011).

Several previous works have already performed detailed afterglow analysis of

GRB 160625B (Alexander et al. 2017; Kangas et al. 2020; Troja et al. 2017, hereafter

T17, A17 and K20, respectively). We expand on these works by combining and

including all available data as well as undertaking new late-time observations with

the Very Large Array (VLA). We also expand the analysis by considering additional

models for the internal structure of the GRB jet beyond the canonical top-hat model

as well as taking into account viewing angle effects, quantifying the uncertainty of

derived parameters, and investigating the role individual afterglow parameters, such

as the participation fraction, ξ, have on the model fitting.

For our modeling of GRB 160625B, we make use of the new afterglowpy

software package (Ryan et al., 2020). Afterglowpy is a publicly available open-

source Python package for the numerical computation of structured jet afterglows.

This package is unique in its ability to test a range of jet structures such as top-

hat, Gaussian, and power law while leaving the viewing angle and jet collimation

angle as free parameters. There is evidence to suggest that the interaction between

the GRB jet and the surrounding medium could take on a variety of forms - based

on numerical simulations (Aloy et al., 2005; Duffell, MacFadyen, 2013a; Margutti

et al., 2018) and observations of GW 1701817/GRB 170817A (Lazzati et al., 2018;
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Figure 3.1: Bolometric (10-1000 keV) isotropic energy release vs redshift compared
between LAT-detected and BAT-detected GRBs. In general, GRBs detected by
LAT tend to be brighter, more energetic events and GRB 160625B is itself extreme
even for this population. Data are taken from Lien et al. (2016b) and Ajello et al.
(2019b).

73



Troja et al., 2018). In fact, most GRB jets probably deviate significantly from the

simple on-axis top-hat model (e.g., Ryan et al. 2015) and Strausbaugh et al. (2019)

has already suggested GRB 160625B can be modeled as a structured jet so it is

imperative to consider this when modeling GRB afterglows.

This paper is organized as follows: we describe the available data products

and our data reduction methods in §3.2. In §3.3 we define the details of the GRB

afterglow modeling. We discuss the implications of our results in §3.4 and summarize

our conclusions in §3.5. All error bars correspond to 1σ uncertainties and we assume

a standard ΛCDM cosmology (Planck Collaboration et al., 2018) throughout the

analysis.

3.2 Observations and Data Reduction

3.2.1 Gamma-ray

The Fermi Gamma-ray Burst Monitor (GBM; Meegan et al., 2009) first trig-

gered on GRB 160625B at 22:40:16.28 UT on 25 June 2016 (UT times are used

throughout this work) and again at 22:51:16.03. The burst is characterized by

three ‘sub pulses’ separated by two relatively quiescent periods over a duration

of t90 = 460s (50-300 keV) and the spectral shape of the burst is well modeled

by a Band function (Burns, 2016). The fluence in the 10-1000 keV bandpass was

(6.4256± 0.0019)× 10−4 erg cm−2 (von Kienlin et al., 2020).

The Fermi Large Area Telescope (LAT; Atwood et al., 2009) triggered on the

second pulse at 22:43:24.82. The GRB location was in the LAT field-of-view for
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∼1000 seconds after its initial trigger (20 MeV to 300 GeV, Dirirsa et al. 2016).

The highest energy photon observed in the rest-frame was 15.3 GeV which occurred

∼345 seconds after the first GBM trigger (Ajello et al., 2019b).

The GRB was also detected by Konus-Wind (9.44±0.16×10−4 erg cm2) from

20 keV to 10 MeV, Svinkin et al. 2016), SPI-ACS/INTEGRAL (Kann, 2016), and

CALET (Nakahira et al., 2016). For the anaylsis presented here we choose t0 to be

that corresponding to the first GBM trigger.3

3.2.2 X-ray

The Neil Gehrels Swift Observatory (Gehrels et al., 2004) began observing

GRB 160625B 2.5 hours after the initial GBM trigger (Evans, 2016). The X-ray

Telescope (XRT; Burrows et al. 2005) on board Swift observed GRB 160625B for 47

days. XRT data are taken from the publicly available online Swift burst analyzer

tool.4 For details of how these light curves were produced, see Evans et al. (2009,

2007). The hardness ratio appears relatively constant over time so we assume a single

spectrum that can be described as an absorbed power law with the Galactic neutral

hydrogen column fixed to 9.76×1020 cm−2 (Willingale et al., 2013). Using a photon

index of Γx= 1.86+0.10
−0.09, assuming an intrinsic host absorption of nH,int = 1.8× 1021

cm−2, an unabsorbed counts-to-flux conversion factor of 4.4× 10−11 erg cm−2 ct−1,

and a redshift of 1.406 (Xu et al., 2016) we convert the 0.3-10 keV flux light curves

3Most other analyses reference t0 to that of the LAT trigger, but since we are ignoring very
early data we consider any differences negligible.

4https://www.swift.ac.uk/burst analyser/00020667/
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∆t Energy Flux Density Instrument
[day] [keV] [nJy]
0.12 5 4787 ± 1076 Swift/XRT
0.12 5 4358 ± 981 Swift/XRT
0.12 5 5671 ± 1244 Swift/XRT
0.12 5 4772 ± 1073 Swift/XRT
... ... ... ...

41.31 5 1.34 ± 0.38 Swift/XRT
47.16 5 1.06 ± 0.47 Swift/XRT
69.76 5 0.61 ± 0.12 Chandra/ACIS-S
144.36 5 0.13 ± 0.03 Chandra/ACIS-S

1. Times are in reference to the first GBM trigger (Jun 25 2016 22:40:16.28 UTC).
2. This table is available in its entirety in a machine-readable format. A portion is shown here
for guidance regarding its form and content.
3. A full printout of this table is also shown in Appendix C.

Table 3.1: X-ray Data

to a flux density at an energy of 5 keV.5 We choose only to include data taken during

photon counting mode, which begins 0.1 days after the burst. In addition to the

XRT data we include the late-time Chandra observations taken by K20 at 69.8 and

144 days after the burst. Example X-ray observations are available in Table 3.1.

3.2.3 Optical

One defining feature of GRB 160625B is its extremely bright optical afterglow

and the presence of an optical ‘bump’ around the time of the jet-break. Strausbaugh

et al. (2019) suggest this excess emission could be the result of an edge-brightened

jet while K20 suggest it could instead be produced by density fluctuations within

the circumburst medium or angular brightness differences.

A17 utilized several optical instruments to observe the GRB – the 2 m Faulkes

Telescope North (FTN) operated by Las Cumbres Observatory (LCO), the 2 m

5Assuming the standard data reduction methods used by the Swift-XRT light curve repository
(https://www.swift.ac.uk/xrtcurves/00020667/).
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Liverpool Telescope (LT) at Roque de los Muchachos Observatory (ORM), and the

Low Dispersion Survey Spectrograph 3 (LDSS3) at Magellan – ranging from 0.56 to

37 days post trigger. T17 observed the GRB with the Reionization And Transients

InfraRed camera (RATIR) beginning 8 hours after the trigger until it faded beyond

detection at ∼50 days and also reported u-band observations taken with the Ultra-

violet/Optical Telescope (UVOT; Roming et al. 2005) on board Swift. In addition,

several observations used in this work were compiled from the Gamma-ray Burst

Coordinates Network (GCN) Circulars by Zhang et al. (2018) and appropriately

converted to flux densities. Late time Hubble Space Telescope (HST) observations

were reported by K20 71.5 and 140.2 days post trigger. The flux contribution from

the host was already subtracted out by K20 and we account for Galactic extinction

in the direction of the GRB, E(B-V) = 0.1107 mag (Schlafly, Finkbeiner, 2011),

by assuming the extinction law described in Fitzpatrick (1999). Example optical

observations are available in Table 3.2.

3.2.4 Radio

We consolidate previous Karl G. Jansky VLA observations (Program IDs 15A-

235 and S81171, PIs Berger and Cenko, respectively) from 1.37 to 209 days after

the burst for the most complete sample of radio data (A17, K20). We obtained

additional late time observations of GRB 160625B taken at 6 GHz (C-band) on 4

Feb 2020 15:14:24 (1319 days post-burst; Program ID SC1031, PI Cenko) for an on-

source integration time of 1.8 hours. The data were reduced using the standard VLA
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∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]
0.37 r 18.24 ± 0.01 4.82 240 ± 2 RATIR
0.39 r 18.29 ± 0.01 4.82 229 ± 2 RATIR
0.41 r 18.35 ± 0.01 4.82 216 ± 2 RATIR
0.43 r 18.43 ± 0.01 4.82 202 ± 2 RATIR
... ... ... ... ... ...

37.92 R 23.68 ± 0.10 4.68 1.57 ± 0.15 SAORAS/BTA
40.29 R 23.52 ± 0.10 4.68 1.82 ± 0.18 Maidanak/AZT-22
44.34 R 23.90 ± 0.11 4.68 1.28 ± 0.14 Maidanak/AZT-22
44.34 R <23.01 4.68 <2.91 Maidanak/AZT-22

1. Magnitudes are not corrected for extinction, while flux densities are. Times are in reference
to the first GBM trigger (Jun 25 2016 22:40:16.28 UTC).
2. This table is available in its entirety in a machine-readable format. A portion is shown here
for guidance regarding its form and content.
3. A full printout of this table is also shown in Appendix C.

Table 3.2: Optical Data

calibration pipeline provided by the Common Astronomy Software Applications

package (CASA; McMullin et al. 2007). We use J2049+1003 as the complex gain

calibrator and 3C286 as both the bandpass and flux calibrator. Imaging is done

using the TCLEAN algorithm in CASA. We do not detect any emission at the

afterglow location and so report a 3σ upper limit of 7.4 µJy. We calculate this limit

as three times the RMS uncertainty at the position of the GRB. In addition, we

include data from the Australian Telescope Compact Array (ATCA) taken by T17

between 4.5 and 29 days post burst. Example radio observations are available in

Table 3.3.
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∆t Frequency Flux Density Instrument
[day] [GHz] [µJy]
1.37 5.00 163 ± 34 VLA
1.37 7.10 232 ± 22 VLA
1.35 8.50 288 ± 23 VLA
1.35 11.00 507 ± 35 VLA
... ... ... ...

58.25 6.10 75 ± 10 VLA
58.25 22.00 52 ± 12 VLA
208.95 6.10 16 ± 5 VLA
1319 6.10 ¡2.46 VLA

1. Times are in reference to the first GBM trigger (Jun 25 2016 22:40:16.28 UTC).
2. This table is available in its entirety in a machine-readable format. A portion is shown here
for guidance regarding its form and content.
3. A full printout of this table is also shown in Appendix C.

Table 3.3: Radio Data

3.3 Afterglow Modeling

3.3.1 Basic Tenets

The primary focus of this section is to model the broadband afterglow emission

of GRB 160625B with the goal of measuring the total energy output of the GRB

central engine, the jet opening angle, and the geometry of the jet structure. Here,

we assume the standard fireball model for the afterglow where the observed emission

is synchrotron radiation from electrons in the circumburst medium accelerated by

the relativistic blast wave (Granot, Sari, 2002; Sari et al., 1998). The emitting

electrons are accelerated to a power-law distribution of energies with an index of

−p and a minimum Lorentz factor of γm. The resulting spectral energy distribution

(SED) can be described by a series of power law segments smoothly broken at three

characteristic frequencies – νsa, the self-absorption frequency, νm, the frequency of
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the lowest energy electron in the distribution, and νc, the cooling frequency. The

values of the frequencies depend on the structure of the surrounding medium of the

explosion as well as the jet shape, jet microphysics, energy produced, and viewing

angle.

Before calculating detailed models, we infer the circumburst density profile via

the temporal decline rate of the observations. From t ∼ 0.1 days to t = 20 days

the optical and X-ray data can be well approximated by a single power law. Then

at around 20 days the decay steepens, signifying the jet-break.6 For the early time

i-band data we find αi = −1.00 ± 0.02 and for the early XRT observations we find

αX = −1.26 ± 0.02. The steepening of the slope between the optical and X-ray

observations suggests that the cooling frequency, νc, lies between these two regimes.

In the case of a slow-cooling constant-density (ISM-like) profile αISM = 3(1−p)
4

(ν <

νc) which yields an estimate for p, the index of the electron energy distribution, of

2.33±0.03 (Granot, Sari, 2002). In the slow-cooling wind-like scenario αwind = (1−3p)
4

which yields p = 1.67 ± 0.03. When ν > νc the decline rate can be described by

α = (2−3p)
4

for both the wind and ISM-like profiles. Using αX = −1.26±0.02 we find

p = 2.35±0.03, consistent with the ISM result. Despite fewer observations available

at later times (> 20 days) the optical decline rate of αi,late = −1.61± 0.16 produces

p = 2.15±0.21 (α = 3p
4

) and the X-ray decline rate of αX,late = −2.10±0.15 produces

p = 2.46 ± 0.20 (α = 3p−1
4

; Ryan et al. 2020).7 The spectral index of the 0.3-10

keV XRT data (βx = 0.86 ± 0.10) produces a lower estimate of p = 1.72 ± 0.20.

6Strausbaugh et al. (2019) place the jet-break slightly earlier during the peak of the optical
bump at ∼13 days

7The closure relations for structured jets derived in Ryan et al. (2020) reduce to those of Granot,
Sari (2002) for on-axis (θv < θc) cases.
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Alexander et al. (2017) interpret this to mean that the cooling break is only slightly

below that of the XRT observations, meaning the power law index is transitioning

at this frequency. The general early and late-time behavior are consistent; thus

throughout this work we assume an ISM-like density profile for GRB 160625B.8

There are significant features present in the early time radio data of

GRB 160625B which are likely not related to the forward shock emission (Figure

3.2). A17 attribute these effects to the combination of a reverse shock and inter-

stellar scintillation. Therefore when modeling the forward shock we conservatively

choose to only include post-jet-break radio data (& 20 days) and at frequencies

above 10 GHz (except for our late-time observation at 6.1 GHz) to mitigate these

effects. A17 found there is negligible extinction due to dust within the GRB host

galaxy and so we choose to ignore those effects in our analysis. Due to a systematic

offset between the r- and i-band data of A17 and T17 we choose to only include

that of T17 and none from A17 in our forward shock modeling as it is a larger

dataset and observations were directly compared to the PanSTARRS magnitude

system (see also K20).

3.3.2 Afterglowpy Package

Afterglowpy uses the single-shell approximation to numerically and analyti-

cally model a blast wave propagating through an ISM-like circumburst medium as

a function of viewing angle and jet type (Ryan et al., 2020). A range of jet struc-

ture types have been proposed in the literature – some common examples include

8A17, T17, K20 and other works come to the same conclusion.
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Figure 3.2: The observed spectral energy distributions (SEDs) for the radio data
at various epochs overplotted with forward and reverse shock models. Our forward
shock model (gray dashed line) is as described in §3.3.2.3. The two reverse shock
models (dotted lines) are taken from A17 and represent different assumptions for the
location of the SED peak, νp: νp = νa (blue) and νp = νc (orange). The solid lines
represent the combination of both the forward and reverse shock models. Clearly
the reverse shock, regardless of which model is used, dominates at early times (< 20
days) and lower frequencies (< 10 GHz).
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variations of top-hat, Gaussian, and power law models (Aloy et al., 2005; Coughlin,

Begelman, 2020; Duffell, MacFadyen, 2013a; Margutti et al., 2018; Mészáros et al.,

1998; Rossi et al., 2002, 2004; Zhang et al., 2004; Zhang, Mészáros, 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.

Compared to other available afterglow modeling codes (e.g., BoxFit; van Eerten

et al. 2012) afterglowpy is advantageous for its ability to probe this complex inner

structure of the GRB jet.

We employ the statistical sampling techniques of the EMCEE Python package

for Markov-Chain Monte Carlo (MCMC; Foreman-Mackey et al. 2013) analysis with

the afterglowpy models, as outlined in Troja et al. (2018). Afterglowpy generates

samples from the entire posterior distribution for each of the models we consider

here in this work. As input, our fit takes broadband fluxes, observation times, and

instrument frequencies. As output, it produces samples from the posterior distribu-

tion for the viewing angle, θv, the isotropic kinetic energy released by the blastwave,

EK,iso, jet core opening angle, θc, circumburst density, n, the spectral slope of the

electron distribution, p, the fraction of shock energy imparted to electrons, εe, and

to the magnetic field, εB.

For initial prior parameters we use the best fit parameters reported in K20.

The assumed prior distributions and bounds for each parameter can be viewed in

detail in Table 3 of Ryan et al. (2020). We assume a log-uniform prior distribution for

EK,iso, n, εE, εB, and ξ and a uniform prior distribution for θc, θw, and p. The prior

distribution for the viewing angle, θv, is constrained by the posterior probability
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distribution reported in Abbott et al. (2017a).

3.3.2.1 Top-Hat Jet Model

We begin by first calculating the simplest model which could describe the

outflow geometry, the top-hat. In this scenario, the energy of the jet is independent

of angle and there is an instantaneous cutoff in energy at the jet edge:

E(θ) =


E0 θ ≤ θc

0 θ > θc

(3.1)

It is unlikely that a top-hat jet could be viewed far off-axis without a significant

change in the appearance of the GRB afterglow (Kathirgamaraju et al., 2016; Zhang

et al., 2015; van Eerten et al., 2010). Until recently, the top-hat model was assumed

for most GRB analyses. The covariances and posterior probability distributions of

the various parameters are shown in Figure 3.3. Our best fit parameters for this

model are listed in Table 3.4 and plotted in Figure 3.4. We allow the value of p

to vary but restrict εe < 1/3 and εB < 1/3 (Alexander et al., 2017; Laskar et al.,

2015). This is done primarily to remove degeneracies within the model fitting;

however, we found that if we do not apply the restrictions on these microphysical

parameters then the fits tend towards quite unphysical values (εB approaches 1.0).

Therefore, we see this as further evidence that placing these restrictions is valid in

this case. The parameters derived here imply a beaming-corrected kinetic energy of

EK = EK,iso(1− cos θc) = 1.2+0.2
−0.1 × 1051 erg.
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3.3.2.2 Gaussian Jet Model

To probe the jet structure we compare the simple top-hat to a more complex

Gaussian model:

E(θ) =


E0 e

− θ2

2θ2c θ ≤ θw

0 θ > θw

(3.2)

where θw is the truncation angle of the Gaussian wings.

Similarly to the top-hat model we again restrict εe < 1/3 and εB < 1/3. In

Gaussian models extended emission from the jet could be viewed at angles beyond

θc and so larger values of θv are possible. The best fit parameters are listed in Table

3.4 and plotted in Figure 3.4. The covariances and posterior probability distributions

of the parameters are shown in Figure 3.5.

To calculate the beaming-corrected energy we integrate Equation 3.2 over both
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jets:

E = 2

∫ θw

0

∫ 2π

0

dθ dφ sinθ
E(θ)

4π
, (3.3)

which approximates to:

E ∼ E0 θ
2
c

(
1− e

−θ2w
2θ2c

)
. (3.4)

This gives a value for the beaming-corrected kinetic energy of EK = 8.4+1.2
−0.7 × 1050

erg, which is slightly less than that found for the top-hat model.

3.3.2.3 Gaussian Jet Model with Free ξ

In the synchrotron afterglow model the emission is driven by a power-law

distribution of electrons in the surrounding medium. The participation fraction, ξ,

describes the percentage of total electrons which are accelerated by the passing shock

wave and contribute to this power-law distribution. 100% participation (ξ = 1) is

typically assumed in the literature but simulations have shown ξ can be as low as

10−2 (Sironi, Spitkovsky, 2011; Sironi et al., 2013) and that lower values tend to be

more realistic (Warren et al., 2018).

To test this we expand on our Gaussian model and now allow ξ to vary as a

free parameter (Table 3.4). Notably, the beaming-corrected kinetic energy in this

scenario is EK = 1.1+6.5
−0.9 × 1053 erg, two orders of magnitude higher than in the

previous cases. Such a high energy density may lead to concerns over the ability

of the afterglow emission to avoid becoming suppressed by processes such as pair-
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production opacity. However, at the later times described here the afterglow has had

sufficient time to expand and become diffuse. For an X-ray photon the opacity due

to pair production is quite low (∼ 10−8). This is because the number of high energy

(GeV) photons with which the X-ray photon could pair-produce is small and so it

is free to travel unhindered through the shock wave. During the prompt emission

and possibly for GeV afterglows this could be a bigger concern, but for the later,

more diffuse afterglow we do not consider it an issue.

We discuss this case in more detail in §3.4.3. The covariances and posterior

probability distributions of the parameters are shown in Figure 3.6. We directly

compare the previous top-hat and Gaussian jet models to this case in Figure 3.4

and plot the best fit over the data in Figure 3.7.

3.4 Discussion

3.4.1 Comparison to Past Works

Previous works have completed similar analyses on GRB 160625B (T17, A17,

K20). In each instance the jet is modeled with a conical top-hat structure and there

is general agreement on the burst parameters (Table 3.4). We begin by simulating

the light curves with afterglowpy using the model parameters found in A17, T17,

and K20. We then compare the results to our own top hat solution in Figure 3.8.

K20 utilize the BoxFit package (van Eerten et al., 2012) to model the after-

glow while A17 base their results on the synchrotron model described in Laskar

et al. (2015, 2014). In Figure 3.8 the differences between the models at radio, opti-

89



54
.6

55
.2

55
.8

56
.4

lo
g

E 0

0.0
6

0.0
8

0.1
0

0.1
2

c

0.0
75

0.1
00

0.1
25

0.1
50

w

2

1

0

1

lo
g

n 0

2.0
70

2.0
85

2.1
00

2.1
15

p

3.0
2.4
1.8
1.2
0.6

lo
g

e

5.6
4.8
4.0
3.2

lo
g

B

0.0
6

0.0
8

0.1
0

0.1
2

obs

3.0
2.4
1.8
1.2
0.6

lo
g

N

54
.6

55
.2

55
.8

56
.4

log E0

0.0
6

0.0
8

0.1
0

0.1
2

c
0.0

75
0.1

00
0.1

25
0.1

50

w

2 1 0 1

log n0
2.0

70
2.0

85
2.1

00
2.1

15

p
3.0 2.4 1.8 1.2 0.6

log e

5.6 4.8 4.0 3.2

log B

3.0 2.4 1.8 1.2 0.6

log N
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cal, and X-ray wavelengths can be primarily explained by systematic offsets between

afterglowpy and the other models used, differences in the datasets used, and the

use of additional late-time data that was not available yet for A17 and T17. The

largest discrepancies are seen at radio energies. This is partially due to the fewer

number of observations available and the potential contamination of the forward

shock by other radio effects. Recently Kangas, Fruchter (2019) have noted incon-

sistencies in observed jet break times between radio and higher frequencies; thus

suggesting that radio afterglow light curves may simply not be well represented

by standard afterglow theory. Jacovich et al. (2020) attribute this discrepancy to

the lack of proper implementation of Klein-Nishina and effects in most afterglow

modeling codes.

3.4.2 Model Comparison with WAIC

To quantify the differences between our own top-hat and Gaussian models

described in §3.3.2 we utilize the Widely Applicable Information Criterion (WAIC;

Troja et al. 2020; Watanabe 2010). The WAIC score provides an estimate of the

expected log predictive density (elpd), i.e., how likely the model is to provide a good

fit for future data (Gelman et al., 2013). The elpd in general is quite hard to derive

without prior knowledge of the true model but the WAIC score can be calculated

directly from the MCMC statistical samples. In general, it is the difference between

WAIC scores, rather than the raw WAIC score itself, which is most relevant. A model

is considered strongly preferred, i.e., has greater predictive power, over another if
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the difference between their two WAIC scores is a factor of a few larger than the

error on that difference. The uncertainty on the raw WAIC and WAIC difference

scores is an estimate of the standard error and can be an underestimate but is

usually accurate within a factor of 2 (Bengio, Grandvalet, 2004). Therefore we list

a significance range for the confidence level in Table 3.6.

As discussed in §3.3.2 we first began by directly comparing a top-hat and

Gaussian style jet and then exploring the effects that varying the participation

fraction, ξ, had on the GRB afterglow. Table 3.6 shows the model comparison

between each of these three cases. Both Gaussian models show a greater predictive

power compared to the simpler top-hat model but there is not a significant difference

between the two Gaussian models themselves.

3.4.3 The Participation Fraction, ξ

In §3.3.2.3 we fit the afterglow of GRB 160625B with a Gaussian jet model

but allowed the participation fraction, ξ, to vary. In agreement with the findings of

Warren et al. (2018) our model prefers a lower value of ξ∼0.01, rather than total

participation. Clearly, decreasing the participation fraction has dramatic effects on

the other physical parameters. If all other parameters are kept fixed then the density

of the circumburst environment must increase to provide the necessary number of

electrons to produce the observed flux. This causes θc to increase as the relativistic

jet interacts with more material. Increasing the density also results in a faster-

evolving shock wave, so EK,iso must increase to maintain the light curve shape.
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Most notably, εB decreases by four orders of magnitude due to the lack of accelerated

electrons.

Figure 3.9 illustrates how varying ξ can have dramatic effects on the predicted

afterglow light curve. We begin with the best fit parameter values of the top-hat

jet and Gaussian (fixed-ξ) jet models from §3.3.2 but fix ξ to three different values

− 1.0, 0.1, and 0.01 − and plot the results. We see the greatest differences at radio

energies and at early times in the optical band. Those electrons which pass through

the shock wave without being accelerated may increase the opacity to synchrotron

self-absorption and also introduce an additional source of emission at very early

times at optical wavelengths (∼few seconds post-burst) that then remains detectable

at radio/millimeter wavelengths for several days or more (Ressler, Laskar, 2017).

Therefore, constraining the value of ξ is critical for understanding the implications of

the total energy budget of the burst (§3.4.7) and the density of the local circumburst

environment (§3.4.6), although in practice this can be difficult due to degeneracy

issues (Eichler, Waxman, 2005).

3.4.4 Sharp Edge Effects on p

In both Gaussian jet fits the spectral slope of the electron distribution, p, is

significantly lower than ∼2.3 which is the value found both analytically (§3.3.1) and

in the top-hat model case (§3.3.2.1). When ξ is allowed to vary p decreases from

2.13± 0.01 to 2.10± 0.01. This is explained by the favoured relationship between θc

and θw. In both Gaussian models we find θc/θw ∼ 0.8 meaning the emission does not
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extend greatly off-axis beyond the primary portion of the jet. Therefore, in slightly

off-axis viewing angles the effect of a sharp edge may have a significant impact on

the resulting light curve. Emission from one side of the jet reaches the viewer before

the other side, resulting in slightly less observed flux than expected for a perfectly

on-axis viewing angle. This manifests as a steepening of the light curve which can

then allow p to instead probe lower values in the parameter distribution.

To investigate this we repeated the fit from 3.3.2.3 but now place a constraint

where θw > 3θc so as to force a ‘softer’ edge to the jet. In this scenario we find that p

prefers a higher value of 2.23+0.02
−0.03, more consistent with the top-hat jet results, and

θw = 0.59+0.32
−0.16 (Table 3.5). All other parameters remain consistent with those of the

free-ξ case in Table 3.4. A softer-edged jet may represent a more physically realistic

scenario compared to a sudden drop-off in emission at the jet edge. However, a

WAIC analysis between this case (WAIC = 799.0± 126.8) and the freely varying ξ

case (WAIC = 1782.7± 79.1) shows better predictability for the sharp-edged case.

This is, in fact, consistent with the results of Beniamini, Nakar (2019) where the

authors claim that emission from structured jets cannot be observed far from the

core of the jet.

3.4.5 Viewing Angle Effects

Precise predictions for GRB viewing angles have only become possible

within the last few years thanks to the advent of various powerful high-resolution

hydrodynamic simulations used both directly and indirectly by codes such as
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BoxFit (van Eerten et al., 2012), ScaleFit (Ryan et al., 2013), JET (Duffell,

MacFadyen, 2013b), and afterglowpy (Ryan et al., 2020). Ryan et al. (2015) show

that, in fact, most GRBs are probably observed off-axis and the joint discovery of

GW 170817/GRB 170817A highlighted just how significant viewing angle effects

could be for a single event (Alexander et al., 2018; Fong et al., 2019; Lamb et al.,

2020; Lazzati et al., 2018; Troja et al., 2018, 2019; Wu, MacFadyen, 2018; Xie et al.,

2018).

Underestimating the viewing angle of GRBs may introduce biases in the af-

terglow model fitting, e.g., by overestimating the beaming width of the jet (van

Eerten, 2015). To illustrate this we repeat the Gaussian model with the same initial

conditions as described in §3.3.2.2 but now we fix θv to an almost on-axis angle of

10−4 radians (Table 3.5). As a reference we note that Swift GRBs are thought to

be observed more off-axis than this. Typical values of θv range from 0.055 to 0.42

radians (Ryan et al., 2015).

In this case we find that by assuming an on-axis viewing angle we are overesti-

mating θc by a factor of∼4.1 (compared to the fixed-ξ Gaussian jet model). Utilizing

Equation 3.4 the beaming-corrected kinetic energy in this case is EK = 2.0+0.4
−0.1×1051

erg. Although we have overestimated the beaming angle the slightly lower estimate

for EK,iso means the beaming-corrected kinetic energy remains consistent with the

Gaussian case. Interestingly, the fact that θw/θc < 1 indicates a strong preference for

a sharp jet edge as in the case of a top-hat jet. However, a WAIC comparison be-

tween this case (WAIC = 1145.7±197.1) and the Gaussian jet with fixed-ξ (WAIC =

1744.3±78.5) still shows better predictability and preference for a Gaussian-shaped
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jet model.

3.4.6 Local Circumburst Environment

Long GRBs are believed to result from the end state of massive stars (Woosley,

Bloom, 2006). Due to their short lifespan (tens of Myr), these massive stars live

and die in the same dense molecular clouds which birthed them. It would appear

to be a reasonable assumption to expect the local circumburst densities of GRBs

to reflect that of regions of high star-formation (> 1 cm−3). Observationally this is

not usually the case, at least when assuming a top-hat jet model and ξ=1 (Laskar

et al., 2015).

The derived value of the local circumburst density, n, for GRB 160625B is

exceptionally low for most models in Table 3.4. This parameter can be difficult to

constrain as it is highly degenerate with other physical parameters in the system.

For most GRBs the value of n tends to be between ∼ 10−3 and ∼ 102 cm−3 when

assuming ξ=1 (Laskar et al., 2015). Density measurements between Swift and Fermi

GRB populations tend to occupy discrete regions of parameter space, thus leading

previous studies (e.g., Racusin et al. 2011) to suggest that these two populations

may originate in different host environments, although there was not a large enough

sample at the time to definitively confirm this.

The preference for ISM-like, low-density local environments may suggest LAT-

detected long GRBs originate from lower-metallicity massive stars. This is motivated

by the fact that these types of progenitor stars tend to have lower mass-loss rates
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line) and Gaussian (dashed line) jet models from §3.3.2 but at three fixed values of
ξ. The participation fraction, ξ, plays a pivotal role in the GRB afterglow, especially
at radio energies. Lowering the value of ξ can have dramatic effects on the light
curve. To account for the lower number of electrons contributing to the emission
the total relativistic energy released must be increased and/or the density of the
local circumburst environment must increase as well. Bottom panel: The Gaussian
fluxes are normalized by the top-hat model for each value of ξ.

(Kudritzki et al., 1987; Vink et al., 2001; Woosley et al., 2002). The ability for the

relativistic jet to travel unhindered may also prevent the suppression of several radio

components and can allow the reverse shock to propagate freely. GRB 160625B is

one of only a few long-duration GRBs with a confirmed reverse shock (e.g., Laskar

et al. 2013, 2016b, 2018, 2019; Perley et al. 2014).

In the standard afterglow model the circumburst density is intricately con-

nected to other observed physical parameters. As noted in the case of the Gaussian

jet with free-ξ (§3.3.2.3) our estimate of the local circumburst density is highly de-

pendent upon the participation fraction. Decreasing ξ by a factor of 100 can increase

n by upwards of five orders of magnitude. Therefore, further work on the impact of

the participation fraction, ξ is required before a definitive association can be made

between highly energetic long GRBs and massive, metal-poor progenitor stars.

98



T
h

is
W

or
k

T
h

is
W

o
rk

T
h

is
W

o
rk

A
1
7

K
2
0

T
1
7

M
o
d

el
T

op
-H

at
G

a
u

ss
ia

n
(fi

x
ed

ξ)
G

a
u

ss
ia

n
(f

re
e
ξ)

T
o
p

-H
a
t

T
o
p

-H
a
t

T
o
p

-H
a
t

θ v
[r

ad
]

0.
00

73
+
0
.0
0
2
4

−
0
.0
0
1
5

0
.0

2
2
+
0
.0
0
6

−
0
.0
0
1

0
.0

6
6
+
0
.0
1
0

−
0
.0
0
9

-
0
.0

1
2

-

E
k
,i
so

[e
rg

]
2.

3+
0
.5

−
0
.7
×

10
5
4

3
.1

+
0
.4

−
0
.8
×

1
0
5
4

4.
2
+
2
4

−
3
.5
×

1
05

5
1.

1
+
1
.0

−
0
.5
×

1
05

4
1.

8
×

1
0
5
4

2
.0

+
1
.0

−
1
.4
×

1
0
5
4

θ c
[r

ad
]

0.
03

2
+
0
.0
0
9

−
0
.0
0
4

0
.0

2
2+

0
.0
0
6

−
0
.0
0
1

0
.0

6
8
+
0
.0
1
0

−
0
.0
1
0

0
.0

6
3
±

0
.0

0
3

0
.0

5
9

0
.0

4
2+

0
.0
2
8

−
0
.0
1
2

θ w
[r

ad
]

-
0
.0

2
8
+
0
.0
0
7

−
0
.0
0
2

0
.0

8
3
+
0
.0
1
4

−
0
.0
1
1

-
-

-

n
[c

m
−
3
]

9.
6
+
3
9
.0

−
5
.9
×

10
−
7

3.
1
+
1
1

−
1
.1
×

1
0−

6
0
.3

5
2
+
1
.7
1

−
0
.3
0
7

(5
±

3
)
×

1
0
−
5

1.
1
×

1
0−

5
1+

4
9

−
0
.9
×

1
0
−
4

p
2.

30
±

0.
02

2
.1

3+
0
.0
1

−
0
.0
1

2
.1

0
+
0
.0
1

−
0
.0
1

2
.3

1
±

0
.0

1
2
.3

0
2
.2

ε e
0.

12
+
0
.0
5

−
0
.0
2

0
.1

9+
0
.0
7

−
0
.0
2

0
.0

1
7
+
0
.0
8
5

−
0
.0
1
4

0
.2

3
+
0
.0
7

−
0
.0
8

0
.1

3
0
.1

0
+
0
.2
2

−
0
.0
9

ε B
0.

16
+
0
.1
1

−
0
.1
0

0
.1

7+
0
.0
5

−
0
.0
9

3.
9+

2
1
.9

−
3
.3
×

1
0
−
5

0.
0
1
3
+
0
.1
1

−
0
.0
1

0
.0

3
0

0
.0

1
0
+
0
.0
9
0

−
0
.0
0
9

ξ
1.

0
1
.0

0
.0

1
6+

0
.0
8
0

−
0
.0
1
3

1
.0

1
.0

1
.0

η
a

0
.5

6
+
0
.0
8

−
0
.0
5

0.
4
9
+
0
.0
8

−
0
.0
3

0
.0

6
7
+
0
.2
5
3

−
0
.0
5
7

0
.7

3
+
0
.1
0

−
0
.1
4

0
.6

2
0
.7

5
+
0
.1
6

−
0
.0
9

E
re
l
b

[e
rg

]
2.

7
+
1
.3

−
0
.5
×

10
5
1

1.
6
+
0
.6

−
0
.1
×

1
05

1
1.

2+
6
.5

−
0
.9
×

1
0
5
3

2.
3+

1
.8

−
1
.2
×

1
0
5
1

8.
3
×

1
05

1
∼

6
×

1
05

1

χ
2
/d

o
f

1.
24

0
.9

9
0
.8

6
1
.2

6
8
.6

-

U
n

ce
rt

a
in

ti
es

ar
e

gi
ve

n
at

1σ
co

n
fi

d
en

ce
le

v
el

s.
T

h
e

re
d

u
ce

d
-χ

2
is

th
e

m
in

im
u

m
ov

er
al

l
co

m
p

le
te

d
ru

n
s.

a
η

=
E
γ
,i
so

E
γ
,i
so
+
E

K
,i
so

,
as

su
m

in
g
E
γ
,i
so
∼

3
×

10
5
4

er
g

(Z
h

an
g

et
al

.,
20

18
)

b
E

re
l
=
E
γ

+
E

K

T
ab

le
3.

4:
B

es
t

F
it

M
o
d
el

P
ar

am
et

er
s.

99



3.4.7 Energetics and Central Engine

One of the main goals of this and future work will be calculating the beaming-

corrected energy released by the GRB and especially how that relates to the physics

of the central engine. 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-flux dominated relativistic outflow (Thompson et al., 2004;

Zhang, Mészáros, 2001). These magnetars are limited by their finite 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 at

∼ 1052 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 1053 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

∼ few × 1052 erg and so the magnetar model is in strong tension with at least the

most energetic long GRBs.

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
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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 potential

energy which could be extracted. Theoretical predictions can easily produce energy

releases greater than 1053 erg.

Previous estimates of the total relativistic energy (Erel = Eγ + EK) produced

by GRB 160625B range from (2.3-8.3)×1051 erg when assuming ξ=1 (Table 3.4).

This is approaching but still within the upper limit of the magnetar model. We

found in §3.3.2.2 that modeling the jet as a Gaussian rather than a top-hat leads to

an estimate of the total relativistic energy that is below this range. Clearly, based

on energetic arguments alone, we cannot rule out either the magnetar or collapsar

model as progenitors. However, as noted in §3.3.2.3, assuming the participation

fraction of electrons is unity is unlikely to be realistic. In agreement with K20,

we find that more reasonable lower values of ξ produce an estimate of the total

relativistic energy which is two orders of magnitude higher (Figure 3.9). This value

can still be reasonably accommodated by the collapsar model but is in strong tension

with the energy cap expected from a magnetar. Regardless, it serves to show that

without a better understanding of the participation fraction it will be difficult to

draw robust conclusions regarding the progenitor.

3.5 Conclusions

With this work we have performed a case study of GRB 160625B to show

the benefits of detailed multiwavelength afterglow modeling as it pertains to under-
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Soft Jet Edge Fixed θv

θv [rad] 0.134+0.042
−0.039 10−4

EK,iso [erg] 1.1+1.6
−0.7 × 1055 3.9+0.3

−0.6 × 1054

θc [rad] 0.093+0.030
−0.026 0.09± 0.02

θw [rad] 0.59+0.32
−0.16 0.024+0.003

−0.001

n [cm−3] 4.1+25.2
−3.7 3.4+4.6

−1.0 × 10−7

p 2.23+0.02
−0.03 2.301+0.003

−0.005

εe 0.076+0.113
−0.045 0.079+0.015

−0.006

εB 7.0+18
−4.0 × 10−6 0.25+0.06

−0.10

ξ 0.061+0.054
−0.029 1.0

η a 0.21+0.20
−0.11 0.44+0.05

−0.02

Erel
b [erg] 1.3+0.9

−0.6 × 1053 2.0+0.4
−0.1 × 1051

χ2/dof 6.28 7.24

Uncertainties are given at 1σ confidence levels. The reduced-χ2 is the minimum over
all completed runs.

a η =
Eγ,iso

Eγ,iso+EK,iso
, assuming Eγ,iso ∼ 3× 1054 erg (Zhang et al., 2018)

b Erel = Eγ + EK

Table 3.5: Best Fit Gaussian Model Parameters for §3.4.4 and §3.4.5

standing GRB energetics and environments. We modeled observations from radio

to X-ray wavelengths spanning 0.1 to 1319 days post trigger. Using the standard

afterglow framework we derived values for several physical parameters pertaining to

the burst and performed a comparison between top-hat and Gaussian jet structure

models. Our main conclusions can be summarized as follows:

• We fit GRB 160625B with a top-hat jet via the afterglowpy modeling pack-

age. We find general agreement in the afterglow parameters with previous

top-hat jet models.

• Next, we fit the afterglow with a Gaussian-shaped jet. Although the derived

density, kinetic energy, and other microphysical parameters remain consistent

with the top-hat case we find that this jet shape is strongly preferred.
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Figure 3.10: Top panel: Here we calculate the afterglow light curves for both a top-
hat (solid line) and Gaussian (dashed line) jet structure at various points within the
beam. We fix θc in the top-hat model so that Etot remains the same in both models.
All other parameters besides θv and θc are the same as listed in Table 3.4. Viewing
a GRB off-axis has the greatest affect at early times as this is when edge effects are
most noticeable. The differences between Gaussian and top-hat models are most
apparent at later times. Bottom panel: The Gaussian fluxes are normalized by the
top-hat models for each viewing angle.

• Finally, we considered how allowing more freedom for the participation frac-

tion, ξ, affects the afterglow parameters. This change had the most dramatic

effect and resulted in a density which is 5 orders of magnitude higher, a value of

εB which is 4 orders of magnitude lower, and a total relativistic energy which

is 2 orders of magnitude higher. This has important implications for con-

straining the GRB local circumburst environment, central engine, and burst

energetics.

Given that our models include several highly degenerate parameters it can be

challenging to distinguish between their various subtleties. In Figure 3.10 we show

how varying the viewing angle, θv, impacts the burst afterglow for both top-hat and

Gaussian jet structures. There exists an offset in flux density at late times between

the two models that is independent of waveband or viewing angle. Therefore the
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Gaussian (free ξ) Gaussian (fixed ξ) Top Hat

WAIC 1782.7 ± 79.1 1744.3 ± 78.5 -3561.8 ± 167.2

∆WAIC/N - 0.10 ± 0.09 -14.5 ± 2.7

Confidence Level - (0.58-1.16)σ (2.7-5.3)σ

A WAIC analysis is performed for each model considered. A higher WAIC score
indicates better predictability for future data based on the model. The Gaussian

model with ξ free to vary has a higher likelihood of describing new data well so we
use it as the base to compare the others. Each Gaussian model has a higher WAIC
score compared to the top-hat case but there is no strong preference for the free-ξ

over the fixed-ξ Gaussian model.

Table 3.6: Model Comparison

detection of GRBs viewed substantially off-axis (‘orphan afterglows’) may not be

strictly necessary and future multi-wavelength observations at very late times could

help further reinforce the preference for a Gaussian-shaped jet over a top-hat jet.

In future work we plan to continue our analysis on the afterglow modeling of

bright LAT-detected long GRBs. These events typically have abundant data and

also tend to be observed in low-density environments, thus providing an excellent

sample for comparing jet structure models. We will use the results to expand on the

arguments discussed here and create a comprehensive sample of well-documented

LAT long GRBs and their general properties.
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Chapter 4: The Afterglows of Fermi -LAT GRBs: Jet Structure, En-

ergetics, and Physical Origins

Gamma-ray bursts (GRBs) detected by the Large Area Telescope (LAT) on

Fermi tend to be extraordinarily bright, making them ideal candidates for testing

emission models beyond the traditionally assumed on-axis, top-hat jet model. Here

we expand upon the work outlined in Chapter 3 modeling the broadband afterglow

of GRB 160625B. We analyze a larger sample of Fermi -LAT detected GRBs and test

assumptions typically made regarding certain physical parameters of the burst (e.g.,

jet shape, burst energy, circumburst density, and participation fraction of electrons).

We find that the multiwavelength data for most GRBs studied here are better fit

by a complex jet structure, similar to that of the short GRB 170817A - implying

jet structure is not dependent on progenitor type but is rather a more universal

physical process. We also present evidence to suggest that the participation fraction

of electrons, ξ, in the GRB jet may be as low as a ∼few ×10−2 which implies higher

isotropic burst kinetic energies, Ek,iso, than previously thought (∼few ×1055 erg). If

so, this could seriously limit magnetar-based progenitor theories and instead suggest

a preference for black hole collapsar origins.
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4.1 Introduction

Long-duration gamma-ray bursts (GRBs)1 are amongst the most energetic

phenomena in the Universe. The isotropic gamma-ray energy, Eγ,iso, released by

most GRBs ranges between 1051 − 1053 erg (Figure 4.1). GRBs detected by the

Fermi Large Area Telescope (LAT; Atwood et al. 2009) tend to be extraordinarily

bright with measured energies in excess of 1053 erg (Ajello et al., 2019a). This is

largely due to a combination of the low sensitivity of the LAT (compared to, e.g.,

the Swift Burst Alert Telescope) and also the Amati relation (Epeak −Eγ,iso, Amati

et al. 2009).

These GRBs, which are produced during the deaths of massive stars, are also

known to be highly collimated explosions. Most of their energy is released along a

narrow cone of emission with jet opening angle, θc, typically between 1–10◦ (Rhoads,

1999; Sari et al., 1999). GRB emission is often modeled as a uniformly-distributed

(top-hat) jet. Due to observational limitations, θc can be difficult to measure which

leads to uncertainties in the estimate of the intrinsic energy released by the GRB:

Eγ = Eγ,iso(1 − cos θc) ≈ Eγ,iso
θ2c
2

, where Eγ is the beaming-corrected gamma-ray

energy of the burst and Eγ,iso is the uncorrected isotropic gamma-ray energy (Bloom

et al., 2001; Frail et al., 2001).2 Measuring the true scale of GRB energetics therefore

requires a deep understanding of the jet emission structure and collimation angle.

Motivation for considering non-top-hat jet structures stems from the fact that

1The primary focus throughout this paper will be on long-duration GRBs, unless otherwise
noted.

2This equation is only valid for the simple top-hat jet. See also §1.1.2.
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many GRBs exhibit features which cannot be described by purely analytical models

(e.g., the methods of Granot, Sari 2002). Kangas, Fruchter (2021) showed that

radio behavior is often inconsistent with that predicted by the standard fireball

model. Additionally, in recent years several GRBs detected by the LAT have been

detected at very high energies (VHE; >100 GeV) for the first time, leading to new

insights into the emission mechanisms of bright GRBs (Abdalla et al., 2019; MAGIC

Collaboration et al., 2019; de Naurois, 2019). The power law temporal and spectral

indices of their light curves cannot be explained by standard GRB afterglow theory

alone and require an additional component for the VHE emission. Synchrotron

self-Compton (SSC) scattering is typically invoked to account for this (Fraija et al.,

2020; Wang et al., 2019).

Recent work has also shown that GRB relativistic jets can take on a variety

of shapes and viewing angles beyond the canonical top-hat jet. Some potential jet

structure shapes include variations on top-hat, Gaussian, and power law models

(Aloy et al., 2005; Coughlin, Begelman, 2020; Duffell, MacFadyen, 2013a; Margutti

et al., 2018; Mészáros et al., 1998; Rossi et al., 2002, 2004; Zhang et al., 2004; Zhang,

Mészáros, 2002). Recently, modeling of the joint detection of gravitational waves

and a short GRB (GRB 170817A/GW 170817; Abbott et al. 2017a,c) revealed the

burst was viewed not directly on-axis but rather at an angle of ∼20◦ and that there

was off-axis emission produced by the structured jet (Fong et al., 2019; Lamb et al.,

2020; Lazzati et al., 2018; Troja et al., 2019).

LAT-detected GRBs tend to have bright, multiwavelength afterglows which

can be observed for long periods of time (potentially up to 1,000 days; Perley et al.
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2014), making them excellent candidates for testing underlying assumptions histor-

ically made in previous GRB modeling. This includes top-hat jet shapes, which

are known to be overly simplistic, and assuming the fraction, ξ, of electrons which

contribute to the synchrotron emission is 1.0, which is known to be an overestimate.

Here, we make use of the ample broadband afterglow data associated with several

LAT-detected GRBs to test multiple jet structure models. We use the results to

infer the physical conditions of the central engine, the internal structure of the jet,

the jet collimation angle, viewing angle, circumburst environment, and microphysics

of the most energetic GRBs. In particular, we discuss the implications of varying ξ

on various theoretical assumptions.

This paper is organized as follows: for each GRB we describe the available

observations and our data reduction methods in §4.2. In §4.3 we outline the details

of the GRB afterglow modeling, including an overview of the modeling code used,

afterglowpy. We discuss the implications of our results in §4.4 and summarize our

conclusions in §4.5. All error bars correspond to 1σ uncertainties, unless otherwise

noted, and we assume a standard ΛCDM cosmology (Planck Collaboration et al.,

2018) throughout the analysis.

4.2 Observations and Data Reduction

Here, we describe the observed broadband afterglow behavior and data reduc-

tion methods for our sample of GRB events. The GRBs in our sample are selected

based on three criteria: (1) the GRB was detected by the Fermi -LAT, (2) the GRB
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afterglow is visible from radio to X-rays, and (3) the circumburst environment of the

GRB can be described as a constant density medium (i.e., ρ(r) ∝ r0).3 These crite-

ria do bias us towards very energetic GRBs and exclude radio-quiet GRBs, orphan

afterglows, and those bursts whose circumburst media profile may not be fully rep-

resented by analytical methods. For this work, the sample includes GRB 090902B,

GRB 160509A, GRB 160625B, and GRB 180720B. We previously published our anal-

ysis of GRB 160625B in Cunningham et al. (2020), but include a summary here for

completeness. Data observations used in this work are available in their entirety in

Appendix C.

These GRBs are amongst the brightest and most energetic events observed

to date. Their isotropic gamma-ray energy released, Eγ,iso, exceeds 1053 erg in the

10-1000 keV bandpass (Figure 4.1). Their redshifts range from z = 0.654 − 1.822,

placing them at typical distances for GRBs. Their prompt burst durations range

from ∼ 100− 1000 s, thus classifying each burst as a long GRB. GRB 180720B was

one of the first GRBs to be observed at very high energies (VHE; >100 GeV) by

the High Energy Stereoscopic System (HESS; Abdalla et al. 2019; Hoischen et al.

2017).

3The circumburst density profile to be used is determined analytically via the methods of
Granot, Sari (2002) prior to modeling. Our modeling software, Afterglowpy, can only model
constant density media. However, the wind-like option is currently in development and we will
expand our sample to include those GRBs in future work.
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Figure 4.1: Bolometric (10-1000 keV) isotropic energy release vs redshift for the
GRBs in our sample (blue symbols) compared between LAT-detected and BAT-
detected GRBs. The GRBs in our sample are amongst some of the brightest ob-
served, even by LAT standards. Data are taken from Lien et al. (2016b) and Ajello
et al. (2019a).
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4.2.1 GRB 090902B

4.2.1.1 Gamma-ray Data

The Fermi Gamma-ray Burst Monitor (GBM; Meegan et al. 2009) triggered

on GRB 090902B at 11:05:08.31 UT on Sept 2, 2009 (Bissaldi, Connaughton, 2009).

The light curve consists of a single bright pulse lasting for 21 seconds. The fluence

in the 50 keV - 10 MeV bandpass was (3.74± 0.03)× 10−4 erg cm−2. We consider

the GBM trigger time to be t0 throughout this work.

The Fermi Large Area Telescope (LAT; Atwood et al. 2009) detected

GRB 090902B shortly after at 11:05:15 UT just inside its field-of-view (de Palma

et al., 2009). Emission lasted for up to 1000 s. The highest energy photon observed

in the rest-frame was 33.4 GeV which occurred ∼82 seconds after the GBM trigger.

At the measured redshift of z = 1.822 (Cucchiara et al., 2009) the bolometric

isotropic gamma-ray energy is Eγ,iso = (1.289 ± 0.002) × 1054 erg (10-1000 keV;

Ajello et al. 2019a).

GRB 090902B was also detected by Integral SPI-ACS and the Suzaku Wide-

band All-sky Monitor (WAM; Terada et al. 2009).

4.2.1.2 X-ray Data

The Neil Gehrels Swift Observatory (Gehrels et al., 2004) detected

GRB 090902B via a target-of-opportunity (ToO) request ∼12.5 hours later

(Kennea, Stratta, 2009). The observed flux in the 0.3-10 keV bandpass at this time
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is 3.2× 10−12 erg cm−2 s−1 (Stratta et al., 2009). X-Ray Telescope (XRT; Burrows

et al. 2005) observations continued for ∼23 days and are publicly available via the

XRT light curve repository.4

Following Pandey et al. (2010) we assume no significant spectral evolution

during the XRT observations and that the spectrum is an absorbed power law with

galactic neutral hydrogen fixed to NH,gal = 4.49×1020 cm−2 (Willingale et al., 2013).

We use z = 1.822, a photon index of Γ = 1.76, an intrinsic absorption column of

NH,int = (2.08± 0.6)× 1022 cm−2, and a counts-to-flux ratio of 5.1× 10−11 erg cm−2

ct−1 to convert the XRT count rate light curve to a flux density of 5 keV.

4.2.1.3 Optical/NIR Data

The Swift Ultraviolet/Optical Telescope (UVOT; Roming et al. 2005) began

observations at t0 + 12.5 hours (concurrent with the XRT) and detected the fading

afterglow (Swenson, Stratta, 2009). Gemini-North observed the optical counterpart

and measured a redshift of z = 1.822 (Cucchiara et al., 2009). The afterglow was

also observed by the Nickel 1-meter telescope at Lick Observatory (Perley et al.,

2009), Faulkes Telescope North (Guidorzi et al., 2009), and ROTSE-IIIa at the

Siding Spring Observatory (Pandey et al., 2009). Additionally, NIR observations

were undertaken by GROND (g’r’i’z’JHK, Olivares et al. 2009).

4https://www.swift.ac.uk/xrt_curves/ (Evans et al., 2009, 2007)
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4.2.1.4 Radio Data

The radio afterglow of GRB 090902B was first detected by the Westerbork

Synthesis Radio Telescope (WSRT) at t0 + 1.31 days at 4.8 GHz (van der Horst

et al., 2009). The burst was then observed by the Very Large Array (VLA) for a

further 200 days at 8.46 GHz (Chandra, Frail, 2009). Cenko et al. (2011) report the

available WSRT and VLA data which we use in this work.

4.2.2 GRB 160509A

4.2.2.1 Gamma-ray Data

The Fermi Large Area Telescope (LAT; Atwood et al. 2009) triggered on

GRB 160509A on May 09, 2016 at 08:59:04.36 UT (Longo et al., 2016a). There are

two main components of the LAT light curve: an initial GeV flare lasting for ∼20 s

and long-lived emission beginning ∼40 s after the trigger and continuing for 1000 s.

The highest energy photon observed in the rest-frame was 52 GeV which occurred

∼77 seconds after the GBM trigger (Longo et al., 2016b). We consider the LAT

trigger time to be t0 throughout this work.

The Fermi Gamma-ray Burst Monitor (GBM; Meegan et al. 2009) also trig-

gered on the burst at the same time (08:59:04.36 UT; Roberts et al. 2016). The

GBM emission lasts for ∼371 s and the light curve is complex with multiple peaks.

At the measured redshift of z = 1.17 (Tanvir et al., 2016) the bolometric isotropic

gamma-ray energy is Eγ,iso = (3.348± 0.003)× 1053 erg (10-1000 keV; Ajello et al.
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2019a).

The burst was also observed by Konus-Wind with a fluence of (2.90± 0.35)×

10−4 erg cm−2 (20 keV - 10 MeV; Frederiks et al. 2016) and the CALET gamma-ray

burst Monitor (Yoshida et al., 2016).

4.2.2.2 X-ray Data

The Neil Gehrels Swift Observatory detected GRB 160509A via a target-of-

opportunity (ToO) request (Kennea et al., 2016). XRT observations continued for

∼20 days before the flux dropped below detector sensitivity levels. To convert the

XRT count rates to a flux density we follow the methods of both Laskar et al. (2016a)

and Kangas et al. (2020) and assume Γ = 2.07 ± 0.04 across the light curve and

that the spectrum is an absorbed power law with galactic neutral hydrogen fixed to

NH,gal = 2.12× 1021 cm−2 (Willingale et al., 2013). We use an intrinsic absorption

column of NH,int = 1.52 × 1022 cm−2 and a counts-to-flux ratio of 6.5 × 10−11 erg

cm−2 ct−1 to convert the XRT count rate light curve to a flux density of 5 keV.

GRB 160509A was observed by the Chandra X-ray Observatory on June 20,

2016 (42.1 days post trigger; Kangas et al. 2020). We use the reduced 5 keV obser-

vation reported by Kangas et al. (2020) in our analysis here.

4.2.2.3 Optical/NIR Data

Gemini-North discovered an optical counterpart consistent with the Swift-

XRT position at t0 + 5.75 hours (Levan et al., 2016). At t0 + 1.03 days Cenko et al.
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(2016) observed the fading afterglow with the Lowell Discovery Telescope (LDT)

and provide the first evidence for significant host extinction. Further Gemini-North

observations with the GMOS-N spectrograph at ∼1.2 days measured a redshift of

z = 1.17 (Tanvir et al., 2016). The source was also visible in J- and K-bands.

Laskar et al. (2016a) report g- and r-band observations with Keck-I/LRIS at ∼28.2

days. Finally, Kangas et al. (2020) report multiband observations of GRB 160509A

with GTC/CIRCE and HST/WFC3 between 5 and 35 days post trigger. The Swift

UVOT only reported upper limits (Marshall, Roegiers, 2016).

We correct the optical observations for galactic reddening (EB−V = 0.25 mag;

Schlafly, Finkbeiner 2011) along the line of sight. Like Kangas et al. (2020), we

follow the Pei (1992) extinction law for the Small Magellanic Cloud (SMC) model

to correct for host extinction and assume AV = 2.8± 0.1 mag.

4.2.2.4 Radio Data

The radio afterglow was observed by the VLA from ∼0.35 - 20 days at 1.2-37

GHz (PI Berger; Laskar et al. 2016a). Additional late-time VLA observations were

carried out by Kangas et al. (2020) (PI Fruchter) at 6 and 9 GHz between ∼24 and

80 days after the LAT trigger. Mooley et al. (2016) did not detect GRB 160509A

with AMI-LA and report only upper limits.
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4.2.2.5 VHE Data

GRB 160509A was within the FOV of HAWC but no excess VHE emission was

detected (Lennarz, Taboada, 2016). Observing conditions were not conducive for

detection since the sensitivity of HAWC at the burst elevation (∼ 33◦) is two orders

of magnitude lower than at zenith.

4.2.3 GRB 160625B

We described the available broadband data in detail for the afterglow of

GRB 160625B in Section 2.2. For convenience, we summarize the relevant infor-

mation below.

The Fermi -GBM first triggered on GRB 160625B at 22:40:16.28 UT on 25

June, 2016 and again at 22:51:16.03. The fluence in the 10-1000 keV bandpass

was (6.4256± 0.0019)× 10−4 erg cm−2 (von Kienlin et al., 2020). The Fermi -LAT

triggered on the second pulse at 22:43:24.82 (Dirirsa et al., 2016). At the measured

redshift of z = 1.406 (Xu et al., 2016) the bolometric isotropic gamma-ray energy is

Eγ,iso = (4.148±0.002)×1054 erg (10-1000 keV; Ajello et al. 2019a). For the anaylsis

presented here we choose t0 to be that corresponding to the first GBM trigger.

Swift began observing GRB 160625B 2.5 hours after the initial GBM trigger

(Evans, 2016). The XRT on board Swift observed GRB 160625B for 47 days. We

convert the 0.3-10 keV flux count rate light curves to a flux density at an energy of

5 keV. In addition to the XRT data we include the late-time Chandra observations

taken by Kangas et al. (2020) at 69.8 and 144 days after the burst.
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GRB 160625B is one of the better observed GRBs in the optical. This in-

cludes observations taken by the 2 m Faulkes Telescope North (FTN) operated

by Las Cumbres Observatory (LCO; Brown et al. 2013), the 2m Liverpool Tele-

scope (LT; Steele et al. 2004) at Roque de los Muchachos Observatory (ORM), the

Low Dispersion Survey Spectrograph 3 (LDSS3) at Magellan, the Reionization And

Transients InfraRed camera (RATIR; Butler et al. 2012), the Ultraviolet/Optical

Telescope (UVOT; Roming et al. 2005), the Hubble Space Telescope (HST), as well

as several observations compiled from the Gamma-ray Burst Coordinates Network

(GCN) Circulars (Zhang et al., 2018). The observations range from a few hours

to 140 days post trigger (Alexander et al., 2017; Kangas et al., 2020; Troja et al.,

2017).

In the radio we consolidate previous observations from the VLA (Program

IDs 15A-235 and S81171, PIs Berger and Cenko, respectively), our own late-time

observations (Program ID SC1031, PI Cenko), as well as observations from the

Australian Telescope Compact Array (ATCA). The radio data span 1.4 to 1319

days post trigger.

4.2.4 GRB 180720B

4.2.4.1 Gamma-ray Data

GRB 180720B was first detected by the Fermi Gamma-ray Burst Monitor

(GBM; Meegan et al. 2009) on July 20, 2018 at 14:21:39.65 UT (Roberts, Meegan,

2018). The GBM light curve consists of a bright initial pulse with peak flux of
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2.74 × 10−5 erg cm−2 s−1 at ∼15 seconds followed by two more pulses at ∼26 and

∼50 seconds. The fluence in the 10-1000 keV bandpass was (2.985 ± 0.001) ×

10−4 erg cm−2 (Roberts, Meegan, 2018). For the anaylsis presented here we choose

t0 to be that corresponding to the GBM trigger.

The Fermi Large Area Telescope (LAT; Atwood et al. 2009) detected high-

energy emission from GRB 180720B at 14:21:44.55 UT. The burst was within the

LAT field of view for up to 1000 seconds post-trigger. The highest energy photon

observed in the rest-frame was 5 GeV which occurred ∼137 seconds after the GBM

trigger (Bissaldi, Racusin, 2018). At the measured redshift of z = 0.654 (Vreeswijk

et al., 2018) the bolometric isotropic gamma-ray energy is Eγ,iso = (3.229±0.001)×

1053 erg (10-1000 keV; Ajello et al. 2019a).

GRB 180720B was detected by the Swift Burst Alert Telescope (BAT;

Barthelmy et al. 2005) at 14:21:44 UT on July 20, 2018 (Siegel et al., 2018).

The BAT emission is variable and multi-peaked. The fluence in the 15-150 keV

bandpass was (8.6± 0.1)× 10−5 erg cm−2 (Barthelmy et al., 2018).

Detections were also reported by Konus-Wind (Frederiks et al., 2018), CALET

(Cherry et al., 2018), and MAXI/GSC (Negoro et al., 2018).

4.2.4.2 X-ray Data

The Swift-XRT began observations 86.5 seconds after the BAT detection at

14:23:11.0 UT (Siegel et al., 2018). XRT observations lasted for 34.3 days before flux

levels dropped below instrument sensitivities. The hardness ratio appears relatively
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constant over time so we assume a single spectrum that can be described as an

absorbed power law with the Galactic neutral hydrogen column fixed to 3.92× 1020

cm−2 (Willingale et al., 2013). Using a photon index of Γx= 1.79+0.06
−0.06, assuming an

intrinsic host absorption of nH,int = 3.4 × 1021 cm−2, an unabsorbed counts-to-flux

conversion factor of 4.49 × 10−11 erg cm−2 ct−1, and a redshift of 0.654 (Vreeswijk

et al., 2018) we convert the 0.3-10 keV count rate light curves to a flux density at

an energy of 1 keV. We choose only to include data taken during photon counting

mode, which begins 0.1 days after the burst.

4.2.4.3 Optical/NIR Data

Optical observations of GRB 180720B began 73 seconds after the trigger

(Sasada et al., 2018) and include coverage by several different ground-based optical

instruments. Fraija et al. (2019b) compiled this data reported via the GCN circulars

and converted them to flux densities, correcting for galactic extinction. They report

a temporal decay of αo = 1.22± 0.02 and spectral index βo = 0.80± 0.04. Vreeswijk

et al. (2018) observed the burst with the X-shooter spectrograph on the Very Large

Telescope (VLT) and measured the redshift to be 0.654.

4.2.4.4 Radio Data

The burst was observed by the Arcminute Microkelvin Imager Large Array

(AMI-LA; Hickish et al. 2018; Zwart et al. 2008) on 2018-07-22.21 for 3.9 hours

at 15.5 GHz (Sfaradi et al., 2018). They found an initial flux density of ∼1 mJy.
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Rhodes et al. (2020) further reported five observation epochs which resulted in three

detections and two 3σ upper limits.

GRB 180720B was also observed by the Giant Metrewave Radio Telescope

(GMRT) on 2018 Jul 29.99 UT at 1.4 GHz (Chandra et al., 2018). They report a

flux density of ∼370±59 µJy.

4.2.4.5 VHE Data

The High Energy Stereoscopic System (HESS) began observing the GRB lo-

cation ten hours after initial detection by Fermi -GBM and continued for another

two hours (Abdalla et al., 2019). Observations in the sub-TeV band (100 to 440

GeV) revealed a new gamma-ray point source with a statistical significance of 5.3σ.

Baseline observations were carried out 18 days later to rule out the possibility of

a previously unidentified source producing the observed emission. The energy flux

observed by HESS (∼ 10−10 erg cm−2 s−1) is similar to that of the X-ray observed

by the XRT (0.3 to 10 KeV).

4.3 Analysis and Broadband Modeling

Throughout this work we assume the standard fireball model for a relativistic

blast wave expanding into the surrounding medium and accelerating electrons via

synchrotron radiation (Granot, Sari, 2002; Sari et al., 1998). Emitting electrons

are accelerated to a power-law distribution of energies with a minimum Lorentz

factor of γm and index −p. The resulting spectral energy distribution (SED) is
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typically described by a series of power law segments smoothly broken at three

characteristic frequencies – νsa, the self-absorption frequency, νm, the frequency of

the lowest energy electron in the distribution, and νc, the cooling frequency. The

values of these frequencies depend on the structure of the surrounding medium of

the explosion as well as the jet shape, jet microphysics, initial energy produced, and

viewing angle.

We use the Afterglowpy code to describe the forward shock synchrotron emis-

sion emanating from the GRB afterglow (Ryan et al., 2020). Afterglowpy uses a

combination of numerical and analytical methods to model the blast wave propa-

gating into the surrounding medium. A useful feature of the code is its ability to

model the emission as a function of the observer’s viewing angle, θv, and of the jet

structure type. Afterglowpy is currently capable of modeling top-hat, power law,

and Gaussian-shaped structured jets. Here, we follow the methods of Chapter 3 and

focus on three GRB jet models: a top-hat jet and two Gaussian jet models - one

where the participation fraction, ξ, is fixed to 1.0 and one where it is free to vary.

We employ the statistical sampling techniques of the EMCEE Python package

for Markov-Chain Monte Carlo (MCMC; Foreman-Mackey et al. 2013) analysis with

the afterglowpy models; for details, see Troja et al. (2018) and Cunningham et al.

(2020). For each of our models Afterglowpy generates samples from the entire pos-

terior distribution. As input, the code takes broadband fluxes, observation times,

and instrument frequencies. As output, it produces samples from the posterior dis-

tribution for the viewing angle, θv, the isotropic kinetic energy released by the blast

wave, Ek,iso, jet core opening angle, θc, circumburst density, n, the spectral slope of
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Parameter Unit Distribution Bounds

θv rad sin θ [0.0, 0.8]

Ek,iso erg log-uniform [1045, 1057]

θc rad uniform [0.01, π/2]

θw rad uniform [0.01, 12θc]

n cm−3 log-uniform [10−10, 104]

p uniform [2.0, 5.0]

εe log-uniform [10−4, 1/3]

εB log-uniform [10−6, 1/3]

ξ log-uniform [10−4, 1]

Table 4.1: The parameter estimation prior distributions and bounds used in the
MCMC fitting.

the electron distribution, p, the fraction of shock energy imparted to electrons, εe,

and to the magnetic field, εB, and the fraction of electrons which are accelerated

by the passing shock wave, ξ. Afterglowpy does not currently account for possi-

ble reverse shocks, interstellar scintillation (ISS), self-absorption, SSC scattering, or

Klein-Nishina effects so we remove any data which may be affected before beginning

modelling and focus only on the forward shock emission. We also bin data within

similar epochs, where appropriate.

The assumed prior distributions and bounds for each parameter can be viewed

in Table 4.1. In general, we assume a log-uniform prior distribution for Ek,iso, n, εe,

εB, and ξ and a uniform prior distribution for θc, θw, and p. Assuming an isotropic

distribution of sources, the prior distribution for the viewing angle, θv, is uniform

in sin θv, as also utilized by Abbott et al. (2017c). We restrict εe < 1/3 and εB < 1/3

(Laskar et al., 2015) as well as n < 104 cm−3. This is done primarily to remove

degeneracies and spurious solutions within the model fitting.
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Since each of the GRB afterglows in our sample are unusually bright and

long-lasting it follows that many previous works have already published relevant

analysis in the literature before this work was completed. Several groups have

already performed in-depth analyses on both the prompt and afterglow emission of

each GRB and in some cases perform similar modeling. Therefore, for each GRB

we begin by first summarizing these previous works. Then, we use their findings as

a guiding point in combination with our own analytical considerations to begin our

modeling analysis with Afterglowpy.

4.3.1 GRB 090902B

4.3.1.1 Previous Works

Cenko et al. (2011) model GRB 090902B as a forward shock expanding into

a constant density medium. Their model predicts a slightly shallower X-ray decay

than observed but the authors attribute this discrepancy to synchrotron radiative

losses at late times. They also find that the radio light curve is strongly affected by

ISS. Their best-fit model results in a large isotropic energy (5 × 1053 erg) and low

circumburst density (n ≈ 10−4 cm−3), and they find a jet break at about 20 days.

Pandey et al. (2010) also fit the afterglow with an ISM-like environment, but

account for a moderate amount of host extinction (Av = 0.2). They do not find

evidence of a jet break. The authors came to their conclusions via the analytical

methods of closure relations, rather than a full MCMC-based exploration of pa-

rameter space. In McBreen et al. (2010), the authors analyzed the afterglow of
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GRB 090902B as part of a larger investigation of Fermi -LAT GRBs. They find

similar results as Pandey et al. (2010).

4.3.1.2 Analytical Constraints

The entirety of the XRT observations can be well approximated by a single

power law with index αXRT = −1.31± 0.03. Both Pandey et al. (2010) and Cenko

et al. (2011) attribute the steep optical light curve at t < 1 day to the presence

of a reverse shock. The later optical data declines with αr = −1.02 ± 0.03, αg =

−1.02±0.03, and αi = −0.99±0.04. The difference between αX and αopt implies the

X-ray and optical data originate from separate regions of the synchrotron spectrum

(i.e., νopt < νc < νX). The relative flatness of the optical light curve also suggests

an ISM, rather than wind-like, medium. In this case, p = 2.44 ± 0.07 (αX =

(2−3p)
4

), which is marginally consistent with that found from the optical decline:

p = 2.32±0.05 (αopt = 3(1−p)
4

).5 The X-ray spectral index used here is slightly lower

(βx = 0.76± 0.14) than in previous works (Cenko et al., 2011; Pandey et al., 2010)

and produces an estimate of p = 1.52± 0.28, much lower than that found from the

temporal relations. For consistency with previous works we proceed following the

estimates of p from the optical and X-ray temporal slopes.

The 8.46 GHz VLA data decline at a rate of α8.46 = −0.47±0.06. Pandey et al.

(2010) determined that νa < νm in the slow-cooling regime and that the radio data

at 4.8 and 8.46 GHz are not self-absorbed, although the reverse shock is thought to

5The closure relations for structured jets derived in Ryan et al. (2020) reduce to those of Granot,
Sari (2002) for on-axis (θv < θc) cases.
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This Work This Work This Work Cenko et al.

Model Top-Hat Gaussian Gaussian Top-Hat

(fixed ξ) (free ξ)

θv [rad] 0.035+0.018
−0.011 0.062+0.011

−0.017 0.104+0.045
−0.035 −

Ek,iso [erg] 6.5+7.1
−2.7 × 1053 7.7+3.8

−1.9 × 1053 8.8+86.5
−7.4 × 1054 5.6+0.7

−0.3 × 1053

θc [rad] 0.044+0.016
−0.017 0.042+0.007

−0.011 0.068+0.028
−0.023 0.068± 0.003

θw [rad] − 0.272+0.168
−0.137 0.455+0.338

−0.234 −
n [cm−3] 1.5+12.9

−1.3 × 10−4 2.4+4.4
−2.1 × 10−3 2.0+20.7

−1.9 5.6+0.9
−0.7 × 10−4

p 2.14+0.05
−0.06 2.24+0.04

−0.04 2.23+0.04
−0.04 2.21± 0.02

εe 0.19+0.10
−0.10 0.25+0.06

−0.09 0.02+0.12
−0.02 0.13± 0.01

εB 0.030+0.097
−0.024 3.83+9.20

−1.96 × 10−3 1.85+21.71
−1.60 × 10−5 0.33

ξ 1.0 1.0 0.041+0.219
−0.036 1.0

Erel
a [erg] 1.9+1.2

−0.9 × 1051 3.6+1.0
−1.3 × 1051 5.6+29.1

−4.3 × 1052 (7.4± 0.8)× 1051

η b 0.66+0.11
−0.18 0.63+0.06

−0.10 0.13+0.35
−0.11 0.70± 0.03

χ2/dof 3.17 2.96 3.02 1.11

a Erel = Eγ + EK
b η =

Eγ,iso
Eγ,iso+Ek,iso

, assuming Eγ,iso = 1.3× 1054 erg [10-1000 keV]

Table 4.2: Best Fit Model Parameters for GRB 090902B

contribute to the radio emission at t < 5 days.

4.3.1.3 Afterglowpy Modeling

Optical data points at t < 1 days and radio points at t < 5 days are excluded

from the analysis to prevent contamination from the reverse shock. We bin the VLA

data by similar epochs and treat the last point as an upper limit. We also introduce

a 10% uncertainty in the radio points due to ISS effects.

Our best fit parameters for each of our three models are listed in Table 4.2.

The free-ξ Gaussian model is plotted in Figure 4.2. The covariances and posterior

probability distributions of the various parameters are shown in Figures B.1, B.2,

and B.3.
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Figure 4.2: The multiwavelength light curve of GRB 090902B overplotted with our
best fit model of the afterglow forward shock as a Gaussian jet with ξ free to vary.
Times are referenced from the GBM trigger (Sept 02 2009 11:05:08.31 UT). Open
points represent data which were available but not included in the analysis (See
§4.3.1.3 for more details). Transparent lines represent model uncertainties and are
calculated via samples taken from the MCMC posterior distribution.

The top-hat jet afterglow presents a multimodal solution representing two

possible physical scenarios. The first solution is one where θv ∼ θc, p ∼ 2.16, and

Ek,iso ∼ 6 × 1053 erg. In the second, θv < θc, p ∼ 2.08, and Ek,iso ∼ 3 × 1053 erg.

The first solution is consistent with that of the Gaussian jet with fixed-ξ model. In

the Gaussian jet with free-ξ model the isotropic energy, Ek,iso increases by an order

of magnitude, the circumburst density, n, increases by several orders of magnitude,

and εB decreases by several orders of magnitude.
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4.3.2 GRB 160509A

4.3.2.1 Previous Works

Laskar et al. (2016a) model GRB 160509A as a combination of a reverse and

forward shock. They find a low circumburst density (∼ 10−3 cm−3), high X-ray

absorption column (NH = 1.5 × 1022 cm−2), and large host extinction (AV ≈ 3.4

mag).

In Fraija et al. (2020), the authors present an overview of LAT GRB after-

glows based on the second Fermi -LAT catalog and in particular model the SSC

components of the light curves to explain GeV flares and late-time steepening of the

LAT emission. The authors model the afterglow of GRB 160509A as an example.

They argue the early (t < 40 s) LAT observations are produced via SSC emission

from a reverse shock in an ISM-like environment. The late-time LAT and XRT are

consistent with a forward shock in an ISM with p ≈ 2.4 and very low circumburst

density (∼ 4× 10−4 cm−3).

Kangas et al. (2020) present late-time observations of GRB 160509A with

Chandra, HST, and the VLA. They also find that the afterglow is consistent with

an ISM-like environment of very low density (n ∼ 10−5 cm−3). They use their mul-

tiwavelength modeling results to compare to magnetar origin models and find an

extreme millisecond magnetar is consistent with the data. They also include the

participation fraction, ξ, as an additional parameter in the analysis.
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4.3.2.2 Analytical Constraints

Before calculating detailed models we begin by estimating some fundamental

properties of the event via the observational temporal decline rate of the data. From

t ∼ 0.6 days to t ∼ 4.5 days the X-ray data can be well approximated by a single

power law. Then at around 5 days the decay steepens, signifying the jet-break.

Kangas et al. (2020) and Laskar et al. (2016a) put the jet break (tjet) at ∼3.5 and

5.7 days, respectively.6 At earlier times (t < 0.6 days) the XRT light curve appears

flatter. Laskar et al. (2016a) suggest this is a plateau phase, which is commonly seen

in GRB X-ray afterglows, therefore we exclude those early points from our analysis.

We also ignore a majority of the early (t < 10 days, ν < 5 GHz) radio data due to

the contribution from the known reverse shock component.

The pre-jet break X-ray data declines as a simple power law with temporal

index αX,early = −1.23 ± 0.04. Assuming νX > νm, then Fν ∼ t−3/2 and α = (2−3p)
4

giving an estimate of p = 2.3 ± 0.06. This is true for both ISM and wind-like

mediums. After the jet break the emission steepens to αX,late = −1.86 ± 0.16. For

νX > νm, Fν ∼ t−p for the post-jet break decline, which would imply a lower p ∼1.9

(Ryan et al., 2020). In the X-rays βX = 1 − Γ = −1.07. For νm < νc < νX ,

β = −p/2; therefore, p ∼ 2.14. For νm < νX < νc, β = (1−p)
2

and p ∼ 3.14. Therefore,

we conclude νm < νc < νX and p ∼ 2.2 for our initial guess. We are unable to

determine the circumburst density profile based on the closure relations alone but

both Laskar et al. (2016a) and Kangas et al. (2020) find a preference for an ISM-like

6The estimate of tjet found by Kangas et al. (2020) depends upon the smoothing parameter
value, w, used.
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environment so we proceed under the same assumption.

4.3.2.3 Afterglowpy Modeling

In the optical, we fit the g-band and HST (F160W and F110W) data. We

choose to ignore the r’-band, z’-band, J-band, and K-band observations in the fitting

due to the heavy extinction at those wavelengths. We also ignore radio emission

below 5 GHz and earlier than 10.03 days due to the presence of the reverse shock.

We also ignore X-ray points earlier than 0.6 days as the afterglow appears to be in

a plateau phase.

Our best fit parameters for each of our three models are listed in Table 4.3.

The free-ξ Gaussian model is plotted in Figure 4.3. The covariances and posterior

probability distributions of the various parameters are shown in Figures B.4, B.5,

and B.6.

The Gaussian jet with fixed-ξ afterglow presents a multimodal solution rep-

resenting two possible physical scenarios. In one, Ek,iso ∼ 6 × 1053 erg and in the

other, Ek,iso ∼ 2 × 1054 erg. Only the lower energy solution is consistent with that

found for the top-hat jet. Similarly to that of GRB 090902B, the Gaussian jet model

with free-ξ increases by two orders of magnitude in terms of Ek,iso and n. εB also

decreases by four orders of magnitude when ξ is free to vary.
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Figure 4.3: The multiwavelength light curve of GRB 160509A overplotted with our
best fit model of the afterglow forward shock as a Gaussian jet with ξ free to vary.
Times are referenced from the LAT trigger (May 09 2016 08:59:04.36 UT). Open
points represent data which were available but not included in the analysis (See
§4.3.2.3 for more details). Transparent lines represent model uncertainties and are
calculated via samples taken from the MCMC posterior distribution.
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4.3.3 GRB 160625B

4.3.3.1 Previous Works

Alexander et al. (2017) model the afterglow of GRB 160626B as a combination

of a reverse shock and forward shock propagating into a uniform ISM-like medium

of very low density (n ∼ 5× 10−5 cm−3). They find the radio emission is dominated

by the reverse shock as well as scattering due to interstellar scintillation from the

Milky Way galaxy.

In Troja et al. (2017) the authors measure the polarization of the early after-

glow to probe the configuration of the surrounding magnetic field. Their broadband

modeling also results in a low circumburst density (∼ 10−4 cm−3) and high isotropic

kinetic energy (Ek,iso ∼ 1054 erg).

Kangas et al. (2020) also model GRB 160625B in addition to GRB 160509A.

They report modeling parameters consistent with Troja et al. (2017) and Alexander

et al. (2017) but again examine how lowering the participation fraction, ξ, impacts

the modeling and limits on the progenitor.

4.3.3.2 Analytical Constraints

In Chapter 3 we examined the early and late-time temporal and spectral evo-

lution of the afterglow to determine that the burst was most probably expanding

into an ISM-like environment with p ∼ 2.3, a jet-break occurs at around 20 days,

and that the cooling break occurred between the X-ray and optical observations.
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Figure 4.4: The multiwavelength light curve of GRB 160625B overplotted with our
best fit model of the afterglow forward shock as a Gaussian jet with ξ free to vary.
Times are referenced from the GBM trigger (Jun 25 2016 22:40:16.28 UT). Open
points represent data which were available but not included in the analysis (See
§4.3.3.3 for more details). Transparent lines represent model uncertainties and are
calculated via samples taken from the MCMC posterior distribution.

For more details, see §3.3.1.

4.3.3.3 Afterglowpy Modeling

Details on our MCMC analysis and modeling setup for GRB 160625B can

be found in §3.3.2. We ignore any radio emission influenced by the reverse shock

or the interstellar scintillation (ν < 10 GHz and t < 20 days) to model only the

forward shock component. The current model parameters are listed in Table 4.4.

The resulting light curve is shown in Figure 4.4.
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4.3.4 GRB 180720B

4.3.4.1 Previous Works

Fraija et al. (2019b) modeled the radio to sub-TeV emission of GRB 180720B

as an external shock wave propagating through an ISM-like medium. Their multi-

wavelength analysis covers up to 30 days after the intitial trigger. They find that

early (<200 s) X-ray and LAT data are consistent with synchrotron self-compton

emission and that the radio emission is in the self-absorption regime.

Rhodes et al. (2020) interpret the AMI-LA data of GRB 180720B as forward

shock emission. The radio afterglow is visible for ∼6 days before fading and only

upper limits are available. They find a power law decay of αr = 1.2 ± 0.1. Given

the similar temporal slopes between the radio and optical light curves Rhodes et al.

(2020) find that to be consistent with an ISM-like homogeneous medium. They make

arguments supporting the hypothesis that GRBs with VHE emission (including

190114C and 190829A) are drawn from the same population as other radio-bright

GRBs; i.e., GRB 180720B is not coming from a special class of GRBs.

In Abdalla et al. (2019) the authors report a detailed analysis of the late time

(>10 hours) VHE emission observed by HESS. At such late times the bulk Lorentz

factor is expected to have decreased significantly as it is dependent upon the radius,

R, that the blast wave has traveled:

Γ =

√
Eiso

4π
3
R3nmpc2

≈ 10−4
(
Eiso n

−1 t−3 (1 + z)3
)1/8

(4.1)
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where Eiso is the isotropic energy released, n is the density of the circumburst

medium, mp is the proton mass, and c is the speed of light (Blandford, McKee,

1976). The radius for a homogeneous medium is given as R ≈ 8Γ2tc 1
(1+z)

where t

is the time since the initial blast and z is the redshift. In GRB modeling the ratio

of the isotropic energy and density (Eiso/n) is often degenerate. For GRB 180720B

(z=0.654 and t=10 hr), even assuming a generous ratio of Eiso/n ≈ 1055 erg cm3

leads to a maximum bulk Lorentz factor of Γ . 20 at the time of the VHE emission

and cannot explain such high energy photons (Esyn
max = 9 Γmc2/4αF ≈ 100 Γ MeV

where αF is the fine structure constant; Aharonian 2000). Therefore, the presence

of a second source of emission, such as SSC, is necessary.

Duan, Wang (2019) analyzed the prompt spectral evolution and high-energy

emission during the early X-ray flare. They conclude that the prompt emission is

produced via synchrotron emission and the 100 MeV to GeV emission is produced

via synchrotron self-Compton radiation. Wang et al. (2019) also interpret the sub-

TeV emission of GRB 180720B as SSC emission from afterglow shocks expanding

in a constant-density circumburst medium. Ronchi et al. (2020) assume a wind-

like circumburst medium to model the very early high-energy afterglow emission as

synchrotron dominated radiation.

4.3.4.2 Analytical Constraints

Prior to performing the MCMC analysis we gather insight on some of the

physical parameters by analytically fitting the temporal decay of the broadband
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light curves. Fraija et al. (2019b) and Rhodes et al. (2020) both ascribe the decrease

in X-ray emission at ∼3 days to the cooling break passing through the X-ray band,

rather than to a jet break. No previous works seem to find a jet break for this burst.

For t < 3 days the XRT data show a power law decay of αX,early = −1.29±0.01.

In the case of a slow-cooling constant-density (ISM-like) profile αISM = 3(1−p)
4

(ν <

νc) which yields an estimate for p of 2.73± 0.02 (Granot, Sari, 2002). In the slow-

cooling wind-like scenario αwind = (1−3p)
4

which yields p = 2.06 ± 0.02. For the

late-time XRT data (t > 3 days) we find αX,late = −1.69± 0.07.

Using the r’-band data we find αr = −1.1±0.1. This produces a p of 2.47±0.19

for the ISM scenario and p = 1.81± 0.19 for the wind. Rhodes et al. (2020) report

α15.5 = −1.2 ± 0.1 for their 15.5 GHz AMI-LA radio data. This is only consistent

for observations below the self-absorption frequency (α ∼ −5/4, ν < νSA) in ISM-like

environments.

The early XRT data and r’-band data should exist within the same power

law segment of the SED (νSA < ν < νc). At t = 1.9 days the spectral index

between the optical and X-ray data is β = −0.68 ± 0.03. In this regime β = (1−p)
2

which produces p = 2.36 ± 0.07. Likewise, based on the X-ray spectral evolution

(βx = 1 − Γ = −0.79 ± 0.06) we find an estimate of p = 2.58 ± 0.12. Thus,

we proceed assuming a slow-cooling, ISM-like environment with an initial guess of

p ∼ 2.6, νc & 1 keV, and νSA > 15.5 GHz.
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This Work This Work This Work Fraija et al.

Model Top-Hat Gaussian Gaussian Top-Hat

(fixed ξ) (free ξ)

θv [rad] 0.13+0.06
−0.05 0.11+0.04

−0.04 0.11+0.04
−0.04 −

Ek,iso [erg] 1.6+6.8
−0.8 × 1054 1.6+4.0

−0.8 × 1054 1.6+6.4
−1.0 × 1054 4.7+0.3

−0.1 × 1054

θc [rad] 0.18+0.07
−0.07 0.52+0.28

−0.22 0.54+0.31
−0.23 −

θw [rad] − 0.16+0.05
−0.06 0.16+0.06

−0.06 −
n [cm−3] 15.4+64.0

−14.6 21.0+63.6
−19.2 21.9+71.6

−20.2 1.0+0.1
−0.1

p 2.26+0.05
−0.04 2.25+0.04

−0.03 2.25+0.04
−0.03 2.4+0.1

−0.1

εe 0.16+0.13
−0.12 0.18+0.12

−0.11 0.13+0.14
−0.10 1.0+0.1

−0.1 × 10−2

εB 2.5+10.0
−1.3 × 10−6 2.2+5.7

−1.0 × 10−6 2.1+5.0
−0.9 × 10−6 5.6+0.5

−0.5 × 10−5

ξ 1.0 1.0 0.21+0.40
−0.14 1.0

Erel
a [erg] 3.3+7.8

−1.6 × 1052 2.5+2.6
−1.1 × 1052 2.6+3.7

−1.2 × 1052 −
η b 0.17+0.13

−0.13 0.17+0.12
−0.12 0.17+0.16

−0.13 −
χ2/dof 18.50 23.20 23.36 −

a Erel = Eγ + EK
b η =

Eγ,iso
Eγ,iso+Ek,iso

, assuming Eγ,iso ∼ 3.3× 1053 erg [10-1000 keV]

Table 4.5: Best Fit Model Parameters for GRB 180720B

4.3.4.3 Afterglowpy Modeling

Given that Afterglowpy does not currently account for self-absorption, we

exclude the radio (AMI-LA and GMRT) points from our MCMC analysis. Due to

the presence of VHE emission at t = 0.5 days, we choose to exclude the optical and

radio points prior to this. This is to prevent any possible contamination from SSC

effects.

Our best fit parameters for each of our three models are listed in Table 4.5.

The free-ξ Gaussian model is plotted in Figure 4.5. The covariances and posterior

probability distributions of the various parameters are shown in Figures B.7, B.8,

and B.9.
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Interestingly, all three cases find similar solutions independent of model type.

The biggest difference is seen between the Gaussian models and the top-hat in terms

of the collimation angle, θc. The Gaussian models prefer a θc that is more than twice

as large as seen in the top-hat model. Also, each Gaussian model prefers θw < θc,

which suggests a more top-hat-like jet shape.

Since we exclude the radio emission from the analysis, we perform a manual

estimate of the 1.4 and 15.5 GHz self-absorbed light curves. We follow the frequency

scaling relations of Granot, Sari (2002) and assume that νradio < νsa < νm. Our

results manage to recreate the approximate order of magnitude flux of the radio

points at 15.5 GHz but not the shape of the light curve at early times (Figure 4.5).

This is likely because the radio points occur around the time of a spectral break and

our simple analysis does not account for that.

4.4 Discussion

4.4.1 Model Comparison with WAIC

In Chapter 3 we described how the Widely Applicable Information Criterion

(WAIC; Watanabe 2010) can be used to discriminate between different jet structure

models. A WAIC score is an estimate of the expected log predictive density (elpd)

and provides a measure of model predictability for future observations (Gelman

et al., 2013). Higher WAIC scores indicate better predictive power over new, unseen

data. To determine whether one model predicts the observations better than another

we compute an uncertainty on the difference between their individual WAIC scores.
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Figure 4.5: The multiwavelength light curve of GRB 180720B overplotted with our
best fit model of the afterglow forward shock as a Gaussian jet with ξ free to vary.
Times are referenced from the GBM trigger (July 20 2018 14:21:39.65 UT). Open
points represent data which were available but not included in the analysis (See
§4.3.4.3 for more details). The dashed line represent a manual estimate of the
15.5 GHz self-absorbed light curve, assuming νradio < νsa < νm. Transparent lines
represent model uncertainties and are calculated via samples taken from the MCMC
posterior distribution.
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Gaussian (free-ξ) Gaussian (fixed-ξ) Top-Hat

WAIC 128.8 ± 37.2 121.6 ± 36.8 -3.0 ± 37.2

∆WAIC/N - 0.09 ± 0.09 1.6 ± 0.6

Confidence Level - 0.96σ 2.8σ

Table 4.6: Model Comparison for GRB 090902B

Gaussian (free-ξ) Gaussian (fixed-ξ) Top-Hat

WAIC 141.4 ± 31.6 175.2 ± 31.2 185.7 ± 31.3

∆WAIC/N - -0.7 ± 0.5 -0.9 ± 1.4

Confidence Level - 1.38σ 0.68σ

Table 4.7: Model Comparison for GRB 160509A

If the uncertainty on the difference is less than the difference itself then the model

with the higher WAIC score is robustly favored. To evaluate the significance of

the difference between two models we use the standard error (SE) of the difference

in WAIC scores, which has been shown to be an accurate and unbiased estimator

(Sivula et al., 2020; Vehtari et al., 2015).

Tables 4.6, 4.7, 4.8, and 4.9 show the WAIC score analysis for each GRB.

GRB 090902B and GRB 160625B both favor the free-ξ Gaussian model over the

top-hat case, but the the difference is not significant when compared to the fixed-ξ

case. In the case of GRB 180720B the fixed-ξ Gaussian model is only mildly favored

over the free-ξ Gaussian and top-hat models. Given the errors on the WAIC scores

we cannot distinguish between models for GRB 160509A and so we consider them

approximately equally likely.

141



Gaussian (free-ξ) Gaussian (fixed-ξ) Top-Hat

WAIC 1782.7 ± 79.1 1744.3 ± 78.5 -3561.8 ± 167.2

∆WAIC/N - 0.10 ± 0.09 -14.5 ± 2.7

Confidence Level - 1.16σ 5.3σ

Table 4.8: Model Comparison for GRB 160625B

Gaussian (free-ξ) Gaussian (fixed-ξ) Top-Hat

WAIC -336.4 ± 46.9 -221.7 ± 68.7 -555.0 ± 44.7

∆WAIC/N - -6.0 ± 2.6 11.5 ± 4.3

Confidence Level - 2.34σ 2.70σ

Table 4.9: Model Comparison for GRB 180720B

4.4.2 Participation Fraction, ξ

GRB afterglow modeling is plagued by several degeneracies between parame-

ters although sufficient broadband observations can help constrain models in many

cases. For example, Ek,iso, n, εe, and εB may be constrained given observations of

νm, νc, νsa, and Fm (the flux at νm) from the SED. The electron distribution index,

p, can be estimated via the methods of Granot, Sari (2002), as demonstrated in §4.3,

and the jet collimation angle, θc, is directly related to the timing of a jet break within

an afterglow light curve. Eichler, Waxman (2005) show that ξ is subject to a simple

degeneracy that is independent of the synchrotron spectral regime: E ′k,iso = Ek,iso/ξ,

n′ = n/ξ, ε′B = ξεB, ε′e = ξεe. Therefore, introducing this additional degenerate free

parameter naturally compounds the difficulties in constraining our afterglow models

here.

For simplicity most authors typically assume ξ = 1 and that virtually all of

the ambient electrons undergo acceleration. However, simulations show that lower
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values of ξ may be more realistic and could potentially be as low as 0.01 (Sironi,

Spitkovsky, 2011; Sironi et al., 2013; Warren et al., 2018). Therefore, arbitrarily

fixing ξ to 1.0 may be introducing unintended biases within the modeling process.

For our third model presented here we left ξ as a free parameter and found results

which covered a wide range of values, though none were consistent with 1.0 (Figure

4.6).

In Figure 3.9 we showed how varying the value of ξ could have dramatic effects

on interpretations of the resulting light curve. In most cases, a lower estimate

of ξ leads to significantly higher predictions for Ek,iso and n. Clearly, a better

understanding of ξ is needed to fully constrain the model parameter space. A

combination of better observational constraints on the other physical parameters

with more precise theoretical simulations will be needed to help determine better

priors for ξ.

4.4.3 Jet Structure Shape

In 3 out of 4 cases a Gaussian jet structure is found to have higher predictive

power over a top-hat jet. In the fourth case (GRB 160509A) a strong preference can-

not be determined as the WAIC scores are all roughly consistent with each other,

given the relative uncertainties. However, for the Gaussian models of GRB 160509A

θw < θc, suggesting a single core of emission without wings, which is more reminis-

cent of a top-hat jet shape. Interestingly, for GRB 180720B, similar physical param-

eters are found independent of the jet structure model used and again θw < θc for
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Figure 4.6: ξ parameter ranges for the four GRBs in our sample. ξ is highly de-
generate with several other parameters such as Ek,iso, n, εe, and εB and is difficult
to constrain. Most authors assume ξ = 1.0 but our results here are consistent with
simulations that show lower values are likely more physically realistic.

the Gaussian models.

In Chapter 3 we found that the off-axis emission of GRB 160625B did not

extend greatly beyond the primary core of the jet emission (θc/θw ∼ 0.8). We showed

how this is likely due to sharp edge effects creating a degeneracy with p. We see a

similar pattern of behavior in p for GRB 160509A, suggesting it may be difficult to

constrain p and θc/θw for some structured jets. This is consistent with the findings of

Lamb et al. (2021). They find that the sharpness of a jet edge can vary from GRB

to GRB and that it is intricately connected to the relationship between observer

viewing angle, jet collimation angle, and other effects such as the lateral spreading

of the jet.
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4.4.4 Energetics and Central Engine

In §4.4.2 we discussed how the degeneracy of ξ with several other parameters

make it difficult to constrain. Assuming ξ = 1.0 acts to place a bound on the

other parameters in the model. When ξ is allowed to explore lower fractions the

other model parameters must compensate for the change. If a smaller portion of

electrons are producing synchrotron emission then the overall population density

must increase to recreate the observed flux. Likewise, the total energy of the burst

must increase as well. In this way, energy and circumburst density estimates from

models where ξ has been fixed to 1.0 then act as strict lower bounds on the parameter

space.

As noted in §4.1, the total energy released is dependent upon the jet collimation

angle, θc: E = Eiso(1 − cos θc) ≈ Eiso
θ2c
2

. Berger et al. (2003) report a strong

correlation between LX,iso and the beaming factor fb = [1 - cos θc] resulting in a true

X-ray luminosity, LX = fb LX,iso, that is a constant for all GRBs. This suggests that

brighter X-ray GRBs are more highly collimated. As the four GRBs analyzed here

are amongst the brightest observed (Figure 4.7), they provide the best opportunity

to both precisely measure θc and to distinguish between collapsar and magnetar

progenitor scenarios.

Assuming lower values of ξ are more physically likely (Warren et al., 2018), the

Erel lower bounds on each of the free-ξ Gaussian cases range from (0.6−3)×1052 erg.

These conservative lower limits are in potential tension with the maximum available

energy which could be released by a rapidly rotating newborn magnetar (∼ 1052 erg;
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Figure 4.7: The 0.3-10 keV Swift-XRT light curves for the 4 GRBs in our sample. A
comparison sample of other XRT-detected GRBs are shown in gray. Data are taken
from the Swift repository. We limit the comparison sample to those detected within
the last ten years and with 0.5 < z < 2.0 for clarity. GRB 090902B, GRB 160509A,
GRB 160625B, and GRB 180720B have some of the brightest afterglows observed to
date.

Beniamini et al. 2017; Metzger et al. 2018). An alternative progenitor scenario of a

collapsar black hole origin could easily accommodate this and even higher energies.

Here, stellar material accretes onto a newborn black hole and produces a relativistic

jet (MacFadyen, Woosley, 1999; Woosley, 1993; Woosley, Heger, 2012).

4.4.5 Circumburst Densities and Birth Environments

In the cases of GRB 090902B, GRB 160509A and GRB 160509A, when ξ is

fixed to 1.0 we find unusually low estimates for the circumburst densities (n ∼

10−4 − 10−6 cm−3). We discussed in §3.4.6 how the extremely low values of n for

bright GRBs are usually interpreted as deriving from low-metallicity massive stars

146



progenitors. However, in the models where ξ is free to vary we see n increase

by 4-5 orders of magnitude, relative to the models where ξ has been fixed to 1.0.

Such a large difference will undoubtedly influence current theoretical considerations

regarding their birth environments. The higher values of n in the free-ξ case are

more consistent with that expected for the regions of high star-formation where

long GRBs are produced. Interestingly, in the case of GRB 180720B a high density

(n ∼ 20 cm−3) is found regardless of the model used, although this is also the case

which found the highest estimate of ξ (∼0.2). Although our sample presented here

is small, we interpret these results as preliminary evidence that lower values of ξ do

in general produce more reasonable values for other physical parameters regarding

GRB modeling.

4.4.6 Comparison to Other Populations of GRBs

An initial goal for undertaking this work was to understand why only certain

GRBs are detectable by the Fermi -LAT. Are LAT-detected GRBs truly more ener-

getic events or are their jets simply more narrowly collimated? A smaller collimation

angle may give the impression of higher energies before accounting for beaming cor-

rection effects. To investigate this we compare our sample of 4 LAT-detected GRBs

to a general population of long GRBs which were not necessarily detected by the

Fermi -LAT.

In Laskar et al. (2014), the authors present an overview of 68 long GRBs at

low redshifts (z ∼ 1) which represent a combination of pre-Swift, Swift, and Fermi
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populations. The jet collimation angles, θc, of this sample range from about 2◦ to

50◦, with a median value of ∼ 7◦. When the participation fraction, ξ is fixed to

1.0 we find relatively small (θc . 4◦) collimation angles for three of the GRBs -

GRB 090902B, GRB 160509A, and GRB 160625B - that we investigate here, placing

them within the ∼25th percentile for opening angles. When ξ is free to vary for

these same three GRBs we see θc increase to between 4-8◦, which are more typical

values.

Using our derived estimates for θc and θw we can calculate the beaming-

corrected γ-ray energy for each GRB (Table 4.10). For top-hat models

Eγ = Eγ,iso(1 − cos θc) and for Gaussian models Eγ = Eγ,iso θ2c

(
e
− θ2w

2θ2c − 1
)

.

For GRB 090902B, GRB 160625B, and GRB 180720B, regardless of the model

used, Eγ is greater than 1.0 × 1051 erg, placing them at above-average energies.

Several cases in particular - the free-ξ Gaussian models for GRB 160625B and

GRB0̇90902B and each of the models for GRB 180720B - are approaching the

highest Eγ estimates known to date for long GRBs, suggesting that LAT-detected

long GRBs may indeed be amongst the most energetic types of GRBs. The case

of GRB 160509A is unusual in that the estimates for the total energy are lower

than the others, this is most likely due to the fact that θw is much smaller than θc,

limited the total energy released at larger angles.
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Top-Hat Gaussian (fixed-ξ) Gaussian (free-ξ)

GRB 090902B 1.3+1.0
−0.8 × 1051 2.2+0.8

−1.0 × 1051 6.0+6.0
−3.3 × 1051

GRB 160509A 1.5+0.6
−0.4 × 1050 4.5+5.1

−2.2 × 1049 3.5+5.3
−2.3 × 1050

GRB 160625B 2.1+1.5
−0.5 × 1051 1.1+0.8

−0.2 × 1051 9.7+4.0
−2.2 × 1051

GRB 180720B 5.4+5.2
−3.3 × 1051 3.9+3.1

−2.3 × 1051 4.1+3.7
−2.5 × 1051

Table 4.10: Beaming-corrected γ-ray energies in units of ergs (Eγ)

4.5 Conclusions

In this work we have performed multiwavelength analysis of 4 bright, long

GRBs detected by the Fermi -LAT. We modeled the radio to X-ray forward shock

synchrotron emission of each GRB with three different jet structure types - a top-hat,

a Gaussian, and a Gaussian with freely-varying participation fraction, ξ. We derived

several physical parameters pertaining to the bursts and discuss the implications of

the various jet models used. Our main conclusions can be summarized as follows:

• We first begin by modeling each GRB as a top-hat jet with ξ = 1.0, which are

assumptions typically made previously in the literature.

• Then, we expand our analysis to include two variations of a Gaussian jet - one

with ξ = 1.0 and one with ξ free to vary.

• In both cases where ξ is fixed the derived physical parameters are roughly

consistent with each other. However when free to vary, we find lower values

of ξ between 0.006+0.036
−0.005 and 0.21+0.40

−0.14. This has a significant effect on the

other model parameters and results in a total energy, Erel, that is 1-2 orders

of magnitude larger, a circumburst density, n, that is 4-5 orders of magnitude

149



larger, and a εB that is 4 orders of magnitude smaller than those of fixed-ξ

cases.

• Lower values of ξ may suggest a preference for a collapsar, rather than magne-

tar, origin (for at least the most energetic of long GRBs) since the lower limits

found here - Erel > (0.6 − 3) × 1052 erg - are in tension with the maximum

available energy from a newborn magnetar (∼ few × 1052 erg).

• We find that GRB 090902B, GRB 160625B, and GRB 180720B are all mildly-

to-moderately better described by a Gaussian-shaped jet compared to a top-

hat jet, although the model comparisons between the fixed and free-ξ Gaussian

cases do not distinguish between the two. The preferred jet shape is not clear

in the case of GRB 160509A.

In future work we plan to continue expanding on the sample reported here

to include more GRBs detected by the Fermi -LAT. As this paper was being com-

pleted, an additional feature was developed for afterglowpy to model wind type

circumburst density profiles. This will allow us to expand our sample to include

these types of GRBs and allow us to generalize our results to be independent of the

GRB density profile.

In this work we note how assuming a fixed value of ξ introduces biases in

the other derived model parameters. For example, the typically assumed value

of ξ = 1.0 may be underestimating Ek,iso by a factor of 10 to 100. Due to the

lack of observational constraints and noted degeneracies, theoretical simulations

will provide the best opportunity to constrain the parameter space of ξ; therefore,
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we highly encourage research in this area in future work.
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Chapter 5: Summary and Future Directions

5.1 Summary of Results

For FRBs, which are primarily observed at radio energies, the main objective

was to explore the potential of high-energy observations towards understanding their

progenitors and emission processes. The work presented here in Chapter 2 was

completed prior to the joint detection of X-ray and FRB-like emission from the

Galactic magnetar SGR 1935-2154. Today, we understand that high-energy emission

does originate from some FRBs and thus the conclusions drawn from our work still

remain relevant today. The main conclusions and results from Chapter 2 can be

summarized as follows:

• We searched for high-energy counterparts to FRBs with the Fermi -GBM,

Fermi -LAT, and Swift BAT and found no detectable high-energy emission

on timescales of ∼0.1, 1, 10, and 100 s.

• Given our non-detections, we report upper limits to the FRB high-energy

emission for each of the above timescales in the following energy ranges: 15-

350 keV, 300-40,000 keV, and 60-100,000 MeV (Table 5.1).
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Timescale [s] fγ [×106 erg cm−2]

300-40,000 keV 60-100,000 MeV 15-350 keV

0.1 <0.24-0.30 − −
0.064 − − <0.0048-0.0092

1 <0.69-0.89 − <0.021-0.027

10 <2.1-2.7 − <0.055-0.080

100 <6.5-8.5 <0.31-1.50 <0.065-0.170

300 − − <1.6-4.8

Table 5.1: High-energy upper limits to the fluence, fγ

• We also report lower limits on the ratio of radio to high-energy fluence, fr/fγ >

105 − 1010 Jy ms erg−1 cm2, for timescales of 0.1 and 100 s.

• We consider the implications of non-detections in the context of several the-

oretical models. The neutron star coalescence model and cosmic comb model

are deemed unlikely, but two of the more promising theories - magnetically

or rotationally powered neutron stars - remain viable. Observed FRB DMs

and the distance of FRB 121102 are consistent with the distance lower limits

derived in this work from the magnetar hyperflare model, and high-energy

non-detections are also consistent with the pulsar analog model.

Our primary intentions for Chapters 3 and 4 were to determine the true scale

of GRB energetics, their birth environments, jet collimation angles, and jet emission

structure. We accomplished this by performing an in-depth study of the GRB jet

shape via broadband observations of their afterglows. We focused on Fermi -LAT

detected GRBs due to their highly energetic nature and bright multiwavelength
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afterglows. The main conclusions and results from Chapters 3 and 4 can be jointly

summarized as follows:

• We fit the multiwavelength afterglows of several bright Fermi -LAT detected

GRBs with top-hat and Gaussian jet structure models via the afterglowpy

modeling package.

• We explore the role that the participation fraction, ξ, has on the broad-

band modeling and parameter fitting. We find lower estimates for ξ between

0.006+0.036
−0.005 and 0.21+0.40

−0.14. None of our results are consistent with the typically

assumed value of 1.0.

• Model parameters are highly dependent upon the value of ξ assumed. Lower,

and possibly more realistic, values of ξ lead to 2 times higher estimates of

the total burst energy, Erel, and 4-5 times higher estimates of the circumburst

density, n, as compared to an assumption of ξ = 1.0.

• We find in most cases presented here that a structured jet is a better fit

compared to the simple top-hat model, but that the exact shape can vary

between GRBs. In at least one case, that of GRB 160509A, it was not possible

to determine the preferred jet structure model.

• We discuss the implications of these results on two progenitor scenarios - black

hole collapsar and new-born magnetar origins. Our conservative lower limits

on Erel - (0.6−3)×1052 erg - are in tension with the maximum available energy

from a newborn magnetar (∼ few × 1052 erg). Assuming lower values of ξ, in
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the case of extremely energetic GRBs (Eγ,iso & 1054 erg) only the collapsar

origin can comfortably produce the requisite observed energy.

5.2 Publication Plans for Chapter 4

Chapters 2 and 3 have been previously published in the Astrophysical Journal

(ApJ). The eventual goal is to publish the results of Chapter 4 in ApJ as well. Prior

to that, some further analysis is required - mainly, adding to the current sample of

Fermi -LAT detected GRBs. The goal is not to have a fully exhaustive list of all

long GRBs detected by the LAT, but rather a large enough sample from which to

infer the general properties of the population, ideally around 6-10.

For the analysis presented in Chapter 4 of this thesis we were limited to only

evaluate those GRBs whose environments could be described by a constant density

medium. This was due to computational limitations within afterglowpy. How-

ever, as this thesis was being finalized a wind-like circumburst profile has been

implemented within the modeling software. At the time of writing, the option is not

fully complete, but we expect a fully functional wind-like type medium available in

the very near future. This will allow us to expand our sample of potential GRBs to

model and allow us to generalize our results to be independent of CBM type.
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5.3 Future Directions

5.3.1 High-Energy and Optical Observations of FRBs

The field of FRB follow-up has changed dramatically since the completion

of Chapter 2. Known FRBs now number in the hundreds, and since the reported

FRB/magnetar connection the drive to identify non-radio counterparts is stronger

than ever. The coincident detection of an FRB and a short, hard X-ray flare from the

soft gamma-ray repeater (SGR) 1935-2154 (The Chime/FRB Collaboration et al.,

2020) constituted the first definitive connection between an FRB and a magnetar

(Figure 1.9) and has naturally reignited interest in the question of whether previous

FRBs may have produced higher-energy signals that were simply undetected. The

ratio of radio to high-energy emission for this event was fr/fγ ∼ 1012 Jy ms erg−1

cm2, which is consistent with the results we report in Chapter 2 (fr/fγ > 105 −

1010 Jy ms erg−1 cm2). However, SGR 1935-2154 is a local magnetar within the

Milky Way, meaning it was observationally relatively much brighter than the distant,

extragalactic FRBs in our own sample (Figure 5.1). Given the sensitivity limit of

the Swift BAT (10−8 erg cm−2 s−1; Lien et al. 2016a), it could only detect a similar

event to that of SGR 1935-2154 (Eγ ∼ 1039 erg; Mereghetti et al. 2020) at distances

of ∼30 kpc or less. Future detections of Galactic FRBs or more sensitive X-ray

instruments are therefore necessary to fully constrain the high-energy properties of

FRBs.

The field of FRBs is also primed for advancement due to the development of
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Figure 5.1: Radio versus X-ray fluences for known FRBs and magnetars (Mereghetti
et al., 2020). Our reported fr/fγ limits in Cunningham et al. (2019) are consistent
with the sample of INTEGRAL-detected FRBs shown here (purple shaded region).
The SGR 1935-2154 event (bright red region) is noticeably brighter in both X-rays
and radio than previously detected FRBs.
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several wide-field radio instruments which will greatly improve FRB identification

and follow-up, including the Square Kilometer Array (SKA; Schilizzi et al. 2010),

the Australian Square Kilometer Array Pathfinder (ASKAP; Johnston et al. 2008)

Telescope, and the Deep Synoptic Array (DSA-2000; Hallinan et al. 2019). The sub-

arcsecond localization capabilities and quick survey times of these instruments will

allow the multiwavelength follow-up necessary to help answer some key questions.

The rate of FRBs detected by these next generation radio interferometers

could potentially reach up to 104 per day (Hashimoto et al., 2020). FRBs detected by

ASKAP are localized within an arcsecond uncertainty, sufficient to identify the likely

host galaxy and perform follow up with optical instruments. Previously localized

FRBs come from a range of host galaxies but most hosts can generally be described

as bright, slightly massive, and in several cases the FRB is located on the outskirts

of the galaxy. Identifying FRB hosts reveals clues about their progenitors - the fact

that most non-repeating FRBs are associated with older stellar populations and

are not typically nuclear rules out several progenitor theories. Although ∼10 FRBs

have now been localized the sample is still small, and it is difficult to draw robust

conclusions regarding their overall properties; therefore, it is necessary to continue

following up new FRBs as they are discovered. Identifying non-radio counterparts

will be critical for understanding these FRBs, so in future work I plan on expanding

upon the work completed in Chapter 2 and continuing to search for counterparts

and hosts in the optical as well as high-energy. Several popular models for FRBs do

predict counterparts at higher energies so the detection (or non-detection) for FRBs

will provide valuable constraints on their progenitors.
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5.3.2 VHE Emission from GRBs

Recently, several long GRBs have been observed at very high energies (VHE;

∼TeV emission). The Major Atmospheric Gamma Imaging Cherenkov (MAGIC;

Aleksić et al. 2016) Telescope detected >0.2 TeV photons from GRB 190114C and

the High Energy Stereoscopic System (HESS; Hoischen et al. 2017) observed both

GRB 180720B and GRB 190829A at energies above 0.1 TeV (Abdalla et al., 2019;

MAGIC Collaboration et al., 2019; de Naurois, 2019). The detected photons are

associated with the afterglow, rather than the prompt, emission but they likely have

a separate origin from the rest of the synchrotron-powered afterglow. These TeV

photons are thought to originate from synchrotron self-Compton (SSC) radiation

which occurs when the synchrotron photons Compton scatter with the same shock-

accelerated electrons that produced them (Figure 5.2).

All three events were relatively nearby at low redshifts (z=0.079-0.654) sug-

gesting that the presence of TeV emission might be more prevalent than originally

believed, rather than produced amongst only the most extreme events. This hints

that all GRBs, not just the highly energetic ones, may produce some level of VHE

emission and the lack of detection is more likely due to the insensitivity of current

instruments. Therefore, these events would be an excellent test to expand on our

current afterglow modeling methods to understand how SSC effects influence GRB

afterglows and what that may reveal about the GRB emission mechanism.

Several of these long GRBs also display unusual properties in the radio. The

radio afterglow of a typical GRB is expected to follow the standard fireball model in
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Figure 5.2: The SED of GRB 190114C highlighting the synchrotron (dashed line)
and SSC (dotted line) components (Fraija et al., 2019a). The combined SSC and
synchrotron emission is shown as a solid line. The radio, optical, and X-ray obser-
vations are dominated by synchrotron emission. The SSC component is expected to
peak at TeV energies.

which the electrons in the shock wave are accelerated via synchrotron emission due

to the interaction of the jet with the circumburst media. However, there are several

examples of GRBs whose radio emission cannot be described solely via synchrotron

forward shock emission, including GRB 160625B, as we showed in Chapter 3. In

these cases the radio afterglow can be complicated by the inclusion of reverse shocks,

scintillation effects, ‘refreshed shocks’, etc. The three GRBs with VHE emission

described above all notably display unusual radio properties.

Dedicated, fast, multiwavelength follow-up campaigns are required to com-

plete this work. The Cherenkov Telescope Array (CTA; Cherenkov Telescope Array

Consortium et al. 2019) plans to begin operations in 2022. The CTA’s wide field-

of-view, high sensitivity, rapid slew capabilities, and one arcminute resolution make
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it an ideal instrument for identifying new GRBs for further follow-up. Using broad-

band observations and building on the work done in Chapters 3 and 4, I can use

the Afterglowpy modeling package to explore these sources of VHE and excess

radio emission. This will allow me to infer what portion of the afterglow cannot

be explained by standard synchrotron forward shock modelling, thus allowing us

to separate and focus on any extraneous emission. Then, I can draw and make

connections between the VHE/radio emission and other properties of the afterglow.

5.4 Facilities and Software

The analysis in chapters 3 and 4 was performed on the YORP cluster ad-

ministered by the Center for Theory and Computation, part of the Department of

Astronomy at the University of Maryland. We acknowledge the use of public data

from the Swift and Fermi data archives. The National Radio Astronomy Obser-

vatory is a facility of the National Science Foundation operated under cooperative

agreement by Associated Universities, Inc.

Facilities: FERMI (GBM, LAT), SWIFT (BAT, XRT, UVOT), CXO, HST,
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Appendix A: FRB Observational Supplementary Material

A.1 FRB Observations by Instrument

Table A.1 summarizes which FRBs were observable within the FOV of the

Fermi -GBM, Fermi -LAT, and Swift-BAT at the time of radio detection. Here

Y denotes the FRB was observed by the instrument and N denotes it was not

observed. The subsequent repeating bursts from FRB 121102 have been combined

for brevity. FRB 131104 was detected on the edge of the BAT FOV but is excluded

due to its low partial coding fraction.
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FRB Name Fermi -GBM Fermi -LAT Swift-BAT

010125 N N N

010621 N N N

010724 N N N

090625 Y Y N

110220 N N N

110523 Y N N

110626 Y N N

110703 Y N N

120127 N N N

121002 N N N

121102 Y Y N

130626 N N N

130628 Y Y N

130729 Y N N

131104 Y N N

140514 N N N

150215 Y Y Y

150418 Y Y N

150807 Y N N

160317 Y Y N

160410 N N Y

160608 Y Y N

170107 N N N

Table A.1: Summary of observations available per FRB.
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A.2 Summary of Extraneous Signals Detected with the Fermi -GBM

Targeted Search

We follow a similar approach in our Fermi -GBM analysis to that of electro-

magnetic followup of gravitational wave compact binary sources. Blackburn et al.

(2015) develop a Bayesian method to search GBM continuous data for coincident

signals around LIGO triggers. The analysis only requires an event time for the LIGO

trigger and a localization probability map. Therefore it is convenient to adapt the

method to our purposes for candidates temporally coincident with FRBs. A log

likelihood ratio (logLR) parameter is calculated for each FRB in the Fermi -GBM

data to determine the probability of the presence of a signal compared to the null hy-

pothesis of a constant background (see Goldstein et al. 2016a for more details about

this analysis). LogLR values greater than 10.0 are likely indicative of a real signal.

We find six candidate signals coincident in time with the FRB detections (tFRB)

however we determine them all to be unrelated for the reasons outlined below:

A.2.1 Local Particle Activity

Fermi is sensitive to increased levels of local particle activity in the magne-

tosphere along its orbit (even when outside the South Atlantic Anomaly). These

events are characterized by long (several tens to hundreds of seconds), smooth, and

hard signals observed as a slow rise against the normal background emission. Three

of the candidate signals (FRB 131104 and bursts 19 and 20 from FRB 121102)
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discovered by the targeted search are likely caused by this local magnetospheric

activity. All three were identified within the 100 second timescale searches with

logLR values greater than 10.0. None of the signals are temporally coincident with

the FRBs. The signal around burst 19 occurred 90 seconds before tFRB, the signal

around burst 20 occurred 450 seconds before tFRB, and third signal occurred 331

seconds after the tFRB of FRB 131104. We considered all three candidate signals to

be unrelated.

A.2.2 Other Unrelated Signals

FRB 110523: Only CTIME data are available for the analysis of FRB 110523.

A candidate signal is seen ∼ 80 seconds before tFRB with a duration of 8 seconds

and a logLR of 22. The signal is soft and localizes near, but not on, the Galactic

plane (Figure A.1(a)). The signal is not localized near the FRB. We assume this to

be unrelated particle activity.

FRB 160608: A candidate signal is seen ∼10 seconds before tFRB with a

logLR of 10.8. The signal properties are consistent with that of a Galactic transient

(i.e., a soft, 10 second long burst that localizes to the Galactic plane). Although the

localization is consistent with the FRB (Figure A.1(b)) based on further analysis

with the BAT we suspect it is likely a flare from the nearby high-mass X-ray binary

system Vela X-1.

FRB 121102 Burst 19: A second candidate signal is seen in addition to the
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local particle activity described above. A shorter event occurs 109 seconds before

tFRB for a duration of 10 seconds with a logLR of 13.6. However, given the

disagreement with the FRB location (Figure A.1(c)) and the number of trials, we

consider this signal both insignificant and unrelated.
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Figure A.1: A localization map of the candidate signal for a.) FRB 110523, b.)
FRB 160608, and c.) FRB 121102 Burst 19. The blue shaded region represents the
area occulted by the Earth, the gray stripe is the Galactic plane, the gray circles
represent the positions of each of the detectors, and the yellow and green stars are
the locations of the Sun and FRB, respectively. The purple region shows the 50%
and 90% confidence regions for the GBM localization of the candidate signal.
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Appendix B: MCMC Corner Plots

The following are the MCMC covariances and posterior probability distribu-

tions of the parameters for each GRB and model described in §4.3. The histograms

denote the 15, 50, and 85 percentiles of the distributions. The blue points mark

the best-fit solution. Each model was run for 40,000 steps with 100 walkers. The

parameter bounds used are shown in Table 4.1.
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B.1 GRB 090902B
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Figure B.1: GRB 090902B: Top-hat
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Figure B.2: GRB 090902B: Gaussian with fixed ξ
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Figure B.3: GRB 090902B: Gaussian with free ξ
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B.2 GRB 160509A
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Figure B.4: GRB 160509A: Top-hat

172



obs = 0.01+0.00
0.00

53
.75

54
.00

54
.25

54
.50

lo
g 1

0E
0

log10E0 = 54.12+0.23
0.28

0.0
3

0.0
6

0.0
9

0.1
2

c

c = 0.04+0.01
0.01

0.0
8

0.1
6

0.2
4

0.3
2

w

w = 0.02+0.01
0.00

6.0
5.4
4.8
4.2

lo
g 1

0n
0

log10n0 = 5.34+0.38
0.27

2.0
8

2.1
6

2.2
4

2.3
2

2.4
0

p

p = 2.10+0.03
0.02

0.9
0

0.7
5

0.6
0

lo
g 1

0
e

log10 e = 0.53+0.04
0.08

0.0
08

0.0
16

0.0
24

obs

2.0
1.6
1.2
0.8

lo
g 1

0
B

53
.75

54
.00

54
.25

54
.50

log10E0

0.0
3

0.0
6

0.0
9

0.1
2

c

0.0
8

0.1
6

0.2
4

0.3
2

w

6.0 5.4 4.8 4.2

log10n0

2.0
8

2.1
6

2.2
4

2.3
2

2.4
0

p
0.9

0
0.7

5
0.6

0

log10 e

2.0 1.6 1.2 0.8

log10 B

log10 B = 0.75+0.19
0.30

Figure B.5: GRB 160509A: Gaussian with fixed ξ
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Figure B.6: GRB 160509A: Gaussian with free ξ
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B.3 GRB 180720B
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Figure B.7: GRB 180720B: Top-hat

175



obs = 0.11+0.04
0.04

53
.6

54
.4

55
.2

56
.0

56
.8

lo
g 1

0E
0

log10E0 = 54.19+0.52
0.29

0.4

0.8

1.2

c

c = 0.52+0.27
0.21

0.2
5

0.5
0

0.7
5

1.0
0

w

w = 0.16+0.05
0.05

6

4

2

0

2

lo
g 1

0n
0

log10n0 = 1.32+0.59
1.00

2.1
6

2.2
4

2.3
2

2.4
0

p

p = 2.25+0.04
0.03

3.0
2.4
1.8
1.2
0.6

lo
g 1

0
e

log10 e = 0.75+0.20
0.41

0.2 0.4 0.6

obs

4.5

3.0

1.5

lo
g 1

0
B

53
.6

54
.4

55
.2

56
.0

56
.8

log10E0

0.4 0.8 1.2

c

0.2
5

0.5
0

0.7
5

1.0
0

w

6 4 2 0 2

log10n0

2.1
6

2.2
4

2.3
2

2.4
0

p
3.0 2.4 1.8 1.2 0.6

log10 e

4.5 3.0 1.5

log10 B

log10 B = 5.67+0.53
0.25

Figure B.8: GRB 180720B: Gaussian with fixed ξ
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Figure B.9: GRB 180720B: Gaussian with free ξ
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Appendix C: GRB Data Tables

C.1 GRB 090902B

Table C.1: X-ray data for GRB 090902B. Times are in

reference to the GBM trigger (Sept 2, 2009 at 11:05:08.31

UTC).

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

45207.75 5 140.80 ± 36.89 Swift/XRT
45368.54 5 120.71 ± 31.78 Swift/XRT
45569.01 5 188.06 ± 42.41 Swift/XRT
45767.09 5 199.88 ± 45.46 Swift/XRT
45932.21 5 208.90 ± 47.22 Swift/XRT
46103.25 5 150.03 ± 37.18 Swift/XRT
51028.51 5 100.54 ± 26.29 Swift/XRT
51246.66 5 145.77 ± 38.04 Swift/XRT
51402.61 5 135.86 ± 35.38 Swift/XRT
51631.94 5 123.49 ± 32.36 Swift/XRT
51811.65 5 148.15 ± 38.66 Swift/XRT
51983.45 5 108.76 ± 28.38 Swift/XRT
52334.07 5 113.08 ± 22.13 Swift/XRT
56828.46 5 97.40 ± 25.47 Swift/XRT
57023.32 5 145.76 ± 35.78 Swift/XRT
57212.78 5 145.82 ± 37.93 Swift/XRT
57459.18 5 106.45 ± 26.93 Swift/XRT
57675.95 5 124.77 ± 32.55 Swift/XRT
57870.36 5 122.04 ± 31.77 Swift/XRT
58052.23 5 127.39 ± 33.30 Swift/XRT
58329.04 5 120.85 ± 31.66 Swift/XRT

continued . . .
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

58533.91 5 114.96 ± 25.75 Swift/XRT
62583.75 5 121.72 ± 31.79 Swift/XRT
62833.21 5 111.06 ± 29.13 Swift/XRT
63099.63 5 85.02 ± 22.44 Swift/XRT
63344.38 5 116.63 ± 30.40 Swift/XRT
63583.40 5 105.98 ± 27.62 Swift/XRT
63824.44 5 107.86 ± 28.26 Swift/XRT
64052.43 5 100.88 ± 26.49 Swift/XRT
64340.41 5 85.07 ± 22.41 Swift/XRT
64695.80 5 91.49 ± 20.39 Swift/XRT
68420.57 5 99.50 ± 25.91 Swift/XRT
68682.43 5 106.56 ± 27.74 Swift/XRT
68931.21 5 120.82 ± 30.56 Swift/XRT
69223.50 5 86.48 ± 22.61 Swift/XRT
69431.63 5 148.57 ± 38.60 Swift/XRT
69613.65 5 125.36 ± 32.53 Swift/XRT
69846.97 5 87.04 ± 22.73 Swift/XRT
70095.72 5 111.87 ± 29.37 Swift/XRT
70365.65 5 96.27 ± 25.17 Swift/XRT
70663.68 5 120.83 ± 27.27 Swift/XRT
74144.89 5 72.07 ± 18.99 Swift/XRT
74541.87 5 63.39 ± 16.72 Swift/XRT
74910.86 5 99.10 ± 25.80 Swift/XRT
75150.71 5 89.76 ± 23.52 Swift/XRT
75462.98 5 97.43 ± 25.56 Swift/XRT
75733.89 5 70.78 ± 18.59 Swift/XRT
76022.94 5 102.68 ± 26.85 Swift/XRT
76362.75 5 82.97 ± 18.39 Swift/XRT
79933.40 5 104.65 ± 26.58 Swift/XRT
80174.65 5 94.87 ± 24.96 Swift/XRT
80473.96 5 64.42 ± 16.91 Swift/XRT
80910.21 5 117.37 ± 22.81 Swift/XRT
104534.61 5 45.55 ± 11.96 Swift/XRT
105147.73 5 49.39 ± 11.23 Swift/XRT
110705.55 5 57.86 ± 10.88 Swift/XRT
115788.77 5 51.14 ± 11.94 Swift/XRT
122290.20 5 46.28 ± 9.26 Swift/XRT
145116.43 5 28.15 ± 6.64 Swift/XRT
160135.67 5 24.86 ± 6.61 Swift/XRT
206337.02 5 16.34 ± 4.03 Swift/XRT
241332.65 5 15.97 ± 2.87 Swift/XRT
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

325123.61 5 9.85 ± 2.38 Swift/XRT
338770.66 5 11.75 ± 2.80 Swift/XRT
353414.85 5 12.60 ± 2.63 Swift/XRT
396783.02 5 13.70 ± 3.68 Swift/XRT
420466.63 5 8.23 ± 1.87 Swift/XRT
436259.21 5 15.78 ± 4.28 Swift/XRT
457661.86 5 10.57 ± 2.87 Swift/XRT
499932.21 5 8.85 ± 2.25 Swift/XRT
513563.68 5 9.53 ± 2.47 Swift/XRT
529034.39 5 7.45 ± 2.01 Swift/XRT
703452.43 5 1.82 ± 0.53 Swift/XRT
832327.31 5 2.85 ± 0.81 Swift/XRT
942669.15 5 2.59 ± 0.68 Swift/XRT
1139416.59 5 1.43 ± 0.42 Swift/XRT
1353318.85 5 1.50 ± 0.43 Swift/XRT
1464247.00 5 3.47 ± 1.19 Swift/XRT
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Table C.2: Optical data for GRB 090902B. Magnitudes

are not corrected for extinction, while flux densities are.

Times are in reference to the GBM trigger (Sept 2, 2009

at 11:05:08.31 UTC).

∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]

0.522 u 20.34 ± 0.18 8.33 13.1362 ± 2.2005 Swift/UVOT
0.589 u 20.63 ± 0.17 8.33 10.0571 ± 1.5930 Swift/UVOT
0.656 u 20.52 ± 0.14 8.33 11.1294 ± 1.4597 Swift/UVOT
0.723 u 21.11 ± 0.2 8.33 6.4636 ± 1.2007 Swift/UVOT
0.790 u 20.9 ± 0.16 8.33 7.8428 ± 1.1709 Swift/UVOT
0.856 u 21.01 ± 0.18 8.33 7.0871 ± 1.1872 Swift/UVOT
0.923 u 20.65 ± 0.21 8.33 9.8735 ± 1.9243 Swift/UVOT
1.206 u 21.92 ± 0.35 8.33 3.0653 ± 0.9909 Swift/UVOT
3.614 u 22.27 ± 0.2 8.33 2.2206 ± 0.4125 Swift/UVOT
7.693 u >22.8 8.33 <1.3629 Swift/UVOT
0.056 R 16.4 ± 0.5 4.68 0.9168 ± 0.5362 ROTSE-IIIa
0.269 R >18.7 4.68 <0.1102 ROTSE-IIId
0.294 R >18.6 4.68 <0.1209 ROTSE-IIIc
0.721 R 20.6 ± 0.1 4.68 0.0192 ± 0.0018 Nickel
0.865 R 21.04 ± 0.11 4.68 0.0128 ± 0.0014 Liverpool
1.431 R 21.4 ± 0.1 4.68 0.0092 ± 0.0009 Liverpool
3.467 R 22.6 ± 0.25 4.68 0.0030 ± 0.0008 Liverpool
3.797 R >22.1 4.68 <0.0048 Liverpool
1.557 R 21.4 ± 0.11 4.68 0.0092 ± 0.0010 NOT
1.537 g − 6.38 8.72 ± 0.55 GROND
1.561 g − 6.38 8.72 ± 0.75 GROND
1.581 g − 6.38 7.92 ± 0.68 GROND
2.556 g − 6.38 5.47 ± 0.39 GROND
6.533 g − 6.38 1.96 ± 0.14 GROND
7.529 g − 6.38 1.84 ± 0.12 GROND
10.560 g − 6.38 1.10 ± 0.09 GROND
13.544 g − 6.38 1.00 ± 0.09 GROND
1.540 r − 4.84 10.00 ± 0.42 GROND
1.561 r − 4.84 10.71 ± 0.45 GROND
1.581 r − 4.84 10.21 ± 0.50 GROND
2.528 r − 4.84 6.49 ± 0.37 GROND
2.545 r − 4.84 5.94 ± 0.38 GROND
2.567 r − 4.84 6.36 ± 0.50 GROND
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. . . continued

∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]

2.590 r − 4.84 6.58 ± 0.32 GROND
6.519 r − 4.84 2.45 ± 0.27 GROND
6.562 r − 4.84 2.57 ± 0.24 GROND
7.529 r − 4.84 2.14 ± 0.20 GROND
7.546 r − 4.84 2.39 ± 0.22 GROND
8.527 r − 4.84 2.37 ± 0.17 GROND
10.560 r − 4.84 1.41 ± 0.18 GROND
13.544 r − 4.84 1.26 ± 0.11 GROND
16.519 r − 4.84 <1.0932 GROND
23.526 r − 4.84 0.55 ± 0.04 VLT
23.577 r − 4.84 0.59 ± 0.05 VLT
1.540 i − 4.00 11.16 ± 0.71 GROND
1.561 i − 4.00 11.31 ± 0.56 GROND
1.581 i − 4.00 11.71 ± 0.66 GROND
2.523 i − 4.00 7.92 ± 0.56 GROND
2.567 i − 4.00 7.20 ± 0.62 GROND
2.545 i − 4.00 7.60 ± 0.48 GROND
2.590 i − 4.00 7.60 ± 0.54 GROND
6.533 i − 4.00 2.91 ± 0.21 GROND
7.529 i − 4.00 2.34 ± 0.42 GROND
1.561 z − 3.37 12.45 ± 0.61 GROND
2.556 z − 3.37 8.90 ± 0.44 GROND
6.533 z − 3.37 2.66 ± 0.70 GROND
0.571 J − 2.40 50.05 ± 4.29 GROND
0.588 J − 2.40 36.52 ± 2.86 GROND
1.561 J − 2.40 16.38 ± 1.04 GROND
2.556 J − 2.40 12.54 ± 1.26 GROND
1.561 H − 1.81 22.45 ± 1.76 GROND
2.556 H − 1.81 15.51 ± 1.44 GROND
1.561 K − 1.37 31.84 ± 3.69 GROND
2.556 K − 1.37 16.95 ± 2.23 GROND
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Table C.3: Radio data for GRB 090902B. Times are in

reference to the GBM trigger (Sept 2, 2009 at 11:05:08.31

UTC).

∆t Frequency Flux Density Instrument
[day] [GHz] [µJy]

1.31 4.80 111 ± 28 WSRT
1.48 8.46 141 ± 39 VLA
4.59 8.46 13 ± 31 VLA
5.59 8.46 130 ± 34 VLA
7.69 8.46 10 ± 32 VLA
8.59 8.46 80 ± 32 VLA
10.64 8.46 99 ± 31 VLA
11.60 8.46 71 ± 33 VLA
15.50 8.46 52 ± 32 VLA
16.46 8.46 89 ± 36 VLA
22.51 8.46 26 ± 29 VLA
24.50 8.46 67 ± 29 VLA
34.43 8.46 38 ± 28 VLA
36.43 8.46 66 ± 27 VLA
39.23 8.46 21 ± 31 VLA
65.44 8.46 9 ± 20 VLA
66.31 8.46 22 ± 19 VLA
67.54 8.46 48 ± 19 VLA
73.42 8.46 31 ± 21 VLA
199.16 8.46 18 ± 16 VLA
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C.2 GRB 160509A

Table C.4: X-ray data for GRB 160509A. Times are in

reference to the LAT trigger (May 09, 2016 at 08:59:04.36

UTC).

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

7287.09 5 2317.68 ± 506.54 Swift/XRT
7311.50 5 1727.80 ± 389.49 Swift/XRT
7341.47 5 2537.33 ± 569.20 Swift/XRT
7367.08 5 1810.94 ± 397.01 Swift/XRT
7400.62 5 1938.21 ± 415.67 Swift/XRT
7443.03 5 1585.16 ± 318.27 Swift/XRT
7471.22 5 2882.78 ± 648.80 Swift/XRT
7496.03 5 2401.88 ± 524.94 Swift/XRT
7525.48 5 2358.86 ± 419.53 Swift/XRT
14208.51 5 1480.40 ± 333.18 Swift/XRT
14242.24 5 2222.85 ± 501.91 Swift/XRT
14280.57 5 1691.68 ± 362.26 Swift/XRT
14313.30 5 1575.19 ± 345.86 Swift/XRT
14355.31 5 1049.12 ± 236.50 Swift/XRT
14410.41 5 1562.14 ± 308.66 Swift/XRT
19705.32 5 1528.92 ± 342.99 Swift/XRT
19771.29 5 1130.89 ± 190.02 Swift/XRT
24291.14 5 749.58 ± 170.79 Swift/XRT
24372.00 5 1089.07 ± 246.20 Swift/XRT
24457.88 5 994.94 ± 224.92 Swift/XRT
24529.97 5 1404.50 ± 316.02 Swift/XRT
24588.39 5 1449.72 ± 326.71 Swift/XRT
24672.13 5 912.25 ± 208.52 Swift/XRT
24760.01 5 1055.12 ± 239.28 Swift/XRT
24858.65 5 683.64 ± 155.28 Swift/XRT
24964.23 5 965.41 ± 219.62 Swift/XRT
25064.90 5 899.13 ± 204.55 Swift/XRT
25165.82 5 910.67 ± 206.52 Swift/XRT
25256.36 5 802.27 ± 179.04 Swift/XRT
25371.79 5 820.69 ± 187.89 Swift/XRT
25476.10 5 948.31 ± 213.37 Swift/XRT
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

25582.27 5 693.79 ± 157.58 Swift/XRT
25700.38 5 917.33 ± 207.38 Swift/XRT
25762.32 5 1847.32 ± 415.01 Swift/XRT
25833.27 5 1060.84 ± 239.44 Swift/XRT
25909.12 5 1254.27 ± 283.55 Swift/XRT
25973.56 5 1304.22 ± 295.30 Swift/XRT
26040.63 5 1291.02 ± 277.99 Swift/XRT
29992.31 5 801.31 ± 180.75 Swift/XRT
30070.29 5 713.02 ± 160.84 Swift/XRT
30137.98 5 771.48 ± 174.28 Swift/XRT
30205.06 5 879.00 ± 197.41 Swift/XRT
30264.98 5 754.45 ± 171.94 Swift/XRT
30330.99 5 1222.27 ± 262.32 Swift/XRT
30373.23 5 1384.05 ± 303.28 Swift/XRT
30429.09 5 793.66 ± 179.03 Swift/XRT
30507.56 5 525.47 ± 118.19 Swift/XRT
30622.27 5 553.35 ± 126.11 Swift/XRT
30686.58 5 1445.31 ± 308.14 Swift/XRT
30726.46 5 1006.68 ± 226.41 Swift/XRT
30800.67 5 615.67 ± 139.69 Swift/XRT
30878.39 5 792.92 ± 174.48 Swift/XRT
30937.37 5 1013.24 ± 222.65 Swift/XRT
31006.14 5 781.66 ± 176.84 Swift/XRT
31072.41 5 796.49 ± 175.51 Swift/XRT
31135.02 5 768.36 ± 173.83 Swift/XRT
31216.76 5 696.40 ± 156.63 Swift/XRT
31280.45 5 929.04 ± 208.65 Swift/XRT
31340.64 5 840.48 ± 180.38 Swift/XRT
31412.58 5 789.02 ± 177.46 Swift/XRT
31479.12 5 974.03 ± 208.77 Swift/XRT
31535.88 5 1050.90 ± 225.84 Swift/XRT
31590.22 5 726.52 ± 164.36 Swift/XRT
31675.24 5 648.51 ± 142.90 Swift/XRT
31758.23 5 783.09 ± 164.95 Swift/XRT
35753.28 5 1042.04 ± 234.60 Swift/XRT
35810.69 5 696.15 ± 157.16 Swift/XRT
35885.74 5 958.22 ± 205.31 Swift/XRT
35942.95 5 936.67 ± 210.02 Swift/XRT
36002.88 5 1021.43 ± 229.97 Swift/XRT
36062.93 5 1082.24 ± 245.00 Swift/XRT
36120.72 5 684.83 ± 155.03 Swift/XRT
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

36196.82 5 1008.88 ± 228.71 Swift/XRT
36252.61 5 928.08 ± 208.38 Swift/XRT
36326.07 5 765.94 ± 173.16 Swift/XRT
36374.97 5 1618.54 ± 362.41 Swift/XRT
36438.38 5 657.57 ± 144.24 Swift/XRT
36505.22 5 1382.09 ± 310.31 Swift/XRT
36557.62 5 839.51 ± 190.05 Swift/XRT
36658.19 5 588.52 ± 129.77 Swift/XRT
36723.51 5 1023.11 ± 224.43 Swift/XRT
36790.05 5 680.36 ± 153.81 Swift/XRT
36883.07 5 672.76 ± 152.09 Swift/XRT
36954.46 5 823.55 ± 162.71 Swift/XRT
42744.08 5 646.07 ± 145.11 Swift/XRT
42825.94 5 718.92 ± 162.74 Swift/XRT
42915.71 5 642.89 ± 144.56 Swift/XRT
42983.65 5 636.43 ± 143.58 Swift/XRT
43077.17 5 647.93 ± 146.67 Swift/XRT
43157.32 5 720.88 ± 158.65 Swift/XRT
43234.45 5 825.45 ± 181.08 Swift/XRT
47989.01 5 525.43 ± 118.00 Swift/XRT
48076.15 5 769.47 ± 173.38 Swift/XRT
48135.20 5 720.19 ± 162.27 Swift/XRT
48228.06 5 793.85 ± 173.95 Swift/XRT
48320.11 5 509.19 ± 112.28 Swift/XRT
48452.49 5 436.35 ± 98.64 Swift/XRT
48550.65 5 574.56 ± 129.74 Swift/XRT
48659.35 5 528.13 ± 119.39 Swift/XRT
48759.14 5 523.20 ± 118.40 Swift/XRT
48909.85 5 581.62 ± 97.70 Swift/XRT
54302.93 5 393.41 ± 88.14 Swift/XRT
54488.32 5 336.81 ± 76.45 Swift/XRT
54647.85 5 592.77 ± 112.62 Swift/XRT
64515.39 5 323.05 ± 72.64 Swift/XRT
64632.23 5 304.66 ± 68.97 Swift/XRT
64720.62 5 406.14 ± 91.02 Swift/XRT
64797.22 5 403.15 ± 90.76 Swift/XRT
64875.82 5 348.18 ± 78.47 Swift/XRT
64963.39 5 421.33 ± 92.93 Swift/XRT
65042.31 5 303.28 ± 68.58 Swift/XRT
65130.57 5 429.43 ± 97.11 Swift/XRT
65213.43 5 403.39 ± 90.91 Swift/XRT
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

65291.78 5 377.04 ± 85.07 Swift/XRT
65387.69 5 319.64 ± 72.04 Swift/XRT
65493.12 5 401.17 ± 90.80 Swift/XRT
65591.66 5 601.99 ± 135.95 Swift/XRT
65744.38 5 417.16 ± 81.40 Swift/XRT
70541.08 5 282.62 ± 63.51 Swift/XRT
70662.07 5 359.44 ± 81.01 Swift/XRT
70774.21 5 279.25 ± 61.87 Swift/XRT
70878.95 5 447.26 ± 100.21 Swift/XRT
70987.77 5 309.46 ± 69.68 Swift/XRT
71078.65 5 319.14 ± 71.79 Swift/XRT
71251.28 5 343.90 ± 56.96 Swift/XRT
75977.24 5 296.62 ± 67.24 Swift/XRT
76072.39 5 263.90 ± 59.63 Swift/XRT
76205.29 5 370.23 ± 81.91 Swift/XRT
76333.91 5 401.67 ± 90.29 Swift/XRT
76445.22 5 312.99 ± 67.43 Swift/XRT
76598.46 5 337.97 ± 74.85 Swift/XRT
76751.04 5 211.25 ± 41.17 Swift/XRT
87496.03 5 315.68 ± 71.29 Swift/XRT
87729.20 5 314.13 ± 71.03 Swift/XRT
88102.18 5 350.80 ± 57.41 Swift/XRT
93160.21 5 280.37 ± 62.89 Swift/XRT
93284.32 5 219.87 ± 49.48 Swift/XRT
93413.33 5 293.41 ± 66.03 Swift/XRT
93567.87 5 370.97 ± 83.64 Swift/XRT
93799.19 5 169.62 ± 38.17 Swift/XRT
93968.62 5 138.45 ± 35.08 Swift/XRT
94115.74 5 306.96 ± 65.76 Swift/XRT
94237.98 5 237.33 ± 53.64 Swift/XRT
94380.15 5 227.39 ± 51.56 Swift/XRT
94501.26 5 307.97 ± 69.16 Swift/XRT
94594.65 5 286.64 ± 64.44 Swift/XRT
94735.86 5 235.49 ± 49.70 Swift/XRT
98950.79 5 244.96 ± 54.94 Swift/XRT
99073.65 5 305.97 ± 68.96 Swift/XRT
99204.49 5 246.98 ± 54.15 Swift/XRT
99334.28 5 237.08 ± 53.28 Swift/XRT
99497.76 5 177.94 ± 40.34 Swift/XRT
99644.69 5 281.61 ± 63.59 Swift/XRT
99788.73 5 193.55 ± 43.67 Swift/XRT
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

99972.26 5 321.03 ± 72.14 Swift/XRT
100140.51 5 255.89 ± 57.90 Swift/XRT
100268.88 5 203.72 ± 45.73 Swift/XRT
100430.85 5 216.52 ± 43.68 Swift/XRT
105679.94 5 181.68 ± 40.90 Swift/XRT
105846.32 5 226.77 ± 48.54 Swift/XRT
139146.80 5 131.06 ± 32.30 Swift/XRT
139419.91 5 139.68 ± 35.30 Swift/XRT
139703.03 5 135.45 ± 35.38 Swift/XRT
140014.62 5 123.75 ± 32.22 Swift/XRT
140318.74 5 143.51 ± 31.67 Swift/XRT
144884.41 5 165.64 ± 37.38 Swift/XRT
145134.24 5 128.77 ± 25.51 Swift/XRT
150419.50 5 168.88 ± 38.49 Swift/XRT
150632.47 5 208.63 ± 37.46 Swift/XRT
157471.88 5 131.44 ± 32.28 Swift/XRT
158833.98 5 220.03 ± 41.05 Swift/XRT
180491.71 5 109.18 ± 24.84 Swift/XRT
186221.84 5 112.03 ± 23.58 Swift/XRT
193963.29 5 104.62 ± 23.66 Swift/XRT
220331.40 5 75.83 ± 14.20 Swift/XRT
253851.23 5 46.24 ± 12.12 Swift/XRT
254356.10 5 62.19 ± 15.23 Swift/XRT
273320.35 5 67.46 ± 13.09 Swift/XRT
288252.51 5 54.84 ± 14.40 Swift/XRT
288700.56 5 52.30 ± 12.86 Swift/XRT
293929.80 5 61.85 ± 16.24 Swift/XRT
294592.27 5 46.62 ± 9.07 Swift/XRT
305921.53 5 52.46 ± 10.27 Swift/XRT
339713.78 5 59.02 ± 16.62 Swift/XRT
341372.92 5 47.43 ± 10.99 Swift/XRT
351247.62 5 54.12 ± 16.55 Swift/XRT
351860.87 5 46.09 ± 10.17 Swift/XRT
357407.46 5 46.57 ± 9.25 Swift/XRT
362673.06 5 66.27 ± 17.85 Swift/XRT
364511.34 5 44.47 ± 8.55 Swift/XRT
456218.96 5 24.07 ± 5.61 Swift/XRT
563726.28 5 17.88 ± 3.25 Swift/XRT
611257.59 5 17.63 ± 3.42 Swift/XRT
761863.90 5 6.76 ± 1.60 Swift/XRT
868575.89 5 12.80 ± 3.24 Swift/XRT
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

950140.18 5 8.20 ± 1.87 Swift/XRT
1090830.26 5 7.39 ± 2.00 Swift/XRT
1255447.00 5 3.16 ± 0.78 Swift/XRT
1452339.88 5 2.71 ± 0.74 Swift/XRT
1753101.64 5 2.03 ± 0.58 Swift/XRT
2007949.41 5 <14.50 Swift/XRT
3637440.00 5 0.57 ± 0.10 Chandra/ACIS-S
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Table C.5: Optical data for GRB 160509A. Magnitudes

are not corrected for extinction, while flux densities are.

Times are in reference to the LAT trigger (May 09, 2016

at 08:59:04.36 UTC).

∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]

0.36 g − 6.38 157.9 ± 133.5 DCT
1.03 g 25.03±0.15 6.38 71.2 ± 42.9 DCT
1.03 F110W − 2.68 91.88 ± 7.33 HST/WFC3
5.80 F160W − 1.96 24.20 ± 4.00 HST/WFC3
24.80 F160W − 1.96 <6.68 HST/WFC3
35.30 F160W 26.07 ± 0.07 1.96 0.55 ± 0.04 HST/WFC3
35.30 F110W 27.11 ± 0.10 2.68 0.69 ± 0.04 HST/WFC3
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Table C.6: Radio data for GRB 160509A. Times are in

reference to the LAT trigger (May 09, 2016 at 08:59:04.36

UTC).

∆t Frequency Flux Density Instrument
[day] [GHz] [µJy]

0.3632 5.0 78.2 ± 23.9 VLA
0.3632 7.4 90.8 ± 18.6 VLA
0.3514 8.5 43.8 ± 29.1 VLA
0.3514 11.0 50.6 ± 27.4 VLA
1.1682 5.0 204.7 ± 22.3 VLA
1.1682 7.4 437.1 ± 18.5 VLA
1.1528 8.5 664.7 ± 22.9 VLA
1.1528 11.0 963.4 ± 17.2 VLA
1.1369 13.5 946.0 ± 27.2 VLA
1.1369 16.0 1025.9 ± 31.7 VLA
1.1163 19.2 1341.7 ± 33.7 VLA
1.1163 24.5 1891.8 ± 56.3 VLA
1.0911 30.0 2117.8 ± 47.9 VLA
1.0911 37.0 2410.9 ± 61.5 VLA
2.1479 5.0 509.1 ± 18.9 VLA
2.1479 7.4 754.1 ± 14.9 VLA
2.1259 19.2 1140.0 ± 16.0 VLA
2.1259 24.5 1171.0 ± 21.0 VLA
2.9937 5.0 447.6 ± 18.0 VLA
2.9937 7.4 1049.6 ± 15.7 VLA
2.9781 8.5 1049.0 ± 17.1 VLA
2.9781 11.0 757.5 ± 19.4 VLA
2.9623 13.5 733.3 ± 17.6 VLA
2.9623 16.0 704.8 ± 23.6 VLA
2.9417 19.2 696.7 ± 28.3 VLA
2.9417 24.5 680.5 ± 50.7 VLA
2.9165 30.0 576.1 ± 48.8 VLA
2.9165 37.0 626.0 ± 70.8 VLA
4.0600 1.6 250.9 ± 103.9 VLA
4.0600 2.7 222.2 ± 35.4 VLA
4.0600 3.5 384.4 ± 27.1 VLA
4.0600 5.0 430.4 ± 14.7 VLA
4.0600 7.4 1389.1 ± 20.2 VLA
4.0600 8.5 1044.9 ± 18.6 VLA
4.0600 11.0 1261.0 ± 17.9 VLA
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. . . continued

∆t Frequency Flux Density Instrument
[day] [GHz] [µJy]

4.0600 13.5 830.8 ± 25.4 VLA
4.0600 16.0 692.0 ± 27.5 VLA
4.0600 19.2 603.3 ± 18.6 VLA
4.0600 24.5 536.5 ± 26.9 VLA
4.0600 30.0 408.1 ± 40.4 VLA
4.0600 37.0 408.1 ± 41.1 VLA
5.3100 1.3 432.0 ± 144.0 VLA
5.3100 1.6 249.5 ± 74.6 VLA
5.3100 2.7 207.3 ± 44.8 VLA
5.3100 3.5 337.2 ± 25.3 VLA
6.0000 1.3 942.6 ± 314.2 VLA
6.0000 1.6 172.7 ± 69.5 VLA
6.0000 2.7 334.8 ± 40.1 VLA
6.0000 3.5 300.1 ± 23.1 VLA
6.0000 5.0 324.3 ± 25.5 VLA
6.0000 7.4 274.9 ± 14.8 VLA
6.0000 8.5 267.4 ± 18.0 VLA
6.0000 11.0 208.2 ± 19.2 VLA
6.0000 13.5 238.9 ± 24.1 VLA
6.0000 16.0 214.0 ± 22.7 VLA
6.0000 19.2 213.4 ± 30.3 VLA
6.0000 24.5 225.8 ± 56.4 VLA
6.0000 30.0 132.7 ± 47.0 VLA
6.0000 37.0 154.2 ± 71.1 VLA
10.0300 1.3 264.0 ± 88.0 VLA
10.0300 1.6 270.2 ± 102.6 VLA
10.0300 2.7 161.0 ± 45.9 VLA
10.0300 3.5 148.3 ± 25.2 VLA
10.0300 5.0 167.9 ± 17.5 VLA
10.0300 7.4 167.9 ± 19.3 VLA
10.0300 8.5 155.2 ± 32.0 VLA
10.0300 11.0 140.2 ± 22.8 VLA
10.0300 13.5 119.5 ± 44.0 VLA
10.0300 16.0 142.0 ± 47.6 VLA
10.0300 19.2 147.8 ± 39.6 VLA
10.0300 24.5 135.0 ± 45.0 VLA
10.0300 30.0 78.2 ± 60.4 VLA
10.0300 37.0 99.8 ± 68.0 VLA
19.9500 2.7 75.7 ± 21.8 VLA
19.9500 3.5 51.2 ± 16.3 VLA
19.9500 5.0 137.2 ± 18.9 VLA
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∆t Frequency Flux Density Instrument
[day] [GHz] [µJy]

19.9500 7.4 109.9 ± 16.2 VLA
19.9500 8.5 89.4 ± 19.3 VLA
19.9500 11.0 65.9 ± 18.5 VLA
19.9500 13.5 83.6 ± 13.7 VLA
19.9500 16.0 69.2 ± 11.9 VLA
23.90 6.0 80 ± 8 VLA
23.90 9.0 71 ± 7 VLA
36.90 5.0 50 ± 7 VLA
36.90 6.9 52 ± 7 VLA
36.90 8.5 41 ± 6 VLA
36.90 9.5 29 ± 6 VLA
79.90 6.0 27 ± 6 VLA
79.90 9.0 25 ± 5 VLA
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C.3 GRB 160625B

Table C.7: X-ray data for GRB 160625B. Times are in

reference to the first GBM trigger (June 25, 2016 at

22:40:16.28 UTC).

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

9968.86 5 4786.94 ± 1076.10 Swift/XRT
9991.55 5 4358.44 ± 980.82 Swift/XRT
10017.81 5 5670.52 ± 1243.70 Swift/XRT
10042.20 5 4771.93 ± 1072.73 Swift/XRT
10066.52 5 5932.79 ± 1267.32 Swift/XRT
10092.31 5 4582.16 ± 1008.06 Swift/XRT
10125.11 5 5040.12 ± 822.67 Swift/XRT
17515.77 5 2180.07 ± 422.44 Swift/XRT
21499.74 5 2205.68 ± 497.27 Swift/XRT
21564.44 5 3807.24 ± 858.33 Swift/XRT
21638.05 5 2698.46 ± 553.17 Swift/XRT
85485.79 5 224.58 ± 51.05 Swift/XRT
85599.37 5 252.16 ± 56.93 Swift/XRT
85707.30 5 334.84 ± 64.83 Swift/XRT
96795.67 5 295.68 ± 66.38 Swift/XRT
96892.94 5 204.32 ± 46.00 Swift/XRT
97023.70 5 238.12 ± 53.82 Swift/XRT
97128.51 5 254.81 ± 57.75 Swift/XRT
97223.42 5 338.85 ± 76.18 Swift/XRT
97289.48 5 432.14 ± 97.41 Swift/XRT
97376.74 5 222.66 ± 50.40 Swift/XRT
97507.87 5 220.11 ± 49.55 Swift/XRT
97633.93 5 267.18 ± 59.13 Swift/XRT
97719.86 5 277.14 ± 62.22 Swift/XRT
97803.36 5 388.21 ± 87.16 Swift/XRT
97899.64 5 250.82 ± 56.39 Swift/XRT
98023.80 5 367.81 ± 60.86 Swift/XRT
101411.35 5 412.77 ± 92.72 Swift/XRT
101498.60 5 217.60 ± 49.22 Swift/XRT
101636.25 5 204.76 ± 46.32 Swift/XRT
101768.21 5 249.07 ± 47.50 Swift/XRT
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

103410.56 5 178.99 ± 37.72 Swift/XRT
160543.39 5 214.33 ± 47.00 Swift/XRT
160697.90 5 219.17 ± 49.32 Swift/XRT
160894.71 5 151.84 ± 28.50 Swift/XRT
165223.22 5 131.72 ± 29.79 Swift/XRT
165415.54 5 148.16 ± 33.43 Swift/XRT
165591.07 5 212.54 ± 46.83 Swift/XRT
165735.23 5 209.86 ± 47.22 Swift/XRT
165934.10 5 98.00 ± 25.56 Swift/XRT
166111.07 5 176.30 ± 39.78 Swift/XRT
166303.26 5 143.97 ± 31.80 Swift/XRT
166550.54 5 137.78 ± 25.52 Swift/XRT
171789.87 5 172.90 ± 38.92 Swift/XRT
172009.82 5 126.78 ± 24.64 Swift/XRT
176554.97 5 184.77 ± 41.86 Swift/XRT
176761.79 5 97.60 ± 23.97 Swift/XRT
245418.17 5 112.81 ± 26.79 Swift/XRT
245658.54 5 87.11 ± 22.65 Swift/XRT
245980.06 5 109.55 ± 20.47 Swift/XRT
257473.45 5 100.48 ± 26.18 Swift/XRT
257691.92 5 86.47 ± 22.63 Swift/XRT
257973.57 5 63.99 ± 16.81 Swift/XRT
258220.30 5 115.41 ± 30.07 Swift/XRT
258402.99 5 90.71 ± 23.82 Swift/XRT
258669.60 5 98.20 ± 22.16 Swift/XRT
262667.10 5 87.34 ± 22.74 Swift/XRT
262963.97 5 88.01 ± 22.89 Swift/XRT
263196.98 5 84.96 ± 22.10 Swift/XRT
263497.52 5 74.80 ± 19.60 Swift/XRT
263795.70 5 90.35 ± 21.50 Swift/XRT
291004.60 5 59.31 ± 15.53 Swift/XRT
291364.99 5 72.08 ± 18.86 Swift/XRT
291705.20 5 67.05 ± 14.48 Swift/XRT
303929.87 5 62.75 ± 12.92 Swift/XRT
343961.97 5 58.66 ± 15.37 Swift/XRT
344381.87 5 55.72 ± 14.63 Swift/XRT
344757.97 5 65.17 ± 16.97 Swift/XRT
413126.35 5 42.74 ± 11.22 Swift/XRT
419080.35 5 32.05 ± 7.30 Swift/XRT
423144.69 5 58.82 ± 15.44 Swift/XRT
423927.38 5 40.31 ± 8.98 Swift/XRT
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

487992.15 5 27.93 ± 6.73 Swift/XRT
493826.27 5 62.83 ± 13.25 Swift/XRT
499395.37 5 50.06 ± 13.15 Swift/XRT
531957.37 5 24.36 ± 5.73 Swift/XRT
582608.74 5 32.35 ± 7.01 Swift/XRT
742311.56 5 20.20 ± 3.49 Swift/XRT
867243.77 5 20.19 ± 3.32 Swift/XRT
966716.47 5 15.79 ± 3.59 Swift/XRT
1087278.76 5 14.71 ± 2.89 Swift/XRT
1133202.42 5 10.96 ± 2.57 Swift/XRT
1288190.39 5 12.41 ± 2.25 Swift/XRT
1495179.19 5 8.90 ± 1.90 Swift/XRT
1656197.43 5 11.73 ± 2.15 Swift/XRT
1840984.37 5 7.35 ± 1.88 Swift/XRT
2152212.70 5 4.69 ± 1.06 Swift/XRT
2437915.60 5 3.48 ± 0.98 Swift/XRT
2621204.82 5 3.66 ± 0.93 Swift/XRT
2744691.16 5 3.27 ± 0.84 Swift/XRT
2910473.56 5 2.49 ± 0.64 Swift/XRT
3084905.21 5 3.75 ± 1.00 Swift/XRT
3569514.78 5 1.34 ± 0.38 Swift/XRT
4074274.13 5 1.06 ± 0.47 Swift/XRT
6026863.72 5 0.608 ± 0.120 Chandra/ACIS-S
12472303.72 5 0.133 ± 0.033 Chandra/ACIS-S
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Table C.8: Optical data for GRB 160625B. Magnitudes

are not corrected for extinction, while flux densities are.

Times are in reference to the first GBM trigger (June 25,

2016 at 22:40:16.28 UTC).

∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]

0.37 r 18.24 ± 0.01 4.82 240 ± 2 RATIR
0.39 r 18.29 ± 0.01 4.82 229 ± 2 RATIR
0.41 r 18.35 ± 0.01 4.82 216 ± 2 RATIR
0.43 r 18.43 ± 0.01 4.82 202 ± 2 RATIR
0.45 r 18.45 ± 0.01 4.82 197 ± 2 RATIR
0.47 r 18.52 ± 0.01 4.82 186 ± 2 RATIR
0.49 r 18.55 ± 0.01 4.82 181 ± 2 RATIR
0.56 r 18.49 ± 0.12 4.82 191 ± 22 LCOGT/FTN
1.40 r 19.51 ± 0.20 4.82 74.5 ± 15.0 LCOGT/FTN
1.42 r 19.60 ± 0.04 4.82 68.6 ± 2.6 LCOGT/FTN
1.47 r 19.70 ± 0.01 4.82 62.5 ± 0.8 RATIR
2.40 r 20.26 ± 0.03 4.82 37.3 ± 1.0 RATIR
2.49 r 20.09 ± 0.06 4.82 43.7 ± 2.5 LCOGT/FTN
3.41 r 20.57 ± 0.01 4.82 27.9 ± 0.3 RATIR
3.47 r 20.48 ± 0.04 4.82 30.5 ± 1.1 LCOGT/FTN
4.39 r 20.87 ± 0.01 4.82 21.3 ± 0.3 RATIR
4.54 r 20.75 ± 0.11 4.82 23.8 ± 2.5 LCOGT/FTN
5.38 r 21.11 ± 0.02 4.82 17.1 ± 0.3 RATIR
5.52 r 21.00 ± 0.13 4.82 18.9 ± 2.4 LCOGT/FTN
6.39 r 21.27 ± 0.02 4.82 14.7 ± 0.3 RATIR
7.18 r 21.26 ± 0.03 4.82 14.9 ± 0.4 ORM/LT
7.38 r 21.38 ± 0.02 4.82 13.3 ± 0.3 RATIR
8.37 r 21.52 ± 0.04 4.82 11.7 ± 0.4 RATIR
9.37 r 21.54 ± 0.02 4.82 11.5 ± 0.2 RATIR
10.13 r 21.57 ± 0.03 4.82 11.2 ± 0.3 ORM/LT
10.36 r 21.61 ± 0.03 4.82 10.8 ± 0.3 RATIR
11.35 r 21.71 ± 0.02 4.82 9.82 ± 0.18 RATIR
12.35 r 21.78 ± 0.03 4.82 9.21 ± 0.26 RATIR
13.36 r 21.93 ± 0.03 4.82 8.02 ± 0.22 RATIR
14.41 r 22.01 ± 0.03 4.82 7.45 ± 0.21 RATIR
15.14 r 22.06 ± 0.05 4.82 7.11 ± 0.34 ORM/LT
15.36 r 22.24 ± 0.05 4.82 6.03 ± 0.28 RATIR
16.34 r 22.33 ± 0.05 4.82 5.55 ± 0.26 RATIR
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. . . continued

∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]

19.32 r 22.58 ± 0.07 4.82 4.41 ± 0.29 RATIR
21.10 r 22.64 ± 0.12 4.82 4.17 ± 0.49 ORM/LT
20.32 r 22.82 ± 0.11 4.82 3.53 ± 0.38 RATIR
21.39 r 22.61 ± 0.13 4.82 4.29 ± 0.55 RATIR
22.32 r 22.81 ± 0.12 4.82 3.56 ± 0.42 RATIR
23.38 r 22.84 ± 0.11 4.82 3.47 ± 0.37 RATIR
24.38 r 22.90 ± 0.16 4.82 3.28 ± 0.52 RATIR
25.39 r 22.85 ± 0.13 4.82 3.44 ± 0.44 RATIR
26.37 r 23.02 ± 0.11 4.82 2.94 ± 0.31 RATIR
37.12 r 24.05 ± 0.28 4.82 1.14 ± 0.33 ORM/LT
39.40 r 24.10 ± 0.20 4.82 1.09 ± 0.22 RATIR
40.39 r 23.71 ± 0.17 4.82 1.56 ± 0.26 RATIR
41.39 r 24.00 ± 0.20 4.82 1.19 ± 0.24 RATIR
43.31 r <24.30 4.82 <0.904 RATIR
44.36 r 24.00 ± 0.20 4.82 1.19 ± 0.24 RATIR
48.15 r 24.23 ± 0.15 4.82 0.96 ± 0.14 Magellan/LDSS3
52.92 r <23.50 4.82 <1.89 RATIR
0.37 i 18.05 ± 0.01 3.96 269 ± 3 RATIR
0.39 i 18.11 ± 0.01 3.96 253 ± 2 RATIR
0.41 i 18.17 ± 0.01 3.96 239 ± 2 RATIR
0.43 i 18.23 ± 0.01 3.96 227 ± 2 RATIR
0.45 i 18.28 ± 0.01 3.96 216 ± 2 RATIR
0.48 i 18.33 ± 0.01 3.96 208 ± 2 RATIR
0.50 i 18.36 ± 0.01 3.96 202 ± 2 RATIR
0.57 i 18.47 ± 0.14 3.96 182 ± 25 LCOGT/FTN
1.19 i 19.56 ± 0.04 3.96 66.7 ± 2.5 LCOGT/FTN
1.41 i 19.46 ± 0.05 3.96 73.1 ± 3.4 LCOGT/FTN
1.46 i 19.48 ± 0.03 3.96 71.8 ± 2 LCOGT/FTN
1.47 i 19.51 ± 0.01 3.96 69.6 ± 0.7 RATIR
2.39 i 19.99 ± 0.01 3.96 45.0 ± 0.5 RATIR
2.50 i 20.04 ± 0.10 3.96 42.9 ± 4.1 LCOGT/FTN
3.41 i 20.38 ± 0.01 3.96 31.5 ± 0.3 RATIR
3.49 i 20.32 ± 0.09 3.96 33.1 ± 2.9 LCOGT/FTN
4.39 i 20.66 ± 0.01 3.96 24.1 ± 0.3 RATIR
5.38 i 20.89 ± 0.02 3.96 19.6 ± 0.3 RATIR
6.39 i 21.06 ± 0.02 3.96 16.7 ± 0.3 RATIR
7.17 i 21.09 ± 0.03 3.96 16.3 ± 0.5 ORM/LT
7.38 i 21.17 ± 0.02 3.96 15.1 ± 0.3 RATIR
8.37 i 21.39 ± 0.04 3.96 12.3 ± 0.4 RATIR
9.37 i 21.37 ± 0.02 3.96 12.5 ± 0.2 RATIR
10.12 i 21.35 ± 0.03 3.96 12.8 ± 0.4 ORM/LT
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. . . continued

∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]

10.36 i 21.47 ± 0.03 3.96 11.5 ± 0.3 RATIR
11.35 i 21.50 ± 0.02 3.96 11.1 ± 0.2 RATIR
12.35 i 21.57 ± 0.03 3.96 10.4 ± 0.3 RATIR
13.36 i 21.69 ± 0.02 3.96 9.37 ± 0.20 RATIR
14.41 i 21.83 ± 0.02 3.96 8.23 ± 0.18 RATIR
15.13 i 21.90 ± 0.08 3.96 7.73 ± 0.59 ORM/LT
15.36 i 22.00 ± 0.04 3.96 7.06 ± 0.26 RATIR
16.34 i 22.11 ± 0.04 3.96 6.34 ± 0.26 RATIR
19.32 i 22.34 ± 0.07 3.96 5.17 ± 0.33 RATIR
20.32 i 22.51 ± 0.09 3.96 4.40 ± 0.38 RATIR
21.09 i 22.36 ± 0.10 3.96 5.06 ± 0.49 ORM/LT
21.39 i 22.54 ± 0.14 3.96 4.30 ± 0.59 RATIR
22.32 i 22.56 ± 0.11 3.96 4.21 ± 0.44 RATIR
23.38 i 22.91 ± 0.13 3.96 3.05 ± 0.38 RATIR
24.38 i 22.87 ± 0.17 3.96 3.17 ± 0.54 RATIR
25.39 i 22.70 ± 0.13 3.96 3.71 ± 0.47 RATIR
26.37 i 22.91 ± 0.12 3.96 3.06 ± 0.34 RATIR
37.10 i 23.56 ± 0.26 3.96 1.68 ± 0.45 ORM/LT
39.40 i 23.75 ± 0.19 3.96 1.40 ± 0.26 RATIR
40.39 i 23.75 ± 0.20 3.96 1.40 ± 0.29 RATIR
41.39 i 23.60 ± 0.17 3.96 1.62 ± 0.28 RATIR
43.31 i 23.64 ± 0.21 3.96 1.56 ± 0.34 RATIR
44.36 i 23.72 ± 0.18 3.96 1.45 ± 0.27 RATIR
48.13 i 23.90 ± 0.30 3.96 1.22 ± 0.39 Magellan/LDSS3
53.92 i 24.08 ± 0.27 3.96 1.04 ± 0.29 RATIR
0.37 H 17.65 ± 0.02 1.83 332 ± 6 RATIR
0.39 H 17.69 ± 0.02 1.83 320 ± 5 RATIR
0.41 H 17.71 ± 0.02 1.83 313 ± 5 RATIR
0.43 H 17.82 ± 0.01 1.83 282 ± 4 RATIR
0.46 H 17.83 ± 0.01 1.83 281 ± 3 RATIR
0.48 H 17.85 ± 0.01 1.83 276 ± 3 RATIR
0.50 H 17.92 ± 0.01 1.83 258 ± 3 RATIR
1.47 H 18.96 ± 0.03 1.83 99.3 ± 2.5 RATIR
2.40 H 19.45 ± 0.02 1.83 63.0 ± 1.3 RATIR
3.41 H 19.80 ± 0.04 1.83 45.5 ± 1.6 RATIR
4.39 H 20.00 ± 0.04 1.83 38.0 ± 1.4 RATIR
5.38 H 20.12 ± 0.06 1.83 34.1 ± 1.8 RATIR
6.39 H 20.35 ± 0.09 1.83 27.5 ± 2.5 RATIR
7.38 H 20.50 ± 0.07 1.83 24.1 ± 1.6 RATIR
8.37 H 20.41 ± 0.11 1.83 26.1 ± 2.8 RATIR
9.37 H 20.55 ± 0.08 1.83 22.9 ± 1.8 RATIR
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∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]

10.36 H 20.64 ± 0.11 1.83 21.1 ± 2.3 RATIR
11.35 H 20.91 ± 0.12 1.83 16.4 ± 1.9 RATIR
12.35 H 20.91 ± 0.15 1.83 16.4 ± 2.5 RATIR
13.36 H 21.02 ± 0.10 1.83 14.9 ± 1.4 RATIR
14.41 H 21.10 ± 0.12 1.83 13.8 ± 1.6 RATIR
15.36 H 21.11 ± 0.14 1.83 13.7 ± 1.9 RATIR
16.34 H 21.33 ± 0.19 1.83 11.2 ± 2.1 RATIR
19.34 H 21.05 ± 0.23 1.83 14.5 ± 3.4 RATIR
20.32 H 21.77 ± 0.24 1.83 7.47 ± 1.9 RATIR
21.39 H 21.05 ± 0.28 1.83 14.4 ± 4.2 RATIR
22.32 H 22.05 ± 0.34 1.83 5.75 ± 2.1 RATIR
41.89 H <22.50 1.83 <3.8 RATIR
0.37 J 17.79 ± 0.01 2.40 302 ± 4 RATIR
0.39 J 17.85 ± 0.01 2.40 286 ± 4 RATIR
0.41 J 17.87 ± 0.01 2.40 280 ± 3 RATIR
0.43 J 17.92 ± 0.01 2.40 268 ± 3 RATIR
0.46 J 17.99 ± 0.01 2.40 250 ± 3 RATIR
0.48 J 17.97 ± 0.01 2.40 255 ± 3 RATIR
0.50 J 18.04 ± 0.01 2.40 241 ± 3 RATIR
1.47 J 19.11 ± 0.02 2.40 89.6 ± 1.9 RATIR
2.40 J 19.62 ± 0.02 2.40 56.0 ± 1.0 RATIR
3.41 J 19.95 ± 0.03 2.40 41.3 ± 1.2 RATIR
4.39 J 20.32 ± 0.04 2.40 29.4 ± 1.0 RATIR
5.38 J 20.39 ± 0.05 2.40 27.6 ± 1.4 RATIR
6.39 J 20.50 ± 0.07 2.40 24.9 ± 1.7 RATIR
7.38 J 20.73 ± 0.06 2.40 20.2 ± 1.2 RATIR
8.37 J 20.75 ± 0.12 2.40 19.8 ± 2.2 RATIR
9.37 J 20.89 ± 0.08 2.40 17.4 ± 1.3 RATIR
10.36 J 20.83 ± 0.09 2.40 18.3 ± 1.5 RATIR
11.35 J 20.92 ± 0.08 2.40 17.0 ± 1.2 RATIR
12.35 J 21.38 ± 0.16 2.40 11.1 ± 1.8 RATIR
13.36 J 21.16 ± 0.08 2.40 13.6 ± 1.0 RATIR
14.41 J 21.40 ± 0.10 2.40 10.9 ± 1.1 RATIR
15.36 J 21.85 ± 0.18 2.40 7.19 ± 1.30 RATIR
16.34 J 21.39 ± 0.14 2.40 11.0 ± 1.5 RATIR
19.34 J 21.50 ± 0.22 2.40 9.92 ± 2.20 RATIR
20.32 J 22.03 ± 0.23 2.40 6.08 ± 1.40 RATIR
21.39 J <21.80 2.40 <7.52 RATIR
22.32 J 22.34 ± 0.31 2.40 4.58 ± 1.49 RATIR
23.38 J 21.87 ± 0.10 2.40 7.07 ± 0.71 RATIR
24.38 J 21.98 ± 0.12 2.40 6.36 ± 0.78 RATIR
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∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]

25.39 J 22.43 ± 0.18 2.40 4.22 ± 0.75 RATIR
26.37 J 22.43 ± 0.17 2.40 4.24 ± 0.74 RATIR
41.89 J <22.90 2.40 <2.73 RATIR
53.92 J <23.40 2.40 <1.72 RATIR
0.37 Y 17.90 ± 0.01 2.94 284 ± 4 RATIR
0.39 Y 17.95 ± 0.01 2.94 269 ± 4 RATIR
0.41 Y 18.01 ± 0.01 2.94 256 ± 4 RATIR
0.43 Y 18.07 ± 0.01 2.94 242 ± 3 RATIR
0.46 Y 18.14 ± 0.01 2.94 227 ± 3 RATIR
0.48 Y 18.14 ± 0.01 2.94 226 ± 3 RATIR
0.50 Y 18.22 ± 0.01 2.94 211 ± 3 RATIR
1.47 Y 19.27 ± 0.02 2.94 79.8 ± 1.5 RATIR
2.40 Y 19.80 ± 0.02 2.94 49.4 ± 0.8 RATIR
3.41 Y 20.15 ± 0.03 2.94 35.6 ± 0.9 RATIR
4.39 Y 20.44 ± 0.03 2.94 27.4 ± 0.7 RATIR
5.38 Y 20.59 ± 0.04 2.94 23.7 ± 0.9 RATIR
6.39 Y 20.72 ± 0.06 2.94 21.1 ± 1.2 RATIR
7.38 Y 20.96 ± 0.05 2.94 16.9 ± 0.9 RATIR
8.37 Y 20.95 ± 0.08 2.94 17.1 ± 1.3 RATIR
9.37 Y 21.10 ± 0.06 2.94 14.8 ± 0.9 RATIR
10.36 Y 21.23 ± 0.09 2.94 13.2 ± 1.1 RATIR
11.35 Y 21.15 ± 0.07 2.94 14.1 ± 0.9 RATIR
12.35 Y 21.35 ± 0.10 2.94 11.8 ± 1.2 RATIR
13.36 Y 21.49 ± 0.08 2.94 10.4 ± 0.8 RATIR
14.41 Y 21.62 ± 0.09 2.94 9.16 ± 0.75 RATIR
15.36 Y 21.91 ± 0.14 2.94 7.01 ± 0.95 RATIR
16.34 Y 21.78 ± 0.14 2.94 7.93 ± 1.05 RATIR
19.32 Y 22.51 ± 0.35 2.94 4.06 ± 1.57 RATIR
20.32 Y 22.14 ± 0.18 2.94 5.72 ± 1.03 RATIR
21.39 Y <22.20 2.94 <5.4 RATIR
22.32 Y 22.39 ± 0.24 2.94 4.52 ± 1.11 RATIR
41.89 Y <23.10 2.94 <2.36 RATIR
0.37 Z 17.99 ± 0.01 3.42 271 ± 3 RATIR
0.39 Z 18.03 ± 0.01 3.42 260 ± 3 RATIR
0.41 Z 18.08 ± 0.01 3.42 249 ± 3 RATIR
0.43 Z 18.16 ± 0.01 3.42 230 ± 3 RATIR
0.46 Z 18.20 ± 0.01 3.42 223 ± 3 RATIR
0.48 Z 18.23 ± 0.01 3.42 216 ± 3 RATIR
0.50 Z 18.30 ± 0.01 3.42 204 ± 3 RATIR
1.47 Z 19.41 ± 0.02 3.42 73.1 ± 1.2 RATIR
2.39 Z 19.91 ± 0.01 3.42 46.1 ± 0.6 RATIR
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∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]

3.41 Z 20.28 ± 0.02 3.42 32.9 ± 0.7 RATIR
4.39 Z 20.56 ± 0.02 3.42 25.3 ± 0.5 RATIR
5.38 Z 20.81 ± 0.04 3.42 20.1 ± 0.8 RATIR
6.39 Z 20.95 ± 0.05 3.42 17.8 ± 0.8 RATIR
7.38 Z 21.08 ± 0.04 3.42 15.7 ± 0.7 RATIR
8.37 Z 21.43 ± 0.11 3.42 11.4 ± 1.2 RATIR
9.37 Z 21.22 ± 0.05 3.42 13.8 ± 0.6 RATIR
10.36 Z 21.42 ± 0.07 3.42 11.5 ± 0.7 RATIR
11.35 Z 21.32 ± 0.05 3.42 12.6 ± 0.6 RATIR
12.35 Z 21.48 ± 0.07 3.42 10.9 ± 0.8 RATIR
13.36 Z 21.60 ± 0.06 3.42 9.72 ± 0.54 RATIR
14.41 Z 21.81 ± 0.07 3.42 8.02 ± 0.51 RATIR
15.36 Z 21.76 ± 0.09 3.42 8.36 ± 0.71 RATIR
16.34 Z 21.83 ± 0.09 3.42 7.87 ± 0.69 RATIR
19.32 Z 22.18 ± 0.15 3.42 5.71 ± 0.86 RATIR
20.32 Z 22.41 ± 0.18 3.42 4.59 ± 0.83 RATIR
21.39 Z <22.50 3.42 <4.25 RATIR
22.32 Z 22.61 ± 0.22 3.42 3.85 ± 0.88 RATIR
23.38 Z 22.48 ± 0.11 3.42 4.34 ± 0.48 RATIR
24.38 Z 23.14 ± 0.27 3.42 2.36 ± 0.67 RATIR
25.39 Z 22.66 ± 0.15 3.42 3.67 ± 0.56 RATIR
26.37 Z 22.86 ± 0.15 3.42 3.05 ± 0.46 RATIR
41.89 Z 23.57 ± 0.32 3.42 1.59 ± 0.55 RATIR
53.92 Z 23.86 ± 0.33 3.42 1.21 ± 0.42 RATIR
48.18 g 24.33 ± 0.15 6.38 1.00 ± 0.15 Magellan/LDSS3
71.46 F606W 25.22 ± 0.03 5.04 0.301 ± 0.011 HST/WFC3
140.16 F606W 26.60 ± 0.06 5.04 0.090 ± 0.006 HST/WFC3
0.11 u 17.52 ± 0.08 8.65 597 ± 46 Swift/UVOT
0.20 u 18.22 ± 0.12 8.65 313 ± 37 Swift/UVOT
0.25 u 18.55 ± 0.09 8.65 231 ± 20 Swift/UVOT
1.08 u 20.06 ± 0.10 8.65 57.5 ± 5.6 Swift/UVOT
1.19 u 20.20 ± 0.20 8.65 50.6 ± 10.2 Swift/UVOT
1.86 u 20.90 ± 0.40 8.65 26.5 ± 11.8 Swift/UVOT
3.11 u 21.11 ± 0.19 8.65 21.9 ± 4.2 Swift/UVOT
3.75 u 21.50 ± 0.20 8.65 15.3 ± 3.1 Swift/UVOT
5.28 u 21.80 ± 0.30 8.65 11.6 ± 3.7 Swift/UVOT
8.76 u 22.60 ± 0.50 8.65 5.55 ± 3.24 Swift/UVOT
0.92 R 19.11 ± 0.05 4.68 106 ± 5 TSHAO/Zeiss-1000
0.98 R 19.08 ± 0.10 4.68 109 ± 10 CrAo/AZT-11
1.93 R 19.82 ± 0.06 4.68 55 ± 3 AbAo/AS-32
1.98 R 20.08 ± 0.07 4.68 43.3 ± 2.9 SAORAS/BTA
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∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]

2.86 R 20.53 ± 0.06 4.68 28.6 ± 1.6 TSHAO/Zeiss-1000
3.81 R 20.54 ± 0.10 4.68 28.3 ± 2.7 Mondy/AZT-33IK
3.88 R 20.74 ± 0.07 4.68 23.6 ± 1.6 SAORAS/BTA
4.04 R 20.77 ± 0.20 4.68 22.9 ± 4.6 SAORAS/BTA
4.92 R 20.96 ± 0.37 4.68 19.2 ± 7.8 AbAo/AS-32
6.00 R 21.10 ± 0.17 4.68 16.9 ± 2.9 AbAo/AS-32
8.03 R 21.43 ± 0.18 4.68 12.5 ± 2.2 AbAo/AS-32
8.76 R 21.34 ± 0.09 4.68 13.6 ± 1.2 Mondy/AZT-33IK
8.85 R 21.54 ± 0.18 4.68 11.3 ± 2.0 TSHAO/Zeiss-1000
11.92 R 21.88 ± 0.29 4.68 8.24 ± 2.52 TSHAO/Zeiss-1000
12.92 R 21.82 ± 0.16 4.68 8.71 ± 1.38 TSHAO/Zeiss-1000
12.99 R 21.96 ± 0.11 4.68 7.66 ± 0.82 Maidanak/AZT-22
13.99 R 21.76 ± 0.08 4.68 9.21 ± 0.70 Maidanak/AZT-22
14.87 R 21.85 ± 0.09 4.68 8.47 ± 0.732 TSHAO/Zeiss-1000
14.99 R 21.92 ± 0.09 4.68 7.94 ± 0.69 Maidanak/AZT-22
15.75 R 22.14 ± 0.11 4.68 6.49 ± 0.69 Mondy/AZT-33IK
15.75 R <21.81 4.68 <8.79 Mondy/AZT-33IK
15.90 R 22.18 ± 0.11 4.68 6.25 ± 0.67 Maidanak/AZT-22
15.96 R 22.10 ± 0.34 4.68 6.73 ± 2.48 TSHAO/Zeiss-1000
16.93 R 22.23 ± 0.10 4.68 5.97 ± 0.58 Maidanak/AZT-22
16.95 R 22.13 ± 0.28 4.68 6.55 ± 1.93 TSHAO/Zeiss-1000
16.95 R <21.91 4.68 <8.02 TSHAO/Zeiss-1000
16.95 R <22.21 4.68 <6.08 TSHAO/Zeiss-1000
16.95 R <22.11 4.68 <6.67 TSHAO/Zeiss-1000
16.95 R <22.91 4.68 <3.19 TSHAO/Zeiss-1000
16.95 R <22.71 4.68 <3.84 TSHAO/Zeiss-1000
16.95 R <23.21 4.68 <2.42 TSHAO/Zeiss-1000
16.95 R <22.21 4.68 <6.08 TSHAO/Zeiss-1000
16.95 R <21.31 4.68 <13.9 TSHAO/Zeiss-1000
17.97 R 22.33 ± 0.17 4.68 5.45 ± 0.92 Maidanak/AZT-22
18.05 R 22.08 ± 0.35 4.68 6.86 ± 2.61 AbAo/AS-32
20.04 R 22.34 ± 0.21 4.68 5.40 ± 1.15 AbAo/AS-32
20.04 R ¡21.91 4.68 <8.02 AbAo/AS-32
21.89 R 22.51 ± 0.34 4.68 4.61 ± 1.70 Maidanak/AZT-22
26.93 R 22.66 ± 0.26 4.68 4.02 ± 1.10 Maidanak/AZT-22
30.04 R 22.45 ± 0.26 4.68 4.88 ± 1.32 AbAo/AS-32
30.04 R <22.71 4.68 <3.84 AbAo/AS-32
30.04 R <23.11 4.68 <2.65 AbAo/AS-32
31.03 R 23.09 ± 0.09 4.68 2.7 ± 0.2 CrAo/AZT-11
32.96 R 23.31 ± 0.07 4.68 2.21 ± 0.15 CrAo/AZT-11
33.98 R 23.26 ± 0.08 4.68 2.31 ± 0.18 CrAo/AZT-11
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. . . continued

∆t Filter AB Mag Frequency Flux Density Instrument
[day] [×1014 Hz] [µJy]

33.98 R <24.01 4.68 <1.16 CrAo/AZT-11
37.92 R 23.68 ± 0.10 4.68 1.57 ± 0.15 SAORAS/BTA
40.29 R 23.52 ± 0.10 4.68 1.82 ± 0.18 Maidanak/AZT-22
44.34 R 23.90 ± 0.11 4.68 1.28 ± 0.14 Maidanak/AZT-22
44.34 R <23.01 4.68 <2.91 Maidanak/AZT-22
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Table C.9: Radio data for GRB 160625B. Times are in

reference to the first GBM trigger (June 25, 2016 at

22:40:16.28 UTC).

∆t Frequency Flux Density Instrument
[day] [GHz] [µJy]

1.37 5.00 163 ± 34 VLA
1.37 7.10 232 ± 22 VLA
1.35 8.50 288 ± 23 VLA
1.35 11.00 507 ± 35 VLA
2.50 5.00 932 ± 24 VLA
2.50 7.10 1310 ± 20 VLA
2.49 8.50 1135 ± 28 VLA
2.49 11.00 946 ± 25 VLA
2.47 13.50 646 ± 25 VLA
2.47 16.00 650 ± 19 VLA
2.45 19.20 553 ± 34 VLA
2.45 24.50 530 ± 47 VLA
4.45 4.80 104 ± 15 VLA
4.45 7.40 454 ± 14 VLA
4.45 19.00 278 ± 21 VLA
4.45 25.00 204 ± 29 VLA
4.54 5.50 116 ± 28 ATCA
4.54 6.50 275 ± 27 ATCA
4.54 7.50 401 ± 32 ATCA
4.54 39.00 243 ± 59 ATCA
6.31 1.45 300 ± 90 VLA
6.31 1.77 200 ± 90 VLA
6.30 2.68 164 ± 33 VLA
6.30 3.52 165 ± 43 VLA
6.29 5.00 117 ± 21 VLA
6.29 7.10 180 ± 24 VLA
6.28 8.50 262 ± 41 VLA
6.28 11.00 209 ± 32 VLA
7.32 13.50 270 ± 18 VLA
7.32 16.00 237 ± 23 VLA
7.30 19.20 119 ± 40 VLA
7.30 24.50 80 ± 27 VLA
12.50 1.45 297 ± 74 VLA
12.50 1.77 307 ± 50 VLA
12.49 2.68 621 ± 31 VLA
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. . . continued

∆t Frequency Flux Density Instrument
[day] [GHz] [µJy]

12.49 3.52 475 ± 40 VLA
12.48 5.00 219 ± 21 VLA
12.48 7.10 185 ± 21 VLA
12.47 8.50 176 ± 23 VLA
12.47 11.00 193 ± 21 VLA
12.45 13.50 176 ± 23 VLA
12.45 16.00 202 ± 21 VLA
12.43 19.20 218 ± 26 VLA
12.43 24.50 147 ± 38 VLA
13.35 4.80 377 ± 15 VLA
13.35 7.40 310 ± 13 VLA
13.35 22.00 163 ± 11 VLA
15.73 19.00 157 ± 17 ATCA
15.73 39.00 <270 ATCA
22.52 1.45 265 ± 75 VLA
22.52 1.77 346 ± 62 VLA
22.51 2.68 512 ± 57 VLA
22.51 3.52 300 ± 27 VLA
22.50 5.00 229 ± 31 VLA
22.50 7.10 201 ± 25 VLA
22.49 8.50 183 ± 24 VLA
22.49 11.00 132 ± 30 VLA
22.47 13.50 134 ± 22 VLA
22.47 16.00 128 ± 28 VLA
22.45 19.20 159 ± 38 VLA
22.45 24.50 85 ± 30 VLA
28.59 9.00 105 ± 16 ATCA
28.59 19.00 <90 ATCA
31.25 7.40 113 ± 14 VLA
31.25 22.00 88 ± 16 VLA
48.38 1.45 142 ± 47 VLA
48.38 1.77 120 ± 61 VLA
48.37 2.68 109 ± 35 VLA
48.37 3.52 72 ± 24 VLA
48.36 5.00 96 ± 31 VLA
48.36 7.10 101 ± 21 VLA
48.35 8.50 84 ± 25 VLA
48.35 11.00 95 ± 23 VLA
48.33 13.50 78 ± 16 VLA
48.33 16.00 97 ± 21 VLA
48.31 19.20 81 ± 33 VLA
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. . . continued

∆t Frequency Flux Density Instrument
[day] [GHz] [µJy]

48.31 24.50 82 ± 27 VLA
58.25 6.10 75 ± 10 VLA
58.25 22.00 52 ± 12 VLA
208.95 6.10 16 ± 5 VLA
1319 6.10 <2.46 VLA
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C.4 GRB 180720B

Table C.10: X-ray data for GRB 180720B. Times are

in reference to the GBM trigger (July 20, 2018 at

14:21:39.65 UTC).

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

11519.93 5 8013.56 ± 1716.80 Swift/XRT
11535.18 5 7600.71 ± 1684.20 Swift/XRT
11550.71 5 11465.36 ± 2404.60 Swift/XRT
11570.26 5 6333.37 ± 1418.07 Swift/XRT
11587.44 5 7211.18 ± 1512.38 Swift/XRT
11608.26 5 7496.52 ± 1644.20 Swift/XRT
11628.67 5 5274.99 ± 1164.37 Swift/XRT
11648.97 5 7531.60 ± 1658.23 Swift/XRT
11662.28 5 12109.34 ± 2480.05 Swift/XRT
11678.92 5 7884.59 ± 1691.22 Swift/XRT
11696.73 5 8963.88 ± 1800.44 Swift/XRT
11716.08 5 6407.27 ± 1351.64 Swift/XRT
11736.49 5 8904.86 ± 1955.58 Swift/XRT
11751.89 5 6583.59 ± 1447.66 Swift/XRT
11770.04 5 9668.49 ± 2027.74 Swift/XRT
11785.27 5 8566.64 ± 1920.67 Swift/XRT
11800.72 5 6572.07 ± 1443.28 Swift/XRT
11823.32 5 6093.10 ± 1299.05 Swift/XRT
11848.39 5 5473.26 ± 1182.63 Swift/XRT
11870.21 5 8909.29 ± 1954.06 Swift/XRT
11886.18 5 9154.91 ± 1834.89 Swift/XRT
11902.46 5 9791.97 ± 2016.66 Swift/XRT
11915.70 5 8697.47 ± 1907.61 Swift/XRT
11928.99 5 11392.44 ± 2383.76 Swift/XRT
11944.98 5 6282.41 ± 1416.09 Swift/XRT
11963.87 5 9531.28 ± 1996.65 Swift/XRT
11979.93 5 7467.40 ± 1639.90 Swift/XRT
11996.90 5 7806.13 ± 1678.48 Swift/XRT
12014.87 5 8710.66 ± 1782.01 Swift/XRT
12033.36 5 7273.16 ± 1637.21 Swift/XRT
12051.17 5 6344.43 ± 1426.24 Swift/XRT
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

12067.09 5 10291.28 ± 2310.42 Swift/XRT
12082.57 5 10084.53 ± 2063.07 Swift/XRT
12098.43 5 7220.38 ± 1623.16 Swift/XRT
12114.40 5 9076.13 ± 1942.08 Swift/XRT
12130.47 5 7997.02 ± 1713.25 Swift/XRT
12143.46 5 11201.21 ± 2396.80 Swift/XRT
12159.71 5 11426.32 ± 2207.70 Swift/XRT
12177.79 5 5643.01 ± 1270.26 Swift/XRT
12196.09 5 7231.52 ± 1623.49 Swift/XRT
12216.52 5 6237.00 ± 1403.97 Swift/XRT
12238.79 5 6691.98 ± 1471.49 Swift/XRT
12254.32 5 10169.49 ± 2085.08 Swift/XRT
12270.53 5 9145.91 ± 1959.39 Swift/XRT
12286.95 5 7982.39 ± 1705.98 Swift/XRT
12302.33 5 7962.91 ± 1710.10 Swift/XRT
12322.08 5 7185.57 ± 1617.50 Swift/XRT
12336.88 5 8337.74 ± 1874.35 Swift/XRT
12352.69 5 10481.84 ± 2293.13 Swift/XRT
12363.45 5 11279.24 ± 2177.12 Swift/XRT
12381.46 5 7451.92 ± 1644.89 Swift/XRT
12395.32 5 10658.17 ± 2343.61 Swift/XRT
12412.63 5 5761.92 ± 1278.40 Swift/XRT
12435.47 5 9777.99 ± 1765.27 Swift/XRT
13287.90 5 10173.50 ± 2171.97 Swift/XRT
13307.80 5 7986.31 ± 1802.08 Swift/XRT
13331.79 5 6116.26 ± 1290.54 Swift/XRT
13351.38 5 11986.91 ± 2562.64 Swift/XRT
13374.20 5 8266.63 ± 1737.37 Swift/XRT
13397.19 5 6817.45 ± 1494.12 Swift/XRT
13419.40 5 8556.57 ± 1880.69 Swift/XRT
13437.05 5 10879.49 ± 2440.08 Swift/XRT
13451.67 5 10250.39 ± 2191.39 Swift/XRT
13470.15 5 7242.42 ± 1631.75 Swift/XRT
13494.14 5 7586.56 ± 1665.08 Swift/XRT
13515.28 5 9313.24 ± 2095.13 Swift/XRT
13542.38 5 5215.10 ± 1154.59 Swift/XRT
13567.18 5 6524.59 ± 1467.79 Swift/XRT
13592.54 5 7051.87 ± 1524.34 Swift/XRT
13621.19 5 8578.82 ± 1762.20 Swift/XRT
13642.02 5 7234.56 ± 1625.04 Swift/XRT
13659.90 5 12098.59 ± 2386.56 Swift/XRT
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

13676.88 5 8104.96 ± 1820.55 Swift/XRT
13701.27 5 8935.33 ± 1918.15 Swift/XRT
13717.87 5 8188.48 ± 1847.70 Swift/XRT
13746.78 5 4906.20 ± 1075.25 Swift/XRT
13775.29 5 8056.72 ± 1817.97 Swift/XRT
13794.18 5 9718.45 ± 2139.15 Swift/XRT
13812.11 5 9401.05 ± 1970.58 Swift/XRT
13832.20 5 7249.67 ± 1635.86 Swift/XRT
13854.27 5 8177.81 ± 1834.14 Swift/XRT
13879.85 5 7123.08 ± 1535.47 Swift/XRT
13901.51 5 7929.88 ± 1702.31 Swift/XRT
13919.71 5 10845.13 ± 2436.05 Swift/XRT
13938.55 5 7971.75 ± 1708.94 Swift/XRT
13965.33 5 7932.48 ± 1707.58 Swift/XRT
17259.00 5 9687.49 ± 2123.07 Swift/XRT
17276.78 5 6383.98 ± 1364.79 Swift/XRT
17294.35 5 7738.23 ± 1735.52 Swift/XRT
17309.80 5 6638.39 ± 1386.01 Swift/XRT
17332.59 5 4555.95 ± 1023.34 Swift/XRT
17358.22 5 5341.69 ± 1175.72 Swift/XRT
17381.48 5 4453.84 ± 1006.47 Swift/XRT
17403.94 5 5977.66 ± 1310.04 Swift/XRT
17427.23 5 5311.01 ± 1167.29 Swift/XRT
17445.29 5 6678.41 ± 1497.83 Swift/XRT
17469.51 5 5477.18 ± 1120.82 Swift/XRT
17491.30 5 4472.09 ± 1004.51 Swift/XRT
17512.24 5 6422.22 ± 1442.54 Swift/XRT
17537.07 5 3651.49 ± 800.25 Swift/XRT
17568.23 5 4371.03 ± 960.69 Swift/XRT
17597.83 5 3878.78 ± 828.09 Swift/XRT
17627.07 5 4485.08 ± 1011.99 Swift/XRT
17650.39 5 4510.85 ± 1017.81 Swift/XRT
17673.78 5 8124.05 ± 1782.99 Swift/XRT
17694.52 5 3835.40 ± 864.10 Swift/XRT
17723.21 5 4342.29 ± 953.01 Swift/XRT
17744.29 5 6443.97 ± 1443.08 Swift/XRT
17765.10 5 5097.63 ± 1143.29 Swift/XRT
17794.56 5 3487.20 ± 785.65 Swift/XRT
17820.86 5 6144.95 ± 1317.28 Swift/XRT
17846.46 5 3723.99 ± 840.26 Swift/XRT
17872.54 5 5052.71 ± 1133.22 Swift/XRT
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∆t Energy Flux Density Instrument
[s] [keV] [nJy]

17891.84 5 6614.35 ± 1485.69 Swift/XRT
17909.53 5 7229.28 ± 1545.50 Swift/XRT
17927.77 5 5506.61 ± 1182.06 Swift/XRT
17954.09 5 4183.24 ± 897.99 Swift/XRT
17982.36 5 5115.87 ± 1156.07 Swift/XRT
18003.07 5 6052.02 ± 1328.24 Swift/XRT
18024.11 5 5749.65 ± 1297.32 Swift/XRT
18042.41 5 5710.94 ± 1282.77 Swift/XRT
18060.59 5 6412.66 ± 1451.31 Swift/XRT
18081.08 5 6140.27 ± 1258.09 Swift/XRT
18108.73 5 4586.84 ± 1034.95 Swift/XRT
18133.55 5 4179.17 ± 935.89 Swift/XRT
18159.81 5 4237.59 ± 905.92 Swift/XRT
18192.72 5 4147.63 ± 930.23 Swift/XRT
18214.79 5 5731.29 ± 1283.48 Swift/XRT
18238.23 5 4052.66 ± 917.20 Swift/XRT
18265.06 5 4996.57 ± 1124.00 Swift/XRT
18281.73 5 7565.63 ± 1691.73 Swift/XRT
18300.79 5 5976.79 ± 1230.76 Swift/XRT
18324.06 5 5906.96 ± 1236.52 Swift/XRT
18346.38 5 4984.34 ± 1069.95 Swift/XRT
18367.61 5 5763.62 ± 1290.72 Swift/XRT
18386.91 5 7663.02 ± 1718.65 Swift/XRT
18410.77 5 3858.09 ± 828.19 Swift/XRT
18442.69 5 3978.98 ± 877.05 Swift/XRT
18463.01 5 6584.79 ± 1472.40 Swift/XRT
18485.19 5 7118.47 ± 1525.98 Swift/XRT
18502.63 5 6027.12 ± 1320.88 Swift/XRT
18525.19 5 4159.92 ± 941.47 Swift/XRT
18549.19 5 5968.93 ± 1308.13 Swift/XRT
18568.19 5 6379.36 ± 1435.07 Swift/XRT
18584.74 5 5651.15 ± 1273.17 Swift/XRT
18610.56 5 3978.43 ± 871.90 Swift/XRT
18637.65 5 5081.70 ± 1141.43 Swift/XRT
18661.09 5 4542.60 ± 1020.34 Swift/XRT
18685.66 5 5315.77 ± 1166.66 Swift/XRT
18709.66 5 4769.03 ± 1045.16 Swift/XRT
18735.07 5 5426.74 ± 1117.50 Swift/XRT
18755.54 5 7552.70 ± 1578.96 Swift/XRT
18774.29 5 5082.24 ± 1139.84 Swift/XRT
18803.16 5 4052.92 ± 874.81 Swift/XRT

continued . . .

211
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∆t Energy Flux Density Instrument
[s] [keV] [nJy]

18828.33 5 4069.50 ± 922.41 Swift/XRT
18857.83 5 4023.58 ± 881.79 Swift/XRT
18884.36 5 5765.59 ± 1295.05 Swift/XRT
18907.74 5 5216.93 ± 1148.26 Swift/XRT
18931.38 5 4513.82 ± 966.30 Swift/XRT
18959.08 5 4269.88 ± 938.46 Swift/XRT
18984.16 5 5022.78 ± 1133.32 Swift/XRT
19006.24 5 5991.81 ± 1307.52 Swift/XRT
19025.24 5 7401.18 ± 1555.41 Swift/XRT
19047.31 5 3625.63 ± 798.01 Swift/XRT
19087.08 5 3020.72 ± 683.65 Swift/XRT
19118.47 5 3937.25 ± 874.15 Swift/XRT
19142.24 5 5029.16 ± 1133.04 Swift/XRT
19165.68 5 4491.87 ± 1013.52 Swift/XRT
19192.14 5 5211.54 ± 1143.78 Swift/XRT
19214.94 5 4812.14 ± 1051.60 Swift/XRT
19237.39 5 5697.96 ± 1277.93 Swift/XRT
19256.73 5 7961.20 ± 1749.76 Swift/XRT
19272.50 5 5638.36 ± 1272.21 Swift/XRT
19293.93 5 5579.74 ± 1251.42 Swift/XRT
19322.14 5 3230.47 ± 728.91 Swift/XRT
19349.97 5 4566.75 ± 1027.31 Swift/XRT
19370.51 5 5921.77 ± 1295.94 Swift/XRT
19399.15 5 4700.46 ± 986.54 Swift/XRT
19424.36 5 5378.20 ± 1180.36 Swift/XRT
19447.64 5 4745.39 ± 1042.97 Swift/XRT
19475.18 5 5151.66 ± 999.20 Swift/XRT
63952.95 5 860.52 ± 194.54 Swift/XRT
64050.11 5 1205.11 ± 271.63 Swift/XRT
64174.21 5 858.40 ± 194.26 Swift/XRT
64307.10 5 986.47 ± 223.91 Swift/XRT
64420.69 5 1103.82 ± 248.05 Swift/XRT
64518.22 5 1358.75 ± 305.34 Swift/XRT
64631.67 5 1034.72 ± 208.10 Swift/XRT
65545.07 5 1693.28 ± 276.58 Swift/XRT
68969.52 5 757.65 ± 170.43 Swift/XRT
69043.36 5 1181.81 ± 265.44 Swift/XRT
69101.65 5 848.46 ± 191.14 Swift/XRT
69172.24 5 820.53 ± 185.40 Swift/XRT
69233.35 5 1180.94 ± 258.80 Swift/XRT
69295.91 5 960.17 ± 211.92 Swift/XRT
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∆t Energy Flux Density Instrument
[s] [keV] [nJy]

69346.75 5 1112.56 ± 249.15 Swift/XRT
69405.29 5 767.24 ± 174.40 Swift/XRT
69478.13 5 1116.50 ± 250.03 Swift/XRT
69542.56 5 799.77 ± 180.71 Swift/XRT
69602.04 5 1168.37 ± 255.68 Swift/XRT
69651.13 5 1054.54 ± 237.56 Swift/XRT
69703.17 5 1343.94 ± 295.36 Swift/XRT
69770.73 5 706.83 ± 158.52 Swift/XRT
69843.69 5 889.36 ± 199.75 Swift/XRT
69900.86 5 894.90 ± 201.60 Swift/XRT
69978.09 5 922.25 ± 208.07 Swift/XRT
70047.99 5 927.13 ± 203.47 Swift/XRT
70090.79 5 1319.58 ± 296.38 Swift/XRT
70146.45 5 864.86 ± 196.30 Swift/XRT
70206.00 5 1172.24 ± 263.68 Swift/XRT
70258.03 5 929.44 ± 208.14 Swift/XRT
70325.35 5 1001.97 ± 225.38 Swift/XRT
70381.01 5 1090.34 ± 244.53 Swift/XRT
70438.68 5 1064.93 ± 238.48 Swift/XRT
70491.90 5 942.47 ± 207.12 Swift/XRT
116210.71 5 336.62 ± 75.79 Swift/XRT
116353.13 5 411.23 ± 92.38 Swift/XRT
116452.17 5 525.08 ± 117.82 Swift/XRT
116545.98 5 530.76 ± 116.33 Swift/XRT
116644.98 5 436.17 ± 98.09 Swift/XRT
116780.25 5 347.57 ± 78.62 Swift/XRT
116906.55 5 463.68 ± 101.63 Swift/XRT
117017.57 5 445.86 ± 100.39 Swift/XRT
117159.95 5 492.46 ± 79.18 Swift/XRT
120633.16 5 405.37 ± 91.94 Swift/XRT
120710.13 5 443.52 ± 99.17 Swift/XRT
120826.72 5 485.44 ± 109.43 Swift/XRT
120966.67 5 391.75 ± 86.06 Swift/XRT
121098.46 5 522.40 ± 87.35 Swift/XRT
121398.46 5 749.13 ± 167.90 Swift/XRT
121537.01 5 458.00 ± 103.13 Swift/XRT
121643.33 5 484.16 ± 108.64 Swift/XRT
121740.86 5 309.26 ± 69.48 Swift/XRT
121872.53 5 309.02 ± 56.01 Swift/XRT
166457.09 5 230.14 ± 51.56 Swift/XRT
166558.26 5 499.24 ± 112.08 Swift/XRT
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∆t Energy Flux Density Instrument
[s] [keV] [nJy]

166671.34 5 234.35 ± 52.82 Swift/XRT
166778.53 5 231.42 ± 51.90 Swift/XRT
166913.04 5 272.85 ± 61.32 Swift/XRT
167009.33 5 402.86 ± 90.35 Swift/XRT
167116.76 5 231.14 ± 52.05 Swift/XRT
167254.87 5 281.14 ± 60.10 Swift/XRT
172200.31 5 303.34 ± 68.07 Swift/XRT
172312.26 5 259.13 ± 58.35 Swift/XRT
172395.50 5 408.06 ± 91.46 Swift/XRT
172489.02 5 307.88 ± 69.01 Swift/XRT
172713.79 5 321.67 ± 73.25 Swift/XRT
172919.35 5 313.39 ± 52.83 Swift/XRT
177994.28 5 253.50 ± 56.81 Swift/XRT
178105.86 5 233.91 ± 52.36 Swift/XRT
178222.07 5 251.77 ± 56.67 Swift/XRT
178329.76 5 340.57 ± 76.66 Swift/XRT
178411.40 5 470.47 ± 102.77 Swift/XRT
178490.23 5 264.70 ± 59.32 Swift/XRT
178600.05 5 265.00 ± 59.32 Swift/XRT
178776.80 5 297.49 ± 67.14 Swift/XRT
179031.56 5 186.95 ± 42.08 Swift/XRT
179135.24 5 305.64 ± 68.72 Swift/XRT
179265.11 5 187.21 ± 42.09 Swift/XRT
179399.88 5 262.44 ± 59.34 Swift/XRT
179507.57 5 227.11 ± 51.18 Swift/XRT
179685.59 5 169.62 ± 38.35 Swift/XRT
179814.97 5 206.62 ± 46.56 Swift/XRT
179966.41 5 237.93 ± 52.36 Swift/XRT
180084.75 5 222.65 ± 50.12 Swift/XRT
180262.13 5 227.51 ± 37.76 Swift/XRT
183820.01 5 232.69 ± 52.38 Swift/XRT
183955.03 5 233.14 ± 52.59 Swift/XRT
184083.41 5 268.62 ± 60.46 Swift/XRT
184201.25 5 281.84 ± 63.58 Swift/XRT
184337.49 5 243.67 ± 42.06 Swift/XRT
230173.32 5 141.56 ± 32.32 Swift/XRT
230381.31 5 161.31 ± 36.50 Swift/XRT
230572.36 5 127.86 ± 28.85 Swift/XRT
230765.93 5 231.07 ± 52.03 Swift/XRT
230895.31 5 186.21 ± 41.93 Swift/XRT
231082.61 5 196.39 ± 44.22 Swift/XRT
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∆t Energy Flux Density Instrument
[s] [keV] [nJy]

231206.47 5 195.26 ± 43.96 Swift/XRT
231350.39 5 259.01 ± 58.03 Swift/XRT
231463.72 5 227.73 ± 51.12 Swift/XRT
231632.58 5 193.94 ± 43.54 Swift/XRT
231812.18 5 122.12 ± 23.36 Swift/XRT
246886.67 5 169.03 ± 33.64 Swift/XRT
252655.14 5 137.29 ± 23.37 Swift/XRT
258467.01 5 134.04 ± 30.20 Swift/XRT
258749.50 5 100.73 ± 26.30 Swift/XRT
259011.10 5 124.33 ± 32.52 Swift/XRT
259226.23 5 167.47 ± 37.76 Swift/XRT
259519.84 5 124.05 ± 27.99 Swift/XRT
259787.61 5 143.19 ± 32.22 Swift/XRT
260029.58 5 208.19 ± 46.78 Swift/XRT
261888.27 5 114.47 ± 21.53 Swift/XRT
344635.89 5 85.73 ± 21.70 Swift/XRT
344903.56 5 121.28 ± 30.67 Swift/XRT
345159.97 5 71.41 ± 16.65 Swift/XRT
350266.70 5 77.39 ± 20.22 Swift/XRT
350493.53 5 123.36 ± 32.14 Swift/XRT
350661.69 5 118.60 ± 30.84 Swift/XRT
350949.47 5 124.39 ± 21.86 Swift/XRT
356436.10 5 160.93 ± 35.35 Swift/XRT
356721.08 5 107.56 ± 20.87 Swift/XRT
362025.87 5 124.07 ± 31.22 Swift/XRT
362392.70 5 90.37 ± 16.90 Swift/XRT
367750.58 5 88.32 ± 22.94 Swift/XRT
368105.39 5 60.47 ± 15.28 Swift/XRT
373366.49 5 160.03 ± 36.00 Swift/XRT
373575.77 5 88.98 ± 23.21 Swift/XRT
379334.86 5 58.89 ± 11.23 Swift/XRT
419736.48 5 63.16 ± 12.35 Swift/XRT
425014.50 5 68.36 ± 17.75 Swift/XRT
425377.56 5 65.73 ± 17.14 Swift/XRT
425713.38 5 80.10 ± 20.86 Swift/XRT
426123.85 5 68.49 ± 14.10 Swift/XRT
430634.82 5 62.81 ± 16.41 Swift/XRT
430969.79 5 81.09 ± 21.06 Swift/XRT
431479.99 5 52.57 ± 9.86 Swift/XRT
505296.41 5 42.47 ± 11.10 Swift/XRT
505732.69 5 59.87 ± 15.58 Swift/XRT

continued . . .
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. . . continued

∆t Energy Flux Density Instrument
[s] [keV] [nJy]

506213.73 5 80.79 ± 15.44 Swift/XRT
511271.20 5 35.25 ± 9.31 Swift/XRT
511910.72 5 39.96 ± 10.45 Swift/XRT
512331.18 5 64.83 ± 15.88 Swift/XRT
518459.68 5 38.96 ± 10.21 Swift/XRT
522678.09 5 64.95 ± 16.87 Swift/XRT
523273.23 5 49.29 ± 9.42 Swift/XRT
579959.44 5 33.26 ± 8.76 Swift/XRT
580397.90 5 62.94 ± 15.95 Swift/XRT
585625.86 5 39.18 ± 10.28 Swift/XRT
586113.15 5 37.13 ± 9.40 Swift/XRT
591251.30 5 55.03 ± 14.31 Swift/XRT
591892.78 5 28.93 ± 6.78 Swift/XRT
597082.74 5 45.32 ± 11.85 Swift/XRT
597609.60 5 40.43 ± 9.65 Swift/XRT
666160.81 5 32.62 ± 7.47 Swift/XRT
671553.81 5 58.94 ± 15.46 Swift/XRT
672121.31 5 35.27 ± 8.21 Swift/XRT
677429.22 5 35.91 ± 9.42 Swift/XRT
678017.39 5 30.51 ± 7.82 Swift/XRT
683542.55 5 23.04 ± 5.56 Swift/XRT
752124.10 5 39.80 ± 8.66 Swift/XRT
758005.34 5 30.76 ± 6.69 Swift/XRT
763492.49 5 36.45 ± 9.63 Swift/XRT
764266.74 5 36.41 ± 8.72 Swift/XRT
769539.57 5 25.36 ± 5.43 Swift/XRT
835330.48 5 23.00 ± 4.88 Swift/XRT
844041.00 5 34.93 ± 7.11 Swift/XRT
851367.75 5 25.42 ± 4.39 Swift/XRT
1215630.44 5 9.80 ± 1.86 Swift/XRT
1369725.51 5 7.48 ± 1.88 Swift/XRT
1634070.81 5 6.30 ± 1.32 Swift/XRT
2066547.30 5 4.14 ± 1.09 Swift/XRT
2964219.69 5 2.04 ± 0.58 Swift/XRT
3790131.92 5 <2.08 Swift/XRT
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Table C.11: Optical data for GRB 180720B. Flux Densi-

ties are corrected for host extinction. Times are in ref-

erence to the GBM trigger (July 20, 2018 at 14:21:39.65

UTC). Data were collected from the GCN circulars and

converted to flux densities by Fraija et al. (2019b).

∆t Filter Frequency Flux Density
[day] [×1014 Hz] [µJy]

0.001 R 4.68 645916.74 ± 28542.68
0.117 R 4.68 1182.41 ± 52.25
0.159 R 4.68 783.52 ± 52.53
0.235 R 4.68 519.10 ± 59.26
0.316 R 4.68 687.09 ± 46.04
0.320 R 4.68 577.94 ± 25.56
0.347 R 4.68 82.55 ± 3.65
0.425 R 4.68 399.92 ± 55.39
0.456 R 4.68 351.21 ± 15.51
0.467 R 4.68 289.09 ± 1.00
0.502 R 4.68 265.09 ± 23.95
0.520 R 4.68 232.82 ± 5.09
0.854 R 4.68 144.53 ± 6.39
1.754 R 4.68 33.89 ± 1.50
1.885 R 4.68 52.22 ± 2.31
2.884 R 4.68 34.59 ± 0.76
3.874 R 4.68 15.87 ± 0.70
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Table C.12: Radio data for GRB 180720B. Times are

in reference to the GBM trigger (July 20, 2018 at

14:21:39.65 UTC).

∆t Frequency Flux Density Instrument
[day] [GHz] [µJy]

1.69 15.5 1100 ± 60 AMI-LA
3.66 15.5 580 ± 50 AMI-LA
5.65 15.5 340 ± 40 AMI-LA
6.66 15.5 <220 AMI-LA
9.39 1.4 390 ± 59 GMRT
25.59 15.5 <190 AMI-LA
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a Better Understanding of the GRB Phenomenon: a New Model for GRB Prompt
Emission and its Effects on the New Li

NT - Epeak,i
rest,NT Relation // . VII 2015.

807, 2. 148.

Hallinan Gregg, Ravi V., Weinreb S., Kocz J., Huang Y., Woody D. P., Lamb
J., D’Addario L., Catha M., Law C., Kulkarni S. R., Phinney E. S., Eastwood
M. W., Bouman K., McLaughlin M., Ransom S., Siemens X., Cordes J., Lynch
R., Kaplan D., Brazier A., Bhatnagar S., Myers S., Walter F., Gaensler B. The
DSA-2000 — A Radio Survey Camera // Bulletin of the American Astronomical
Society. 51. IX 2019. 255.

Hankins T. H., Eilek J. A. Radio Emission Signatures in the Crab Pulsar // . XI
2007. 670. 693–701.

230



Hashimoto Tetsuya, Goto Tomotsugu, On Alvina Y. L., Lu Ting-Yi, Santos Daryl
Joe D., Ho Simon C. C., Wang Ting-Wen, Kim Seong Jin, Hsiao Tiger Y. Y.
Fast radio bursts to be detected with the Square Kilometre Array // . VIII 2020.
497, 4. 4107–4116.

Heintz Kasper E., Prochaska J. Xavier, Simha Sunil, Platts Emma, Fong Wen-
fai, Tejos Nicolas, Ryder Stuart D., Aggerwal Kshitij, Bhandari Shivani, Day
Cherie K., Deller Adam T., Kilpatrick Charles D., Law Casey J., Macquart Jean-
Pierre, Mannings Alexandra, Marnoch Lachlan J., Sadler Elaine M., Shannon
Ryan M. Host Galaxy Properties and Offset Distributions of Fast Radio Bursts:
Implications for Their Progenitors // . XI 2020. 903, 2. 152.

Hickish Jack, Razavi-Ghods Nima, Perrott Yvette C., Titterington David J., Carey
Steve H., Scott Paul F., Grainge Keith J. B., Scaife Anna M. M., Alexander Paul,
Saunders Richard D. E., Crofts Mike, Javid Kamran, Rumsey Clare, Jin Terry Z.,
Ely John A., Shaw Clive, Northrop Ian G., Pooley Guy, D’Alessandro Robert,
Doherty Peter, Willatt Greg P. A digital correlator upgrade for the Arcminute
MicroKelvin Imager // . IV 2018. 475, 4. 5677–5687.

Hoischen C., Balzer A., Bissaldi E., Füßling M., Garrigoux T., Gottschall D.,
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tor L., Krughoff K. Simon, Kubánek Petr, Kuczewski John, Kulkarni Shri, Ku
John, Kurita Nadine R., Lage Craig S., Lambert Ron, Lange Travis, Langton
J. Brian, Le Guillou Laurent, Levine Deborah, Liang Ming, Lim Kian-Tat, Lin-
tott Chris J., Long Kevin E., Lopez Margaux, Lotz Paul J., Lupton Robert H., Lust
Nate B., MacArthur Lauren A., Mahabal Ashish, Mandelbaum Rachel, Markiewicz
Thomas W., Marsh Darren S., Marshall Philip J., Marshall Stuart, May Mor-
gan, McKercher Robert, McQueen Michelle, Meyers Joshua, Migliore Myriam,
Miller Michelle, Mills David J., Miraval Connor, Moeyens Joachim, Moolekamp
Fred E., Monet David G., Moniez Marc, Monkewitz Serge, Montgomery Christo-
pher, Morrison Christopher B., Mueller Fritz, Muller Gary P., Muñoz Aran-
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zano A., Bozzo E., Coleiro A., Courvoisier T. J. L., Doyle M., Goldwurm A.,
Hanlon L., Jourdain E., von Kienlin A., Lutovinov A., Martin-Carrillo A.,
Molkov S., Natalucci L., Onori F., Panessa F., Rodi J., Rodriguez J., Sánchez-
Fernández C., Sunyaev R., Ubertini P. INTEGRAL Discovery of a Burst with
Associated Radio Emission from the Magnetar SGR 1935+2154 // . VIII 2020.
898, 2. L29.
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E. M., West S., Wood B. A., Yassin G., AMI Consortium . The Arcminute
Microkelvin Imager // . XII 2008. 391, 4. 1545–1558.

de Naurois M. GRB190829A: Detection of VHE gamma-ray emission with H.E.S.S.
// The Astronomer’s Telegram. VIII 2019. 13052. 1.

252



de Palma F., Bregeon J., Tajima H. GRB 090902B: Fermi LAT detection. // GRB
Coordinates Network. I 2009. 9867. 1.

van Eerten H. J. Simulation and physical model based gamma-ray burst afterglow
analysis // Journal of High Energy Astrophysics. IX 2015. 7. 23–34.

van Eerten Hendrik, Zhang Weiqun, MacFadyen Andrew. Off-axis Gamma-ray
Burst Afterglow Modeling Based on a Two-dimensional Axisymmetric Hydro-
dynamics Simulation // . X 2010. 722, 1. 235–247.

van Eerten Hendrik, van der Horst Alexander, MacFadyen Andrew. Gamma-Ray
Burst Afterglow Broadband Fitting Based Directly on Hydrodynamics Simula-
tions // . IV 2012. 749, 1. 44.

van Eerten Hendrik J., MacFadyen Andrew I. Gamma-Ray Burst Afterglow Scaling
Relations for the Full Blast Wave Evolution // . III 2012. 747, 2. L30.

van der Horst A. J., Kamble A. P., Wijers R. A. M. J., Kouveliotou C. GRB
090902B: WSRT radio observation. // GRB Coordinates Network. I 2009. 9883.
1.

von Kienlin A., Meegan C. A., Paciesas W. S., Bhat P. N., Bissaldi E., Briggs
M. S., Burns E., Cleveland W. H., Gibby M. H., Giles M. M., Goldstein A.,
Hamburg R., Hui C. M., Kocevski D., Mailyan B., Malacaria C., Poolakkil S.,
Preece R. D., Roberts O. J., Veres P., Wilson-Hodge C. A. The 4th Fermi-
GBM Gamma-Ray Burst Catalog: A Decade of Data // arXiv e-prints. II 2020.
arXiv:2002.11460.

253


	Preface
	Dedication
	Acknowledgements
	Table of Contents
	List of Tables
	List of Figures
	List of Abbreviations
	Introduction
	Gamma-ray Bursts
	History and Background
	Observational Properties 
	Theoretical Considerations 

	Fast Radio Bursts
	History and Background
	Observational Properties 
	Theoretical Considerations

	Connections between FRBs and GRBs
	Thesis Overview

	A Search for High-Energy Counterparts to Fast Radio Bursts 
	Introduction
	Data and Results
	Fermi-GBM 
	Fermi-LAT
	Swift-BAT

	Analysis and Interpretation
	Limits on the Ratio of Radio to Gamma-ray Fluence 
	Constraints on Theoretical Models

	Conclusions

	GRB160625B: Evidence for a Gaussian-Shaped Jet 
	Introduction
	Observations and Data Reduction
	Gamma-ray
	X-ray
	Optical
	Radio

	Afterglow Modeling 
	Basic Tenets 
	Afterglowpy Package 

	Discussion
	Comparison to Past Works
	Model Comparison with WAIC
	The Participation Fraction
	Sharp Edge Effects on p 
	Viewing Angle Effects 
	Local Circumburst Environment 
	Energetics and Central Engine 

	Conclusions

	The Afterglows of Fermi-LAT GRBs: Jet Structure, Energetics, and Physical Origins 
	Introduction 
	Observations and Data Reduction 
	GRB 090902B
	GRB 160509A
	GRB 160625B
	GRB 180720B

	Analysis and Broadband Modeling 
	GRB 090902B
	GRB 160509A
	GRB 160625B
	GRB 180720B

	Discussion 
	Model Comparison with WAIC
	Participation Fraction,  
	Jet Structure Shape 
	Energetics and Central Engine
	Circumburst Densities and Birth Environments
	Comparison to Other Populations of GRBs

	Conclusions 

	Summary and Future Directions 
	Summary of Results
	Publication Plans for Chapter 4
	Future Directions
	High-Energy and Optical Observations of FRBs
	VHE Emission from GRBs

	Facilities and Software

	 FRB Observational Supplementary Material 
	FRB Observations by Instrument
	Summary of Extraneous Signals Detected with the Fermi-GBM Targeted Search
	Local Particle Activity
	Other Unrelated Signals

	 MCMC Corner Plots 
	GRB090902B
	GRB160509A
	GRB180720B
	 GRB Data Tables 
	GRB090902B
	GRB160509A
	GRB160625B
	GRB180720B

	Bibliography





