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Abstract

The BurstCube Mission and the Classification of Gamma-Ray Burst
Progenitors

Gamma-ray bursts (GRBs) are the brightest known transient class in the

visible universe. The goals of this thesis were to study what properties might

be useful in differentiating the progenitors of these objects and to develop

an instrument to study GRBs. This dissertation discusses possible methods

to predict a GRB’s unknown progenitor and explains work performed as

part of the BurstCube mission.

With the recent association of at least five kilonovae with GRBs longer

than 5 seconds, and at least one supernova coincident with a GRB shorter

than 2 seconds, it has become difficult to associate a given GRB with a

progenitor without directly observing the outflow of the resulting nuclear

fusion. I contribute to the development of statistical models by studying

physical relationships and applying them to large data sets. While two

of the three tested statistical models do not differentiate based on known

progenitors, the successful relationship is simple enough to be used on

many different instruments, as it requires only three catalog variables: a

GRB’s duration, its peak energy in the gamma-ray prompt emission, and its

fluence. The statistical method, support vector machine (SVM), is also stable

across many orders of magnitude and able to easily handle the unbalanced

nature of GRB training samples. This implies that until the sample of known

progenitors is a higher fraction of the sample of GRBs, SVM may be an ideal

procedure.

As part of collecting this data on GRBs and their progenitors, I par-

ticipated in the calibration, testing, operations, and data analysis of the

BurstCube mission. As detailed in Ch. 3, BurstCube was created to enable
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more GRB detections coincident with the fourth observing run (O4) of LVK.

It was hypothesized that more effective area would allow for more GRBs

to be co-detected with GWs. Due to a lack of coincident Neutron Star (NS)

merger signals, this was not possible. The BurstCube observatory also

suffered a series of unexpected hardware failures which limited operations

and caused it to deorbit in five months rather than receive over a year of

data. BurstCube was ultimately a proof of concept for future small GRB

missions such as StarBurst. While much of the code I wrote for the mission

could not be validated on-orbit, it is open-source and ready for adoption by

those future missions.
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Chapter1: Introduction

Gamma-ray Bursts (GRBs) are the most luminous transients in the

known universe. Spanning many wavelengths at di�erent points in their

lives, GRBs are most commonly associated with a sudden emission pe-

riod signi�cantly di�erent from the gamma-ray background lasting from

a fraction of a second to a few minutes. Rapidly decaying periods of x-ray

emission lasting minutes to months often follow, along with optical �ashes

(which decay similarly). When detectable, radio emission may begin to be

notable in the following weeks, possibly lasting for years afterward. These

"multi-wavelength" bursts are sometimes associated with secondary events,

such as supernovae, kilonovae, or gravitational waves, lending more context

to their origins.

The �rst GRB was o�cially announced in 1973 by the Vela satellite team,

at which point it had been con�rmed by the discovery of 16 more sources

that were not coincident with either the Sun or Earth (Cline et al., 1973;

Klebesadel et al., 1973). By 1992, enough data had been accumulated by the

Compton Gamma Ray Observatory -Burst and Transient Source Experiment

(CGRO-BATSE) to measure that GRBs are isotropically distributed through-

out the sky, including far from the galactic plane (Meegan et al., 1992). Once

their extragalactic origin was con�rmed by redshift studies using BeppoSAX

and optical ground telescopes, GRBs became promising sources for studies

about the universe at di�erent ages (Metzger et al., 1997; Bloom et al., 1998).

BeppoSax also con�rmed the �rst supernova counterpart to a GRB, along

with Burst And Transient Source Experiment (BATSE) and optical ground

telescopes (Galama et al., 1998). These measurements were later corrobo-

1



rated by measurements of similar bursts by HETE-2, indicating a physical

origin for at least some gamma-ray bursts (Stanek et al., 2003; Hjorth et al.,

2005). These measurements allowed a short burst to be localized to an

older galaxy for the �rst time. This host galaxy connection was one of the

�rst observations potentially linking many short GRBs with neutron star

system mergers. This is due to younger stars (and thus supernovae and col-

lapsars) being linked to star-forming regions of galaxies. Measurements by

the Neil Gehrels Swift Observatory X-ray Telescope ( Swift -XRT) then linked

a short GRB to an early X-ray afterglow Bloom et al. (2006). This also began

to link short GRBs to more elliptical host galaxies, as well as indicating

that their X-ray afterglow emission was on-average dimmer, indicating a

more stripped environment. The Fermi Gamma-ray Space Telescope Large

Area Telescope (LAT) later indicated that GRBs could produce very-high

energy gamma-ray emission as part of their afterglow emission, possibly

indicating the presence of synchrotron self-Compton emission in the jet

(Abdo et al., 2009). The Fermi Gamma-ray Burst Monitor (GBM) was also

critical for the co-detection of GRB 170817A and GW 170817 with LIGO,

Virgo, and International Gamma-ray Astrophysics Laboratory (INTEGRAL),

which showed that multimessenger GRB detection (that is, detection using

di�erent techniques, including gravitational waves, photons, neutrinos, and

cosmic rays) is possible (Abbott et al., 2017; Savchenko et al., 2017; Troja

et al., 2017; Valenti et al., 2017; Abbasi et al., 2023). This, along with the

detection of the associated kilonova AT 2017gfo, provides direct evidence

that certain GRBs formed by the mergers of Binary Neutron Star systems

(BNS) release gravitational waves (GWs). While previous kilonovae had been

proposed, it was only with the con�rmation of the gravitational wave signal

that AT 2017gfo could be con�rmed as the product of a binary neutron star

2



system's post-merger nuclear fusion. These strong magnetic �elds, potential

to create GWs, and extreme particle environments make GRBs a natural

laboratory for testing the very limits of astroparticle theory.

GRBs are shown to follow the collapse of massive stars (collapsars) and

the merger of systems containing at least one Neutron Star (NS) (mergers).

As seen in Fig. 1.3, both lead to the formation of a hypermassive neutron star

(HMNS) or Black Hole (BH) central engine which launches relativistic jets

with Lorentz factors calculated to be on the order of tens to thousands (Krolik

& Pier, 1991; Fenimore et al., 1993; Racusin et al., 2011; Dereli-Bégué et al.,

2022). The particles in these jets interact with extreme magnetic �elds from

the central engine, which may contribute to this acceleration. The shocks

caused by the collision of jet shells are hypothesized to be the main source

of GRB prompt emission. The main emission period (of which there are

sometimes more than one) usually consists of many small pulses potentially

caused by these collisions. The prompt GRB spectral energy distribution

(from here on in referred to as the "spectrum") evolves with time, potentially

providing insight into the central engine's evolution.

One aspect of this thesis is classifying the progenitor systems of GRBs.

Observations support two progenitor classes, though both progenitor sys-

tems are known to have various GRB features that can lead them to oc-

casionally appear similar (Crowther, 2008; Zhang et al., 2009; Dessart

et al., 2011; Woosley, 2011; Woosley & Heger, 2012; Jespersen et al., 2020;

Salmon et al., 2022; Tarnopolski, 2022). The second is my contributions

to the BurstCube mission, a NASA gamma-ray CubeSat launched to the

International Space Station (ISS) in March 2024, deployed in April 2024,

operated, and demised in September 2024. The development and operations

of BurstCube were e�orts that many nano- and SmallSat teams can take
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lessons from. Finally, the South Atlantic Anomaly (SAA) is a region of high

particle background caused by anisotropy in the Inner Van Allen Belt. As

it a�ects the sensitivity and operational time of instruments sensitive to

high-energy photons and particles, understanding of this area is critical.

Its shape for two other CubeSats at di�erent altitudes was characterized as

an aspect of science operations for BurstCube.

In this chapter, there is an introduction to many aspects of GRBs, in-

cluding their emission mechanisms, progenitors, and stages. In section 1.4,

I also introduce the observatories used as part of the included research.

Ch. 2 gives a more detailed look at the progenitor classi�er published in the

2024 paper, GRB Progenitor Classi�cation from Gamma-Ray Burst Prompt

and Afterglow Observations (Nuessle et al., 2024) and expands it to show the

full process that the work followed, both to show the full statistical method-

ology and to explain other physical models which have already been tested.

Ch. 3 is an overview of my contributions to the BurstCube gamma-ray

CubeSat. It includes simulations to create South Atlantic Anomaly (SAA)

polygons and reproduce data backgrounds. These codes could prove useful

to other small instruments. Ch. 4 concludes the thesis and builds the

foundation for future work.

1.1 Gamma-Ray Bursts

The number of photons observed over time, called a lightcurve, for a par-

ticular GRB can be separated into two major sections: the prompt emission,

which may span anywhere from a fraction of second to many minutes and ap-

pears most bright in the gamma-ray; and the afterglow, the peak brightness

of which changes over days to years through the high energy gamma-ray to

radio before fading. While the two tell us much about a GRB's origin, it is
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Figure 1.1: Fig. 1 of O'Connor et al. (2021) shows that the merger GRB
160624A is best �t as a single pulse with a duration of 0.2 s. This lightcurve
also has evident fast-rise, exponential decay (FRED) variability caused by
the subpulses which create the main pulse.
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Figure 1.2: Fig. 4 of (Zhou et al., 2023b), showing the processed spectral
data (dots) versus the Band model �t (solid line) for the merger GRB 211211A
as detected in Fermi -GBM's sodium iodide (blue) and bismuth germinate
(red) detectors. The lower part of the �gure shows the residuals of the model;
their cyclical pattern may indicate an unaccounted feature in the spectrum.

important to distinguish what unique insights they each contribute to GRB

physics. They have di�erent emission mechanisms. Gamma-ray prompt

emission displays both thermal and nonthermal components, whereas the

afterglow emission is emitted across the energy spectrum by synchrotron

slow cooling with characteristic "breaks". While the prompt emission is

known to be strongly jetted and beamed by relativistic e�ects, the afterglow

is only relativistically beamed for part of its lifetime before slowing down,

losing its physical collimation, and laterally spreading into a sphere (Granot

& Piran, 2012; van Eerten, 2015, 2018).

The GRB's prompt emission is usually �t by models both in time and

in energy (Figs. 1.1 and 1.2, respectively). Some temporal models account

for microsecond variability in the prompt lightcurve, (Norris et al., 2005;

MacLachlan et al., 2013) wherein each peak could be �t as a period of fast
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Figure 1.3: In the upper left, one version of the binary massive model is
explained, wherein a Binary Neutron Star systems (BNS) system merges
to form a BH central engine which drives the GRB (Gehrels et al., 2002).
In the lower left, a version of the collapsar model is displayed in which a
single massive star collapses to a BH. In both cases, the center of the �gure
shows the jets forming fast and slow shells as explained in Sec. 1.1.1 when
discussing the �reball model (see Fig. 1.4) The internal shocks of these jets
then form the majority of the prompt emission, while the external shocks
with the environment form part of the afterglow as explained in Sec. 1.1.2.
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rise and exponential decay (FRED). The time-integrated spectral models

are usually �t as a power law in the gamma-ray with one or more breaks.

The power law most commonly used is the empirical Band function (Eq.

2.3). To study the evolution of the spectral components, a time-resolved

analysis may be performed using a linear combination of blackbody radiation

and additional power laws (Guiriec et al., 2016). This process can also be

replicated for time-integrated spectra of bursts which have areas of bad

data or uncorrected spectral or thermal components. The dominant peak

energy generally either softens or tracks the �ux (Uhm et al., 2018; Lesage

et al., 2023). As data from the afterglow comes in, a similar process ensues,

using broken power laws with three breaks at frequencies corresponding to

cooling, self-absorption, and peak emission of the cuto� energy (van der

Horst, 2007).

1.1.1 The Prompt Emission

There are two major models of the prompt emission, with a well-accepted

hypothesis of emission being a mixture of the two. In the baryon-dominated

model of GRB prompt emission, particles in the GRB jet are accelerated to a

relativistic to hyper-relativistic Bulk Lorentz Factor via the radiation pressure

of the central engine (Dereli-Bégué et al., 2022). This is hypothesized to

create dense "shells" of material in the jet traveling with slightly di�erent

Lorentz factors (Meszaros & Rees, 1993). When these thin shells collide,

(internal shocks) they are suspected to create some, if not most, of the jet's

gamma-ray emission through �rst-order Fermi processes, where the gain in

energy is proportional to the particle's (hyper-relativistic) velocity, i.e. very

large. When expanded to include afterglow emission caused by external

shocks with the surrounding medium, this becomes known as the GRB
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�reball model (see Fig. 1.4). This model is �exible enough to accommodate

many di�erent GRB observations, including suppressed prompt emission

from choked jets, orphan afterglows, and prominent thermal emission.

It does, however, imply that the prompt emission power laws should not

violate the limits placed on synchotron power spectra, which happens often

(Preece et al., 2000, 2002). Additionally, it predicts that GRB jets would not

be signi�cantly polarized by large-scale magnetic �elds, which has been

contradicted for few cases (Wiersema et al., 2014; Chattopadhyay et al.,

2022; De Angelis et al., 2023; Mandarakas et al., 2023; Urata et al., 2023;

Gupta et al., 2024; Sui & Lan, 2024). In magnetically-dominated jet models

such as IC-MART (Internal-Collision-Induced Magnetic Reconnection and

Turbulence), the central engine is itself magnetized, so the jet is released with

an initial magnetic �ux s that evolves as the plasma expands (see Fig. 1.5).

Particles are then accelerated by both magnetic �eld line reconnections and

Fermi processes (Zhang & Yan, 2011; Hoshino, 2012). Electrons trapped

along magnetic �eld lines would release polarized light with a preference

for the direction of the initial magnetic �ux. Time-resolved analysis from

the AstroSat-CZTI hard X-ray polarization mission (Vadawale et al., 2015)

has indicated that prompt emission polarization may exist in at least some

energy bands for some GRBs (Chattopadhyay et al., 2022; Gupta et al., 2024).

Studies using optical and radio data have also found strong evidence of

reverse shock polarization (Wiersema et al., 2012, 2014; Mandarakas et al.,

2023; Urata et al., 2023). This suggests that many GRBs may have aspects of

structure or baryons in their jets in addition to magnetic �elds. Observations

depend on an interplay of which e�ects dominate for a particular GRB. In

fact, models such as that of Guiriec et al. (2016) �t individual GRB prompt

emission periods as a time-resolved series of thermal, nonthermal, and
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power law functions, concluding that individual GRBs di�er greatly in which

e�ects dominate.

Both the above models assume a "top-hat" jet, i.e. one with a constant

power distribution across the face. Ryan et al. (2020) and others present

more sophisticated models for GRB jets with structure. While there is not

indication that all GRB jets contain radial structure statistically signi�cantly

di�erent from a constant, at least two distinct radial structures have been

established for GRB 170817A (Lamb & Kobayashi, 2018). Namely, the

fast core contained the majority of the GRB's luminosity, while a slower,

wider "sheath" of material surrounded it (See Fig. 1.6, Lamb & Kobayashi,

2017). It is generally agreed that because GRB 170817A was viewed slightly

o�-axis, some of this structure was observed as the GRB evolved (Lazzati

et al., 2018). That jet is currently the one for which the viewing angle is

best constrained, thanks to long-term monitoring of the optical, X-ray, and

radio afterglows (Lazzati et al., 2018; Lamb & Kobayashi, 2018; Ghirlanda

et al., 2019; Troja et al., 2019a). These observations also strongly imply

that the emission of the dimmer, more di�use sheath was dominant in the

prompt emission.

1.1.2 The Afterglow

A GRB's jet will begin to interact with the material surrounding the sys-

tem within hundreds of seconds at relativistic velocities, though continued

central engine activity may cause these interactions not to dominate until

slightly before the prompt emission ends (see Figs. 1.4, 1.6, and 1.3). These

interactions, along with the production of light spanning the very high-

energy gamma-ray to the radio via synchrotron (and possibly synchrotron

self-Compton) emission, are referred to as the afterglow stage of the GRB.
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Figure 1.4: The internal and external shock scenario with approximate
radii of interaction and energies shows that the internal shocks begin where
material becomes optically thin at the "burst" level of the graphic, (termed the
photospheric radius ) whereas external shocks from the circumburst medium
begin at the radius where the ISM evacuation terminates (Ghisellini, 2001).
These internal shocks are hypothesized by Meszaros & Rees (1993) to be
one of the main drivers of the prompt emission, with the external shocks
being a main driver of the early afterglow emission (Sari & Piran, 1997;
Hullinger, 2006)

.
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(a)

Figure 1.5: The magnetized central engine creates localized magnetic �elds
in the jets in the IC-MART model (Zhang & Yan, 2011). However, these
magnetic �elds become distorted by the interactions of the plasma and gases
with the "shells" of the jet, tangling their magnetic �eld lines. When this
tangling reaches a critical point, a cascade of similar reconnection events
occurs, creating one pulse of the main GRB prompt emission.

Figure 1.6: The "core and sheath" model of GRB jets was used to explain
observations of the naked-eye GRB 080319B (Fig. 4, Racusin et al. 2008). A
similar interpretation for a structured jet appears to apply to GRB 1701817A
(Lamb & Kobayashi, 2018; Lazzati et al., 2018; Ghirlanda et al., 2019; Troja
et al., 2019a).
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This circumstellar medium (CSM) appears to come from layers of the pro-

genitor system and InterStellar Medium (ISM). A collapsar progenitor sheds

these layers as part of its evolution. Both systems also evacuate the local

ISM. At some distance, these e�ects terminate, allowing the jet to interact

with the ISM directly. Rarely, we observe reverse shocks as a result (Genet

et al., 2007).

In the �rst seconds to days, this radiation can be seen across the spec-

trum due to synchrotron emission from electrons shocked by jet cooling.

Although the afterglow begins to emit in every wavelength almost immedi-

ately, the peak emission moves to lower energies over time, making di�erent

instruments more sensitive to the radiation (see Fig. 1.7). Any electron

above the energy- and viewing angle-dependent cooling frequency nc will

quickly lose its energy to radiation. If, as early in the afterglow, the majority

of electrons are above this frequency, this is called fast cooling. Otherwise,

they are subjected to slow-cooling, which may allow the afterglow to be visi-

ble for months or years as the majority of the electron population cools below

the self-absorption frequency na (also energy and viewing angle-dependent,

van der Horst, 2007; Sadeh, 2024). This is inferred from the evolution of the

early-time X-ray lightcurves, (see Fig. 1.8) which often show one or more of

�ve stages:

1. Steep Decay: A sharp decline in X-ray �ux (on the order of -3). Hypoth-

esized to be due to the observer receiving the emission from higher

central engine latitudes. More of the source becomes visible as the

bulk of the jet slows down due to relativistic beaming. This e�ect is

also often called high latitude emission (Liang et al., 2006).

2. Plateau: A period during which the �ux of the lightcurve rises or de-

clines very little, between [-0.5, 0.5]. The cause is strongly debated,
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but due to its hard-to-soft spectral evolution, the main hypotheses are

energy extraction from the central engine (Zhang et al., 2007), struc-

tured jets (Ascenzi et al., 2020), or interactions between the forward

and reverse shocks in the jet (Genet et al., 2007).

3. Normal Decay: During this phase, the �ux slowly declines (slope

roughly -1.2). It is assumed from the lightcurve that the "forward

shock" that created the GRB is expanding into the ISM and CSM.

4. Post-Jet Break: At the point when a jet has slowed to a Lorentz factor

below the inverse of the angular width of the jet, one expects to observe

a break in the lightcurve as the jet expands beyond a radius in which

it is relativistically beamed (Sari et al., 1999). This occurs hours to

days into the GRB's X-ray lightcurve but in the 10� 20%of cases where

it is present, often represents the �nal temporal evolution of the GRB's

X-ray afterglow (Racusin et al., 2009).

5. X-Ray Flares: These can occur at any time during the early afterglow.

They are often brighter and more frequent in earlier stages, but can

be disproportionately bright in late stages as well. It appears some

may be caused by central engine activity (Liang et al., 2006; Zhang &

Yan, 2011). However, it is currently unclear what causes some at late

stages, after central engine activity has nominally ceased.

GRB optical emission is similarly staged, (Li et al., 2019) though it tradi-

tionally starts during the prompt emission as optical emission is sometimes

observed simultaneously (Vestrand et al., 2014).

1. Optical �ares: Optical events observed as part of the prompt emission.

2. Reverse shock emission: A rarely observed event caused by the GRB
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Figure 1.7: Fig. 1.6 of van der Horst (2007)' plots of the spectral �ux density
(�ux per unit area per unit frequency, mJy) vs. frequency (Hz) of a GRB
afterglow indicate how the peak frequency and overall �ux of emission evolve
roughly 1 hour, 1 day, and 1 month after the GRB. The top panel depicts the
fast cooling regime, where the majority of the electron population radiates
in the X-ray. The second depicts the �rst stage of slow cooling, where some
high-frequency light is still emitted above the cooling frequency nc, but
the majority of electrons have slowed enough to no longer lose energy to
synchrotron cooling. In the �nal panel, the peak emission frequency nm has
passed below the self-absorption frequency na. At these very late times, the
GRB emission peaks in radio as it fades.

15



Figure 1.8: Fig. 1 of Zhang et al. (2006), which illustrates 5 prototypical
stages of an X-ray afterglow as explained in Sec. 1.1.2: the steep decay
(Stage I), the plateau (Stage II), the normal decay (Stage III), the post-jet break
decay (Stage IV), and any X-ray �ares (Stage V). The �gure also includes
typical power law constants for the temporal decay observed in each stage.
These are found to be consistent with the cuto�s for synchotron emission.
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jet encountering the environment and sending "reverse shocks" back

towards the central engine before the prompt emission has ended.

3. Shallow decay: This decay corresponds to the steep decay/high latitude

emission of the X-ray lightcurve. It is caused by geometrical e�ects of

more of the central engine coming into view.

4. The "standard afterglow:" A peak in the optical lightcurve followed by a

normal decay phase. This decay is similar to that of the normal decay

of the X-ray emission.

5. Post-jet-break phase: This corresponds to the same phase in the X-ray

afterglow.

6. Optical �ares: These are similarly interpreted to X-ray �ares, and with

similar behavior. They are considered random, and their cause is

currently not well-understood.

7. Rebrightening humps: events where the optical emission becomes

brighter rather than dimmer, creating a new emission peak. This

occurs sometimes hours after the initial standard afterglow, suggesting

they are not exclusively the result of external shocks (Wiersema et al.,

2012; Li et al., 2025). Instead, they often suggested continued energy

injection from the central engine, the presence of structure in the GRB

jet, or both.

8. Supernova rebrightenings, which often occur days after the initial

burst due to the production and distribution of new elements.

All these optical components are �t well by a synchotron spectrum, indicating

that the majority of the optical emission is well-represented as the result of

interactions between the GRB jet and the surrounding environment.

17



The radio emission has little to no prompt component due to its sup-

pression by synchotron fast cooling (see Fig. 1.7). Instead, the radio �ux

density usually becomes dominant days to weeks after the initial prompt

emission as electrons excited by the reverse shocks cool and expand into the

medium (GRB 221009A was a high-�ux, low-distance exception observed

within only 3 hours, Chandra, 2016; Bright et al., 2023; Urata et al., 2023;

Rhodes et al., 2024). The emission can last months or years as the elec-

trons involved will cool very slowly before falling below the self-absorption

frequency. The synchrotron emission governing these events is theoretically

well-understood. However, it is complicated by di�culties in understanding

GRB's environments, shell sizes, and jet structures (Rhodes et al., 2024).

Each of these stages is currently under active study as they can shed

light on subjects such as the central engine type, environment, and progen-

itor of certain GRBs. However, it is known from host galaxy studies that

certain merger GRBs appear to take place in denser environments, much

as collapsars do (Sec. 1.2, Troja et al., 2022). It is also currently unknown

what causes certain afterglow stages, as alluded to above.

1.2 Di�erentiation of GRB Populations

Once GRBs began to be detected in large numbers by instruments such

as BATSE, it became clear that they held a distribution of properties. They

appeared in many di�erent parts of the sky, peaked at di�erent observed

energies, and lasted for very di�erent periods of time. The study of these

di�erences eventually led to the con�rmation of two progenitor systems

for GRBs: massive collapsing stars and merging neutron star systems.

The historical development of these classi�cation systems is traced here to

indicate both this evolution and areas of active research.
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In the mid-1990s, two new classi�cation systems were developed in

tandem with the large catalog of BATSE GRBs. Lamb et al. (1993) used

the peak brightness (number of counts received in 1.024 s) along with the

variability timescale, the smallest time interval over which the GRB varies

more than random noise (a method of measuring the size of the emission

region), as selectors for a two-class method (MacLachlan et al., 2013). The

authors found that there are classes of GRBs which are generally bright

and vary more slowly, and others which are dimmer and vary more rapidly.

These likely correspond to collapsars and mergers, respectively.

Kouveliotou et al. (1993) used the hardness ratio (the ratio of counts

between low and high energy bands (e.g. 25� 100 keV and 100� 300 keV)

and duration of GRBs to split them into a Gaussian mixture across the

two axes. The duration used was the time between the release of 5% and

95% of the GRB's �uence measured between 50 and 300 keV, called the

T90 (where the 90 stands for the central 90%). The resulting concept of

long-soft and short-hard GRBs continues to be in�uential in the �eld, as

seen in Figs. 1.9, 1.10, 1.11. The classi�cation has signi�cant overlap with

known progenitors, as matter generally takes more time and energy to cross

a large expanded star than a comparatively small merging pair of neutron

stars Piran et al. (2013).

The next major revision was the con�rmation that at least some GRBs

are caused by stripped supernovae by the association of SN 1998bw and

GRB 980425 (Galama et al., 1998). It was already recognized these would be

the "long/soft" GRBs of Kouveliotou et al. (1993) due to their extended size.

It is also notable that after this �rst progenitor association, a literature and

catalog search was commenced to �nd other similar supernovae (Germany

1https://heasarc.gsfc.nasa.gov/docs/software/lheasoft/help/battblocks.html
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Figure 1.9: The GRB duration and hardness ratio of counts in the 100-
300 keV and 50-100 keV ranges are each the overlap of two Gaussian
distributions (Kouveliotou et al., 1993). In this and the following two �gures,
three versions of the relation are presented for BATSE, Swift -BAT, and
Fermi -GBM, respectively. As more data is taken over time, the overlap of
the duration and hardness ratio distributions changes, indicating that the
relationship is instrument-dependent.

et al., 2000), and a few were found (Hudec et al., 1999). These supernovae

were generally found as new, long-lasting optical transients in the �elds of

well-localized GRBs or GRB afterglows. They were brightest 2-4 weeks after

the initial event, easing detection in the V and R bands (Hudec et al., 1999).

It then took decades to build up the incomplete supernova-GRB sample

used in Sec. 2 (Dainotti et al., 2022).

The next major revision followed the characterization of the early X-ray

afterglow by the Swift -XRT. Many groups found that collapsar GRBs, due

to their generally denser environments, have mostly brighter, longer, and

stronger afterglow emission (O'Brien & Willingale, 2007; Gehrels et al., 2008).

Collapsar environments are due to remnants of their hydrogen and helium

layers, gas and dust from the stellar nursery, and the supernova itself.

Merger environments, when detectable, are understood to be a combination
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Figure 1.10: Data from Swift -BAT through 2016 (Lien et al., 2016) includes a
larger number of contradictory GRBs (i.e. long mergers and short collapsars)
and fewer short-hard GRBs. This is because as an imaging instrument,
Swift -BAT must observe a change in the image to trigger, not only the
lightcurve (Lien et al., 2016). Note also that while the BATSE and Fermi -
GBM durations are measured over 50-300keV, the Swift -BAT data uses the
full lightcurve from 15-350 keV 1 .
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Figure 1.11: The hardness v. duration of Fermi -GBM GRBs through 2020
(von Kienlin et al., 2020). This version of the classi�cation scheme �nds
a high over-representation of long-soft GRBs, from which it is di�cult
to distinguish the short-hard GRBs. This is due to a number of factors,
including the ability to view the full unocculted sky, automated triggering,
and the ability to trigger on ultralong GRBs.
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of the binary system's (usually wind) environment and the kilonova. The

afterglow emission also allowed many short bursts to be traced to areas

with older stellar populations (Fong et al., 2022). This led to the projection

that bursts not associated with supernovae would come from older, redder

galaxies, and if they were associated with younger galaxies, from older areas

of those galaxies. This indicates that they are associated with older objects.

Conversely, supernovae and collapsars would be associated with younger,

star-forming galaxies and younger, more active portions of their galaxies.

The early X-ray afterglow of GRBs was found to give insight into continued

energy injection by the central engine, and its eventual turn-o� (Zhang

et al., 2007; Racusin et al., 2009; Racusin et al., 2011). Few groups use this

as a direct classi�cation method, though it can give insight into a burst's

environment. The proposed correlation between the prompt �uence and

afterglow �ux at 11 hours (discussed further in Sec. 2.3.2.2, Gehrels et al.,

2008) and the Dainotti correlation between the prompt luminosity, X-ray

luminosity, and plateau length (Dainotti et al., 2015) are exceptions.

The data from Fermi also called into question some early models of GRB

classi�cation. The ability to constrain GRB spectra over a wide energy

range made it clear that certain GRBs, both long and short, were capable

of creating high-energy photons (though a small number of such GRBs

had already been seen by the CGRO-Energetic Gamma Ray Experiment

Telescope (EGRET), Michelson et al., 2010; Zhao et al., 2011). Under the

new Type I/Type II schema, where one would generally associate mergers

as Type I and collapsars as Type II, it was made clear that some long GRBs

appeared to have a compact merger origin (Lü et al., 2010). GRBs were

therefore classi�ed on their peak energy and isotropic energy in addition

to their duration. Peak energy replaced the hardness ratio, as the latter is
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generally an approximation of the former.

Another model was to bring the observational Amati and Ghirlanda

relations into the observer frame per Goldstein et al. (2010). The Amati

relation describes the relationship of the rest frame peak energy as pro-

portional to a multiple of the isotropic energy, E0
peak µ Ea

iso, where a � 0:5.

The Ghirlanda relation instead describes the rest frame peak energy as

proportional to a multiple of the isotropic energy with some added beaming

factor, fB, E0
p µ (Eiso � fB)b , b � 0:7. Goldstein et al. (2010) then uses these

to derive that the observed peak energy of a GRB to some power over the

observed �uence is approximately constant. Moreover, the constant is likely

di�erent for collapsars and mergers, as the a and b values of the two re-

lations appear to be slightly di�erent between the two progenitor systems.

The two relations are arguably redshift selection e�ects (e.g. Collazzi et al.,

2012; Kocevski, 2012; Parsotan & Ito, 2022). With these caveats, the results

of Nuessle et al. (2024) indicate that the formulation of the two relations

presented in Goldstein et al. (2010) (see eq. 1.1) is representative of the full

Fermi -GBM sample. The two progenitor classes may then be separable on a

factor less instrument-dependent than the hardness ratio, though in the

case of �uence and duration, still instrument-dependent.

Eh
peak ;observed

Sg
µ F(z; f )

with energy E, �uence S, redshift z, and beaming fraction f, hcollapsar 6= hmerger

(1.1)

In an attempt to eliminate even that dependence, Shahmoradi & Nemiro�

(2015) sought to use only rest-frame properties including the the isotropic

24



gamma-ray luminosity, isotropic gamma-ray energy, rest-frame peak energy,

and rest-frame duration in their classi�cation method. They then used

a Markov-Chain Monte Carlo (MCMC) method to �t and reproduce data

predicting the redshifts and merger delay time. This group referred to GRBs

as long and short, but the authors showed surprisingly little overlap in the

four-dimensional model they created.

The coincident discoveries of GRB 170817A, GW 170817, and AT 2017gfo

signi�cantly changed the �elds of gamma-ray and multi-messenger astron-

omy (Troja et al., 2017; Coulter et al., 2017; Valenti et al., 2017; Ren &

Dai, 2022). It was already known that some very nearby GRBs had not

been followed by supernovae (Fynbo et al., 2006; MichaªowskI et al., 2018).

Many other short GRBs had short variability timescales, were associated

with older parts of their host galaxies, and had suppressed early X-ray

afterglows (Berger, 2014). More than con�rming that short GRBs could be

�rmly associated with BNS mergers, the multimessenger and multiwave-

length association of GRB 170817A, GW 1701817, and AT 2017gfo gave

astronomers a template to use to search both archival and future events.

This con�rmation of a second progenitor validated the model that most

GRBs were either caused by the collapse of massive stars or the merger of

compact binary systems.

The e�ect of this kilonova model was the discovery of several "long" GRBs

which were followed by kilonovae (Troja et al., 2018, 2022; Minaev et al.,

2021; Bulla et al., 2023). It was known at the time that the long nearby

GRB 060614 ( z � 0:125) had not been followed by a supernova, indicating

that it was either caused by a collapsar that left no remnant (such as a pair-

production supernova) or that it was not caused by a massive star collapse

(Gehrels et al., 2006; Yang et al., 2015; Jespersen et al., 2020). This was also
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the �rst observational sign that some non-collapsar central engines might

have the potential to sustain prompt emission much longer than the "long-

short" cuto�. However, it was only with the discovery of GRBs 230307A

and 211211A that the existence of long mergers was con�rmed. We use

these and other contradictory (as we term long merger and short collapsar)

bursts to explore a new way to distinguish progenitors from prompt emission

properties in Ch. 2.

Other techniques still in contemporary use include machine learning

analyses of the variability timescale by groups such as Dimple et al. (2023,

2024). They indicate that it may be able to predict subclasses of GRBs,

including long mergers and short collapsars. Negro et al. (2024) wrote a

new encoding-decoding method (the Uniform Manifold Approximation and

Projection for Dimension Reduction; UMAP) which relies on many di�erent

scales of GRB lightcurve variability using a waterfall plot. Their results

show the possibility for better separation of the two primary classes, while

some confusion in the contradictory GRBs remains.

1.3 GRB Progenitor Systems

Due to the current bimodal 2 distribution of GRBs under many classi�-

cation schemes, it is hypothesized that the events stem primarily from two

progenitor systems that create similar central engines, jets, and shocks. Cur-

rently, Type Ibc supernovae, caused by the collapse of giant, H-He stripped

stars, are usually associated with GRBs with a longer detected duration

and a softer spectral peak. Similarly, the merger of a binary containing

a NS was observed to precede a short-duration GRB with a hard spectral

peak, followed by an r-process kilonova, the creation of high-mass elements.

2 technically Gaussian mixture
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A few other r-process kilonovae have been associated with these "harder"

spectrum GRBs, though not all of them have been short (we refer to these

as long mergers). Similarly, a Type Ibc supernova has been associated with

a shorter GRB (a short collapsar).

It is known that the bimodal model is limited by many factors, including

that the durations given are not redshift-corrected. The two Gaussians have

some overlap, meaning there exists some number of "contradictory" cases.

It is not the existence of a single long merger or short collapsar that leads us

to assert that the bimodal model is becoming a less useful approximation (as

it has always been no more than approximation). It is rather the existence

of many such cases far outside the expected distribution that indicates a

new classi�cation system for these two progenitor systems may be needed.

This subsection discusses the nature of the progenitors. Disentangling the

gamma-ray distribution created by this temporal and spectral overlap will

be discussed in Ch. 2.

1.3.1 Stellar Collapsars

Heger et al. (2003) introduces that the metallicity, spin, and mass of the

giant star GRB progenitor must fall within speci�c limits to avoid becoming

other types of remnant (Heger et al., 2003). If the star is too massive

or contains too few metals, it will simply collapse directly to a BH that

begins growing by accretion. No supernova will materialize to evidence

the collapse, though a GRB may still form. Similarly, if it is too light or

contains too many metals, the star will fail to collapse its NS to a BH on

fallback. Instead of forming a jet and disk, it is hypothesized to form a

typical isotropic supernova. In the most unusual case, it conjectured that

certain high-mass, high-metallicity stars form "pair-instability" supernovae
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during their initial collapse. These stars would be destroyed in an isotropic

shock breakout caused by the creation of electron-positron pairs, leaving

no remnant, GRB, or supernova behind (Kasen et al., 2011).

The loss of the hydrogen envelope is critical as the envelope would slow

the GRB jet to sub-relativistic speeds (Woosley, 2011). It would also slow

the rotation of the star too much to create the rapidly rotating disk that

feeds and creates the jet (Heger et al., 2003). It has been observed that

between 30 and 40% of Wolf-Rayet stars in the Milky Way, one of the leading

massive GRB candidates, evolve in binaries. When these share a common

envelope, the gravitation interaction can serve as a stripping mechanism

(Crowther, 2008; Dessart et al., 2011). Detached binaries with small stellar

companions show more promise in these cases, though Roche lobe over�ow

may play a signi�cant part in their evolution and mass loss (Woosley & Heger,

2012; Farmer et al., 2023; Tauris & van den Heuvel, 2023). According to

simulation, some Wolf-Rayet stars may also be the result of stellar mergers

that allowed them to "spin-up" and lose their hydrogen envelopes (p. 514,

Tauris & van den Heuvel, 2023; Li et al., 2024).

A small fraction of stars do meet the mass, metallicity, and spin criteria

to create both a supernova and a GRB and are spinning on an axis allowing

their jets to intersect with Earth. They are classi�ed as Type Ibc due to

the absence of hydrogen and sometimes helium lines (Galama et al., 1998).

Their emission is often suppressed due to the central engine collapsing to

a BH on fallback, rather than ejecting material (Heger et al., 2003, Fig. 2).

Their afterglow emission is often brighter due to Compton scattering from the

surrounding gas and dust. These are the main channels by which collapsars

are detected. Their low supernova �ux (in addition to large redshifts) may

also be a contributor to the lack of a GRB-coincident neutrino detection.
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There exist hypotheses for producing GWs as the result of collapsar

GRBs. In general, they rely on the anisotropy of the central engine during

the collapse and resulting instability of the jets (Gottlieb et al., 2023). If these

jets wobble as predicted, they could have been detected by the LIGO-Virgo-

KAGRA (LVK) network. However, Type Ibc supernovae have not occurred

within 20Mpc during observing runs, making detection nearly impossible. If

this pattern of non-detection continues after close enough supernova events

are detected, it may be that the jets are steadier than those associated with

other disk sources, dropping their detection rate in the LVK frequency range.

If this were true, Gottlieb et al. (2023) suggest the third generation of GW

detectors, such as Cosmic Explorer and the Einstein Telescope in the late

2030s, may only detect one event per decade. It is also possible that no

GWs are produced due to the low density of the progenitor.

1.3.2 Compact Mergers

In comparison, it is conclusive that GW and kilonova counterparts have

been found for some merger systems. Speci�cally, after the groundbreaking

correlation of the GW signal GW 170817 with GRB 170817A, an optical

kilonova signal (AT 2017gfo) was found, a�rming previous BNS models.

No other GW signals coincident with a GRB have been found (likely due to

LVK sensitivity limits, low merger rates, common envelope evolution, merger

distances, and planar alignments), though some LVK detections have had

masses and mass ratios suggestive of NS mergers. The number of GRBs

known to be mergers is thus much lower than the number known to be

associated with supernovae. This is not only because their signal strengths

are lower, but also because mergers tend towards a lower, more centralized

redshift and have a lower density across the universe (Fong et al., 2022).
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The process of creating a BNS system is low probability due to their slow

evolution and low likelihood of remaining gravitationally-bound through

one, let alone two, supernova events (Tauris & van den Heuvel, 2023). When

a supernova occurs, the natal kick of the NS is usually on the order of

hundreds of kilometers per second. The orbital velocities of the massive

companions in many compact binaries are also on the order of 100� 450

km/s, meaning that around 86+ 11
� 9 % of them will receive a kick large enough

to disrupt the binary's orbit (Renzo et al., 2019). When one considers that

there are two companions in these systems, less than 5% of them, usually

closer to 2%, would survive the dual-supernova process. A lower percentage

still would have the required orbital period ( P � 24 hours ) to merge within

the current age of the universe (Tauris & van den Heuvel, 2023, Fig. 10.13,

p. 406).

The cases where these criteria are met can be observed by their GW and

gamma-ray emission. LVK is highly sensitive to the relevant GW frequencies,

and many all-sky instruments are searching for GRBs at any one time.

Considering the rarity of GW signals coincident with GRBs, astronomers are

often more successful �nding very nearby optical/InfraRed (IR) kilonovae.

These signals are often di�cult to detect, as they require one or more

separate instruments to observe the (radioactively-decaying) material ejected

within just hours or days of the GRB for long periods of time (often requiring

a second trigger, Valenti et al., 2017). It can also be di�cult to distinguish

this signal from surrounding material. With the example of AT 2017gfo,

groups now have a model with which to compare and �t kilonova signals.

It is currently unclear if other progenitor systems could be the cause

of long mergers or otherwise odd merger-like GRBs. Some authors have

suggested duration di�erences are caused by a distribution of NS masses,
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rather than a di�erence in progenitor (Perna et al., 2024). There is a clear

theoretical reason to suspect that the mergers of NSs and BHs might produce

merger-like GRBs (Tauris & van den Heuvel, 2023; Lamb et al., 2025, p.

691,). It is expected some Neutron Star-Black Hole systems (NSBH) may

have limited, if any, kilonova counterparts if their mass ratio is too di�erent

or the BH spin is too low. Those NSBH mergers which create kilonovae may

be possible to distinguish either via their lack of a kilonova counterpart to

deep limits (in the case where the NS is engulfed without tidal disruption)

or via a "kink" in the bolometric lightcurve of the kilonova caused by the

lack of a large-mass blue-component ejecta (Zhu et al., 2020). It is also

unclear if White Dwarf (WD)-NS mergers might be the cause of at least some

long mergers. Their optical transients would be distinct from kilonovae as

di�erent elements would fuse with neutrons. This signal has not yet been

con�rmed to occur with any of the referenced long mergers. Finally, the

merger of a Binary Black Hole system (BBH) is unlikely to cause any direct

electromagnetic counterpart, but it may create a kilonova-like signal as the

surrounding gas is disrupted by the new BH's natal kick (Tauris & van den

Heuvel, 2023, p. 717). Such a signal was detected coincident with the

BBH merger GW 150914, though if it is truly well-modeled as a GRB is a

matter of modeling (Li et al., 2016a; Veres et al., 2016; Woosley, 2016). The

best-�tting model for most merger GRBs appears to continue to be that of

the BNS kilonova AT 2017gfo with some modi�cations.

1.4 Primary Instrumentation Used in GRB Classi�cation

There are two observatories used in the following catalog search of GRBs:

Fermi and Swift . Large datasets may o�er insight into the nature of the pop-

ulation of GRBs and their progenitors. However, usage of cross-instrument
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large dataset such as (Wang et al., 2020) may blur together the properties

of instruments with disparate sensitivity curves, pointing strategies, and

localization methods (Lloyd-Ronning et al. 2019 as found by Bryant et al.

2021; Wang & Zou 2022; Luo et al. 2023). In this section, I aim to instead

o�er an analysis of the main methods of gamma-matter interaction and

detection and a discussion of the main instruments whose archives I used

in Sec. 2.

1.4.1 Gamma-ray Matter Interactions and Instrumentation

Many gamma-ray detectors such as Fermi -GBM, BATSE, and BurstCube

use scintillation to detect signals, wherein a high-energy photon traveling

through a material causes the material to emit lower-energy light which

is turned into an electrical signal (Prest et al., 2003; Meegan et al., 2009;

Perkins et al., 2020). This e�ect is usually due to a gamma-ray photon

depositing some of its energy into electrons in the material, which re-emit

the energy as visible light via �uorescence. Some noise in the detectors is

caused by the interaction of high-energy charged particles which can also

create photons through disturbance of the local electromagnetic �eld.

Through the photoelectric e�ect, scintillator crystals are able to fully

absorb low-energy gamma-ray photons, enter an excited state, and re-emit

the energy later as a new gamma-ray photon. Ideally, this transition would

be forbidden, forcing the re-emission to occur as scintillation light (Joens,

2023). This "activation" is linked to long lifetimes of some of these metastable

states and can cause delayed noise from regions of high particle �ux such

as the SAA and polar horns. These are areas where cosmic rays from the

Sun are trapped by the Earth's magnetic �eld; they are discussed further in

Sec. 3.2.6. This is a concern both when de�ning the background of GRBs
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and for drawing consistent SAA boundaries. This activation can be modeled

as a series of long- and short-term exponential decays if the lifetimes of

these states are known from ground testing (Biltzinger et al., 2020).

The two main methods for reading out scintillation light are a PhotoMulti-

plier Tube (PMT) and a Silicon PhotoMultiplier (SiPM). PhotoMultiplier Tubes

(PMTs) such as those used by Fermi -GBM turn the light into an electric

signal through a photocathode before multiplying it by accelerating the

electron beam through a vacuum using increasing current di�erences from

a series of dynodes before reaching the anode. The number of electrons

received at this anode per number sent at the cathode is de�ned as the

gain . This process is well-characterized, with a low noise threshold and

high resistance to radiation damage. However, PMTs have high sensitivity

to external electromagnetic �elds and require high voltages to operate. In

a Silicon PhotoMultiplier (SiPM), the photons are instead used to create

an "avalanche" current between the valence and conduction bands of a

semiconductor. This is accomplished by holding the semiconductor in a

state of "deep depletion," where the electrons and holes 3 are separated

by an electric �eld, creating a semiconductor "depleted" of carriers. The

gain is still de�ned as the ratio of the input charge to the magnitude of

the output voltage (the avalanche created by holding the semiconductor

in an overvoltage state). This system is much more compact, lower mass,

and lower power than a PMT, making it ideal for a CubeSat. However, the

bandgap of silicon changes with temperature, leading the gain of SiPMs

(and most semiconductor devices) to fall as temperatures rise. This can be

corrected by raising the overvoltage, but doing so also raises the minimum

voltage�that is, the minimum energy change of a signal�that such a detector

3 In the literature, this refers the crystalline deformities left by the absence of electrons
(Pierret, 1996).
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can observe. Recent studies indicate that SiPMs are also more sensitive to

radiation damage (George, 2019; Mitchell et al., 2021; Sheridan et al., 2023).

This was considered an acceptable risk for a short mission like BurstCube

but something longer missions will need to consider.

Another method of detecting soft gamma-ray photons and hard X-ray

photons is through direct conversion in materials such as Cadmium Zinc

Telluride (CZT) in ( Swift -BAT coupled to a coded mask, see Sec. 1.4.3,

Barthelmy et al., 2005), much the same way as optical photovoltaic cells.

When a high-energy photon enters the semiconductor, it causes embedded

capacitors to charge proportional to the energy of that photon. After a

certain exposure time, the matrix of all pixels in the array of the image is

read out, and the process is allowed to reset with a certain dead time. This

process can also be disturbed by the interference of high-energy charged

particles, both because they can act as carriers in the semiconductor and

because they can interfere with the current.

In the relative �ux method for localizing gamma-ray events, the full

unocculted sky is observed, and the �ux observed between all detectors is

used to localize a GRB (Meegan et al., 2009). This is common for large FOV

gamma-ray instruments such as Fermi -GBM but comes with the trade-o�

that a GRB will be localized within a large radius ( > 6o) (Meegan et al.,

2008; Goldstein et al., 2020). In the coded aperture mask method used

by Swift -BAT, roughly 50% of an instrument's �eld of view is blocked by a

material opaque to the energy of the incident photons (e.g. lead) leaving a

shadow pattern on the detectors. When photons are received a fast Fourier

transform (FFT) is used to reconstruct the image and direction of the original

event (Barthelmy et al., 2005). This method has the advantage of providing

arcminute localization, which allows rapid follow-up by narrow �eld-of-view
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instruments. However, the mask also blocks many of the incoming photons,

making it less sensitive, with a narrower energy range and smaller �eld of

view.

1.4.2 Fermi Gamma-Ray Space Telescope

The Fermi Gamma-Ray Space Telescope has been in operation since

2008. This thesis has used the lower-energy Fermi -GBM instrument. As

the Large-Area Telescope ( Fermi -LAT) is mostly used to study high-energy

emission, discussion of it will be absent.

1.4.2.1 Fermi -GBM

Twelve of Fermi -GBM's detectors are Sodium Iodide (NaI) scintillator

crystals with beryllium windows (Dets. 0-11 in Fig. 1.12, Meegan et al.,

2008). The crystals measure 12.7 cm in diameter and 1.27 cm in thickness.

They are mounted on all three axes on the corners of the spacecraft to

provide maximum coverage of the full unocculted sky (see Fig. 1.12). This

covers roughly 70% of the sky. The NaIs are sensitive to radiation from 8

keV to 1 MeV. They are the primary localization and triggering tools, used

for temporal and spectral characterization. Onboard, they compare the

di�erence in the �ux received by each detector to a set of spatial-grid tables

for di�erent spectral templates to localize the source (Goldstein et al., 2020).

On the ground, a separate algorithm is used to re�t this data more precisely.

In addition, there are two Bismuth Germinate ( Bi4Ge3O12) (BGO) detectors

mounted to the sides of the spacecraft, giving them an all-sky view (Dets. 12

and 13 in Fig. 1.12). These detectors are sensitive to gamma-ray radiation

from 200 keV to 40 MeV (Meegan et al., 2008). These, along with the NaIs,

allow Fermi -GBM to clearly characterize the temporal and spectral properties
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Figure 1.12: These �gures relay the shape and function of the detectors
and their relative positions, respectively. Left : One of Fermi -GBM's Sodium
Iodide (NaI) detectors, attached to its associated PMT (Meegan et al., 2009).
This assembly also includes the detector's shielding, beryllium window, and
readout electronics. Right : All twelve NaI detectors as they are arranged on
the body of Fermi to cover the full unocculted sky (adapted from Meegan
et al., 2009; Goldstein et al., 2022). It also includes depictions of the two
Bismuth Germinate ( Bi4Ge3O12) (BGO) detectors, one on each side of the
spacecraft.

of GRBs. Both the NaI and BGO detectors are read out by PMTs, and the

resulting signal is then read out by the onboard electronics and processed

into an analog signal to be used by the onboard triggering and archiving

systems. This becomes the Time-Tagged Event data (TTE) data. Binned

data is also created on-board for temporal and spectral analyses (CTIME

and CSPEC data, respectively).

Fermi -GBM searches onboard for signi�cant count increases above back-

ground on di�erent timescales, from 16 ms to 4.096 sec., in �ve di�erent

energy bins. If such a signal is found in at least two NaI detectors in one

of those time and energy binnings, Fermi -GBM signals a trigger and sends

down basic data such as the GRB lightcurve, location, and timing through

ground stations. Ground localization including atmospheric scattering

models, lookup tables for localization, and �ner angular resolution is also
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available within seconds via binned data (TRIGDAT) sent to the GBM In-

strument Operations Center (GIOC, Meegan et al., 2009). The GRB data

is then processed into the majority of the most basic catalog parameters

by a combination of automated scripts and human burst advocates. These

GRB features include the �uence, duration, and most on-axis detectors for

a GRB (von Kienlin et al., 2020). I have primarily used these later catalogs

published by the instrument team.

1.4.3 The Neil Gehrels Swift Observatory

The Swift observatory has studied GRBs since 2004 in the hard and soft

X-ray and UltraViolet (UV)-optical bands (Gehrels et al., 2004). I primarily

used the pointed Swift -XRT soft X-ray telescope for afterglow studies. The

hard X-ray Swift -BAT was used to correlate the position and timing of GRBs

between Fermi and Swift , as well as to gain limited information about GRBs

that Fermi -GBM did not see (Gehrels et al., 2005). As Swift -UVOT was not

used, discussion of it will be excluded.

1.4.3.1 Swift -BAT

Swift -BAT uses a patterned lead tiling to create a coded aperture mask

speci�c to the focal length of the instrument (see Fig. 1.13). Around

this aperture lies a graded-Z fringe shield made of copper, lead, tin, and

tantalum, which prevents 95% of interference from cosmic and Earth albedo

�ux (Barthelmy et al., 2005). The advantages of a coded aperture mask

include Swift -BAT's ability to localize GRBs down to roughly 1 arcmin, in

contrast to Fermi -GBM's 6 degrees (Barthelmy et al., 2005). Swift -BAT uses

CZT detectors doped to be most sensitive within 15 and 150 keV with a 6.2

keV energy resolution at 122 keV. The authors of DeLaunay & Tohuvavohu
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(2022) and related papers state that Swift -BAT also has limited sensitivity

up to 500 keV and is calibrated up to 350 keV. The coded aperture mask itself

is mostly e�ective below 200 keV, meaning data above this limit has much

more limited localization capability. Swift -BAT's small energy sensitivity

range limits its ability to constrain a GRB's peak energy, which is often

in the hundreds of keV. In addition, Swift -BAT can only observe roughly

20% of the sky at a time, rather than the full unocculted sky or more (see

Fig. 1.14). The image reconstruction procedure also e�ectively reduces

the number of detected photons (see Fig. 1.13). Speci�cally, DeLaunay

& Tohuvavohu (2022) cites the mask weighting procedure as making the

imaging e�ective area 54% less e�cient than that of a "counts-only" mode.

These factors limit the instrument's ability to detect and constrain some

GRBs.

Swift -BAT can trigger on both new sources in the image and sudden

count rate increases, It requires the detection of a new point source in the

imaging software to trigger on a rate change, reducing its sensitivity to

very short GRBs. New images can trigger the instrument independently. In

survey mode, it collects a spectrum in each of its 32 thousand detectors every

�ve minutes, occasionally putting them into calibration mode. However,

it also analyzes each trigger using a �gure of merit (FOM) algorithm to

determine if the new source is worth slewing to (Barthelmy et al., 2005). If

it meets the threshold criteria, the whole observatory, including Swift -XRT

and UVOT, is repointed to face the burst. These can repoint in less than

one minute in some cases (Barthelmy et al., 2005). There are also several

slewing constraints on the spacecraft that do not apply to Fermi -GBM, as

Swift -XRT and UVOT cannot point at certain objects (e.g. the Moon, the

Sun, and the Earth).
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Figure 1.13: Adapted from Fig. 2 of DeLaunay & Tohuvavohu (2022): Swift -
BAT's e�ective area at di�erent photon energies with the conventional
coded aperture mask imaging technique (orange) are compared to the actual
received counts and e�ective area (blue). The solid lines indicate where the
mask is on-axis to the source and the dotted lines where it is at 45 degrees.
Most of the decreased e�ective area is due to the loss of photons as part of
the mask-weighting procedure, though some energy- and angle-dependent
e�ects are due to the opacity of the lead tiles, instrument, and shielding.

39



Once a GRB is detected, Swift uses Tracking and Data Relay Satellite

System (TDRSS) within seconds to minutes to downlink the burst's time,

location, lightcurve, spectra, images, and if it is restricted from slewing to

it. It distributes much of this data via General Coordinates Network (GCN).

This can then be used by other observatories to coordinate observations.

If Swift -BAT can slew to the burst, it aims to have a 4 arcmin localization

to the ground within 20s of the start of the GRB (Barthelmy et al., 2005).

Due to Swift -BAT's narrow bandpass, it cannot usually constrain a GRB

spectrum's peak energy (a power law) or cannot constrain the shape after

the peak energy (a cuto� power law). This uncertainty in the spectral shape

is why Swift -BAT was not chosen for Ch. 2.

1.4.3.2 Swift -XRT

Swift -XRT is a nested grazing incidence telescope with a 3.5-meter focal

length (Burrows et al., 2005). It sees 23.6' � 23.6' between 0.3 and 10

keV by focusing light onto a Charge-Coupled Device (CCD). It can constrain

these wavelengths to 140 eV at 5.9 keV (Burrows et al., 2005). It is capable

of two types of imaging: windowed timing (where the pixels are read out

as lines, and the timing information has a resolution of 2 ms), and photon

counting (where each pixel is read out individually, but the timing resolution

is 2.5 s). These two modes allow the instrument to observe dynamic �ux

variations both the early afterglow, where transitions may occur in minutes

or hours, and the late afterglow, where the source often becomes very faint.

As a pointed instrument, the Swift -XRT automatically follows up Swift -

BAT's detections (Gehrels et al., 2005). It can also point to sources based

on targets of opportunity (TOOs). This smaller �eld of view means that it

detects a fraction Swift -BAT's GRBs due to pointing constraints. Swift -
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Figure 1.14: Top: The peak total e�ective area of Swift -BAT on the sky in the
Mollweide projection. It is adapted from Fig. 7a of DeLaunay & Tohuvavohu
(2022), and it does not include the much smaller area of the sky which
is coded by the mask. Bottom : Fig. 8 of DeLaunay & Tohuvavohu (2022)
depicts the fraction of the sky at which Swift -BAT observes at each level of
coding, from 0 (0%, or not visible to the coded aperture mask) to 1 (100%,
on-axis to the coded aperture mask).
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XRT is known for being the �rst instrument to study early GRB X-ray

afterglow in detail (Burrows et al., 2006). It has also made some signi�cant

discoveries about the somewhat blurry distinction between prompt and

afterglow emission (O'Brien et al., 2006; Racusin et al., 2009).

Swift -XRT's primary photon detection method is through direct conver-

sion (Burrows et al., 2005). The main sources of noise will be temperature-

dependent electronic noise caused by phonons 4 and interaction with cosmic

rays. The prior of these two e�ects can be lessened by keeping the instru-

ment below � 100oC. Due to the failure of the cooler on-orbit, the actual

temperature of the Charge-Coupled Device (CCD) is usually kept between

� 75and � 50oC using passive cooling from the radiator (Burrows et al., 2005).

The latter case of cosmic ray in�uence will be discussed in Sec. 3.2.6. An

analog RAD6000 board then reads out the pixels before being processed

and controlled by a specialized radiation-hardened digital signal processor

in real-time onboard. This allows Swift -XRT to handle data across seven

orders of magnitude in �ux.

When GRB data is taken by Swift -XRT, it is usually taken as windowed

timing for bright sources (early in the lightcurve) or photon counting data

for dim sources (for most GRB afterglows). Windowed timing mode gives the

data better timing resolution (down to 2 ms) but can only view the central 8

arcminutes of the �eld of view. Photon counting mode gives one the ability

to view the full image, but the time binning increases to 2.5 seconds.

4crystalline deformities created by the propagation of kinetic energy through a semicon-
ductor Pierret 1996
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Chapter2: Novel Classi�er

2.1 Introduction

Part of this thesis work was published in The Astrophysical Journal

as "GRB Progenitor Classi�cation from Gamma-Ray Burst Prompt and Af-

terglow Observations" (Nuessle et al., 2024, reproduced with changes by

permission of the AAS). As established earlier in this text, (Secs. 1.3-1.2)

GRB data and theory generally support a Gaussian mixture of GRB proper-

ties corresponding to two progenitor classes due to massive stellar collapse

of hydrogen- and helium-stripped stars, either triggered by supernova or

collision (collapsars; Crowther, 2008; Dessart et al., 2011; Woosley, 2011;

Woosley & Heger, 2012) and compact mergers including at least one NS

(mergers; Zhang et al., 2009; Jespersen et al., 2020; Salmon et al., 2022).

In the literature, the prompt gamma-ray emission periods from mergers

are usually taken to be shorter than some instrument-dependent duration

boundary (generally estimated � 2 seconds), while those from collapsars

are longer (Woosley, 1993). However, there are known exceptions to this

rule, including some mergers with longer prompt emission in the rest frame,

and one collapsar shorter. We therefore used a correlation developed by

Goldstein et al. (2010) which uses more predictor variables. In this case,

it uses the prompt peak energy ( Ep), the duration during which 90% of

the prompt emission is released ( T90), and the gamma-ray �uence of the

prompt emission ( Sg). We chose a support vector machine (SVM) as our

classi�er to minimize the training data needed. We trained it on both typical

GRBs (such as GRBs 190829A, 180720B, and 200522A), some long mergers

(such as GRBs 230307A, 211211A and 150101B; Troja et al. 2018, 2022;
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Rastinejad et al. 2022; Bulla et al. 2023; Levan et al. 2023), and one short

collapsar (GRB 200826A, Ahumada et al., 2021; Zhang et al., 2021). We

used these unexpected associations combined with the more familiar long

GRB-supernovae and short GRB-kilonovae so it would be less biased by the

duration or hardness of the burst, but rather trained on known progenitor

associations. The formation and transformation of the progenitor system

should cause profound observational e�ects on the resulting GRB, making

these contradictory GRBs separable based on other factors. We also found

that a linear model between the prompt isotropic energy and the isotropic

energy of the afterglow plateau did not appear to distinguish two populations.

This result and a literature search suggest this is likely because the mergers

and collapsars have similar prompt emission mechanisms (Ghirlanda et al.,

2011; Zhang et al., 2018).

The motivation to build one or more GRB classi�ers came directly from

exceptions to the paradigm which assumed that collapsars were long and

mergers were short. Some recent methods have focused on the short kilo-

novae alone or on searching for third (or fourth) classes of GRBs to explain

the property overlap (Horváth et al., 2010; Jespersen et al., 2020; Dimple

et al., 2023, 2024). We instead primarily examined the prompt energy

ratio Ep;prompt S� 1
g;prompt vs. the duration T90 as in Goldstein et al. (2010) for

discriminatory power (Dainotti & Amati, 2018). We found evidence for a

continuum between the two progenitor classes of GRBs.

Classi�cation of GRB progenitors is meaningful to many areas of as-

troparticle physics because it provides data for both observational and

model limits. The number and type of collapsars observed should trace the

star formation rate and galactic evolution (Hamidani et al., 2017; Zhang

et al., 2021). The merger rate and their distance should a�ect the number
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and type of gravitational wave signals we expect to observe (Berger, 2014;

Beniamini & Piran, 2019; Tauris & van den Heuvel, 2023). The number

of long mergers may also predict the existence of photonic counterparts

to neutron star mergers with objects other than other neutron stars (Zhu

et al., 2020; Rastinejad et al., 2022; Levan et al., 2023; Lamb et al., 2025).

The nuclear fusion resulting from both events likely seeds galaxies and

clouds with heavy elements such as nickel and gold (Beniamini et al., 2018).

The relative population fractions of the two objects also give insight to the

dynamics of massive binaries and common star envelopes (Woosley, 2016;

Tauris & van den Heuvel, 2023; Li et al., 2024).

In Sec. 2.2, we de�ne our known-progenitor training sample and the rest

of the sample selection. In Sec. 2.3, we determine the best discriminator

and use those factors to create a probabilistic SVM model and attempt to

quantify its covariates and accuracy. In Sec. 2.4, we discuss our results

and suggest where further work may be necessary. In App. A, we outline

the statistical tools used in this chapter. In Sec. 2.5, we conclude.

The Hubble constant is assumed to be H0=70 km s � 1 Mpc � 1. The sig-

ni�cance threshold is a = 0:01, which is approximately 2:32s 1 . Error prop-

agation is done via a simple square root of the partial derivatives of the

operation�this process is the topic of Sec. 2.3.3.

2.2 Sample Selection

Prompt emission data were utilized from the Fermi -GBM GRB catalog

from 2008 August through 2023 May (von Kienlin et al., 2020). This in-

strument was chosen due to its ability to characterize the prompt emission

energy spectrum over a wide bandpass and its large, uniform sample data

1https://www.scribbr.com/statistics/statistical-significance/
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set of 3527 GRBs. We chose to use the X-ray afterglow to study potential

selection e�ects. This afterglow sample runs through the same period and

came from the Swift -XRT catalog at the University of Leicester (Evans et al.,

2009). We included this data as a check on our SVM, as characterization of

the early afterglow, including the important plateau period, may be related to

continued energy injection into the circumburst environment (Gehrels et al.,

2008; Racusin et al., 2011). These samples are cross-associated through

the trigger times in the Swift -BAT GRB catalog. When both published GRB

catalogs and preliminary characterization are included, all three data sets

are complete through 2023 May 2 . We refer to this as the GBM-BAT-XRT

sample, consisting of 359 GRBs. Two tables representing all 21 known

progenitors in this sample are available in Sec. 2.2. If a di�erent type of

Swift -XRT data were needed or we wanted to perform our own data analysis

directly on the Swift GRB data, it was retrieved using the swifttools python

burst analyzer sub-library 3 . If more detailed Fermi -GBM data was required,

it was downloaded from the Fermi -GBM archive and processed using the

gbmdatatools python package (Goldstein et al., 2022).

If only the prompt emission was needed only the Fermi -GBM sample

was used. A redshift-associated Fermi -GBM sample combined with the

overlapped GBM-BAT-XRT subsample with measured redshift consisting of

51 GRBs was used to test for distance limitations on the classi�er. These

redshifts were found using the Swift -BAT redshift table and J. Greiner's

GRB table 4 .

We refer duration to mean T90 , the time between which 5 and 95% of

2https://swift.gsfc.nasa.gov/results/batgrbcat/#Contact , https://swift.gsfc.nasa.
gov/archive/grb_table/

3https://www.swift.ac.uk/API/ukssdc/data/GRB.md
4https://swift.gsfc.nasa.gov/results/batgrbcat/#Contact , https://www.mpe.mpg.de/

~jcg/grbgen.html
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a burst's �uence over 50 to 300 keV ( Sg) is observed. All GRBs referred

to as "long" in this work are taken to have a prompt emission duration

longer than 4.2 seconds in von Kienlin et al. (2020), and "short" those

with a duration shorter than 4.2 seconds. Many authors (e.g. Levan et al.

2023) now recognize that the duration separation between a long and a

short GRB may not always be two seconds as determined for the BATSE

sample (Fishman et al., 1985; Kouveliotou et al., 1993; Schaefer et al., 1994).

Instead, it may depend on the instrument, its trigger criteria, energy range,

and sensitivity as suggested by Bromberg et al. (2013). It is also known to

depend on the burst's redshift, as time dilation a�ects the duration, �uence,

and counts detected above background. These authors found that the T 90

for which a GRB is equally likely to be a collapsar or merger is 0.8, 1.7,

and 3.1 seconds in Swift -BAT, Fermi -GBM, and BATSE data, respectively

(Barthelmy et al., 2005; Meegan et al., 2009; Lien et al., 2016; von Kienlin

et al., 2020). Taking this under advisement, we used 4.2 seconds, which

the authors of the Fourth Fermi -GBM GRB Catalog �tted using a lognormal

�t to the T90 distribution (von Kienlin et al., 2020). We chose this value over

1.7 sec. as von Kienlin et al. (2020) uses every Fermi -GBM GRB detected

to come to their probabilistic divisor, whereas Bromberg et al. (2013) uses

only a selection.

Some time after a GRB is detected, but within six months (except in

special circumstances, such as GRB 221009A), a �t of the GRB's time-

integrated spectrum is performed by the instrument team using the three

most on-axis Fermi -GBM detectors, often two of the NaIs with angles less

than 60degrelative the event and the nearest BGOs if at least some of each

were unocculted by the Earth. These �ts are done on both the 1-second

peak �ux interval of the GRB and the full duration selected by the burst
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advocate, to indicate both the average spectrum and how the spectrum

looked at the moment the GRB was brightest. Four functions�a power law,

Comptonized or cuto� power law, Band function, and smoothly broken

power law�are �tted to both sets of data. For reference, these four functions

are:

Power Law: F(E;t) = A�
�

E
Epiv

� � a

, A;a ;Epiv 2 R;Epiv � 100keV (2.1)
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All eight �ts are included in the catalog, along with Cash-statistics (C-stat)

examining the goodness-of-�t of each function, and columns indicating

the best-�tting functions for the �uence and peak-�ux spectra. These �t

parameters are then used in this analysis.

One reason that GRB 221009A, GRB 230307A, and GRB 130427A have

been exceptions to the catalog is that they are not best �t by any of these

four functions even with an additional thermal component. They are outliers

due to their relative proximity, giving instruments more insight into the
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time-evolving spectral structure. Some data was also saturated by high �ux.

The two are currently believed to be best �t by a Band plus a power law

component and a doubly broken power law, respectively. These functions

are not necessarily well-captured by the four functions built into the catalog.

In Sec. 2.3, I instead examine these new functions as they are �t by Lesage

et al. (2023) and Levan et al. (2023) rather than von Kienlin et al. (2020).

2.2.1 Detected Progenitors

In this section, we describe how we selected our detected progenitors.

Each class is treated separately.

2.2.1.1 Collapsar Selection

The presence of a localization-consistent supernova or late afterglow

optical light curve bump typical of a supernova is taken to represent a

collapsar origin for the GRB. We used these characteristics to compile a list

of 42 typical collapsars, 1 short collapsar (GRB 200826A), and one notable

exotic GRB which seemed to have features of both progenitor types (GRB

210704A) by searching the literature and the GCN Circulars 5 . The large

number of supernovae can be attributed to their relative brightness and

extensive literature of detection. The vast majority of collapsar GRBs were

taken from Table 7 of Dainotti et al. (2022). The four exceptions are GRB

221009A, (Blanchard et al., 2023); GRB 211023A, (Belkin et al., 2021);

GRB 150210A, (Jiang et al., 2023); and GRB 200826A, which is our only

short collapsar (Ahumada et al., 2021). In total, there were 43 GRBs with

associated supernovae in our classi�er training set (Table 2.1).

5https://gcn.nasa.gov/circulars
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Table 2.1: While there are dozens of GRB-associated supernova detections
in this table, even within our time constraints, there are very few GRB-
associated mergers in the next table. Our short collapsar GRB progenitor
is unique. This limits our ability to interpret extensions of our model to
unusual GRBs. Here, "BAT" marks which GRBs Swift -BAT detected, "XRT"
for those Swift -XRT detected, "GBM" represents which Fermi -GBM detected,
and "Z" marks which GRBs have an available redshift.

Name Alt_Name Available Data Source

Long Collapsars

GRB 050416A GRB 050416461 BAT, XRT, Z Dainotti et al. (2022)

GRB 050525A GRB 050525002 BAT, XRT, Z Dainotti et al. (2022)

GRB 050824 GRB 050824966 Dainotti et al. (2022)

GRB 060218 GRB 060218148 Dainotti et al. (2022)

GRB 060729 GRB 060729800 BAT Dainotti et al. (2022)

GRB 060904B GRB 060904104 BAT Dainotti et al. (2022)

GRB 070419A GRB 070419447 BAT, XRT, Z Dainotti et al. (2022)

GRB 071025 GRB 071025172 Dainotti et al. (2022)

GRB 071112C GRB 071112772 Dainotti et al. (2022)

GRB 080319B GRB 080319258 BAT, XRT, Z Dainotti et al. (2022)

GRB 081007 GRB 081007224 BAT, XRT Dainotti et al. (2022)

GRB 090618 GRB 090618353 GBM Dainotti et al. (2022)

GRB 091127 GRB 091127976 GBM Dainotti et al. (2022)

GRB 100316D GRB 100316531 BAT, XRT, Z Dainotti et al. (2022)

GRB 100418A GRB 100418882 BAT, XRT, Z Dainotti et al. (2022)

GRB 101219B GRB 101219686 BAT, XRT, GBM, Z Dainotti et al. (2022)

GRB 101225A GRB 101225776 Dainotti et al. (2022)

GRB 111209A GRB 111209300 BAT, XRT, Z Dainotti et al. (2022)

GRB 111211A GRB 111211928 Dainotti et al. (2022)
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GRB 111228A GRB 111228656 BAT, XRT, GBM, Z Dainotti et al. (2022)

GRB 120422A GRB 120422300 BAT, XRT, Z Dainotti et al. (2022)

GRB 120714B GRB 120714888 BAT, XRT Dainotti et al. (2022)

GRB 120729A GRB 120729455 BAT, XRT, GBM Dainotti et al. (2022)

GRB 130215A GRB 130215063 BAT, GBM Dainotti et al. (2022)

GRB 130427A GRB 130427324 BAT, GBM Dainotti et al. (2022)

GRB 130702A GRB 130702003 GBM Dainotti et al. (2022)

GRB 130831A GRB 130831544 BAT, XRT Dainotti et al. (2022)

GRB 140206A GRB 140206303 BAT, XRT, GBM, Z Dainotti et al. (2022)

GRB 140606B GRB 140606133 GBM Dainotti et al. (2022)

GRB 150210A GRB 150210935 GBM Jiang et al. (2023)

GRB 150818A GRB 150818483 BAT, XRT Dainotti et al. (2022)

GRB 161219B GRB 161219783 BAT, XRT Dainotti et al. (2022)

GRB 161228B GRB 161228552 Dainotti et al. (2022)

GRB 171010A GRB 171010792 GBM Dainotti et al. (2022)

GRB 171205A GRB 171205306 BAT, XRT, Z Dainotti et al. (2022)

GRB 180720B GRB 180720598 BAT, XRT, GBM, Z Dainotti et al. (2022)

GRB 180728A GRB 180728728 BAT, XRT, GBM, Z Dainotti et al. (2022)

GRB 190114C GRB 190114872 BAT, GBM Dainotti et al. (2022)

GRB 190829A GRB 190829830 BAT, XRT, GBM, Z Dainotti et al. (2022)

GRB 210210A GRB 210210083 BAT, XRT, Z Dainotti et al. (2022)

GRB 211023A GRB 211023545 GBM Dainotti et al. (2022)

GRB 221009A GRB 221009553 GBM, Z Burns et al. (2023)

Short Collapsars

GRB 200826A GRB 200826187 GBM Ahumada et al. (2021)
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Table 2.2: Each row gives reference to a paper that describing an observa-
tional characteristic Nuessle et al. (2024) used to identify the object as a
merger, if the paper's authors did not identify the merger. Some mergers as-
sociations in this table are performed by directly observing the IR spectrum
of r-process nucleosynthesis. Those which only detected a bump in the IR
where r-process nucleosynthesis might be occurring are labelled as weak
kilonova �t. Those short mergers which occurred in the outer reaches of
their galaxies are labelled as position inferred. Finally, one short GRB also
had a very small spectral lag and is thus suspected to be a merger.

Name Source Merger Asso. Method

GRB 050509B Fong et al. (2022) position inferred

GRB 050709A Fong et al. (2022) position inferred

GRB 051210A Fong et al. (2022) position inferred

GRB 060614 Yang et al. (2015) kilonova detected

GRB 070714B Fong et al. (2022) position inferred

GRB 070809 Jin et al. (2020) kilonova detected

GRB 071227A Fong et al. (2022) position inferred

GRB 080503 Zhou et al. (2023a) weak kilonova �t

GRB 080905A Fong et al. (2022) position inferred

GRB 090515A Fong et al. (2022) position inferred

GRB 111005A Wang et al. (2017) kilonova detected

GRB 120304B Jiang et al. (2023) spectral lag indicated

GRB 130603B Tanvir et al. (2013) kilonova detected

GRB 150101B Troja et al. (2018) kilonova detected

GRB 160303A Fong et al. (2022) position inferred

GRB 160624A O'Connor et al. (2021) weak kilonova �t

GRB 160821B Troja et al. (2019b) kilonova detected

GRB 170817A Troja et al. (2017) kilonova detected

GRB 200522A O'Connor et al. (2021) weak kilonova �t
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GRB 211211A Troja et al. (2022) kilonova detected

GRB 230307A Bulla et al. (2023) kilonova detected

2.2.1.2 Merger Selection

There are fewer known merger events, and their associations can be

more preliminary. Each of our selected merger associations has a unique

associated paper or GCN Circular (Table 2.2). Nine of those have direct

kilonovae detections, meaning that a kilonova model normalized by AT

2017gfo could be �t to their IR or optical data. These are the progenitors of

which we are most certain. The three GRBs �t with a weak kilonova may only

have a bump in the optical or IR associated with r-process nucleosynthesis.

Eight GRBs were inferred to be mergers as they were found on the outskirts

of their galaxies. They are discussed further in two paragraphs. The GRB

with a minimal delay between low and high-energy photons (called a spectral

lag and another common feature of short GRBs, see: Ukwatta et al., 2010;

Joens, 2023) may merely be an artifact of the GRB's brightness or its viewing

angle.

To increase the sample of known mergers, we included events from Fong

et al. (2022), who performed a detailed study of the host galaxies associated

with short GRBs. Host galaxy analysis has been proven in previous analyses

such as Li et al. (2016b) and Li et al. (2020) to meaningfully distinguish

between two populations of GRBs in the Greiner table 6 . This is a table

maintained by the Max Planck Institute for Extraterrestrial Physics listing

GRBs which have been localized within a few hours to days to less than 1 deg.

by instruments including Fermi -GBM, Swift -BAT, International Gamma-ray

6https://www.mpe.mpg.de/~jcg/grbgen.html
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Astrophysics Laboratory (INTEGRAL), SVOM, and BATSE. It primarily lists

data taken either from GCN notices or IAU Circulars, though some come

from private communications.

Li et al. (2016b) similarly found that no combination of factors may

cleanly predict a burst's progenitor and the primary relationship they �nd is

redshift-dependent (p. 28). Their choices of e�ective (prompt �ux) amplitude

(scaling down the signal-to-noise ratio of the peak �ux to the background to

make the duration less than two seconds) and brightness fraction (another

measure of star formation activity in the GRB's region) rather than �uence

and peak energy are also themselves redshift-dependent. The calculations

to transform the �rst through di�erent frames of reference are a corollary of

the calculations in Sec. 2.3. When they use a Naive Bayes classi�er trained

on the Greiner catalog de�nition of Type I and II GRBs, they remove this

dependence in favor of a high-dimensional model in the prompt emission

and host galaxy information (p. 6, Li et al., 2020). After testing models

for separation of the known progenitors, we chose to simplify our model to

three factors so we could train it on the small training set. We also assumed

that short GRBs found more than a certain distance away from the center

of their host were likely mergers. For each detected host galaxy, the authors

of Li et al. (2020) performed spatial and spectral analyses between the GRB

and a catalog of galaxies to determine a probability of chance coincidence

between the GRB afterglow and the host galaxy itself. We assume that if a

GRB was more than 1.96 radii away from the center of its host galaxy, it

was more likely to be in a region of inactive star formation (Kruijssen et al.,

2019). This value was chosen because if the radial stellar light pro�le of

a galaxy were Gaussian, then 95% of the stellar mass density would be

within this radius. While the mass density of a galaxy is best represented
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by a Navarro�Frenk�White pro�le (Navarro et al., 1995, 1996), Portinari

& Salucci (2010) found that a constant stellar mass over luminosity ratio

for an exponential radial luminosity pro�le would be a good zeroth-order

approximation to the real kinematics. This also means the luminosity pro�le

would not be too skewed towards the edges, so a Gaussian would be a good

approximation. We could not test many GRBs as their host galaxy's e�ective

radius is unmeasured. As for the rest, it was unclear if they simply had not

moved from their area of formation or if they were true short collapsars. We

chose not to take these as mergers without more information. This netted us

8 further short-merger type GRBs, though only 1 of them overlapped with

the GBM data. For each GRB-host galaxy pairing, the authors calculated a

percent chance of coincident association. In this sample, we selected GRBs

with chances of coincident association that ranged up to 5% instead of the

1% mentioned in Sec. 2.1.

2.3 Analysis

2.3.1 Classi�cation Method

Amati et al. (2002) observed a correlation between Ep;prompt and Eg;iso using

rest-frame prompt spectral properties of GRBs. Updates to the model later

proposed that long and short GRBs might follow di�erent linear relationships

(Amati, 2006). There is debate in the literature if the eponymous Amati

relation is due to intrinsic or observational selection e�ects (Collazzi et al.,

2012; Kocevski, 2012), though some review articles take it to be at least

partially intrinsic to the system (Parsotan & Ito, 2022).

When taken to the observer frame, Goldstein et al. (2010) found that the

Amati and Ghirlanda relations in BATSE data had a suggestive relationship
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to features also known to partially di�erentiate between progenitors such as

GRB duration. Borrowing their derivation, (which is borrowed from Band &

Preece 2005, which in turn borrows from Amati et al. 2002; Ghirlanda et al.

2004) we begin by assuming that the Amati relation can be stated as:

E0
p µ

�
Eiso

1052ergs

� a

;9a 2 R (2.5)

where Ep is the peak energy, Eiso is a version of isotropic equivalent energy

that neglects the k-correction (for another version, please see Eq. 2.3.1.1),

and 0 denotes that the quantity is in the rest frame. The Ghirlanda relation

can then be stated as:

E0
p µ

�
Eiso � fB
1051ergs

� b

;9b 2 R (2.6)

where fB = 1� q jet is the beaming fraction, which corrects for the small

opening angle over which the GRB jet radiates. We then know that the peak

energy in the rest frame can be converted to the observer's frame as:

Ep =
E0

p

1+ z
(2.7)

where z is the unitless redshift. We also know that the isotropic energy can

be calculated as:

Eiso =
4p � Sg � d2

L

1+ z
(2.8)

where Sg is the prompt gamma-ray �uence and dL is the luminosity distance.

We can plug both equations into the Amati relation to get:
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And doing the same to the Ghirlanda relation:
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We derive that the ratio of the peak energy (to some power) and �uence of a

GRB is only a function of redshift and beaming fraction, with all other factors

dropping out. Goldstein et al. (2010) simpli�es this ratio to Ep;prompt S� 1
g;prompt

in log-log space, �nding that it creates a Gaussian mixture in BATSE GRBs

(see Fig. 2.1). The authors then show that BATSE long GRBs tend towards

a lower value for the exponent of the peak energy than the short GRBs.

Following in this paper's footsteps, we take the "prompt energy ratio"

feature to be Ep;prompt S� 1
g;prompt . After observing the progenitor classes' visual

separation in Fig. 2.3, we created an SVM based on the prompt emission

variables Ep;prompt S� 1
g;prompt and duration ( T90 ) for easier visualization in two

dimensions. In three dimensions, it can be more easily manipulated as

Ep;prompt , Sg, and T 90.

The advantage of the prompt energy ratio-duration correlation is that it

includes many GRBs from both progenitor classes because the selection

criteria are very broad and only come from the observed-frame prompt

emission. This relation may be instrument-dependent (Collazzi et al., 2012;

Kocevski, 2012; Dainotti & Amati, 2018), supporting the hypothesis that

the proposed classi�er should be retrained each time it is applied to an

instrument with a di�erent bandpass or spectral response. If trained on

multiple instruments simultaneously, one would have to correct for their

respective spectral response functions when calculating the �uence, peak

energy, and duration. Similarly, this method could be trained on GRBs

observed by multiple instruments if the instrument-decoupled (rest-frame)
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Figure 2.1: Goldstein et al. (2010) Fig. 2 indicates that when the prompt
energy ratio ( Ep;prompt S� 1

g;prompt ) of BATSE-detected GRBs is shown as a his-
togram, the two distributions are well-�t by a Gaussian mixture. The dark
GRBs are those with a duration less than 2s, and the light those longer.
We see that this model has the capacity to predict some GRBs with long
duration and high peak energy, (that is, possible long mergers) and vice
versa. However, there are about four times as many "long" GRBs as "short"
due to BATSE sensitivity limits.

values were used, as in Sec. 2.3.1.1. When we then plot this ratio for

Fermi -GBM GRBs against the T90 , we see that there is a two-dimensional

Gaussian mixture in the duration and spectral features of the GRB (see

Fig. 2.2). A successful classi�er should be able to identify if an object has

had a merger or collapsar progenitor on both the training and test data

sets, regardless of it has the expected duration (long for collapsars, short

for mergers). Therefore, it appears suggestive that this distribution is mixed

even within the same duration.

In searching our sample of Fermi -GBM GRBs (Section 2.2), we �nd that

2310 of the 3527 detected GRBs have a measured peak energy, and 21 of

those also have a known progenitor (Fig. 2.3), with 14 known collapsar

systems and 7 known merger systems. When deriving the number of GRBs

with constrained peak energies, we included GRBs which C-stat indicates

are best �t by a power law if their second-best �t included a peak energy
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Figure 2.2: The prompt energy ratio ( Ep;prompt S� 1
g;prompt ) is strongly correlated

with T90, and a good separator of events with know progenitors, making it the
basis of our classi�cation. The 4.2 second long/short duration demarcator
derived by the Fourth Fermi -GBM GRB catalog (dotted green line, von Kienlin
et al., 2020) demonstrates that duration alone is an insu�cient classi�er.
Here, the long and short GRBs without known progenitors are unsorted.

using this second-best spectrum. This process allowed us to create a larger

training sample. 5 of the 7 mergers were best �t by a power law, because

they are fainter on average. The full three-dimensional SVM model (with

a 2D separating hypersurface) is available for use and transformation as

needed (Nuessle, 2024). The hypersurface based on the GRB prompt energy

ratio and duration is a line segment (a 1-D hypersurface) that appears

mostly straight, though strongly tilted according to a burst's peak energy,

based on 14 support vectors of the 21 known progenitors. We applied this

classi�cation to all GRBs in the test data to extract interesting features (Fig.

2.3b). Due to the error bars' relative size, a version of the plots including

them can be found in Sec. 2.3.3. We �nd that the border between merger

and collapsar GRBs is tilted in the peak energy-duration axis and slightly

above the 4.2s duration divider given in von Kienlin et al. (2020).
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(a)

(b)

Figure 2.3: The prompt energy ratio-duration relationship ( Ep;prompt S� 1
g;prompt -

T90 ) is the basis of our classi�cation. The 4.2 second long/short duration
demarcator derived by the Fourth Fermi -GBM GRB catalog (dotted green line,
von Kienlin et al., 2020) demonstrates that duration alone is an insu�cient
classi�er. Top: Our SVM binary classi�cation is applied to the sample.
Bottom : We apply Platt scaling to the classi�er to make it probabilistic rather
than binary and highlight other notable GRBs with known progenitors. As
the error bars make it di�cult to distinguish individual events, a version of
this plot with error bars is in Sec. 2.3.3.
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2.3.1.1 Redshift

An ideal progenitor classi�er would classify based only on intrinsic GRB

features, not "detector speci�cations, observational selection e�ects, [or]

sample incompleteness" (Shahmoradi & Nemiro�, 2015, p. 127). We ex-

amined several potential observational selection e�ects, including the real

distribution of distance, simulated scaling of distance e�ects on other pa-

rameters, and selection e�ects on prompt and afterglow �uence, that could

be covariates for our classi�er�secondary factors that could in�uence or

better predict the progenitor of a GRB. After noticing that many groups had

shown a strong redshift dependence in their correlations using redshift-

dependent variables as we do, we chose to simulate if a single long or short

GRB with or without error simulated at di�erent redshifts could reproduce

our correlation (Li et al., 2016b). Instead, it predicted a di�erent GRB

property distribution than the one found in the Fermi -GBM catalog. These

GRBs were simulated using Ep = 350keV, isotropic energy Eiso = 3� 1052 ergs,

and median Band spectral indices of short GRBs a = � 0:800, b = � 2:76. We

were able to simulate the peak energy, �uence, and observed duration of

�ve GRBs at a list of randomized distances between z=0.01 and 8, given

the peak energy, isotropic energy, power-law indices, and assumed duration

at a redshift of zero of 0.05, 0.3, 3, 9, and 27 seconds, respectively. These

values were simulated as:

for zsim 2 [0:01;8]

Ep =
Ep;0

1+ zsim
(2.11)

T90 = T90 ;0 �
Z tb

ta
N(0;T90 ;0(1+ zsim)) �

0:4
e� er f inv(0:9� T2

90 )T4
90

T90
dt

(2.12)
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where

N(0;T90 ;0(1+ zsim)) jta = � 100 (2.13)

N(0;T90 ;0(1+ zsim)) jtb = 100 (2.14)

Sg =
Eg;iso;0(1+ zsim)

(4pkd2
L)

�
Z tb

ta
N(0;T90 ;0(1+ zsim)) �

0:4
e� er f inv(0:9T2

90 )T4
90

T90
dt

(2.15)

Eiso =
4pd2

LSgk
(1+ z)

(2.16)

Where dL is the luminosity distance in centimeters of an object at zsim, 0.4

is the normalization of the normal distribution, N is the probability density

function of the normal distribution which is solved for using Eq. 2.13 and

2.14, and k is the k-correction of a Band function�that is, the change in

�uence due to redshifting of the instrument bandpass. We also extrapolate

the �uence from the Fermi -GBM catalog range of 10 to 1000 keV to 1 to

10000 keV:

k =
R1000 keV

10 keV f (E;Ep;a ;b)dE
R10000 keV

1+ zsim
1 keV
1+ zsim

f (E;350; � 0:8; � 2:76)dE
(2.17)

where f (E;Ep;a ;b) is the Band spectral function as laid out in Band et al.

(1993). The peak energy, ( Ep) low energy power law index, ( a ), and high

energy power law index ( b) values were selected as the mean values of Fermi -

GBM GRBs shorter than �ve seconds and best �t by a Band or smoothly

broken power law function (Eqs. 2.3, 2.4). Rather than resembling the real

GRB distribution, these simulations created a distinct distribution roughly

perpendicular to the observed data, as can be seen in Fig. 2.4. These

simulations appear to predict that distance explains some of the scatter in

GRBs with similar properties rather than the full distribution.

As another test to see if redshift dominates the correlation, we split our
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Figure 2.4: Each of the greyscale curves is a di�erent simulated GRB with
the same spectral model, but a di�erent T90 in the rest frame. We simulated
their observed properties from 0:01� z � 8. This simulation demonstrates
that distance alone does not explain all observed progenitor relationships
in Fig. 2.3 nor most of the uncertainty. The majority of the simulated
data is found to run perpendicular to the relationship. The spectral values
chosen ( Ep=350 keV, Eg;iso = 3� 1052 ergs, a = � 0:800, and b = � 2:76) were the
median Fermi -GBM catalog values for short GRBs �tted with a Band or
SBPL function.
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sample in two by high and low redshift, here de�ned to be z=1.5, (Fig. 2.5)

roughly both the median and mean of the redshift sample, and found that

they showed no signi�cant di�erence in the way they were correlated at

a signi�cance level of 0.01. This and all further tests on the di�erence

between the two populations were performed using a Student-T test with a

signi�cance threshold of 0.01. All tests on the similarity of two populations

were done using a power analysis with e�ect size 0.5 (meaning we expect

a moderate di�erence in the populations) and power 0.99 (meaning the

analysis will detect that moderate e�ect with 99% accuracy if there is one).

We examined the observed redshift and the simulated distance separately

as redshift would indicate if our classi�cation showed limitations dependent

on distance, whereas distance simulations would indicate if distance was a

signi�cant predictor of the classi�er. The sample with redshift could not

be rejected as representative of the entire GRB sample at a signi�cance

level of 0.01, though it also could not be accepted as representative of the

entire sample at that level. We postulate that this classi�cation is not well

explained by observed redshift or simulated distance alone, but rather by

multiple physical factors.

2.3.1.2 Afterglow Fluence

We calculated an afterglow �uence, as it is considered a secondary

test of the progenitor system. This is because, regardless of progenitor, a

denser gas and dust environment is assumed to sustain a brighter afterglow

as the external medium is needed to sustain synchrotron radiation long-

term. We did this by assuming that the integrated X-ray afterglow �ux

(i.e. �uence) over 0.3-10 keV in Swift -XRT during the "plateau" phase of

the early afterglow would be related to the environment of a GRB and that
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(a)

Figure 2.5: This histogram indicates the mean of the redshift distribution is
well-centered in log space (Fig. 2.5a). This is likely because there are a small
number of high-redshift GRBs in the sample acting as outliers. Rather than
eliminate them, I chose to examine all the data knowing that these GRBs
may have an outsized impact on the results.

the environments of merger and collapsar-type GRBs would be relatively

distinct. The high-latitude emission is ignored because it is dominated by

relativistic e�ects. Most of the post-plateau evolution is assumed to occur

after the central engine has turned o�, after interactions between shocks in

the GRB jet have ceased, or outside the main central jet structure (Liang

et al., 2006; Genet et al., 2007; Zhang et al., 2007; Ascenzi et al., 2020).

Thus, the plateau is a representative time where the main part of the GRB

jet is actively interacting with its environment (Zhang et al., 2007). We used

the following to calculate this �uence:

SX;AG = Q�
Z 10keV

0:3keV

Z tstop

tstart

g(t;Ei ;a i)dtdE (2.18)

Where Q is a normalization factor found by setting the function equal to

the afterglow �ux at 11 hours, g(t;Ei ;a i) is a power law dependent on the

number of breaks present in the afterglow lightcurve, and the plateau start
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Figure 2.6: This histogram indicates that the mean of the afterglow �uence
distribution is well-centered in log space. This is likely because there are a
small number of GRBs with afterglow �uence far above the main distribution.
Rather than eliminate them, I chose to examine all the data knowing that
these GRBs may be outliers.

and end times are measured from the Swift -XRT lightcurve. We found that

when we split our full afterglow sample in two by high and low afterglow

�uence at our calculated median value of 3:1 � 10� 7ergs cm � 2, (Fig. 2.6)

the data show only a slight di�erence in the way they were correlated at a

signi�cance level of 0.01.

The duration and prompt energy ratio of this subsample were found to

di�er from the main sample at a signi�cance level of 0.01, so we must reject

the null hypothesis that these GRBs represent the underlying distribution.

Instead, we hypothesize that their afterglows are brighter than average,

meaning there is a selection e�ect where only the X-ray brightest GRBs

have detectable afterglows. This would not negate the fact that this test pre-

dicts two slightly di�erent afterglow populations that are classi�ed slightly
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di�erently. It rather implies that it only does so on a fraction of the data.

We therefore assert that the classi�er appears to di�erentiate based on a

burst's environment as a result of progenitor classi�cation on a subsample.

2.3.1.3 Prompt Fluence

As a test of the impact of the parameter, (as many physical models use

only the duration and peak prompt energy) we split our test sample into

high and low prompt �uence subsamples across the Fermi -GBM catalog

median value of 3� 10� 6 erg cm � 2 (Fig. 2.7). This �uence was measured at

10-1000 keV over the GRB duration, which we take to be the time between

the start and end time of the �uence spectrum (von Kienlin et al., 2020).

We �nd cuts across this boundary lead to signi�cantly di�erent classi�-

cation �ts and distributions. Both of these distributions are signi�cantly

di�erent from the main distribution; both correlations are also signi�cantly

di�erent from each other. We take this to indicate that the classi�er strongly

depends on a burst's prompt �uence. Furthermore, despite having roughly

equal numbers of "high" and "low" �uence GRBs, it appears that the classi�-

cation distribution as a whole is more similar to the low-�uence GRBs. This

could imply an upper limit to the �uence of a GRB that can be characterized

by this model. It is not clear without more training data similar to our

brightest (and closest) GRBs if this means that we have more training data

further away due to the simple fact that there is more space for events to

occur (biasing the training data) or that the technique itself is biased against

high-�uence events. Time will tell.
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(a) (b)

Figure 2.7: The samples split by mean prompt �uence value are signi�cantly
di�erent to a level of 0.01, and both are also signi�cantly di�erent than the
full dataset (Fig. 2.3). This led us to conclude that the prompt �uence is a
signi�cant factor in the classi�cation.

2.3.1.4 Sample Size

Due to the small number of known progenitors, we also choose to test

training set selection e�ects. To do so, we randomize the number of collap-

sars present in the training sample between 1 (to make sure both classes

are represented) and 28 (twice the original number). We do not randomize

the mergers as there are half as many (7 versus 14). We then select the

selected number of collapsars randomly with replacement from the original

training sample. Each "new collapsar" is then assigned a random prompt

energy-�uence ratio and GRB duration using a Gaussian with mean 0 and

standard deviation of the uncertainty of the measurement (0.15 and 0.12,

respectively). These two steps would approximate the residual bootstrap

of a generalized linear model, where the data sample and residuals are

resampled with replacement then assigned randomly.

This simulation indicated that our previous analysis using assumptions

for a t-distributed variable was limited at best, as the distributions of the
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test variables were found to be abnormal. We found that the percentage

of collapsars, and the classi�cation percentages of GRBs 170817A and

230307A (two known mergers) were near the peak of their distributions.

This indicates that the classi�er is possibly limited by its statistical method

and physical model, rather than the sample size. This was predicted by

our choice of classi�er, SVM, (which would minimize the number of used

progenitors) as well as work performed by Siemers & Bajorath (2023) show-

ing that SVM acts consistently over many sizes of training data. When

more progenitors ( � 10% of all GRBs, with the number of collapsars and

mergers weighted to approximate them as equal) become available, it should

be possible to revisit this analysis using a more self-correcting method

(Ramezan et al., 2021).

2.3.1.5 Burst Selection

We chose to test the meaning of each classi�cation more indirectly as well.

We examined �ve GRBs in di�erent areas of interest on the plot (Fig. 2.8 and

Table 2.3). We split these GRBs into what appeared to be short hard spike

and long soft tail features in their light curves. Here, short or long refer

to the length of the feature's binned lightcurve (as opposed to that of the

whole GRB) whereas hard or soft is taken to indicate the burst's spectrum

during those features. We performed time-resolved spectral analyses with

the gbmdatatools by separating this small number of GRBs' "peak" emission

and remeasuring their durations without their long soft tails. Two (GRBs

081109 and 111010B) were high indicator variable outliers. We found that

the listed peak energies of these two were originally �t by a simple power law

in the Fermi -GBM catalog. When the classi�er selected a secondary �t to

use its peak energy, the derived value was not properly constrained, existing
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Figure 2.8: When performing time-resolved spectral �ts classifying only the
short hard spike, and repeating their parametrizations, the GRB observa-
tions moved within the classi�cation parameter space. This is a source of
uncertainty for many GRBs both near and distant from the classi�cation
border, and it is worth deeper study.

at an upper limit. My spectral re-analyses converged to much more typical

values. We conclude that GRBs best �t by a power law are sometimes poor

candidates for this classi�er. However, we include them because many of

our known mergers are best �t by a power law. When all GRBs best �t by a

power law are removed from the model, all but two mergers are removed as

well.

Two GRBs (110820C and 100907A) lie near the center of the distribution

(52% and 45% predicted similarity to a collapsar, respectively). When only

what appeared to be their short hard spike emission was selected, re�t, and

reclassi�ed, their progenitor predictions became more certain (now 37% and
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Table 2.3: These collapsar simulations indicate that when the "long soft tail"
is arti�cially removed from a number of GRBs which may not have one, they
do not always become more similar to mergers. This is not surprising for
some GRBs, as they were expected to be collapsars. However, it is surprising
that the typical long GRB 120308B would become more similar to a merger
than a collapsar, as it has no evidence of being atypical.

GRB Name Orig. T90 (s) Orig. Ep (keV) Orig. S. (erg) Orig. Coll. Sim.
GRB Name Re�t T90 (s) Re�t Ep (keV) Re�t S. (erg) Re�t Coll. Sim.

GRB 081109 58.4 4.65E06 6.55E-06 0.216
14.8 260 3.20E-06 0.571

GRB 100907A 5.38 74.1 7.33E-07 0.454
4.30 62.4 4.00E-07 0.389

GRB 111010B 8.70 5.63E05 8.71E-07 0.152
1.47 59.9 1.94E-07 0.250

GRB 110820C 11.3 79.8 7.98E-07 0.524
5.08 80.1 3.73E-07 0.372

GRB 120308B 25.6 349 6.72E-06 0.664
1.84 372 1.58E-06 0.285

39% predicted similarity, respectively, in Table 2.3). Finally, GRB 120308B

was chosen as it appeared to be a typical long burst at nearly 26 seconds.

When its spectrum was re�t on a shortened duration around the �rst pulse

of the burst, (as all �ve of these were) it became signi�cantly more similar

to a merger than a collapsar, changing from 66.4% similar to a collapsar to

only 28.5% similar.

We also included the known progenitor GRBs 221009A and 230307A as

checks on the method (see Fig. 2.3). They appear on the far bottom right of

the distribution with most estimations of the peak energy, as spectral �ts

published for GRB 230307A are �t with an evolving smoothly broken power

law �t and that of GRB 221009A with an evolving Band plus power-law

component (Levan et al., 2023; Lesage et al., 2023). Both are classi�ed as

long collapsars, where one is a known long collapsar and the other a long

merger. We suspect this e�ect to be due to their extraordinary �uence. We

also cannot rule out that there is separation line evolution with �uence
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due to its relationship with T90 . It is also probable that any classi�cation

based on prompt emission alone would be limited, as observations of the

associated supernova or kilonova are needed to fully determine information

about a burst's progenitor.

We include these progenitors as an indicator that further re�nement on

this classi�er is a topic for future work, including our maintained Zenodo

repository (Nuessle, 2024). This database includes code to reproduce every

aspect of Nuessle et al. (2024), including the erratum. I could update it as

new progenitors become available, likely once or twice per year until the

classi�er becomes irrelevant. As a �eld, GRB science is frequently surprised

by energetic and duration outliers such as these. They may indicate a gap

in understanding that future observations or better analysis and machine

learning techniques may help to resolve. All-sky instruments such as Fermi -

GBM may help us to detect more of these objects, increasing our knowledge

of which ones are outliers and which represent new physics, as well as to

coordinate observations of their multiwavelength components with other

observatories.

This parametrization of the prompt emission still shows promise as a

classi�er between two GRB classes as seen in Fig. 2.3. We do not �nd any

evidence of accessory classes (that is, classes of GRBs other than mergers,

collapsars, and Magnetar Giant Flares (MGFs)) in line with the results of

previous machine learning studies (Bhave et al., 2022; Salmon et al., 2022;

Tarnopolski, 2022).

2.3.2 Unsuccessful Classi�ers

In addition to the above relation with SVM, we attempted two other

physical relationships between the prompt and afterglow emission to predict
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the progenitors of GRBs. I present them here, explain their provenance,

and both explore why they are unsuccessful as classi�ers and other uses

for which they may be more relevant.

2.3.2.1 Isotropic Energy of Prompt and Afterglow Emission

Measuring the isotropic energy of the prompt emission, Eg;iso and of the X-

ray afterglow plateau, EX;iso;plat (the isotropic energies correlation) compares

two intuitively similar energies. As outlined in Zhang et al. (2007) and later

expanded on by Racusin et al. (2011) and Dainotti et al. (2015), there exists

a relationship between the �uence of the prompt emission and that of the

afterglow. Zhang et al. (2007) used this �uence to calculate not only the

radiative e�ciency of the GRB but also to show that signi�cant energy

was still being injected into the jet during the stage. Racusin et al. (2011)

instead calculated the �ux and e�ciency at 11 hours, long after the plateau

emission, and found that it still fell well within the e�ciency limits set by

Zhang et al. (2007). These papers did not choose to compare the isotropic

energy of the prompt and afterglow directly, in favor of instead comparing

either the two �uences or the prompt to the kinetic energy (derived from

the afterglow) so that the redshift was not needed. As we have many more

redshifts now, we chose to do this energy-to-energy comparison. By not

using Swift -BAT's narrower bandpass like Zhang et al. (2007), we introduced

slight di�erences between the prompt spectral �ts. However, our spectral

�ts are quite close to Racusin et al. (2011) as they used both Fermi -GBM

and Swift -BAT.

Much like previous work, this paper uses Swift -XRT to characterize

the early afterglow. We searched the sample of GRBs seen by all three

instruments ( Fermi -GBM, Swift -BAT, and Swift -XRT) for GRBs that had an
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afterglow period which had a temporal decay index of (-0.75, 0.75). This

band is slightly wider than the literature value of (-0.5, 0.5) to allow us to

include more GRBs where the progenitor was known and the GRB had a

visual plateau as con�rmed by Evans (2022) and Evans et al. (2009). This

left us with 51 GRBs, 5 of which were known collapsars (see Sec. 2.2.1).

We characterized the afterglow as a broken power law with n breaks, where

n is given by the �t algorithm presented in Evans et al. (2009) and put into

the Swift -XRT GRB catalog available at Evans (2011). This �t was used to

normalize the �ux of the afterglow at 11 hours (24 hours if not available).

This normalization value was validated using the �ux at 24 hours on the

assumption that the two normalization values should be within 5% (not

validated if unavailable). This process allowed us to calculate a �uence as

the numerical integral of the �ux detected between the breaks de�ning the

start and end of the plateau period. We did so with the same assumptions

made in Sec. 2.3.1.2. Zhang et al. (2007) note that Zhang et al. (2006) �nds

that given the central engine is continuously refreshing the shock during

the plateau stage, it is the most relevant stage for the radiative e�ciency

calculation. While we do not calculate radiative e�ciency, it is worth noting

that would relate to the relationship between the two isotropic energies.

The afterglow �uence was used to calculate an isotropic energy on the

assumption that it would indicate if these environments were signi�cantly

di�erent. This process eliminated the only merger from our sample, as

GRB 150101B was observed very late by Swift -XRT and so could not be

normalized.

The requirements of a correlated afterglow and de�ned plateau beginning

and end times are a major weakness of the method. Because I did not �t

the afterglow lightcurves myself, it also requires a known �ux at either 11
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or 24 hours to normalize the afterglow lightcurve function. This limits the

sample greatly and eliminates all of one known progenitor class, even with

the addition of more known progenitors. As a result, we cannot determine

the signi�cance of the linear relationship of the 51 GRBs in the prompt

isotropic energy-afterglow plateau isotropic energy graph (see Fig. 2.9). We

know that it indicates that for the tested collapsars and unknown GRBs, it

appears that there is a signi�cant relationship between their prompt and

afterglow energy with limited heteroscedasticity and outliers (Fig. 2.10).

This indicates that unless all GRBs have collapsar engines, the mergers are

well-integrated. But I cannot speculate on if this linear relationship applies

to mergers or only collapsars regardless of duration given that mergers were

not explicitly included in the sample. This is why it was not included in

Nuessle et al. (2024). The relationship also has a high level of scatter, with

a corrected R2 value of only 0.18. This means only 18% of the variability in

the afterglow plateau energy can be predicted by the energy of the prompt

emission. Therefore, it is highly likely that more factors are needed in the

model. It should also be noted that the included con�dence interval applies

only to the slope of the generalized linear model, not to the data itself.

2.3.2.2 Prompt Fluence and Afterglow Flux

The third correlation we attempted to use as a GRB classi�er was taken

from Gehrels et al. (2008). It may measure how much energy from the

prompt emission is injected into the late-time X-ray afterglow. During the

normal forward shock decay, a burst's central engine may "turn o�" and the

radiation primarily occur due to interactions between the shock front and

the surrounding environment (Sari et al., 1998). As a result, parts of the

afterglow are visible from the high-energy gamma-ray to the radio, though
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Figure 2.9: The isotropic energy of a GRB's prompt and afterglow emission
are signi�cantly statistically correlated. Only known collapsars survived the
selection process, though both long and short GRBs are present. Therefore,
while the linear model hints at a possible relationship, we cannot necessarily
say if it applies to both progenitors or only to collapsars regardless of
duration.
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Figure 2.10: I use these four �gures to assert that the residuals of the
linear model may be reasonably represented by a t-distribution, which has
the same requirements as a c 2 distribution. In the top and bottom left,
showing the residuals versus �tted values and standardized residuals versus
location, I determined that the residuals of the model would be reasonably
modeled as having �nite and constant variance, as the graph shows no fan
or diamond-like behavior. The top right quartile vs. quartile curve indicates
that the residuals are well-approximated by a normal distribution, given
that they fall close to the included 45 degree line. The �nal sub�gure simply
indicates there are no data which appear to have high leverage relative to
their standardized residual value; that is, if outliers are present, they appear
to have a negligible e�ect.
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we chose to use data from Swift -XRT for simplicity of comparison. This left

us with 359 GRBs, 5 of which were known mergers and 9 of which were

known collapsars. We then created a model of the prompt �uence between

10 and 1000keV and the afterglow �ux at 11 hours for these GRBs. Many

data points are eliminated by instrument sensitivity limits for Swift -XRT

and a lack of late-time data, leaving us with 233 GRBs, 2 mergers, and 9

collapsars.

While the original paper separated the long and short GRBs, we initially

combined them to search for separation based on progenitor rather than

duration. When the GRBs without detected Swift -XRT �uxes at 11 hours

were systematically removed, the need for a second linear �t disappeared

as did any abnormality in the overarching �t (see Figs. 2.11 and 2.12).

Here, the R2 of the two relationships is deceptively low, with values of

-0.06 and 0.29 for the short and long relationships, respectively. This implies

that the short relationship explains almost none of the scatter in that data.

Con�dence intervals on the average slopes do overlap, meaning that the

two relations may be the same. This combined relationship would have an

R2 value of 0.40, meaning that the prompt �uence would explain 40% of

the scatter in the afterglow �ux, and it would have an average slope (�tted

with a t-distribution) of 0:59� 0:12, as opposed to 0:48� 0:14 for the long

relationship and 0:1� 0:76 for the short one. These values overlap, but as we

cannot reject the hypothesis that short GRB linear model is not signi�cantly

correlated, and it does not contain enough points to evaluate its normality,

it is questionable if it contributes meaningful data.

If one assumes that the short data is meaningful, they derive the result

that we would be more than 99% con�dent that for each order of magni-

tude the prompt �uence rose, the afterglow �ux at 11 hours would rise by
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Figure 2.11: GRBs that had both a prompt �uence and a recorded afterglow
�ux at 11 hours show an insigni�cant di�erence in the linear relationship
between the log of their prompt gamma-ray �uence and the log of their
afterglow x-ray �ux at 11 hours. Both collapsars and mergers survived the
selection process. Note that the con�dence intervals present apply only to
the slopes of the generalized linear models, not the data.

3:89+ 1:29
� 0:960 erg cm 2s� 1 on average. It is unclear how to properly interpret this

result given the loss of context that three mergers and most short GRBs

provided. However, it is likely given current data that the environments of

mergers detectable at such late times are so similar to those of collapsars

that the relationships are currently indistinguishable. We also redid this

analysis without the assumption that a t-distribution was a reasonable

approximation to the errors. We found that with a residual bootstrap to the

errors, we would be more than 99% con�dent that for each order of magni-

tude that the prompt �uence rose, the afterglow �ux at 11 hours would rise

by 6:03+ 5:65
� 2:91 erg cm 2s� 1 on average. We take these results to be consistent.

This means that this physical relationship as currently formulated does not

distinguish between collapsars and mergers on this dataset.
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Figure 2.12: I use these four �gures to assert that the residuals of the
linear model above may be reasonably approximated by a t-distribution,
which has the same requirements as a c 2 distribution. In the �rst and third,
showing the residuals versus �tted values and standardized residuals versus
location, I determined that the residuals of the model could be reasonably
modeled as having �nite and constant variance, as the graph shows no fan
or diamond-like behavior. The second quartile vs. quartile curve indicates
that most of the residuals are well-approximated as normal, though another
group might instead use the residual bootstrap due to abormality at low
values. The �nal plot indicates that no model residuals have high leverage
relative to their standardized residual value.
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