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Stellar engine-driven transients are spectacular cosmic explosions that occur when a mas-
sive star undergoes a core-collapse supernova (SN) and collapses into a black hole or neutron star
(compact object), launching relativistic jets. These jets are beams of plasma that are the fastest
moving objects in the Universe, moving at 99.999% of the speed of light. Studies of stellar
engine-driven transients probe extreme physics, allowing tests of gravity, dense matter, accre-
tion, and particle acceleration in environments impossible to recreate on Earth. This dissertation
delves into different observational studies on various classes of stellar engine-driven transients,
aiming to shed light on a fundamental question in astrophysics: how do some compact objects
generate the fastest and most powerful outflows in the Universe?

This dissertation begins with a brief overview of the landscape of stellar engine-driven tran-

sients, and is broken into four parts, corresponding to four distinct classes of stellar engine-driven



phenomena. Part 1 features two chapters on single-object studies studying SNe accompanying
long gamma-ray bursts (LGRBs). Historically, the most studied class of stellar engine-driven
transients is LGRBs, which are discovered via their high-energy gamma-ray prompt emission.
They are followed by afterglows that light up the entire EM spectrum for months. LGRBs are
usually found at distances too far to detect their associated SNe —only 50 LGRBs have robust
SN associations (LGRB-SNe) compared to thousands of LGRB discoveries, making every new
LGRB-SN discovery significant. Chapter 2 focuses on GRB 221009A, the brightest and most
energetic GRB ever detected. Chapter 3 focuses on GRB 230812B, another nearby and highly
energetic LGRB. In addition to characterizing their associated SNe, I performed a statistical
analysis of the most updated sample of LGRB—SNe ever presented in the literature, revealing no
correlation between LGRB energetics and their associated SN brightness. This demonstrated that
the physics powering stellar collapse is decoupled from the mechanisms that launch relativistic
jets in LGRB-SNe.

Nearly all LGRB-SNe are broad-lined Type Ic SNe (SNe Ic-BL). These SNe originate
from massive stars stripped of their outer hydrogen and helium envelopes and have high ejecta
velocities. The local LGRB rate is 10 2 — 10 ° times the local SNe Ic-BL rate, and even after
accounting for viewing angle effects, it is clear most SNe Ic-BL do not produce relativistic out-
flows. To probe why, Part 2 and Chapter 4 of this dissertation feature the largest systematic study
of SNe Ic-BL to date, analyzing 36 events detected by the Zwicky Transient Facility (ZTF). A
subset of these events was observed at radio wavelengths. Radio observations probe non-thermal
emission associated with the fastest moving ejecta, which could be due to relativistic jets in SNe
Ic-BL. Through a joint optical-radio analysis of the subsample, I surprisingly found no correla-

tions between optical and radio properties.



Wide-field optical surveys such as ZTF are discovering afterglows without corresponding
gamma-ray triggers. Some of these events have no associated gamma-ray counterparts, and are
thus known as orphan afterglows. It is not well understood why — viewing angle effects, complex
jet structures, and baryon-loaded GRBs or “dirty fireballs” have all been proposed scenarios. Part
3 and Chapter 5 of this dissertation features a multi-wavelength study of AT 2023sva, the sixth
orphan afterglow with a redshift measurement. Through detailed light-curve modeling, I showed
its missing gamma-ray emission is best explained by observing a structured jet slightly off-axis,
with its energy concentrated in a narrow core, dropping off at wider angles. This placed AT
2023sva among a small set of engine-driven events with direct evidence for angular jet structure.

X-ray flashes (XRFs) are engine-driven explosions with unknown progenitors whose spec-
tra peak at lower energies than those of LGRBs (hundreds of ke V), but higher energies than those
of SNe (tens of eV). Their past discoveries were limited by the lack of sensitive all-sky soft X-ray
instruments. However, the recently launched Einstein Probe (EP) is well-equipped to discover
XRFs, with over 100 times the field of view and vastly greater sensitivity than previous missions.
Part 4 of this dissertation features two chapters presenting multi-wavelength studies on two SNe
accompanying XRFs (XRF-SNe). Chapter 6 features EP250108a/SN 2025kg, one of the ear-
liest EP XRF-SN discoveries. I found the progenitor system was likely a black hole formed
after stellar collapse that launched a relativistic jet, which interacted strongly with an extended
circumstellar medium (CSM). Chapter 7 features EP250827b/SN 2025wkm. I determined the
event showed direct evidence for prolonged central engine activity and was likely powered by a

magnetar remnant and CSM interaction.
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Preface

The works presented in chapters 2, 3, and 6 (Srinivasaragavan et al., 2023, 2024a, 2025a) are
published in the Astrophysical Journal Letters, the work presented in chapter 4 (Srinivasaragavan
et al., 2024b) is published in the Astrophysical Journal, and the work presented in chapter 5
(Srinivasaragavan et al., 2025b) is published in the Monthly Notices of the Royal Astronomical
Society. The work presented in chapter 7 (Srinivasaragavan et al., 2025c¢) is in the review process
for the Astrophysical Journal Letters. These chapters are presented either as-is, or with minor

modifications from the published or submitted versions of the manuscripts.
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Chapter 1: Introduction

The traditional picture for the end of massive stars' lives with zero-age main sequence
(ZAMS) masses & 8 M involves different types of core-collapse supernovae (CCSNe) corre-
sponding to the progenitor's properties, eventually resulting in the formation of a compact object
remnant. Understanding massive stellar deaths is interesting for a variety of reasons to the broader
astrophysical community — these spectacular explosions are important probes of stellar evolution,
are the sites of heavy element formation through nucleosynthesis, and play important mediating
roles in galactic evolution, producing feedback and quenching star formation.

From a stellar evolution perspective, massive stars undergo every stage of nuclear burn-
ing, successively fusing elements from Hydrogen to Iron in their cores (e.g., Janka et al. 2007,
Woosley et al. 2002, 1995). Convective mixing processes feed the star's core with nuclear fusion
fuel throughout this process (e.g., Burbidge et al. 1956; Heger et al. 2005; Woosley et al. 2002,
1995), leading to newly fused elements being transported back into the core, continuing the nu-
clear burning cycle. Once the star's core is composed of Iron, nuclear fusion stops, as it is the
last energetically favorable element created through nuclear fusion (e.g., Bowers & Wilson 1982;
Heger et al. 2003; Ohyama 1963). This results in an “onion skin-like structure for massive stars,
illustrated in Figure 1.1 from Jerkstrand et al. (2026). Though the Iron core does not undergo

any further exothermic reactions to create heat and stabilize itself, it is instead supported by elec-



Figure 1.1: “Onion-skin” model of a CCSN progenitor, with the different layers resulting from
nuclear burning of elements, starting from Hydrogen and ending with Iron. The layer thicknesses
are not to scale. Figure from Jerkstrand et al. (2026).

tron degeneracy pressure, which balances against the star's gravitational collapse. Therefore, the
Iron core acts as a white dwarf, which grows in mass until it reaches the Chandrasekhar limit
of & 1:4M (Chandrasekhar, 1931). At this point, electron degeneracy pressure cannot with-
stand the gravitational forces, and the star collapses, undergoing a CCSN (e.g., Janka et al. 2007,
Woosley et al. 2002; Woosley & Weaver 1986).

The majority of stars retain their outer Hydrogen and Helium envelopes prior to stellar
collapse, and are observed as Type Il SNe. These SNe are classi ed by characteristic Hydrogen
features in their spectra (Gal-Yam, 2017a). There are various subtypes of Type Il SNe, including
Type IIn SNe which possess narrow Hydrogen emission lines as a result of strong interaction
with the surrounding circumstellar environment, and Type llb SNe whose Hydrogen features are
weaker and eventually transition to a spectrum dominated by Helium (Gal-Yam, 2017a).

However, some stars go through extremely intense mass-loss episodes, stripping their outer
envelope layers, resulting in the formation of a Wolf-Rayet star. This mass-loss may be a product
of stellar winds and radiatively driven mass-loss (Conti & Walborn, 1976) for very massive stars
(Mzams > 30M ) or common envelope binary interactions (Lyman et al., 2016a; Taddia et al.,
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2019a; Yoon et al., 2010a) for less massive starsaf < 30M ). When they collapse, these
Wolf-Rayet stars undergo what are known as stripped-envelope SNe. The spectra of these SNe
are devoid of Hydrogen features, and are classi ed as Type Ib SNe if Helium absorption features
are present, Type Ibn SNe if narrow Helium emission features are present, and Type Ic SNe if no
Helium features are present. A subset of Type Ic SNe display broad absorption features in their
optical spectra, corresponding to photospheric expansion velocities 15,000 to 30,000 km s
(Srinivasaragavan et al., 2024b; Taddia et al., 2019a), and are known as broad-lined Type Ic SNe
(SNe Ic-BL). Figure 1.2 from Modjaz et al. (2019) shows the main classes of CCSNe and their
corresponding spectra.

A small subset of SNe Ic-BL are accompanied by Long Gamma-ray Bursts (LGRBs; du-
ration Top > 2), which are short-lived ashes of gamma-ray photons released from highly
collimated, ultra-relativistic jets driven by compact object central engines. They are the most
electromagnetically luminous phenomena ever detected (Piran, 2004) and are often discovered
at cosmological distances, providing a window into the early universe during their existence.
LGRBs are prime sites for studying particle acceleration processes, accretion physics, relativistic
jet formation mechanisms, and many other extreme physics impossible to probe on Earth.

Traditionally speaking, emission from LGRBSs is twofold- the prompt emission (which lasts
on the order of seconds) in the gamma-rays comes from accretion onto the black hole remnant
or the rotational spin-down of the neutron star remnant, generating extremely collimnated (

10 ) ultra-relativistic jets with initial Lorentz factors > 100; and the afterglow emission (which
lasts for months after the prompt emission) across the electromagnetic spectrum comes from the
interaction of these jets with the surrounding circumstellar (CSM) and interstellar medium (ISM)

(Woosley, 1993). Figure 1.3 shows an artistic depiction of the emission from LGRBs. LGRBs
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Figure 1.2: Example spectra of different classes of CCSNe, with characteristic emission and
absorption features labeled. Figure from Modjaz et al. (2019).



Figure 1.3: An artistic depiction of emission from a LGRB, including the prompt emission and
afterglow phase. | note here that a neutron star engine can also create a LGRB. Figure credit
NASA GSFC and ICRAR.

only arise from Wolf-Rayet progenitors, as jets cannot successfuly escape from stars that retain
their dense outer Hydrogen and Helium envelopes (MacFadyen & Woosley, 1999).

LGRBs have been extensively studied over the past two decades, as many time-domain in-
struments focused on studying gamma-ray sky. Gamma-ray instruments such as Fermi's Gamma-
ray Burst Monitor (Meegan et al., 2009) and Swift's Burst Alert Telescope (Barthelmy et al.,
2005) signi cantly advanced the eld, leading to the discoveries of thousands of LGRBs. How-
ever, many initial conditions need to be satis ed for LGRBs to be successfully observed. The jets
need to be largely baryon-free, as matter-dominated jets will sti e gamma-ray emission through
pair-production processes (Dermer et al., 1999). They also need to be pointed directly in the
line of sight of Earth, as they are only visible within narrow angles due to relativistic beaming

(Rhoads, 1997). In fact, most jets never escape their progenitor stars, getting choked or sti ed



by various physical processes (Nakar & Piran, 2017), while jets that do escape are often pointed
away from Earth. These scenarios do not produce visible gamma-ray emission, but can produce
radiation at other wavelengths across the electromagnetic spectrum.

Therefore, relying on gamma-ray satellites to discover LGRBs exposes us to only a fraction
of extreme stellar deaths, that are ultimately just a small slice of a broader landscape of “stellar
engine-driven transients”. | de ne these transients as the explosions associated with a massive
star undergoing a CCSN and collapsing into a compact object, launching a relativistic jet in the
process. There are no restrictions on the initial conditions here - it does not matter whether the jet
was pointed towards Earth or not, whether or not the jet successfully escaped from its progenitor
star, or even if it was a lower Lorentz factor moving jet. Stellar engine-driven transients can there-
fore be discovered across the electromagnetic spectrum, from radio to gamma-ray wavelengths,
making them extremely important and versatile probes of a broad range of astrophysics.

Figure 1.4 from Margutti et al. (2014) shows a visualization of the landscape of stellar
engine-driven transients, from the perspective of their kinetic energies and ejecta velocities,
probed by either optical or radio observations. Optical observations (squares) probe thermal
emission associated with the photosphere of the associated SNe, while radio observations (cir-
cles) probe non-thermal emission associated with the fastest-moving ejecta, either due to the
emission from a relativistic jet in engine-driven systems, or self-synchrotron absorption from SN
ejecta interacting with its surrounding CSM. All events that have open circles have associated
SNe Ic-BL. The Figure shows that SNe Ic-BL exist in all regions of this parameter space, from
non-relativistic, low-energy events to ultra-relativistic, high-energy events. In addition, there are
several events whose radio observations show that they are in the border regime between non-

relativistic and relativistic, with kinetic energies in between those of LGRBs and ordinary Type
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Figure 1.4: Kinetic energy pro le of normal stripped envelope SNe (red), relativistic SNe (or-
ange) found without an associated LGRB, sub-energetic LGRBs (light blue), and LGRBs (blue),
compared to the velocity of their ejecta (computed at one rest-frame day after explosion). Circles
represent inferences made from radio observations, while squares are from optical observations.
All events with open circles are SNe Ic-BL. The magnetar-excluded region is at the top of the
Figure, representing the maximum energy allowed from an explosion resulting from the spin-
down of a magnetar progenitor. The black solid lines represent analytical models corresponding
to purely hydrodynamical explosions (( $? ; Tan et al. 2001), long-lived engine-driven explo-
sions (( ) %4 ;Lazzatietal. 2012), and short-lived partially engine-driven explosions {4);

Lazzati et al. 2012). Figure from Margutti et al. (2014)



Ic SNe.

This emphasizes that LGRBs represent just the tip of the iceberg in stellar engine-driven
transient science. Events in the border regime represent progenitors whose initial conditions do
not satisfy the requirements to observe normal LGRBs. This region of the parameter space is still
vastly underexplored to this day, and the properties of these progenitor systems are a mystery.
SNe Ic-BL seem to be the unifying factor between events in different regions of this parameter
space, but it is still not clear how SNe Ic-BL can arise from systems with vastly different kinetic
energies and ejecta velocities.

These are just few of the many unanswered questions in this parameter space that can
only be resolved by detailed, multi-wavelength studies of stellar engine-driven transients. My
dissertation does exactly that, delving into six observational studies of various classes of stellar
engine-driven transients discovered at gamma-ray, X-ray, and optical wavelengths. Through this
dissertation, | investigate the diversity of massive stellar death and relativistic jets to shed light on
a fundamental question in astrophysics: how do some compact objects generate the fastest and
most powerful out ows in the Universe? For the rest of this introduction, | introduce the classes
of stellar engine-driven transients that | study in this dissertation, along with some major open

guestions regarding each of these classes.

1.1 LGRB-SNe

From an observational point of view, the LGRB-SN connection was established for the
rst time in 1998. GRB 980425's proximity (z = 0:0085) allowed for the test of the theory that

LGRBs originate from CCSNe, and SN 1998bw (Clocchiatti et al., 2011; lIwamoto et al., 1998a;



Patat et al., 2001) was found temporally and spatially coincident to GRB 980425, giving evidence
for the LGRB-SN connection. Over the past few decades, over 50 SNe with associated LGRBs
have been discovered (see, e.g., Blanchard et al. 2024; Cano et al. 2017a; Hjorth 2013; Hu et al.
2021; Kumar et al. 2022a; Melandri et al. 2019a; Rossi et al. 2022b; Srinivasaragavan et al. 2023,
2024a), and are known as LGRB-SNe. For events with observed spectroscopy measurements,
studies have shown that all (except for SN 2011kl associated with ultra-long GRB 111209A,
which was a superluminous SN; Kann et al. 2019) are SNe Ic-BL.

There are a number of open questions regarding the LGRB-SN connection, with recent
discoveries highlighting the need for further probing of the parameter space. A SN is not always
detected for nearby LGRBs (Della Valle et al., 2006; Fynbo et al., 2006; Gal-Yam et al., 2006;
Tanga et al., 2018). Two LGRBs have actually shown evidence for an associated kilonova (Gillan-
ders et al., 2023; Levan et al., 2023a; Rastinejad et al., 2022; Troja et al., 2022; Yang et al., 2022,
2023), which is an out ow associated with the merger of two compact objects. The observed
population of LGRBs is primarily detected at z & 1, with isotropic equivalent energy releases
(E is0 ) between 18 to 13 erg (e.g., Jakobsson et al. 2006). However, most LGRB-SNe have
z.1withE 4 104 10 % erg (Cano etal., 2017a). This is primarily an observational ef-
fect, as LGRB-SNe are much fainter than their associated LGRBs and are only detectable within
a much smaller volume. Figure 1.5 shows the sample of spectroscopically con rmed LGRB-
SNe, illustrating this effect. The relationship between LGRB energetics and their associated SN
properties is also a scattered picture (shown in Figure 1.5), and there is not a clear understanding
of how the central engine impacts the SN explosion.

Therefore, itis important to characterize every newly discovered LGRB-SNe. In my disser-
tation, | performed studies on two nearby (z < 1) and energetig{E> 10°3 erg) LGRB-SNe
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Figure 1.5: The most comprehensive analysis of LGRB-SNe presented in the literature, modi ed
from Srinivasaragavan et al. (2024a). The y-axes are the peak luminosity of LGRB-SNe relative
to the prototypical LGRB-SN 1998bw (left;skisesow), and the inferred Nickel masses of the
explosion (right; M,j). The average LGRB-SN values ( 1) for these parameters are shaded
in orange. The x-axes are the isotropic equivalent energy releagg)(&f the LGRBs' prompt
emission. LGRBs are divided into low-luminosity, border, and classical LGRBs.
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(Srinivasaragavan et al., 2023, 2024a) presented in Chapters 2 and 3, which includes one study
on the brightest GRB of all time, GRB 221009A (Burns et al., 2023). These studies focused on
analyzing optical data, including photometry and spectroscopy of both the LGRBs' afterglows

along with their associated SNe.

1.2 SNe lc-BL

As mentioned earlier, nearly all LGRB-SNe are SNe Ic-BL. These SNe are usually found
in lower metallicity environments than normal Type Ib/c SNe, suggesting that their progenitors
are younger and more massive (Cano, 2013; Sanders et al., 2012). Their light curves (LCs) also
rise faster than normal Type Ib/c SNe and are brighter at peak magnitude (Lyman et al., 2016a,;
Prentice et al., 2016; Taddia et al., 2018). LC modeling of these events has shown that they can
possess explosion energies¥1érg) an order of magnitude higher than normal Type Ib/c events
(10°* erg); though peculiarly, their ejecta masses are similar (Lyman et al., 2016a; Prentice et al.,
2016; Srinivasaragavan et al., 2024b; Taddia et al., 2018).

SNe Ic-BL challenge the picture associated with the standard explosion mechanism of CC-
SNe, as the extra order of magnitude of energy possessed by some of these explosions neces-
sitates a deviation from the traditional picture of neutrino irradiation from a proto-neutron star
(NS) reviving the bounce-back shock in the progenitor's core. A compelling hypothesis is that
a relativistic jet driven from the core of the progenitor's proto-NS transfers the extra order of
magnitude energy needed to the surrounding stellar medium such that its explosion can reach the
order of 162 erg (Burrows et al., 2007; Woosley & Bloom, 2006). Since nearly every LGRB-SNe

is a SN Ic-BL, there is signi cant evidence for this hypothesis.
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However, the local LGRB rate is 20— 10° times the local Type Ic-BL SNe rate (Ho
et al., 2020a), and even after accounting for the beaming fraction of GRBs (due to relativistic
beaming, we miss a fraction of GRBs because we are not in their line of sight), it is clear that most
SNe Ic-BL do not produce GRBs. Furthermore, radio studies of SNe Ic-BL tracing the fastest-
moving ejecta at late times ruled out off-axis afterglows for the majority of the nearby SNe Ic-BL
population (Corsi et al., 2016, 2023). Therefore, relativistic ejecta are not ubiquitous to SNe Ic-
BL. Ultimately, this alludes to intrinsic differences in the explosion mechanisms within the SNe
Ic-BL population, between engine-driven and normal SNe Ic-BL. Dedicated sample studies of
SNe Ic-BL are necessary to probe this question further.

There have been a very limited number of historical SNe Ic-BL sample studies, with most
coming from literature collections (e.g., Cano 2013; Lyman et al. 2016a; Prentice et al. 2016),
or suffering from small sample sizes (Taddia et al., 2015). The most recent dedicated sample
study on SNe Ic-BL in the literature was published in 2019 (Taddia et al., 2019a), which utilized
34 events discovered and observed by the Zwicky Transient Facility's (ZTF's) predecessor, the
Palomar Transient Factory. In my dissertation, | performed the largest study of SNe Ic-BL ever
presented in the literature, analyzing 36 events detected by ZTF, presented in Chapter 4. This
study features analysis of optical, ultraviolet, and radio data, providing a full characterization of

the sample from a population-level perspective.

1.3 Orphan Afterglows

Recently, ground-based wide- eld optical surveys such as ZTF have begun detecting LGRB

afterglows serendipitously, without the use of a gamma-ray trigger (Ho et al., 2022). In a handful
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of cases, no gamma-ray emission has been found after post-facto searches, even with sensitive
high-energy limits at the time and location inferred for the explosion. These events are known as
orphan afterglows. There are many open questions in LGRB science that can only be answered
by studying these events, including understanding the true rate and angular structure of relativis-
tic jets, how important mass-loading is for successful jet production, and understanding the role
that ultra-relativistic ejecta plays in powering engine-driven systems.

These events also represent a mysterious endpoint for stellar evolution, as the conditions
necessary for a progenitor to produce them are still not well understood. The simplest explanation
is that no GRB satellite with prompt noti cation capability was pointed at the LGRB location at
the explosion time, or that the afterglow was not robustly localized, allowing for an accurate
search of high-energy catalogs. But for other events this explanation does not appear viable.
Viewing angle effects are one possibility, as LGRBs are ultra-relativistic. This leads to their
emission only being observable within a viewing angle of 1 (Rhoads, 1997). LGRBs have
high initial Lorentz factors on the order of 100 during their prompt emission; therefore,
gamma-rays are only detectable within a very small viewing angle. However, optical facilities
could still detect emerging afterglows as the jet slows down and the Lorentz factor decreases,
even if Earth was not in the line of sight of the initial collimated gamma-ray emission.

A “structured” LGRB jet is also a possible explanation, where a LGRB's energy pro le
varies with respect to viewing angle. In the past, LGRB jets have usually been modeled as simple
top hats, with constant energy per viewing angle. However, detailed studies of LGRBs and
orphan afterglows have shown that structured jets may be more common than previously thought
(e.g., Sala a et al. 2015; Srinivasaragavan et al. 2025b). This means that even slightly off-axis
observers that observe an event within the jet's viewing angle but outside of its narrow high-
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Figure 1.6: Artistic depiction of possible progenitor scenarios for orphan afterglows. Figure
credit Prof. Anna Ho.

core could see an orphan afterglow.

In addition, there are theorized baryon-loaded LGRBs known as dirty reballs, which may
only have initial Lorentz factors of 5 10, failing to produce observable gamma-rays
altogether due to pair production processes (Dermer et al., 1999). Optical facilities could also
catch the afterglows from these dirty reballs. There have been no conrmed dirty reballs
discovered thus far, and the discovery of even one would dramatically change our view of LGRB
phenomena. Yet another possible scenario is that a LGRB's jet might be ultra-relativistic and
successfully escape its progenitor star, but ends up getting “choked” by a dense surrounding
CSM (Duffell & Ho, 2020), leading to gamma-rays being trapped and reprocessed to longer
wavelengths. Figure 1.6 shows an artistic depiction of several of these possible scenarios.

Despite their importance, orphan afterglows are extremely rare, with only six con rmed
events with redshift measurements (Li et al., 2024). Therefore, every new orphan afterglow
discovery presents us with a rare opportunity to probe their progenitor systems and make headway
towards answering many major open questions in LGRB science. In my dissertation, | performed

a multi-wavelength study on the sixth orphan afterglow with a redshift measurement, AT 2023sva
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(Srinivasaragavan et al., 2025b), presented in Chapter 5. This study features analysis of gamma-
ray, X-ray, optical, and radio data, and is one of the most robustly observed and modeled orphan

afterglows presented in the literature.

1.4 X-ray Flashes

Past soft X-ray missions such as BeppoSAX and HETE-2 detected bursts with peak ener-
gies between those of classical LGRBs (hundreds of keV) and supernovae (tens of eV)— known
as “X-ray ashes” (XRFs), de ned by possessing peak energies . 30 keV. These XRFs were
detected at rates comparable to classical LGRBs (Heise et al., 2001; Sakamoto et al., 2005), and
the simplest idea was that the XRFs are LGRBs viewed off-axis, where the prompt -ray emis-
sion is missed due to viewing angle effects. However, XRF analyses revealed a variety different
possible progenitors, including the shock break-out of supernovae (Alp & Larsson, 2020), the
jetted emission of a tidal disruption event (Yao et al., 2024), the emission from the newly formed
accretion disk in a compact binary merger (Lu & Quataert, 2023), or ares from highly magne-
tized stars (Lin et al., 2022), among others. Understanding the progenitor systems for XRFs is a
major open question, as it is not clear whether they represent an entirely new class of phenomena
than LGRBs altogether, or whether all, or just a subset originate from massive stellar deaths.

Despite their importance, XRF past discoveries were limited by the lack of sensitive all-
sky soft X-ray instruments. However, the recently launched Einstein Probe (EP) is well-equipped
to discover XRFs. EP carries the “Wide X-ray Telescope” (WXT; 0.5-4 keV), a lobster-eye X-
ray imager with a 3600 dégeld-of-view (FoV) (Yuan et al., 2018). With over 100 times the

FOV and vastly greater sensitivity than any previous soft X-ray mission, EP has also enabled
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rapid multi-wavelength follow-up of X-ray transients for the rst time with WXT's 5arcmin
angular resolution. In addition, the recently launched Space Variables Objects Monitor (SVOM)
is a GRB mission with sensitivity down to 4 keV, also capable of making XRF discoveries (Wei
et al., 2016a).

A major missing piece in understanding historical XRFs was securing associations with
their optical counterparts to obtain redshift measurements. New wide- eld transient surveys
such as ZTF have begun nding these counterparts in near real-time, through ne-tuning survey
experiments to respond rapidly to EP and SVOM discoveries. In addition, contemporaneous
high-energy observations from gamma-ray satellites like Fermi-GBM and Swift-BAT can rule
out gamma-ray counterparts for events, while SVOM's broad 4-120 keV energy range allows it
to independently constrain the spectral peak for detected bursts on its own to nd XRF candidates.
Therefore, there has never been a more opportune time to advance our understanding of XRFs
and probe their progenitor systems.

Obtaining multi-wavelength follow-up observations of XRF candidates and modeling their
emission panchromatically is essential for this. Only a handful of these events have multi-
wavelength counterparts, and there are even fewer XRFs with SN counterparts, known as XRF-
SNe. Prior to the launch of EP and SVOM, there were only six con rmed XRF-SNe (e.g., Bersier
et al. 2006; Bufano et al. 2012; Campana et al. 2006; Cano et al. 2011; Fynbo et al. 2004; Maund
et al. 2009; Mazzali et al. 2008; Soderberg et al. 2005; Thomsen et al. 2004; Tominaga et al.
2004). In the rst two years of EP and SVOM operations, four new XRF-SNe have been dis-
covered (e.g., Li et al. 2025c; Rastinejad et al. 2025; Srinivasaragavan et al. 2025a,c; Srivastav
et al. 2025; Sun et al. 2024; van Dalen et al. 2025), greatly increasing the discovery rate. Figure

1.7 shows the landscape of XRF-SNe, with spectra around maximum light and LCs displayed for
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Figure 1.7: Left: Spectra of XRF-SAsound maximum light (Modjaz et al., 2006, 2009; Patat

et al., 2001), including two recent EP XRF-SNe (Rastinejad et al., 2025; Sun et al., 2024).
XRF080219/SN 2008D displays strong He features (labeled in bold), leading to a Type Ib SN
classi cation. The other four events all display broad Fe Il and Si Il features (labeled in bold)
leading to SNe Ic-BL classi cations. Right: LCs of XRF-SNe, shown in the rest frame (Clocchi-
atti etal., 2011; Modjaz et al., 2006, 2009; Srinivasaragavan et al., 2025a; van Dalen et al., 2025).
The LCs show clear diversity, ranging seven orders of magnitude in brightness.

ve events.

All spectroscopically classifed XRF-SNe are SNe Ic-BL except for one, XRF080219/SN
2008D, which showed strong Helium absorption features leading to a Type Ib SN classi cation
(Modjaz et al., 2009). This gives evidence that the majority of XRF-SNe are likely at least
distantly related to the same class of progenitors that produce LGRB-SNe, though clearly not all,
as a progenitor star that has retained its Helium envelope cannot produce a successful LGRB. The
X-ray luminosity of XRF080109 was also few orders of magnitude less than those of XRF-SNe

that are SNe Ic-BL, pointing to different sources of non-thermal emission as well. The LCs of

1GRB980425 has a peak energy 50 keV (Daigne & Mochkovitch, 2007) making it a borderline XRF.
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XRF-SNe are also diverse, both in shape and in brightness (see Figure 1.7). The diversity of XRF-
SNe, especially when compared to the relative homogeneity of LGRB-SNe (Srinivasaragavan
et al., 2024a), gives evidence that their progenitors differ from those of LGRB-SNe to at least
some degree, making every new XRF-SNe important to characterize.

In my dissertation, | performed multi-wavelength studies of two XRF-SNe discovered by
EP, EP250108a/SN 2025kg (Srinivasaragavan et al., 2025a) and EP250827b/SN 2025wkm (Srini-
vasaragavan et al., 2025c), presented in Chapters 6 and 7. These studies feature analysis of
gamma-ray, X-ray, ultraviolet, optical, and radio data, and are some of the most extensively ob-

served and modeled XRF-SNe in the literature.

1.5 Organization of Dissertation

This dissertation is organized into four different parts, and eight total chapters. The four
parts correspond to the four different classes of stellar engine-driven transients | described above
- LGRB-SNe, SNe Ic-BL, Orphan Afterglows, and XRF-SNe. Chapters 2 through 7 feature
publications | rst-authored over the course of my thesis, with Chapters 2 through 6 already
published in journals, and Chapter 7 currently in the review process. In Chapter 8, | take a look
towards the future of stellar engine-driven transient science. In Figure 1.8, | show an artistic
depiction of the different classes of stellar engine-driven transients | study in this dissertation.

My life has always been innately connected to basketball, soitis tting that this dissertation
has four parts, similar to the four quarters of a game. Now that we have nished warm-ups and
layup lines, | invite readers to the tip-off — the rst quarter is about to begin! It is shaping up to

be a great game.
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Quarter 1. Long Gamma-ray Burst — Supernovae
“I hoop was never good enough to ever be a Laker
But these words | record got me ballin', Jordan.”

- J. Cole



Chapter 2: A Sensitive Search for Supernova Emission Associated with the Ex-

tremely Energetic and Nearby GRB 221009A

2.1 Introduction

Over the past two and a half decades, a link has been established between long-duration
gamma-ray bursts (LGRBs) and core-collapse supernovae (CCSNe; Woosley & Bloom 2006).
Over two dozen LGRBs have been associated with CCSNe, either indirectly (e.g., through late-
time “bumps” in their optical afterglow light curves), or directly through tell-tale spectroscopic
signatures (Cano et al., 2017a). All of these SNe are of the Ic-BL type (Filippenko, 1997): they
lack H and He lines in their optical spectra, and possess broad lines indicative of higher ejecta
velocities than seen in normal Type Ic SNe.

Despite this progress, a number of key open questions regarding the nature of the GRB-SN
connection remain. One of the foremost of these is understanding why a much smaller fraction
of Type Ic-BL SNe have associated LGRBs than the converse. A number of studies (Corsi et al.,
2016, 2022; Soderberg et al., 2006a) have shown that this dichotomy cannot be explained solely
by viewing angle effects, and that relativistic ejecta are not ubiquitous to SNe Ic-BL (< 19% of
Ic-BL events are SN 1998bw-like, the prototypical SN associated with a GRB; Corsi et al. 2022).

Therefore, there are intrinsic differences in the explosion mechanisms and/or environments be-
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tween jet-powered Type Ic-BL SNe and normal Ic-BL events, and understanding this dichotomy
can provide important insights into stellar evolution and the landscape of stellar explosions.

The observed population of LGRBs is comprised predominantly of cosmological (z & 1)
events, with E;s, between 1% to 1*erg (e.g., Jakobsson et al. 2006). On the other hand,
the majority of GRBs that have associated spectroscopically con rmed SNe (GRB-SN) are low-
luminosity events, with isotropic equivalent energiesi{f) between 1t to 1F° erg (Cano et al.,
2017a). This is the natural consequence of low-luminosity GRBs dominating the population of
events nearby enough for spectroscopic investigations (z . 0:3), even with large-aperture optical
facilities. Here we attempt to characterize the supernova associated with a rare energetic LGRB
discovered in the nearby universe.

GRB 221009A [ (J2000)= 1913"03.50, (J2000) = +19462423; Laskar et al. 2022]
was discovered by the Burst Alert Telescope (BAT; Barthelmy et al. 2005) on the Neil Gehrels
Swift Observatory (Swift; Gehrels et al. 2004), though initially classi ed as a potential Galactic
transient (Dichiara et al., 2022). Subsequently, the Fermi Gamma-Ray Burst Monitor (GBM,;
Meegan et al. 2009) reported an extremely bright LGRB detected 55 min eadiemsistent
with this localization (Lesage et al., 2022). Further observations revealed that the BAT triggered
on the bright X-ray afterglow of GRB 221009A, a rst in the nearly 18 years of Swift operations
(Williams et al., 2023).

The unprecedented brightness led to extensive follow-up across the electromagnetic spec-
trum (e.g., Fulton et al. 2023; Kann et al. 2023; Laskar et al. 2023; O'Connor et al. 2023; Williams
et al. 2023). Spectroscopy of the optical afterglow led to a redshift measurement of z = 0:151

(Castro-Tirado et al., 2022; de Ugarte Postigo et al., 2022b; Malesani et al., 2023a). Its associ-

1At 13:16:59.00 UTC on 9 Oct 2022, which we establish hereafterpas T
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ated gamma-ray isotropic energy release is well in excess*6eid), making GRB 221009A an
extremely rare example of a highly energetic LGRB nearby enough to search for an associated
SN Ic-BL.

In this Letter, we present optical observations that display a late-time attening in the af-
terglow decay of GRB 221009A, and we investigate how these measurements can constrain the
possible associated SN (SN 2022xiw; Postigo et al. 2022). In 82.2 we report the observations
of the optical afterglow of GRB 221009A, in 82.3 we analyze the observations, and statistically
compare models with and without a supernova component; in 82.4 we constrain physical param-
eters of SN 2022xiw; in 82.5 we place GRB 221009A/SN 2022xiw in the context of the GRB-SN
sample in literature; and in 82.6 we summarize our conclusions. In the nal stages of manuscript
preparation, studies reporting con icting results on the existence of SN emission were posted on
the arXiv (Fulton et al., 2023; Kann et al., 2023; Levan et al., 2023b; Shrestha et al., 2023) —

where relevant we highlight differences in our approach and contrasts in our results.

2.2 Observations

The main telescopes used for this work are the GROWTH-India Telescope (GIT), Lowell
Discovery Telescope (LDT), and the Gemini-South Telescope. The results of the GIT, LDT, and
Gemini-South observations are presented in Table B.1. To provide additional coverage at early
times and help constrain the afterglow behavior, we have also considered optical afterglow mea-
surements from the Liverpool Telescope (LT) reported in Laskar et al. (2023), and supplemented
these with preliminary results reported in the GCN circulars (Belkin et al., 2022a,b,c; Bikmaev

et al., 2022a,b; Brivio et al., 2022; D'Avanzo et al., 2022; de Wet et al., 2022; Ferro et al., 2022;
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Groot et al., 2022; Gupta et al., 2022a; Huber et al., 2022; Im et al., 2022; 1zzo et al., 2022;
Kim et al., 2022a; Kumar et al., 2022b; Pellegrin et al., 2022; Rajabov et al., 2022; Rossi et al.,
2022a; Schneider et al., 2022; Shrestha et al., 2022; Vinko et al., 2022). The GCN photometry is
provided in tabular form in the Appendix. All times used in this work are in the observer frame.

Below we describe the data reduction processes for each of the telescopes we use.

221 GIT

We used the GIT located at the Indian Astronomical Observatory (IAO), Hanle-Ladakh, to
acquire observations of the GRB 221009A optical afterglow (Kumar et al., 2022c). The source
was observed in Sloarf,g° i°and 2 bands. Data were downloaded and processed in real-time
by the GIT data reduction pipeline. We used individual exposures for photometry in the early
stages when the afterglow was bright. Later, we stacked images with SWarp (Bertin, 2010a) to
increase the S=N ratio of detections.

The data were reduced in a standard manner using the GIT pipeline (Kumar et al., 2022d).
All images were pre-processed by subtracting bias, at- elding, and cosmic-ray removal via the
Astro-SCRAPPY (McCully & Tewes, 2019) package. Astrometry was performed on the re-
sulting images using the of ine solve-field astrometry engine. Sources were detected using
SExtractor (Bertin & Arnouts, 1996a) and were crossed-matched against the Pan-STARRS1
DR1 catalog (PS1; Flewelling et al. 2020a) through VizieR to obtain the zero-point. Finally,
the pipeline performed point spread function (PSF) t photometry to obtain the magnitudes of

the GRB 221009A afterglow (Table B.1).
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Figure 2.1: LDT images of the optical afterglow of GRB 221009A. All of the panels show the
position of GRB 221009A circled in pink. The left, large panel shows the wider eld of view of
GRB 221009A, intband 3.6 days aftergl The right panels show the evolution over time of the
optical afterglow, in both%and P bands. The image at 155 days is devoid of afterglow and SN
contribution, and the host galaxy is faintly seen9band. The images have been smoothed for
display purposes.
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2.2.2 LDT

We also observed GRB 221009A iff i° and 2 with the 4.3m Large Monolithic Im-
ager (LMI) on the LDT through an approved target-of-opportunity (ToO) program. We reduced
the images using a custom Python-based image analysis pipeline (Toy et al., 2016), that can
perform data reduction, astrometry, registration, source extraction and PSF photometry using
SExtractor, which was calibrated using point-sources from the PS1 catalog (Table B.1).
These observations were also reported in O'Connor et al. (2022a,b, 2023). Figure 2.1 shows
both the wider eld of view of GRB 221009A's position on the sky, as well as the individual

evolution of its ux over time in both lters.

2.2.3 Gemini-South

Two additional publicly available®band observations obtained with GMOS-S mounted
on the 8.1m Gemini-South Telescope (PI: Rastinejad, O'Connor; Rastinejad & Fong 2022) were
also analyzed. The data were reduced using DRAGQMNS e et al., 2019) to align and stack
individual frames. PSF photometry was calibrated using nearby point-sources in the PS1 catalog

(Table B.1).

2https://dragons.readthedocs.io/
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2.3 Analysis and Model Selection

2.3.1 Previous Broadband Modeling Results

We draw upon three results from previous studies of the broadband afterglow of GRB
221009A in order to inform our approach to characterizing the associated SN emission. First,
ts to the broadband spectral energy distribution (SED) revealed that the frequency range from
optical to hard X-rays is not well t by a single power-law (i.e., f ). Instead, a change in
spectral slope, physically attributed to the synchrotron cooling frequegkyig inferred around
the X-ray bandpass (O'Connor et al., 2023; Williams et al., 2023). As a result, in standard
synchrotron afterglow theory, we do not expect the optical afterglow to decay with the same
power-law index as the X-rays (e.g., Sari et al. 1998). Thus, to remove the afterglow contribution
we must model the optical decay separately from the X-rays (c.f., Fulton et al. 2023 and the rst
approach in Shrestha et al. 2023).

Second, in addition to signi cant extinction due to dust in the Milky Way galaxy, broadband
SED ts indicate the possible existence of absorption beyond the nominal value of E(B V) =
1:30 mag reported in Schla y & Finkbeiner (2011a). Given the low redshift, it is dif cult to dis-
entangle a larger than expected Galactic extinction (e.g., due to small-scale variations in Galactic
dust), or extinction in the GRB host galaxy. Existing works differ on the signi cance of this ex-
tinction component, with inferred values ranging from E(B V) = 1:30 mag (i.e., no additional
extinction; O'Connor et al. 2023) to E(B V) = 1:80 mag (Fulton et al., 2023; Williams et al.,
2023). Given these uncertainties, we consider the implications of differing host extinction levels

throughout this work.
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Finally we correct for underlying host galaxy light in our analysis, derived by Levan et al.
(2023b) through GALFITM modeling of late-time HST observations. We use their measurements
of F625W = 24:88 0:08 mag, and F775W = 23:80 0:14 mag, which approximately corre-
spond to the%and P bands. Previous analyses (Fulton et al., 2023; Kann et al., 2023; Shrestha
et al., 2023) did not incorporate the host contribution explicitly in their analysis (though Pan-
STARRS and DECam photometry in Fulton et al. 2023, and DECam photometry in Shrestha

et al. 2023 is subjected to template subtraction, which negates the host contribution to a degree).

2.3.2 Optical Afterglow Modeling

Assuming the optical afterglow is powered by synchroton emission from the forward shock
(Mésaros & Rees, 1997), we t the early-time light curve with power-law modeld f ) to
attempt to isolate the contribution from the supernova. Priopte ITd, the optical data display
a shallow initial slope with = 0:88 0:05 (Kann et al., 2023; O'Connor et al., 2023). Beyond
this time there is a clear steepening in the decay, and a single power-law does not provide a good
t to all optical data (D'Avanzo et al., 2022).

Since a SN will contribute negligibly (compared to the bright afterglow here) in the rst
days post explosion, we perform a power-law t of afj g, i° and 2 data between 1 and 6 days
post-explosion. We nd a best t decay index of = 1:434 0:004. As found by other authors,
this index is appreciably shallower than the X-ray decay found at this time (Laskar et al., 2023;
O'Connor et al., 2023; Williams et al., 2023). Figure 2.2 shows the best- t power-law derived,
along with the addition of the host galaxy emission to that power law.

The late-time behavior shows possible deviations from this power-law, even after the host
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galaxy emission is accounted for. Though it is possible that central-engine activity can cause
re-brightening of the optical afterglow in excess of what is expected from a power-law decay,
this usually occurs directly after the prompt emission in the early-time evolution of the GRB
(Kann et al., 2007; Oates et al., 2009). Because the brightening occurs weeks after the initial
prompt emission (see Figure 2.1), we determine that there is a possibility that an associated SN

is contributing excess ux to the optical emission, and further investigate this in 82.3.3.

2.3.3 Model Selection

In order to evaluate the statistical signi cance of the excess late-time emission, we per-
form a Bayesian model selection using the PYMULTINEST package (Buchner et al., 2014; Feroz
et al., 2009). We consider two empirical models — one where the optical emission is explained
as the sum of the afterglow (i.e., synchrotron radiation) and a (constant) host galaxy emission,
and one where an additional SN component is added as well. For each model, we calculate the
Bayesian evidence, and use those the calculate the Bayes factor to see which is statistically pre-
ferred (Trotta, 2008). We limit the analysis to tfand Pbands, as the large Galactic extinction
makes §band uninformative, and’band SN templates are less available due to a lack of spectral
coverage in that wavelength range.

For the afterglow+host model, we assume a single power-law decay in both bands at times
after To+1d. While the index is xed to be identical in both théand Pbands, we do not require
its value be equal to that derived from 1-6 d post-explosion (82.3.2); rather, we allow the index
to vary to provide the best t to the entire data set. The host galaxy emission is incorporated as a

free parameter in the t, using a Gaussian prior with the mean and standard deviation measured

29



Figure 2.2: Observed-rand P-band photometry of GRB 221009A afteg ¥ 1 d, along with the

best- t optical afterglow model corresponding to a power-law decay index of = 1:434, with
the addition of the host galaxy emission. The LCs for a SN 1998bw-like sour€amad  band,
redshifted to z = 0:151 and reddened according to the Galactic and host galaxy extinction of

GRB 221009A, are also shown.
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by HST (Levan et al., 2023b).

For the SN model, an additional component is added to the afterglow+host model to mimic
SN behavior. We take the LC of SN 1998bw (Clocchiatti et al., 2011), and (de)redden and K-
correct it to match the relevant properties of GRB 221009A, using SNCosmo (Barbary et al.,
2016). Speci cally we adopt E(B V )uw = 1:30mag (Schlay & Finkbeiner, 2011a), E(B
V host = 0:3 mag, which is the most conservative value found in (Williams et al., 2023), and
apply the Milky Way extinction law from Cardelli et al. (1989a) witk, R= 3:1. The resulting
r® and Pband LCs for a SN 1998bw-like source at z = 0:151 [and behind an extinction of
E(B V) mw =1:30magand E(B V) nest = 0:3 mag] are shown in Figure 2.2.

The nal SN model used in the model selection has two free parameters: a ux-stretching
factor ksn199spw @nd a time-stretching factokgiggsnw (€.9., Klose et al. 2019). Both of these
parameters have priors drawn from a bivariate normal distribution t to values derived for pre-
vious GRB-SN (Cano et al., 2017a). We also allow the afterglow power-law decay index () to
be free with uniform priors, the ux constants of proportionalityég to be free with uniform
priors in log space, and add the host galaxy emission in both bands utilizing the same Gaussian

priors. Therefore, the full SN model is:

f (tobs) = K sn(f S’\llg%b\l\l(tobszSSN 1908bw)) T @ ac (tons) +f hOSt; (2.1)

where fSN1998w(t ) is the ux seen of the SN at a time in the observer framg, is the time
in the observer frame, and'®! is the ux contribution from the host galaxy.
Initially, we t the two models concurrently to th@and -bands, while assuming the errors

are the nominal values reported in Table B.1 and Laskar et al. (2023) for the LT photometry. We
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calculate the Bayes factor g.s) between the two models to determine the likelihood that a SN

is contributing excess ux to the optical afterglow in addition to the host galaxy emission, and
nd K gayes = 10%°, which indicates that the SN model is strongly favored. However, when we
calculate the ? statistic for each of the models, we nd thag .., = 120:83 for 62 degrees

of freedom and 2, ..y = 112:62 for 60 degrees of freedom. Though the? = 8:21

for 2 additional degrees of freedom is also indicative of a preference for the SN modeP the
statistics themselves indicate that neither model adequately ts the data. This is likely because
in the initial tting, we did not account for systematic uncertainties that arise from combining
data from multiple telescopes in the full photometric data set, or S-corrections (Stritzinger et al.,
2002).

Therefore, we modify the tting procedure to numerically optimize the likelihood function,
where we assume that the reported errors under-estimate the true uncertainty. To account for this,
we include an error-stretching factor () in the tting procedure to represent the S-correction
effect, and recalculate gyes. The log-likelihood function we minimize, with the addition of the

error-stretching factor, is:

. 1X m )2
Inplyjm;sn)= 3 % +In(2 s 7); (2.2)
n n

where y, is the observed data, ms the modeled data, anﬁ £5:

ss= at+ A(mp); (2.3)

where , are the nominal errors to the observed data.
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The new Bayes factor we nd is Kues = 102, which indicates the SN model is mod-
erately, but not conclusively, preferred. We report the median parameters with their 1 errors,
along with the best- t parameters which minimize the log-likelihood function in Table 2.1. The
best- t models are shown in Figure 2.3, along with their associated values. According to the
model selection analysis, the optimal error-stretching factor increases the error bars by 3%
with respect to the model value at the observed time, for both the afterglow+host and SN model.
We also calculated the Bayesian evidences for the two models, while incorporating independent
error stretching factors () for each telescope rather than a single factor across all data sets. We
did so to investigate if the way we account for systematic uncertainties plays a role in biasing the
model preferences. We still nd similar results, as the SN model is favored by a Bayes factor of
K Bayes = 1097,

Next, we analyze the LDT and LT photometry separately using their nominal error bars,
to identify if the combination of photometry from different telescopes plays a role in biasing the
model preferences. We do not t the Gemini-South and GIT photometry separately, as there are
only two Gemini-South photometry points, and the GIT photometry are all at early times where
any SN excess contributing to the afterglow would be negligible. We nd that the afterglow+host
model is favored with a Bayes factor ofges = 10°° for the LDT photometry, while the two
models are indistinguishable for the LT photometry. Figure 2.2 shows that the majority of the
LDT photometry is at late times, where excess ux from a SN would be identi able. This, in
addition to only ve and six photometry points being available respectively in%aed Pbands
leads to the model selection converging towards a shallow power-law decay slope in its tting
procedure, in order to t for the excess ux. The best-t power-law decay index is = 1:36

(median 1 = 1:36 0:02) , which is shallower than what is derived from the early-time
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Figure 2.3: Left panel: The best-t afterglow+host model, along with its a posteriori possible
models and values. Right panel: The best-t SN model, along with its a posteriori models
and values. The SN model is moderately but not conclusively favored, with a Bayes factor
K gayes = 101, and the best- t parameters for each model are shown in Table 2.1.
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a0 ajo f ot f ot Ksn1gosbw | Ss1998bw In()
(Jy) | avac (Jy) (Jy)

Afterglow+Host (Best- t) 146 388 1:43 0:44 1:64 - - 3:37
Afterglow+Host (Median 1) 144 2 | 3842 | 1:42 0:01 | 0:41 0:03 | 1:33 0:11 - - 3:30 0:21
Afterglow+Host+SN (Best- t) 147 394 1:46 0:35 1:17 0:39 0:69 3:51

Afterglow+Host+SN (Median 1) | 146 2 | 3957 | 1:47 0:01 | 0:39 0:03 | 1:12%3 | 0:43 0:10 | 0:63 0:09 | 3:50 22

Table 2.1: Bayesian model selection tting parameters for the afterglow+host and the after-
glow+host+SN model.

optical photometry tting in 82.3.2. Therefore, although the afterglow+host model is preferred
for the LDT data, the lack of early-time data biases the t towards a power-law decay index that
is shallower than expected in order to t for the excess ux.

On the other hand, the majority of LT data is at early times and at a signi cantly higher
cadence than the LDT photometry. The best-t power-law decay index for the afterglow+host
model is = 1:46 (median 1 = 1:45 0:01), which is consistent with the power-law decay
index derived in 82.3.2. The two models are indistinguishable due to a few photometry points that
do show excess emission at later times, which the afterglow model cannot account for. Therefore,
it is necessary to incorporate a combination of data sets in the modeling, in order to have optimal
temporal coverage such that a suf cient amount of photometry points at both early and late times
are accounted for in the tting. After accounting for S-corrections modeled through our error-
stretching factor, it is clear that the most accurate physical description of the LC comes from
incorporating the entire data set, which we nd favors the SN model moderately.

As a nal sanity check, we perform a similar analysis using the observed light curve of
SN 2013dx associated with GRB 130702A (D'Elia et al., 2015a; Toy et al., 2016) with the ex-
tinction values described above, again optimizing the likelihood function and allowing for an
error-stretching factor. Due to the similar redshift (z = 0:145) to GRB 221009A, this avoids the

requirement of calculating K-corrections (Fulton et al., 2023; Shrestha et al., 2023). In this case
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we nd a comparable Bayes factor to the analysis using SN 1998byy;,.K= 10%, preferring

the SN model. Thus we infer that the SN model preference is relatively insensitive to the details
of the template SN used. We also emphasize that the detailed value of the host extinction adopted
has little impact on the model selection. Since the SN ux is scaled by the free pararggter k
increasing or decreasing the host extinction is largely offset in the modeling by a corresponding
change in ky.

Our preference for the SN model agrees with Fulton et al. (2023), as they nd signi cant
evidence of excess emission in the optical afterglow that is well-modeled by an additional SN
component. However, they did not account for any host galaxy emission in their analysis, and
Figure 2.2 shows that the host galaxy makes non-negligible contributions to the optical afterglow
at late times. This is likely why they were able to nd signi cant evidence of excess emission,
while our preference for the SN model is moderate. Shrestha et al. (2023) and Levan et al.
(2023b) report no evidence for bright SN emission, while Kann et al. (2023) does not nd any
strong evidence for or against SN emission. None of them rule out the possibility of a faint
associated SN, and one of the conclusions of Levan et al. (2023b) is that an associated SN to
GRB 221009A must be either substantially ( 10 40%) fainter or bluer than SN 1998bw. Our
ndings point towards the former being true, as the best-t ux-scaling factor for SN 2022xiw
with respect to SN 1998bw issk199sbw = 0:39, with an upper limit at the 99% con dence

interval of kSN 1998w < 0:67.
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2.4 Supernova Parameter Estimation

2.4.1 Nickel Mass Estimates

The decay of®Ni to 56Co and to°°Fe releases the energy that powers the optical LC of
Type | SNe, so thé®Ni mass is a key physical parameter that can provide insight into properties
of the explosion and progenitor (Arnett 1982; hereafter A82). Therefore, we t semi-analytic LC
models from A82 to the observetand -band photometry after day 7 to constrain i mass.
Equation 36 in A82 provides an analytic expression for the bolometric luminosity of Type | SNe,
assumming full -ray trapping of the ejecta along with further radioactive inputs (Valenti et al.,
2008). We use the infrastructure from the Hybrid Analytic Flux FittEr for Transients (HAFFET,;
Yang & Sollerman 2023) to perform the ts, where the two free parameters are the Nickel mass
(My;) and the photon diffusion timescalgy().

Given a bolometric LC from the model, it is necessary to extract assocfaed f-band
LCs to compare to the observed photometry. It is possible to derive light curves in individual

bands from a bolometric magnitude LC using bolometric correction (BC) coef cients:

BCX =M bol M X (24)

where x is the relevant lter.

For stripped-envelope SNe, Lyman et al. (2014a) derive a g-band BC coef cient of:

BC,=0:054 0:195 (g r) 0:719 (g r) 2: (2.5)
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Here we assume that the color evolution of SN 2022xiw is identical to that of SN 1998bw.
We use the BC coef cient, along with the color evolution of SN 1998bw, to genefatedr -
band LCs to tto the SN photometry. First, we convert the BVRI photometry of SN 1998bw
from Clocchiatti et al. (2011) to SDSS lters using conversions from Jester et al. (2005). At the
time of each observation, we compute B@long with g-r and g-i colors. Given a bolometric
absolute magnitude LC from A82, we derive a g-band absolute magnitude LC frgm \BE
then compute the associated r and i-band LCs from the g-r and g-i colors derived above. Finally
we apply the distance modulus, host galaxy emission, and extinction corrections described below,
along with conversions from r and i band fband P band, to produce observed and f-band
LCs for comparison with the data. Best t models with associated uncertainties are generated
using MCMC techniques.

Given the large uncertainty in the host extinction (82.3.1), we perform the tting under
three different assumptions: 1) E(B Vs allowed to freely vary between 0.3 and 0.5 mag; 2)
E(B V) nhost Xedtoavalue of 0.3mag; and, 3) E(B V )5t Xed to avalue of 0. For all three
scenarios we allow M, m, and E(B V) uw to vary as additional free parameters. We allow
E(B V) wmw tovary due to the high uncertainty in the Galactic extinction at the location of GRB
221009A, and adopt uniform priors corresponding to the minimum and maximum values from
Schlay & Finkbeiner (2011a). Additionally, we allow the host galaxy emission in frend P
bands to vary as free parameters, with Gaussian priors corresponding to the values presented in
Levan et al. (2023b). We adopt uniform priors fonMand ., based on values from previous

Type Ic-BL SNe studies (Corsi et al., 2016, 2022; Taddia et al., 2019a).

3https://classic.sdss.org/dr5/algorithms/jeg_photometric_eq_drl.html#
usno2SDSS
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We note that there are varying interpretations of the intrinsic extinction and hydrogen col-
umn density of the host that are model-dependent on the spectral shape of the afterglow (e.g.
E(B V) host <0:1mag; O'Connoretal. 2023, N 4 10 2'cm? ; Tiengo etal. 2023). How-
ever, we believe that the most likely physically plausible situation is the rst where E (B 3)
is allowed to vary freely between 0.3 and 0.5 mag, due to the possibility of a signi cant amount of
intrinsic hydrogen column density in the host that may be upjo :29 10 22cm? (Williams
et al., 2023). We present the best- t model from this scenario and 100 random samples from the
posterior distribution in Figure 2.4, along with the associated corner plots for each parameter.

The best- t values derived in all three scenarios are displayed in Table 2.2, and we nd
Mpni = 0:05 — 0:25M , depending on the scenario. Because the SN ux is only marginally
detectable with respect to the afterglow and host galaxy emission, these best- t values should be
taken with a grain of salt. However, we can more robustly determine an upper limit, and nd that
at the 99% con dence level, that M < 0:36 M . The My; we nd is systematically lower than
that of SN 1998bw (M; = 0:3—-0:9M ; Sollerman et al. 2000), which agrees with the results
from §2.3.3, that SN 2022xiw must be substantially fainter than SN 1998bw.

Finally, we note that if we repeat the analysis under the same assumptions as Fulton et al.
(2023), who do not explicitly account for host galaxy emission, and assume an additional 0.8
mags of extinction in the optical when compared to the nominal galactic extinction from Schlay
& Finkbeiner (2011a), we nd M; = 0:59 0:04M . This My; is lower, but marginally
consistent with their value of N = 1:05?;16 M . The lower M,; in comparison to their work is
expected, due to their use of a steeper optical afterglow power-law decay sldpe {56 %:002

see §2.3.1), which in turn leads to more luminous SN emission, and a higher M
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