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Abstract

Exploring the Early-time Evolution of Rare and Extreme Supernovae with Las

Cumbres Observatory
by

Craig M. Pellegrino

The advent of wide-field surveys has led to an exponential increase in the number
of supernovae discovered each year. As the sample sizes of these objects have grown,
we have discovered supernovae that show greater diversity within their spectroscopic
classes than expected, as well as objects that do not fit into traditional classification
schemes altogether. Studying these “extreme” supernovae in greater detail is crucial to
understanding the poorly-understood end stages of stars’ lives; early-time observations
within hours of the supernova explosion probe the progenitor star’s stellar structure as
well as its circumstellar environment, which can be used to test current theories of stellar
evolution.

Here I present studies utilizing photometric and spectroscopic observations, primarily
taken by Las Cumbres Observatory, of supernovae that occupy poorly-understood or
unpopulated regions of parameter space. First, I examine an object with extreme ejecta
velocities. Observations of this Type Ia supernova, SN 2019ein, within days of explosion
show some of the fastest-moving ejecta of any supernova. The potential sources of this
high-velocity ejecta in the context of the poorly-understood progenitor channels and
explosion mechanisms of Type Ia supernovae are explored.

Next, I investigate the powering mechanisms and progenitor systems of supernovae
with rapidly-evolving luminosities. High-cadence observations of objects within this re-

gion of supernova phase space reveal significant diversity in their circumstellar environ-

xii



ments and powering mechanisms. In particular, I show evidence connecting luminous,
rapidly-evolving unclassified transients with supernovae powered by interaction with cir-
cumstellar material. I also present the first sample study of a new class of supernovae,
Type Icn supernovae, with rapidly-evolving light curves powered by interaction with cir-
cumstellar material that is both hydrogen- and helium-poor. Studying these unique and
rare objects reveals that some are likely the explosions of stars less massive than ex-
pected from our current understanding of mass-loss in massive stars. Finally, I present
evidence of diversity in the powering mechanisms and progenitors of the well-understood
class of Type IIb supernovae. Each of these major findings challenges our understanding
of supernova physics as well as theories of mass loss during the final stages of stellar

evolution.
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Chapter 1

Introduction

1.1 A Brief Overview of Supernovae

1.1.1 Observational Characteristics of Supernovae

Supernovae are the explosive ends of stars’ lives. Despite this seemingly simple def-
inition, supernovae play integral roles in the evolution of the universe. They mark the
ends of millions to billions of years of stellar evolution in a fraction of a second, spewing
more mass than that of the Sun outwards at speeds approaching 10% of the speed of
light, enriching the interstellar and circumgalactic media with fresh fuel with which to
continue the stellar life cycle. The kinetic energy of their ejecta as well as the thermal en-
ergy from the radioactive decay of unstable isotopes produced in their explosions powers
luminous emission that outshines their entire host galaxies for rest-frame weeks to years.
Observing supernovae out to billions of parsecs has allowed astronomers to map the ex-
pansion of the universe, revealing unknown physics in the form of dark energy. Finally,
supernovae carry imprints of their progenitor stars in their very early-time and late-time
emission. The cosmic “crime scenes” of these explosions are the only environments in
which astronomers can directly probe the size, structure, and composition of a star in its

final moments.
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More technically, supernovae consist of the thermonuclear explosions of white dwarfs
and the core-collapses of evolved stars with zero-age main sequence masses 2> 8 M. Like
most classification schemes in astronomy, the taxonomy of supernovae is rooted in history.
Supernovae are typically divided into observational subtypes based on the features in their
spectra (Filippenko 1997). Broadly, supernovae that do not show signatures of hydrogen
in their ejecta are classified as Type I, whereas those that do are classified as Type II.
These two broad groups are subdivided even further based on additional spectroscopic
characteristics: supernovae without hydrogen but with strong helium are classified as
Type Ib, those without both hydrogen and helium as well as weak silicon are classified
as Type Ic, and those without hydrogen and helium but with strong silicon are Type Ia.
To add to the confusion, new subgroups are discovered and defined seemingly every year.

The spectral lines used for classification are formed in the expanding layers of the
progenitor star that are ejected by the supernova explosion. Luminosity inputs, normally
from the supernova shock at early times and radioactive decay of unstable iron-group
element isotopes at later times, provide high-energy photons that heat and ionize the
freely-expanding ejecta. Emission is produced by the recombination of electrons and ions
within this hot gas and the subsequent spectral lines are Doppler broadened by the ejecta
velocity (typically on the order of 10,000 km s™').

An example of a spectroscopic time series is shown in Figure 1.1. At early times,
hours to several days after the explosion, the supernova ejecta remains hot and ionized.
Due to electron scattering in this ionized medium the photosphere lies in the outermost
ejecta. At these phases optical supernova spectra may be blue and relatively featureless,
as shown in the top spectrum of Figure 1.1. Any lines at these times must form from the
material in the very outer layers of the progenitor star or in the surrounding circumstellar
medium.

As the ejecta expands and cools with time, the photosphere recedes in mass coordi-

2
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Normalized F; + Constant

4000 4500 5000 5500 6000 6500 7000 7500 8000
Rest-frame Wavelength (A)

Figure 1.1: An example of spectral evolution over 200 days after explosion using

spectra of the Type IIb supernova SN 2020bio (see Chapter 6). Early-time- (top),

photospheric- (middle), and nebular- (bottom) phase spectra are shown.
nates and more lines formed from deeper within the ejecta are visible to the observer.
These features are often P Cygni profiles in which emission and absorption for each line
are simultaneously visible. Emission features form from photons created by the recom-
bination of free electrons and ions which are subsequently Doppler broadened by the
isotropic motion of the expanding ejecta, whereas absorption features are formed along
the observer line-of-sight by material at higher velocities (Figure 1.1, middle).

Approximately 100 — 200 days after the explosion, the ejecta has expanded and cooled

enough that the photosphere completely recedes to the center of the ejected material.
This marks the beginning of the nebular phase (see, e.g., Jerkstrand 2017 for a review).
At these phases the ejecta densities and temperatures are low enough that the observed

lines are forbidden or semi-forbidden transitions produced by collisional excitation and

3
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and de-excitation. The supernova spectra transitions from continuum- and absorption-
dominated to emission-dominated. An example spectrum is shown in Figure 1.1 (bot-
tom). While their emission is intrinsically faint, nearby supernovae are still bright enough
to be observed in this phase. The strengths and line profiles of these nebular features
provides information about the material produced at the core of the progenitor star.
Much of the above discussion has implicitly focused on optical observations of super-
novae. Optical observations are the de facto observations because they are easily obtained
from ground-based instruments and the spectral energy distribution of most supernovae
peaks in the optical throughout most of their evolution. However, complementary and

often crucial information can be gained from observations in other wavelength regimes:

e ~-ray observations have connected gamma-ray bursts—some of the most energetic
events in the universe—to Type Ic supernovae with unique explosion mechanisms

(e.g., Modjaz et al. 2016);

e X-ray and radio observations probe interaction between the supernova ejecta and
material in the surrounding circumstellar environment, allowing astronomers to
map out the mass-loss history of the progenitor star (Chevalier 1982; Chevalier &
Fransson 1994);

e Ultraviolet observations are crucial for core-collapse supernovae within days of ex-
plosion, when their spectra resemble hot blackbodies that peak in the ultraviolet,
and have serendipitously observed the supernova shock as it reaches the surface of

the progenitor star (Modjaz et al. 2009);

e Infrared observations are necessary to observe supernovae in high-extinction envi-
ronments, which reddens their spectral energy distributions, as well as to search
for dust produced in their ejecta (e.g., Todini & Ferrara 2001; Gall et al. 2014).

4
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Studying supernovae in each of these wavelength regimes is worthy of multiple dis-
sertations each. For this one, we will focus on optical observations. However, in several
of the discussed works ultraviolet observations were crucial to constructing bolometric
light curves by accurately probing the supernova spectral energy distribution over a wider
wavelength range. These observations were obtained by the Neil Gehrels Swift satellite

(Gehrels et al. 2004) which has proven to be an essential resource for supernova science.

1.1.2 Physical Characteristics of Supernovae

While observational characteristics are an important tool to understand supernovae,
it is becoming abundantly clear that classifying supernovae based on these observational
features is not an adequate system to accurately describe the physical properties of their
progenitor stars nor of the explosion mechanisms that produce them (Gal-Yam 2017a).
Therefore, one of the primary goals of studying supernovae (and indeed, the goal that
motivates this dissertation) is mapping the observational characteristics of different types
of supernovae to their progenitor stars. This is accomplished in multiple ways—through
comparisons between theoretical models of stellar evolution and the chemical abundances
inferred from supernova spectroscopy, direct progenitor detection in pre-explosion images,
model fits to their luminosity evolution to infer explosion energies and ejecta masses, ex-
plosion site analyses, and studying their progenitor structure and surrounding environ-
ment via very early-time supernova observations. Here are the broad conclusions from
these areas of research for the three main spectroscopic subtypes:

Type la supernovae have spectra that lack hydrogen and helium and are dominated
by intermediate mass elements such as silicon, calcium, and sulfur. Their light curves
are relatively standard, rising to peak brightness -20 < M < -19 in 15 — 22 days (Yao

et al. 2019; Miller et al. 2020). Their standardizable light curves as well as their com-
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mon spectral features point to uniform progenitors with similar masses and/or explosion
mechanisms. A theoretical progenitor system that matches all their observed charac-
teristics is the complete disruption of a white dwarf star (Maoz et al. 2014). This has
been confirmed in multiple ways. First, very early-time observations of SN 2011fe, one
of the closest Type la supernovae to date, allowed for strict limits on the radius of its
progenitor star which excludes virtually any astrophysical object besides a white dwarf
(Bloom et al. 2012). Additionally, theoretical models of nuclear burning in white dwarfs
closely matches the chemical abundances observed from spectra of Type Ia supernovae
(Khokhlov 1991; Seitenzahl et al. 2013). Their uniform light curves and spectra imply a
white dwarf progenitor that explodes at or near the Chandrasekhar mass. However, the
mechanism by which the star explodes and the system by which it gains mass remain
debated (see Section 1.3 for further discussion).

Type II supernovae have hydrogen-rich spectra that point to a progenitor that has
retained significant amounts of its hydrogen envelope at the time of explosion. Direct
progenitor detections in pre-explosion images from Hubble Space Telescope have revealed
these supernovae to be the explosions of red supergiant stars with zero-age main sequence
masses 8 My < Mzans S 20 Mg, (e.g., Van Dyk et al. 2003; Van Dyk 2017). In many
ways, Type II supernovae have the best-understood progenitors. Even so, the upper limit
to their potential progenitor masses remains a mystery, with theory and observation in
somewhat considerable tension (Smartt 2009).

Finally, supernovae without hydrogen and strong silicon are classified as either Type
Ib or Type Ic, depending on the presence of helium in their spectra. These supernovae
are known as stripped-envelope supernovae due to their progenitors’ apparent lack of
a hydrogen envelope before exploding. In many ways the physical properties of their
progenitors are the least well-understood. While there is consensus they are the core-

collapse of stars initially more massive than 8 M, their exact progenitor channels are

6
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debated. Observationally, stars with initial masses Mzams > 25 M © are observed to lose
their entire hydrogen envelope during their Wolf-Rayet phase (Crowther 2007). How-
ever, such massive progenitors are in tension with many observational characteristics of
stripped-envelope supernovae. For example, the mass of their ejecta inferred from their
light curves are well below the pre-supernova mass of a Wolf-Rayet star (e.g., Lyman
et al. 2016). Additionally, searches for progenitors in pre-explosion images have had
mixed results, with many candidates being consistent with lower-mass stars in binary
systems (Bersten et al. 2014; Kilpatrick et al. 2021). Therefore, the initial masses of
their progenitors and the mechanisms by which they lose their hydrogen and even helium

layers are still poorly understood.

1.1.3 Supernovae in the Era of Time-domain Surveys

Studying ensembles of supernovae is how astronomers, within the last century, have
been able to determine the explosive fates of stars whose lifetimes of billions of years
far exceed our own. Within this short period of time our growing understanding of
supernovae and their physics, in turn, has revolutionized our theories of stellar evolution.
Many of these research advances are fueled by the exponentially-increasing number of
supernovae discovered each year. The acceleration in discovery rates is due to the advent
of wide-field and all-sky surveys which have proved to be efficient discovery engines
for time-variable astronomical sources. Surveys such as the Palomar Transient Factory
(PTF; Law et al. 2009), All-Sky Automated Survey for Supernovae (ASAS-SN; Shappee
et al. 2014), Zwicky Transient Facility (ZTF; Bellm et al. 2019; Graham et al. 2019),
Asteroid Terrestrial-impact Last Alert System (ATLAS Tonry et al. 2018), and others
have discovered tens of thousands of supernovae and supernovae candidates each year,

while within the next several years the Legacy Survey of Space and Time (LSST) at the
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Rubin Observatory is expected to issue millions of alerts each night (Ivezi¢ et al. 2019).
These ever-increasing volumes of data have in turn led to robust samples of different
types of supernovae.

However, with these large samples of supernovae have also come an increasing number
of individual objects that are outliers with respect to their classmates, or with respect
to any class altogether. Many of these discoveries have been made due to high-cadence
surveys which catch supernovae within hours of their explosions. These early-time obser-
vations, along with high-cadence follow-up observations across the electromagnetic spec-
trum, have revealed objects with distinct photometric and spectroscopic features that
challenge our understanding of their explosion mechanisms and their progenitor stars.
This dissertation focuses on understanding well-observed examples of these “extreme”

supernovae that have been discovered within the last five years.

1.2 Las Cumbres Observatory

The discovery surveys introduced in Section 1.1 are efficient engines for finding new
supernovae. However, to study them in greater detail, it is necessary to obtain higher-
cadence follow-up observations across the electromagnetic spectrum as rapidly as possible.
Rapidly following young supernovae is important because at early times, the progenitor
star’s circumstellar environment and the structure of its outer envelope can be inferred
from photometric and spectroscopic observations in the ultraviolet, optical, and infrared.
Additionally, supernovae of all types have shown surprising deviations from their ex-
pected behavior at early times. Whether these deviations are caused by pre-existing
circumstellar material, the presence of a companion star, unusual progenitor structure,
or different explosion mechanisms are all areas of great interest.

In order to maximize the scientific impact from the discovery of young supernovae

8
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Figure 1.2: A histogram showing the supernovae observed by the GSP using LCO

since 2018. The sample is divided by spectroscopic subtype. Lower-opacity bars show

the full number of each class that LCO began following that year, while shaded bars

show the subset of objects with more than 100 data points each.
within hours of their explosion, the alerts from time-domain surveys must be dissemi-
nated, ingested, and follow-up observations scheduled programmatically. At the inter-
section of these technical and scientific challenges is Las Cumbres Observatory (LCO;
Brown et al. 2013). LCO is a network of 25 robotic telescopes spread across the globe at
7 sites, designed so that at any time of the day there are telescopes in the dark, capable
of observing an astronomical transient in a matter of minutes. Observations on LCO
telescopes are scheduled dynamically using a programmatic scheduler, which balances
requests from different time-domain collaborations to build each site’s observation sched-
ule in real time. 40 cm and 1 m telescopes are used for photometric observations while 2

m telescopes primarily obtain spectra using the FLOYDS spectrographs. Additionally,

observations can be requested at partner facilities within the AEON network, including
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Gemini and the Southern Astrophysical Research (SOAR) telescope.

LCO has served as the main source of the data presented throughout this dissertation.
These data were primarily obtained by the Global Supernova Project (GSP), an LCO key
project led by LCO time-domain astronomers. The GSP is a global collaboration of over
200 supernova researchers that share data and observational resources to obtain high-
quality photometric and spectroscopic observations of hundreds of supernovae. Figure
1.2 shows the distribution of the common spectroscopic subtypes of supernovae observed
by the GSP since 2018. Since its inception the GSP has observed over 2250 supernovae,
and since 2018 over 500 individual supernovae have more than 100 data points each.

Graduate students at LCO are integral to the day-to-day functioning of the GSP as
well as the observatory as a whole. Students monitor the data intake of the observatory,
adjusting observation requests as needed to obtain more data for young or interesting su-
pernovae while canceling follow-up of objects that are old or no longer interesting. Data
that LCO obtains are processed and reduced, often by hand, by the same students before
being shared with the broader GSP collaboration. Students also lead software develop-
ment projects to build data reduction pipelines and Target and Observation Managers
for the GSP, managing thousands of targets and hundreds of thousands of data points al-
together. In return, students are invited to join papers using observations they scheduled
or reduced as well as lead projects of their choosing.

In addition to the resources available to LCO and the broader AEON network, GSP
collaborators have access to extensive follow-up resources across the electromagnetic spec-
trum. Members have institutional access to 6m-, 8m-, and 10m-class telescopes including
MMT, the Magellan telescopes, and Keck. Many have guest investigator programs on
telescopes such as Swift and Chandra. Additionally, the GSP collaborates with the Keck
Infrared Transient Survey to obtain and analyze infrared spectra of interesting targets

of opportunity. These additional resources are integral to much of the work presented

10
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throughout this dissertation.

1.3 The Extremes of “Normal” Supernovae

Within the large samples of supernovae extensively studied by the GSP using the
LCO network, we have discovered examples of “extreme” objects that challenge our
understanding of their progenitor stars and the physics that produce them. These “ex-
treme” examples of more normal supernovae include objects with ejecta velocities much
higher than expected, objects with peculiar light curves indicating different powering
mechanisms, and objects with observables that map to progenitors that challenge our
understanding of massive star evolution.

This dissertation focuses particularly on the extremes of two observables—ejecta ve-
locities and light-curve timescale. Critically, both these quantities are probed via very
early-time observations. Due to the homologous expansion of the supernova ejecta (where
the expansion rate of the ejecta is proportional to its distance from the center of the ex-
plosion, ve; o Rej), the fastest-moving ejecta is observed at the earliest times, before the
photosphere recedes deeper into the expanding material. Similarly, in the last several
years supernovae have been discovered that rise and fade to the detection limit of wide-
field surveys in a matter of days. Studying the full evolution of these objects is only
possible with observations taken soon after explosion.

One example of diversity within a well-understood class that was only discovered
via early-time LCO follow-up is in Type Ia supernovae. Observationally, Type la su-
pernovae have been identified as the thermonuclear detonations and/or deflagrations of
white dwarfs. The thermonuclear runaway, caused by a detonation wave that sweeps

across the surface of the star (Shen & Bildsten 2009) or by reaching a critical density in

11
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the core (Khokhlov 1991), completely unbinds and almost entirely burns the progenitor!.
The high densities and availability of intermediate mass elements leads to the production
of ~ 0.5 M, of unstable **Ni. The decay of this isotope, with a half-life of ~ 6.1 days
(Arnett 1982), powers their light curves which rise to a peak luminosity in two to three
rest-frame weeks.

It is important to understand Type la supernovae, especially their diversity, in greater
detail because of their use as standardizable candles for cosmological measurements. Due
to a correlation between their peak luminosities and light-curve decline rate, known as
the Phillips relation (Phillips 1993), Type Ia supernovae are an important rung in the
cosmological distance ladder. Their use in this way revealed the accelerated expansion
of the universe and the existence of dark energy (Riess et al. 1998; Schmidt et al. 1998;
Perlmutter et al. 1999). However, it is clear that a sizeable minority of Type Ia supernovae
exist outside of the Phillips relation (Taubenberger 2017). Understanding the cause of
this diversity is paramount to refining their use as distance indicators. It is possible that
different progenitor channels—whether the progenitor white dwarf accretes material from
a nondegenerate companion star, a degenerate helium star, or another white dwarf—or
different explosion mechanisms can produce some of the observed diversity. However, to
test these theories, observations of peculiar and extreme Type Ia supernovae are needed
throughout their full evolution.

The following chapter presents the first finding of this dissertation. It details the
discovery and analysis of SN 2019¢ein, a Type Ia supernova with some of the highest
ejecta velocities measured to date. These extreme ejecta velocities as a result of differ-
ent potential progenitor channels and explosion mechanisms of Type Ia supernovae is

examined.

'Some peculiar objects that appear related to Type Ia supernovae may be the result of a partial
deflagration that does not completely unbind the progenitor (Foley et al. 2013). We do not consider
these “Type Iax” supernovae in this work.

12



Chapter 2

Constraining the Source of the
High-velocity Ejecta in SN 2019ein

This chapter was reproduced from Pellegrino et al. (2020) with only minor changes to
fit the formatting of this dissertation. I'd like to thank my coauthors, without whom
this work would not have been possible: D. A. Howell, S. K. Sarbadhicary, J. Burke, D.
Hiramatsu, C. McCully, P. A. Milne, J. E. Andrews, P. Brown, L. Chomiuk, E. Y. Hsiao,
D. J. Sand, M. Shahbandeh, N. Smith, S. Valenti, J. Vinko, J. C. Wheeler, S. Wyatt,
and Y. Yang.

2.1 Introduction

Supernovae la (SNe Ia) are thermonuclear explosions involving at least one white
dwarf (WD) progenitor star (Bloom et al. 2012). A unique characteristic of SNe Ia is that
they show a relationship between their peak luminosity and the width of their light curve,
known as the Phillips relation (Phillips 1993). This correlation allows the calibration of
absolute brightness by light curve shape, which enables the determination of distances
on cosmological scales. As standardizable candles, observations of SNe Ia have revealed
the existence of dark energy (e.g. Riess et al. 1998; Schmidt et al. 1998; Perlmutter et al.

1999) and allow for a low-redshift measurement of the Hubble constant (e.g. Riess et al.
13
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2019). A better understanding of their progenitor systems, explosion mechanisms, and
observational characteristics is important to mitigate systematic uncertainties in order
to use these objects for cosmological measurements.

Over the last several decades, sky surveys and deep imaging have led to the discovery
of thousands of SNe Ia (e.g. Guy et al. 2010; Lusso et al. 2012; Macaulay et al. 2019).
Large samples have shown that significant diversity exists within the population of SNe
lIa (e.g. Parrent et al. 2014). Obtaining detailed observations of SNe Ia is important for
understanding the sources of this diversity. While the majority of SNe Ia are “normal”
and obey the Phillips relation, a sizeable minority of peculiar objects tends to show varied
photometric and spectral evolution around peak brightness (e.g. Filippenko et al. 1992a,
b; Phillips et al. 1992), suggesting that fundamental differences beyond luminosity exist
in the population of SNe Ia.

Models of progenitor systems and explosion mechanisms have attempted to explain
the observed photometric and spectroscopic heterogeneity. Most SN Ia progenitor sys-
tems are modeled by accretion onto a degenerate WD from a nondegenerate companion
(the single-degenerate scenario, e.g. Whelan & Iben 1973) or by the accretion or merger
of two degenerate WDs (the double-degenerate scenario, e.g. Iben & Tutukov 1984). In
addition, a variety of theoretical explosion models have been able to reproduce observed
characteristics of SNe Ia. One such model is a delayed-detonation explosion, where a
(subsonic) deflagration flame transitions to a (supersonic) detonation at some transition
density (Iwamoto et al. 1999; Nomoto et al. 2013). Delayed-detonation simulations are
able to reproduce a wide variety of light-curve widths, **Ni masses, ejecta compositions,
and ejecta velocities in Chandrasekhar-mass progenitor WDs (Khokhlov 1991; Seitenzahl
et al. 2013). Another popular model is the double-detonation explosion, in which a det-
onation of helium accreted onto the surface of a WD leads to a second detonation at the

core of the star (Fink et al. 2010; Kromer et al. 2010; Woosley & Kasen 2011).
14
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Several observational classification schemes have been proposed that may indirectly
probe these different physical models. Branch et al. (2006) propose one such scheme, in
which SNe Ia are classified by the strength of their Si II absorption features at maximum
light. Additionally, Wang et al. (2009) sort SNe Ia by their Si II velocities, measured
from the minimum of the absorption trough at B-band maximum light, into two classes:
a high-velocity (HV) class, with vs; 1 = 12,000 km s™!, and a normal class, with vg; 1 <
12,000 km s~!. After maximum light, SNe Ia can be classified as either high-velocity
gradient (HVG) or low-velocity gradient (LVG) if the measured Si II velocity gradient is
above or below 70 km s~ day ™!, respectively (Benetti et al. 2005).

This diversity in velocity may arise from different distributions of Si in the outer layers
of the ejecta, which in turn depend on the explosion mechanism. For instance, Mazzali
et al. (2005) studied the Si I and Ca II absorption features in the Type Ia SN 1999¢e

! were visible in

and found that two separate components, separated by over 7,000 km s~
the spectra before B-band maximum light. The authors described these as high-velocity
features (HVFs) and photospheric velocity features (PVFs) and suggested they could be
the result of additional mass at HVs. Other studies have attributed HVFs, particularly
of the Ca II NIR feature, to interactions between the SN shock wave and a shell of
circumstellar material formed from the SN progenitor system (e.g. Gerardy et al. 2004;
Mulligan & Wheeler 2018, 2017).

One distinguishing feature between explosion mechanisms is the symmetry of the
ejecta. Woosley et al. (2007) modeled spectroscopically normal SNe Ia and found that
in asymmetric explosions, the color evolution and Si IT 6355 A velocity evolution exhibit
significant viewing-angle dependence. Additionally, Maund et al. (2010) found an empir-
ical relation between the Si IT 6355 A velocity gradient, as originally defined by Benetti

et al. (2005), and the polarization across the same line, which traces the degree of the

Si asymmetry in the ejecta (see, e.g., Wang & Wheeler 2008 for a review). Therefore, a
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better understanding of the spectroscopic differences of SNe Ia is crucial to constraining
their explosion mechanisms and ejecta geometries.

In this paper we present observations of SN 2019ein, an extreme HV SN Ia. Our
early-time observations, beginning two weeks before maximum light, make SN 2019ein
one of the best-studied HV SN Ia. The earliest spectral data at 14 days before B-band
maximum light reveal some of the highest ejecta velocities ever measured. Perhaps more
interestingly, the emission features in the P Cygni profile of SN 2019ein are blueshifted
with respect to the redshift of its host galaxy. This systematic offset is greatest at very
early times (several days after explosion) and gradually decreases as the SN evolves. Such
a large emission shift sets SN 2019ein apart from other SNe Ia and hints at a puzzling
explosion mechanism and ejecta geometry.

In Section 2.2, we detail our data acquisition, reduction, and analysis procedure. In
Section 2.3, we present comprehensive early-time light curves from the near-ultraviolet
(NUV) to the near-infrared (NIR), along with model fits and fitted parameters. In
Section 2.4, we present spectra, measure velocities of absorption features, and compare
observations with a delayed-detonation explosion model. In Section 2.5, we place limits
on the nature of the progenitor system and the source of HV ejecta using early-time radio
observations. In Section 2.6 we offer several possible explanations for the HV ejecta and
blueshifted emission features exhibited by SN 2019ein. Finally, we conclude in Section

2.7.

2.2 Observations

SN 2019ein was discovered on MJD 58604.47 (2019 May 1.47) by the ATLAS survey
at magnitude 18.194 in their cyan filter (Heinze et al. 2019). The last nondetection of

the transient was by the Zwicky Transient Facility (Bellm et al. 2019) in r band at a
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Figure 2.1: An RGB-color image of SN 2019ein (shown in the white crosshairs) in NGC
5353 along with its surrounding environment. A scale bar is shown in the bottom right
corner. The image was produced using LCO 1m data files courtesy of Peter Il4s.

limit of 19.72 mag on MJD 58602.27 (2019 April 29.27), implying that SN 2019ein was
discovered within two days after explosion. SN 2019ein exploded in the outskirts of NGC
5353, a lenticular galaxy in a nearby galaxy group. An image of NGC 5353 along with
SN 2019e¢in is shown in Figure 2.1. Using surface brightness fluctuation measurements,
J. Jensen et al. (2020, in preparation) measure the distance to NGC 5353 to be 32.96
+ 1.68 Mpc, and the redshift taken from the NASA/IPAC Extragalactic Database® is
0.00775.

We began daily photometric and spectroscopic follow-up observations of SN 2019ein
starting on 2019 May 2 with the Global Supernova Project using Las Cumbres Observa-
tory (LCO; Brown et al. 2013). Our first spectrum, obtained with the FLOYDS spectro-
graph on the 2m telescope at Haleakala, allowed LCO to classify SN 2019ein as a young
SN Ia (Burke et al. 2019). UBgVri-band data were obtained with the SBIG, Sinistro,
and Spectral cameras on 0.4m, 1m, and 2m telescopes, respectively. With the PyRAF-

based photometric reduction pipeline 1cogtsnpipe (Valenti et al. 2016), PSF fitting was

Thttps://ned.ipac.caltech.edu
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performed (Stetson 1987). UBV-band photometry was calibrated to Vega magnitudes
using Landolt standard fields (Landolt 1992), while gri-band photometry were calibrated
to AB magnitudes using the Sloan Digital Sky Survey (SDSS; Albareti et al. 2017). Ad-
ditionally, magnitudes were corrected for color terms using these standards. Because the
SN was offset from the host galaxy, image subtraction was not necessary.

We obtained four epochs of NIR photometry in JHK filters with the 2MASS camera
on the Minnesota-60” telescope on Mt. Lemmon, AZ, as part of the Arizona Tran-
sient Exploration and Characterization (AZTEC) program. The data were reduced and
stacked with the IRAF? -xdimsum package. Aperture photometry was obtained with
IRAF and calibrated to 20 local standards from the 2MASS catalog (Skrutskie et al.
2006).

We requested observations from the Ultraviolet and Optical Telescope (UVOT) on
the Neil Gehrels Swift Observatory (Gehrels et al. 2004) after the detection of SN 2019ein.
The first epoch of Swift data was obtained on MJD 58605.404 (2019 May 2.4), coincident
with the first LCO photometric and spectroscopic epochs. Data were obtained in wvw2,
uvm?2, uvwl, u, b, and v filters and reduced using the data-reduction pipeline for the Swift
Optical /Ultraviolet Supernova Archive (SOUSA; Brown et al. 2014), including applying
aperture corrections and zero-points from Breeveld et al. (2011). Galaxy subtraction was
not performed.

14 LCO spectra were obtained using the FLOYDS instruments on LCO 2m telescopes
at Siding Springs and Haleakala between -14 days to 60 days with respect to B-band max-
imum. Our spectra cover approximately the entire optical range from 3500 to 10000 A
at resolution R ~ 300-600. Data were reduced using the floydsspec custom pipeline,

which performs flux and wavelength calibration, cosmic-ray removal, and spectrum ex-

2IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the Na-
tional Science Foundation.
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traction®. In addition, we obtained several spectra in the optical and NIR using the B&C
Spectrograph on the Bok 90”7 telescope, the Blue Channel Spectrograph on the MMT
at the Fred Lawrence Whipple Observatory, and the SpeX spectrograph (Rayner et al.
2003) in PRISM mode with a 0.5 x 15”7 slit on the NASA Infrared Telescope Facility,
which was obtained and reduced following the methods in Hsiao et al. (2019). These

data are presented in Section 2.4.

2.2.1 Radio Observations

Radio observations of SN 2019ein were obtained with the Karl G. Jansky Very Large
Array (VLA) on 2019 May 3 within two days of discovery. Two follow-up observations
about a week apart were subsequently obtained. Each observation was 1 hr long, with
37.6 minutes time on source per block for SN 2019ein. All observations were taken in
C band (4-8 GHz) in the B configuration (program: 19A-010, PI: L. Chomiuk). The
observations were obtained in wide-band continuum mode, yielding 4 GHz of bandwidth
sampled by 32 spectral windows, each 64 MHz wide sampled by 2 MHz wide channels. We
used 3C286 as our flux and bandpass calibrator, and J1419+3821 as our phase calibrator.

We obtained the data sets processed by the VLA CASA calibration pipeline, run on
CASA version 5.4.1. The pipeline consists of a collection of algorithms that automat-
ically loads the raw data into a CASA measurement set (MS) format, flags corrupted
data (e.g. due to antenna shadowing, channel edges, and radio frequency interference or
RFT), applies various corrections (e.g. antenna position and atmospheric opacity) and
derives delay, flux-scale, bandpass, and phase calibrations that are applied to the data.

For each epoch, the C-band data were split into 4-6 GHz and 6-8 GHz data sets,

and each one was imaged using the CASA routine tclean. We use Briggs weighting

3https://github.com/svalenti/FLOYDS_ pipeline/blob/master/bin/floydsspec
4https:/ /science.nrao.edu /facilities /vla/data-processing/ pipeline
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of the data with a robust=0.7 to provide reasonable balance of angular resolution and
source sensitivity. We used multiterm, multifrequency synthesis as our deconvolution
algorithm (set with deconvolver=‘mtmfs’ in tclean), which performs deconvolution on
a Taylor-series expansion of the wide-band spectral data in order to minimize frequency-
dependent artifacts (Rau & Cornwell 2011). We set nterms=2 which uses the first two
Taylor terms to create images of intensity and spectral index. Multiple bright radio
sources appear off-center in the 8.4’ field of view, so we use “w-projection” (applied with
gridder=‘wproject’ in tclean) to account for non-coplanar effects when deconvolving
these sources (Cornwell 2008). The radio nucleus of the host galaxy is the brightest radio
source in the field (peak flux ~ 25 mJy) and forms artifacts near the site of the SN, so we
performed a phase-only self-calibration with a solution interval of 2 minutes to further
clean and reduce the RMS noise in the image. The cleaned and self-calibrated 6-8 GHz
image was then convolved to the resolution of the 4-6 GHz image using CONVL in AIPS.
Both images were then combined using COMB in AIPS, weighted by their respective RMS
noise, to create the final C-band image (central frequency of 6 GHz) of the SN 2019ein
field.

No radio source was detected at the site of SN 2019ein in any of the cleaned decon-
volved images down to 3¢ limits of ~ 18 uJy in the first image, and 25 and 23 uJy in the
subsequent images. We discuss the constraints on progenitor models set by these limits

in Section 2.5.
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Figure 2.2: The NUV, optical, and NIR light curves of SN 2019ein, along with SALT2

fits and error bars to LCO data in BgVri filters (solid lines).

photometry is available as Data behind the Figure.

2.3 Photometric Results

2.3.1 Light Curves of SN 2019ein

The LCO UBgVri

Swift wvw?2, uvvm2, uvwl, Johnson-Cousins UBV, SDSS g¢ri, and 2MASS JHK; light

curves are shown in Figure 2.2, along with SALT2 (Guy et al. 2007) fits to BgVri data

between -14 days and 40 days with respect to B-band maximum light. Our high-cadence
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observations make the rise of this light curve extremely well-sampled. Because SN 2019ein
was discovered quite early, we are able to tightly constrain the rise time and explosion
time. Given the SALT2 fits to the light curve, we find the B-band maximum occurred
at MJD 58619.45 + 0.03 (2019 May 16.5), which implies a rise time of ~ 14 days since
the beginning of observations and a maximum of 17 days since explosion (all phases
hereafter are given in terms of B-band maximum light). Using an expanding fireball
model, Kawabata et al. (2020) estimated the explosion time of SN 2019ein to be MJD
58602.87 £+ 0.55, giving a B-band rise time of &~ 16.5 days, which is consistent with
our estimates. This fast rise supports the suggestion that HV SNe tend to have shorter
B-band rise times (Ganeshalingam et al. 2011).

SALT2 fitted parameters, corrected for host galaxy reddening by adopting the value
presented in Kawabata et al. (2020), who estimate the host extinction as E(B — V)5t =
0.09 4 0.02 mag, are used to calculate a distance modulus of p = 32.60 + 0.07 (Betoule
et al. 2014), which matches our measured distance modulus from J. Jensen et al. (2020,
in preparation). Overall, the fitted parameters show that SN 2019ein is a photometri-
cally normal SN Ia, albeit with a slightly lower absolute magnitude at peak brightness
(Mp,,,, = —18.81 £0.059) than expected. For a decline rate of Amy5(B) = 1.40+0.004,
SNe Ia have on average Mp, . ~ —19 (Hamuy et al. 1996). Therefore SN 2019ein falls
slightly below the average, even with the modest reddening correction. We find good
agreement between our estimated parameters and those derived in Kawabata et al. (2020),
although our peak B-band absolute magnitude is fainter than their estimates, perhaps

due to our use of a different distance modulus.
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2.3.2 Color

The B-V color evolution of SN 2019ein is plotted in Figure 2.3, along with the color
curve of the delayed-detonation explosion model of Blondin et al. (2015), hereafter the
B15 model. The model broadly matches the data at all phases, particularly around B-
band maximum, although it tends to predict a bluer color at later phases. Similar trends
can be seen in comparisons of other HV SNe with both the B15 model (Gutiérrez et al.
2016) and NV SNe (Wang et al. 2009). At early times, the B-V color evolution matches
the red group of Stritzinger et al. (2018), although among this sample SN 2019ein has a
unique Branch classification in this sample (Branch et al. 2006), as described in Section
2.4.1. After correcting for host reddening, the B-V color of SN 2019ein is 0.08 £ 0.04
around B-band maximum. This value falls in the overlap between the Normal and HV
subsamples of Foley & Kasen (2011).

Additionally, we measure the NUV-optical colors using our Swift photometry. The
wvwl-v and u-v colors one day after B-band maximum are 1.58 + 0.08 and 0.25 + 0.06,
respectively. These colors place SN 2019ein in the NUVR group of Milne et al. (2013),
which is the group of most normal SNe Ia with u-v <-0.4 at maximum light. This is
consistent with results that show HV and HVG SNe are all members of the NUVR group
(Milne et al. 2013; Loyd et al. 2018). Given our velocity measurements discussed in

Section 2.4, the colors of SN 2019ein fit those of other HV SNe well.

2.3.3 Bolometric Luminosity and *°Ni Mass

Using our maximum-light photometry, we estimate the bolometric maximum lumi-
nosity and the corresponding *Ni mass. We follow the methods outlined in Howell et al.
(2009): first, the measured flux at B-band maximum is calculated by integrating the

magnitudes in U, ¢, r, and ¢ filters to ensure optimal wavelength coverage of the opti-
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Figure 2.3: B-V color data of SN 2019ein compared with the color curve of the B15

model of Blondin et al. (2015) for the HV SN 2002bo (dashed line). Only LCO 1m
photometry data obtained before +60 days are presented. For clarity, observations

taken on the same day have been median combined. The data have been corrected for

Milky Way extinction; neither the data nor the model have been corrected for host
galaxy extinction.

cal region. In order to calculate the flux across the rest of the spectrum, we adopted
the synthetic spectrum produced by the B15 model. As we show in Section 2.4.3, this
model produces close fits to the spectrum of SN 2019ein at maximum light. We scale the
B15 spectrum flux to match the distance of SN 2019ein. Next we scale the flux of the
synthetic spectrum within our filter wavelength ranges to match the observed flux. We
then divide this “warped” flux by the ratio of the measured flux to the total flux in the
synthetic spectrum, and define this quantity to be the bolometric flux.

Following this procedure, we find a maximum bolometric luminosity of L ~ 7.28 x 102
erg s~'. Using the relationship for the luminosity per Ni mass S from Howell et al.
(2009),

S =6.31 x 10%e!/88 £ 1.43 x 108!/ erg 57! Mo (2.1)

which is based on Arnett’s rule (Arnett 1979), we calculate a *Ni mass of ~ 0.33 Mg,
assuming a rise time of &~ 16.5 days. This mass is on the low end for SNe Ia (Stritzinger

et al. 2006),but is supported by the analytic relationship found in Kényves-T6th et al.
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(2020) between light-curve width and Ni mass. Because SN 2019ein is a relatively fast
decliner with Amq5(B) = 1.40 and is slightly subluminous (Mp = -18.81), we conclude

that this ®*°Ni mass is a reasonable estimate.

2.4 Spectroscopic Analysis

Figure 2.4 (left) shows the spectral evolution of SN 2019ein, from -14 to 60 rest-
frame days with respect to B-band maximum light. In our earliest spectrum (Figure
2.4, top right) the most striking features include the broad absorption trough centered
at approximately 7500 A, which is most likely the result of blended Ca II and O I
absorption at HVs (> 30,000 km s71), as well as the broad Si II absorption centered at
a wavelength less than 6000 A. The Si IT absorption minimum corresponds to a velocity
of approximately 24,000 km s~!, which is one of the highest velocities ever measured in
a SN Ia (Gutiérrez et al. 2016). Additionally, the Ca II H&K absorption feature is not
well defined in this spectrum. This could be due to blending with other absorption lines,
or it may be that the line is blueshifted outside of the sensitivity of our spectrograph,
although such a blueshift would correspond to a seemingly unphysical velocity of ~45,000
km s~!. At this phase, the entire spectrum of SN 2019e¢in is noticeably blueshifted with
respect to that of SN 2011fe. Before maximum light the blueshifts of the emission peaks
remain prominent; the shifts are greatest in our first epoch, where both the Si II 6355 A
and Ca IT NIR components are displaced with velocities upward of 10,000 km s~! (Figure
2.4, bottom right).

Also seen in the earliest spectrum is a small absorption notch, denoted with a black
arrow, at a rest-frame wavelength of approximately 6150 A. This feature is most likely C
I1 6580 A at ~ 20,000 km s, as there is also a possible absorption feature from the C II

7235 A line at the same velocity. Unburnt carbon in early-time spectra of SNe Ia is not
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Figure 2.4: Left: the spectral evolution of SN 2019ein, from discovery 14 days before
B-band maximum light until 60 days after B maximum. The phase with respect to
B-band maximum is shown to the right of each spectrum. All fluxes are plotted on
a linear scale. These spectra are available as Data behind the Figure. Top right:
the spectrum of SN 2019ein at -14 days (red) compared with that of SN 2011fe at the
same phase (black). A downward arrow denotes C II absorption in the spectrum of
SN 2019ein. Bottom right: the emission components of the Si IT 6355 A (left) and
Ca II NIR (right) P Cygni profiles from -14 days to 13 days with respect to B-band
maximum light. The rest wavelengths of these features are shown with dashed lines.
We caution that the apparent redshift of the Ca II NIR emission component after
maximum light is most likely due to line overlap.
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unusual (e.g. Parrent et al. 2011; Blondin et al. 2012; Folatelli et al. 2012; Lusso et al.
2012; Maguire et al. 2014); however, few SNe Ia show Si II 6355 A absorption velocities
higher than C IT 6580 A absorption velocities at early times (Parrent et al. 2011; Folatelli
et al. 2012; Lusso et al. 2012), with a notable exception being SN 2011fe (Parrent et al.
2012; Pereira et al. 2013). The fact that SN 2019ein shows the opposite trend at this
phase may shed light on the explosion mechanism and ejecta geometry. Parrent et al.
(2011) note that vcr/vsin < 1 if the C II feature comes from an asymmetric ejecta
distribution viewed at an angle with respect to the observer’s line of sight.

Close to B-band maximum, we note a possible HVF in the Ca II H&K line, as a
weaker, lower velocity component becomes visible at roughly -4 days. However, HVFs
usually develop at earlier phases, and this feature we observe is equally well fit by Si
IT absorption, making identification of HVFs at this phase difficult. Except for this
exception, we do not find evidence for HVFs in the spectra of SN 2019ein, and all the
velocities we report here are measured from the center of the dominant absorption feature
for each line. The lack of two distinct absorption components sets SN 2019ein apart from
most other HV SNe Ia. We discuss possible reasons for this difference in Section 2.6.

Using the MMT Observatory, we obtained a medium-resolution (R ~ 3900) spectrum
centered on the Si II 6355 A absorption feature at +18 days with respect to B-band
maximum (Figure 2.5). At this phase, the feature takes on an unusual asymmetric
appearance. In particular, there appear to be multiple overlapping absorption troughs,
each with a different line strength and Doppler shift. This may be caused by significant
Si II mixing at this epoch, in which different distributions of Si II are moving at different
velocities. This possibility is explored further in Section 2.6.

By approximately three weeks after maximum light, the Si II feature begins to blend
with iron-group element (IGE) lines that dominate the spectrum. These IGE features,

marked with black arrows, are most easily seen in the NIR spectrum obtained 32 days
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Figure 2.5: A medium-resolution spectrum of SN 2019ein, obtained with the MMT
spectrograph at +18 days with respect to B-band maximum light, centered on the Si
I1 6355 A absorption feature. Wavelengths have been shifted to the rest frame.
after B-band maximum, shown in Figure 2.6. Line blanketing from IGEs are seen in
between the two telluric regions and at wavelengths greater than 2.0 um. At this later

phase, most C I and intermediate-mass element (IME) lines, usually seen around maxi-

mum light (e.g. Hsiao et al. 2013, 2015), have disappeared from the NIR spectrum.

2.4.1 Branch Classification

Branch et al. (2006) showed that the ratio of the pseudo-equivalent width (pEW)
of the Si IT 6355 A absorption line to that of the Si II 5972 A line can be used as a
spectroscopic classification of SNe Ia. Here we classify SN 2019ein in the same way. We
measure the pEWs with the following procedure: first, the spectrum is smoothed with
a Savitzky-Golay filter to reduce the effects of noise. Next, the absorption feature of
interest is defined and maxima blueward and redward of the absorption minimum along
the continuum are found. We define the pseudo-continuum as simply the linear curve

connecting the two maxima, so long as the curve does not intersect the spectral feature.
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Figure 2.6: An NIR spectrum of SN 2019ein, obtained with the SpeX spectrograph
via low-resolution PRISM mode on the NASA Infrared Telescope Facility at +32 days
with respect to B-band maximum light. Wavelengths have been shifted to the rest
frame and fluxes have been plotted in logarithmic units. The gray shaded regions
denote wavelengths with strong telluric features, while black arrows denote possible
IGE absorption features.

Finally, the pEW is calculated using the formula (e.g. Garavini et al. 2007)

pEW = z_: AN, (W) (2.2)

, where f()\;) is the measured flux, f.()\;) is the flux of the pseudo-continuum, and
AN, = N1 — \; is the size of the wavelength bin at each wavelength interval ;.

At maximum light, we find that the pEW of Si II 6355 is 125 &+ 2.1 A and the pEW
of Si II 5972 is 22.5 + 2.8 A. The corresponding Branch diagram is plotted in Figure
2.7. Compared to the sample from Blondin et al. (2012), SN 2019ein falls within the
broad-line (BL) region of parameter space. This classification agrees with that presented
in Kawabata et al. (2020). The right side of Figure 2.7 shows the pEW of Si IT 6355 A
versus the velocity of the Si II 6355 A absorption feature at maximum light, labeled by
spectroscopic subtype. Here SN 2019e¢in lies within the population of HV SNe. Blondin
et al. (2012) find a correlation between BL SNe and HV SNe, according to the Wang

et al. (2009) classification scheme.
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Figure 2.7: Left: pEW of Si IT 5972 A plotted against the pEW of Si II 6355 A at
B-band maximum light, according to Branch et al. (2006). Different Branch clas-
sifications are given by different colored symbols. SN 2019ein is shown with a gold
star. Right: pEW of Si II 6355 A versus Si II 6355 A absorption velocity at B-band
maximum light. Here different symbols correspond to different spectral subclasses of
SNe Ia. Sample data are obtained from Blondin et al. (2012).

2.4.2 Absorption Velocities

SN 2019¢in shows some of the highest expansion velocities of any SNe Ia in its early-
time spectra. Velocities were calculated following the method outlined in Childress et al.
(2014): first we select the absorption line of interest and define a pseudo-continuum by
fitting a linear curve to the continuum maxima on both sides of the absorption trough.
We normalize the flux with respect to this pseudo-continuum before fitting a Gaussian to
the normalized absorption line. The minimum of the Gaussian is taken to be the Doppler-
shifted observed wavelength, and the expansion velocity is calculated by comparing this
measured absorption minimum to the known rest value of the line.

Figure 2.8 compares the Si IT 6355 A and Ca IT H&K absorption velocity evolution

of SN 2019ein to several other HV SNe Ia from Gutiérrez et al. (2016). These objects
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Figure 2.8: The Si IT 6355 A (top) and Ca IT H&K (bottom) absorption velocity
evolution from -14 days to 30 days for SN 2019ein, compared to a sample of other HV

SNe (from Gutiérrez et al. 2016).

all show similar spectral features (Figure 2.9), including strong Ca II NIR absorption

at early times, broad Si II 6355 A absorption at maximum light, and HV Si II and Ca

IT before maximum. We do not report a Ca II H&K velocity -14 days with respect to

B-band maximum light because at this epoch, no clear absorption minimum is identified

within the wavelength range of our spectrograph.

The velocity evolution of all lines is rapid. The first epoch, corresponding to 14 days

before maximum light and at most 3 days after explosion, shows the highest Si II velocity

in this sample. By maximum light, the ejecta velocity remains high, yet falls within the

range of the other HV SNe. After maximum light, we measure a velocity gradient to the
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Figure 2.9: Spectra of SN 2019ein and four other HV SNe at -4 days with respect to
B-band maximum light (from Gutiérrez et al. 2016 and Altavilla et al. 2007).
Si IT velocity following the example of Blondin et al. (2012), who found that measuring
the change in Si II velocity between maximum light and 10 + 2 days after maximum
gives the most consistent result. Using this method, we calculate a Si Il velocity gradient

0 =122+ 25 km s~* day ™, placing SN 2019¢in in the HVG class (Benetti et al. 2005).

2.4.3 Comparison to a Delayed-detonation Explosion Model

Dessart et al. (2014) found that delayed-detonation explosions best model BL HVG
SNe Ta. Additionally, Kawabata et al. (2020) found that the observed properties of
SN 2019ein match those seen in the delayed-detonation models of Iwamoto et al. (1999).
Figure 2.10 compares the spectra of SN 2019ein at various phases to delayed-detonation
model spectra produced by Blondin et al. (2015). The B15 model simulates the spheri-
cally symmetric delayed-detonation of a Chandrasekhar-mass WD, imposed with radial

mixing to match abundance stratifications observed in SNe ejecta, particularly those of
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Figure 2.10: Spectra of SN 2019ein (orange) compared with the B15 synthetic spectra
(blue; Blondin et al. 2015). Shown at the top right of every spectrum is the corre-
sponding phase with respect to B-band maximum light.
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IMEs and IGEs. Synthetic spectra from explosion to nearly 100 days after maximum
light are produced.

Beginning 10 days before B-band maximum, the synthetic spectra match the strengths
and velocities of most of the absorption features, including the Si II 6355 A and Ca II
NIR and H&K troughs. However, at our earliest epoch of -14 days, the spectrum of
SN 2019ein significantly deviates from the B15 model spectrum at the same phase. The
model fails to reproduce the extremely high absorption velocities, the broad mix of O I
and Ca II NIR absorption, and the overall blueshift of the emission features with respect
to the rest frame of the galaxy. The authors found similar discrepancies when they com-
pared the earliest model spectra to the early-time spectra of SN 2002bo, and suggested
that this may be due to underestimated outward mixing or a more complicated explosion
than their one-dimensional, spherically symmetric model. Observational evidence for
this enhancement of IMEs in the outer layers of the ejecta, possibly due to an extended
burning front or significant mixing, was also found for SN 2002bo (Benetti et al. 2004)
and the HV SN 2004dt (Altavilla et al. 2007).

In order to investigate the cause of this discrepancy, we now explore possible sources
of the HV ejecta in SN 2019ein, including interaction with a circumstellar shell of material

from the progenitor system or mixing and optical depth effects in the ejecta.

2.5 Progenitor Constraints from Radio Observations

Radio emission is a sensitive probe of the progenitor environment (which we will re-
fer to as circumstellar medium, or CSM). The CSM is modified by mass loss from the
progenitor in the pre-SN stage, and interaction of the SN ejecta with this CSM acceler-
ates electrons to relativistic energies and amplifies the ambient magnetic field, producing

synchrotron radio emission (Chevalier 1982, 1984, 1998). Simple models of radio emis-
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Figure 2.11: (a) 6 GHz radio light curves from the r—2 wind model (Section 2.5.1)
for different ratios of constant mass-loss rates (M) and wind velocities (v,). The 30
6GHz VLA upper limits are shown as black triangles. (b) The parameter space of
M —v,,. The colored regions show approximate parameter spaces expected for different
single-degenerate progenitor models as defined in Figure 3 of Chomiuk et al. (2012).
The light and dark gray regions represent the parameter space of the r—2 model that is
ruled out by our VLA upper limits. These regions are defined by M [y > 1.9x 10710
Mg yr~! (km s~)~! assuming e, = 0.1, and M /v, > 9.5x 10710 Mg yr—* (km s=)~!

assuming €, = 0.01 (see Section 2.5.1 for details)
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sion have provided constraints on the CSM environment and progenitor properties for
both core-collapse (e.g. Ryder et al. 2004; Chevalier & Fransson 2006; Soderberg et al.
2006; Weiler et al. 2007; Salas et al. 2013) and SNe Ia (Panagia et al. 2006; Chomiuk
et al. 2016). Radio emission is yet to be detected from a SN Ia, but nondetections have
provided stringent constraints on progenitor scenarios (Chomiuk et al. 2016), particu-
larly for nearby events such as SN 2011fe (Horesh et al. 2012; Chomiuk et al. 2012) and
SN 2014J (Pérez-Torres et al. 2014). We can similarly interpret possible progenitor sce-
narios of SN 2019ein by comparing our VLA observations with models of radio emission

from circumstellar interaction.

2.5.1 Wind Model (o< 772)

For single-degenerate progenitors, a fraction of the mass, transferred via accretion
from a nondegenerate companion, is expected to be lost in the form of a wind. Chevalier
(1982) created a simple parametric model of such a wind, characterized by a constant

mass-loss rate (M) and wind velocity (v,,), which leads to a CSM whose density (p) varies

p= 47r1r2 <%> (2:3)

The synchrotron radio light curve from a shock propagating through such a CSM is

with radius (r) as

described in Chevalier (1982) and Chevalier (1998). In this work, we follow the formal-
ism of Chomiuk et al. (2016) (hereafter C16), who adopted the self-similar solutions of
Chevalier (1982) for radio observations of SNe la. We assume a Chandrasekhar-mass
WD progenitor that exploded with 103! erg of kinetic energy, consistent with our optical

~10 interacting with the above

observations, and a steep outer ejecta profile of pe; ~ v

CSM. Electrons are accelerated to a power-law spectrum (~ E~? with p = 3). The

average fraction of the shock energy shared by the cosmic-ray electrons and the amplified
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Figure 2.12: Light curves from the shell model of H16 for a shell of fractional width,

f =0.2. The colors are for different shell radii, and the different shades are for different
densities. The black triangles show the 30 upper limits from our VLA observations.
magnetic field in the shock vicinity is parameterized as €. and €, respectively. As in
Chomiuk et al. (2012) and Chomiuk et al. (2016), we set ¢, = 0.1 and €, = [0.1,0.01],
consistent with values expected in Type Ib/c SNe (Chevalier & Fransson 2006; Sironi &

Spitkovsky 2011; Soderberg et al. 2012).

The light-curve models for different values of the free parameters M and v,, are shown
in Figure 2.11(a). The rising part of the light curves corresponds to the regime where the
ejecta are still optically thick to synchrotron self-absorption at 5 GHz. When the ejecta
are optically thin, the light curve declines. Higher ratios of M /v, correspond to denser
outflows, which leads to brighter light curves and a delayed transition to the optically
thin stage, which explains why the peaks are shifted to later epochs.

Figure 2.11(b) shows our constraints on the M /uv,, parameter space from the VLA
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upper limits in Section 2.2.1. We are able to rule out the parameter space for M [V >
1.9 x 1071 Mg yr= (km s7')~! for ¢, = ¢, = 0.1. For ¢, = 0.1 and ¢, = 0.01, we find
that M /v, > 9.5 x 10710 Mg yr~! (km s™1)~L.

The above constraints on M /v, can provide some insight into possible single-degenerate
progenitor models for SN 2019¢in by comparing with typical values of M and v,, expected
in these models as compiled in Chomiuk et al. (2012). Our observations are sensitive
enough to rule out symbiotic progenitors, i.e. a WD that accretes from the wind of a
giant companion, which is generally characterized by M > 1078 My, yr~! and v, ~ 30 km
s~ (Seaquist & Taylor 1990; Chen et al. 2011; Patat et al. 2011). A symbiotic channel
was also deemed unlikely for the nearest events SN 2011fe and SN 2014J, and was found
to contribute no more than 16% of a sample of 85 SNe Ia with available radio observa-
tions studied by (Chomiuk et al. 2016). For ¢, = 0.1 and €, = 0.01, our increased upper
limit of M /v, > 9.5 x 10710 Mg, yr=! (km s~1)~! still excludes the majority of symbiotic
progenitors observed in the Galaxy (Seaquist et al. 1993; Chomiuk et al. 2016).

White dwarfs can also be in single-degenerate systems with a main-sequence or a
slightly evolved companion undergoing mass transfer via Roche-lobe overflow. For mass

1 steady nuclear burning occurs on the surface of

accretion rates 2> 3 x 1077 Mg yr~
the WD, and about ~ 1% of the mass is lost from the outer Lagrangian point with
velocities of about a few 100 km s~ (Shen & Bildsten 2007). The expected M /v, in
such a scenario falls within our VLA limits, and therefore such a progenitor channel
cannot be ruled out for SN 2019e¢in from our radio observations alone. With increasing
accretion rate, however, the nuclear burning shell will drive fast optically thick winds
with v, ~ few x1000 km s~! (Hachisu et al. 1999), and some part of this parameter
space is ruled out by our VLA upper limits. For accretion rates ~ (1 — 3) x 107" M

yr~ ! the steady burning will be interrupted by recurrent nova flashes. Novae with short

recurrence time will likely create a series of dense shells with which the SN shock will
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interact, and such shells typically have values of M and v, as shown in Figure 2.11(b).
For longer recurrence times, the SN shock is more likely to interact with CSM created
with a steady wind with M ~ 1079 — 10~® My yr! in between distant novae shells
(Wood-Vasey & Sokoloski 2006). Both these cases are allowed within our upper limits in

the context of the r—2

model, but we will also analyze the presence of nova shells with a
more appropriate shell-interaction model in Section 2.5.2.

We note here the importance of radio observations taken soon after explosion or
discovery for SNe Ia. The first observation, which was triggered < 2 days of discovery
and < 4 days of explosion, provided a constraint that is almost a factor of five deepert on
M /v, than the observation a week later (Figure 2.11(a)). This is because lower M /v,
shifts the peak of the radio light curve to earlier times, as seen in Figure 2.11(a). The

prompt observation resulted in more stringent constraints on Type la progenitor models

involving symbiotic systems and optically thick winds.

2.5.2 Shell Interaction Model

Interaction and acceleration of material in solar-composition CSM shells has been
proposed as a way to explain HVFs in Type Ia spectra (Gerardy et al. 2004; Mulligan &
Wheeler 2018, 2017). Such shells can be expected in WD progenitors that undergo nova
outbursts. Shells can consist of recently ejected material or of swept-up material from
previous outbursts. Shock interaction with such a shell can produce detectable radio
emission, and radio light curves for such a CSM created by discrete mass-loss events
cannot be appropriately described by a continuous mass-loss model.

We therefore use the models described in Nayyeri et al. (2016), hereafter H16, for radio
emission from a CSM shell interacting with SN ejecta. H16 performed hydrodynamical

simulations of a pg; ~ ve_jw ejecta profile interacting with a single, solar-metallicity, fully
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Figure 2.13: Parameter space of the CSM shell radii R versus shell density

ny, = psn/pmy, where pg, is the density in units of g em™3, u = 1.4, and

my, = 1.67 X 10724 g. Dashed lines in both panels correspond to lines of constant

shell mass My, = 4/3mpsp R3[(1 + f)3 — 1]. The left panel corresponds to a thin

shell, while the right panel corresponds to a thick shell. The gray shaded region is

the parameter space where the H16 light curves are inconsistent with the constraints

described in Section 2.5.2. The red shaded region is where optical depth due to syn-

chrotron self-absorption is > 1 and the optically thin ejecta assumption of H16 is no

longer valid.
ionized shell defined by an inner radius R, fractional width f = AR/R, and constant
shell density pg,. Interaction creates a forward shock in the shell and a reverse shock in
the ejecta, but the dynamics do not reach self similarity, unlike in the Chevalier (1982)
case. The forward shock subsequently accelerates the CSM and sets it in free expansion.

In the optically thin approximation, the H16 light-curve model can be analytically
expressed in terms of f, pg, and R (see Egs. 5-13 in H16). Figure 2.12 shows example light
curves from the H16 model. The light curves are characterized by a rapid brightening
at the beginning of the interaction, reaching a peak luminosity when the forward shock

reaches the outer edge of the CSM shell, and a steep decline once the shock breaks out.?

For larger f, the light curves peak at later times because the shock takes longer to reach

®The model assumes a vacuum outside the shell region. The decline phase will therefore likely
be modified when there is a progenitor wind present beyond the shell (C. E. Harris et al. 2020, in
preparation).
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the CSM outer edge. For larger R, the light curves begin at a later time, and larger pgy,
produces brighter light curves.

Similar to the analysis in Cendes et al. (2020), we explore the parameter space of
R-psn, for a given f that produces light curves within our VLA upper limits at the
observed epochs. We explore two cases of shells: a thin shell (f = 0.2) characteristic
of shells expected in nova eruptions, and a thick shell (f = 1) to show the effects of
increasing shell width. Similar to the wind model, the shell models assume a standard
Chandrasekhar-mass WD explosion with 10°! erg of kinetic energy, and e, = ¢, = 0.1.
We also use an additional constraint: the peak of the light curve must occur before the
first epoch (i.e. at 3.87 days after explosion). This is because any shell interaction leading
to HV absorption features must have occurred before the first spectral observation (i.e.
after the shell has been accelerated by the forward shock, Gerardy et al. 2004).

Figure 2.13 shows the result of applying the H16 shell models to our VLA observations.
For our fiducial model parameters in both the thin and thick shell cases, the VLA limits
only allow CSM shells < 1075 M, within radii < 100 AU. In comparison, CSM masses ~
1073 —1072 M, are generally required to explain HVFs observed in SNe Ia (Gerardy et al.
2004). We note that this conclusion remains unchanged even when we assume ¢, = 0.01
because the shaded region in Figure 2.13 is determined primarily by the condition that
the peak of the light curve must occur before the first epoch, as mentioned previously.
As explained in H16, the light curve peaks when the shock reaches the outer edge of
the shell and is thus mainly a hydrodynamical timescale, which is independent of the
parameter ¢, that affects only the radio emission.

A caveat, however, is that the H16 model approximates the radio emission as opti-
cally thin, whereas at densities > 10° cm ™3 for the radii explored here, effects such as
synchrotron self-absorption, free-free absorption, and radiative cooling of the shock gas

will become important. Light-curve models in this optically thick regime would require a
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Figure 2.14: The emission peak Ca II H&K (top left), Si IT 6355 A (bottom left), S
IT 5454 A (top right), and S 1T 5640 A (bottom right) velocities of SN 2019ein, shown
in red, compared against the low-redshift sample from Blondin et al. (2006), shown
in dashed black, from -14 days to 0 days with respect to B-band maximum light.
formal solution of the radiative transfer equation, which will be explored in an upcoming

paper (C. E. Harris et al. 2020, in preparation), and will help provide more accurate

constraints on the presence of dense and massive CSM shells.

2.6 Mixing and Optical Depth Effects

The high emission velocities before maximum light make SN 2019ein unusual, even
among HV SNe Ia. More specifically, although P Cygni emission blueshifts have been
theoretically predicted and observed in Type II SNe (Dessart & Hillier 2005) and were
discussed by Blondin et al. (2006) in a sample of low-redshift SNe Ia, the emission ve-
locities seen in the spectra of SN 2019ein are the highest ever measured. Figure 2.14
shows the evolution of the emission velocities for four lines in the spectra of SN 2019ein
compared to the sample from Blondin et al. (2006). It is clear that at early times, the

emission peaks in SN 2019ein are substantially more blueshifted than in any of the objects
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in the comparison sample. This extreme behavior is most clearly seen in the plots of the
Ca IT H&K and S II emission velocities, where the emission velocities at -14 days with
respect to B-band maximum are ~ 15,000 km s~!. At the same phase, the Si II emis-

1 Even around

sion component of the P Cygni profile is blueshifted by ~ 10,000 km s~
maximum light, the velocities of these lines are among the highest ever measured. After
maximum, the emission peaks are either no longer resolvable or become distorted due
to line overlap, possibly of multiple Doppler-shifted emission features (see Figure 2.5).
Here we only present emission velocities up to B-band maximum, where we trust our
measurements have not been biased.

In order to investigate whether specific ejecta compositions or abundance enhance-
ments could cause both the high absorption and emission velocities at early times, we
compare SYN++ (Thomas et al. 2011) model spectra to our spectrum of SN 2019ein at -10
days. In particular, we focus on the Si IT 6355 A feature and test whether multiple com-
ponents of the ejecta, such as a HV component with a velocity above the photospheric
velocity (PV), can reproduce the measured Doppler shifts.

Our synthetic spectrum is shown in Figure 2.15 compared to our spectrum of SN 2019ein
at -10 days. We find that an ejecta with only a HV Si II component offset from the PV
by several thousand km s~! provides the best fit to our data. This matches the lack
of separate HVFs and PVFs, particularly in the Si IT and Ca II lines, at early times
in our observed spectra, as well as the analysis of our radio observations, which places
stringent constraints on the mass of a CSM shell, which has been proposed to produce
HVFs. Altogether, this indicates that only a HV Si II component is present in the ejecta
of SN 2019ein. We attempt to explain the existence of this HV component as being due
to ejecta mixing from an asymmetric explosion or being caused by optical depth effects

in the outer layers of the ejecta.
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Figure 2.15: SYN++ synthetic spectrum (black) of the Si IT 6355 A feature at -10 days
with respect to B-band maximum, compared to the spectrum of SN 2019¢in at the
same epoch (red). Our synthetic spectrum contains only a HV Si II component offset
from the photospheric velocity by 2,500 km s~!. The rest wavelength of the Si II
emission peak is represented by a dashed vertical line.

2.6.1 Evidence for Asymmetries

In Section 2.4.3 we discuss that objects similar to SN 2019ein exhibit significant mix-
ing of their IMEs to higher velocities. This may be evidence of an aspherical ejecta
distribution due to an asymmetric explosion, in which clumps of IMEs are mixed to
higher velocities along the observer’s line of sight, producing HV absorption and emis-
sion features. Similar clumps are produced in models of off-center delayed-detonation
explosions (Seitenzahl et al. 2013). The connection between mixing and asymmetries has
observational support. Polarization measurements show that HVFs in SNe ejecta are
more polarized than PVFs, indicating that HV ejecta have more asymmetric distribu-
tions (Maund et al. 2013; Bulla et al. 2016). Additionally, Nagao et al. (2019) observed
high polarization alongside a blueshift of the Ha line during the photospheric phase of
the Type II SN 2017gmr.

There is evidence for such an aspherical ejecta distribution in the spectra of SN 2019ein;

in the early-time spectra of SN 2019¢in, we see Si Il with a higher absorption velocity than
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C II at -14 days, whereas the opposite relation is true at this phase for the SNe studied by
Parrent et al. (2011). In a spherically symmetric model of a Type Ia explosion, the inner
burning regions are surrounded by a shell of unburnt material comprised mostly of C
and O. However, an asymmetric explosion with strong outward mixing could force IMEs
produced in the nuclear burning to higher velocities. In addition, our medium-resolution
spectrum obtained 18 days after B-band maximum light reveals multiple overlapping
Si IT absorption features, with each absorption minimum offset by several thousand km
s~!. This may be evidence of significant mixing of the Si II ejecta to lower and higher
velocities, rather than the stratified shell-like structure proposed in studies of other SNe
Ia (Cain et al. 2018).

Studying the nebular-phase spectroscopy of SNe Ia, Maeda et al. (2010) found a
relationship between the Doppler shift of the nebular-phase emission features and the Si
IT velocity gradient at early times, whereby HVG SNe exhibit redshifted nebular-phase
emission lines and LVG SNe show blueshifted nebular emission lines. This correlation is
suggested to detail information about the symmetry of the explosion because the nebular-
phase emission features trace the deflagration ash in the core of the progenitor WD. In
this model, HVG SNe are viewed from the direction opposite to the initial deflagration.

Finally, Maund et al. (2010) and Cikota et al. (2019) found correlations between the
Si IT line polarization and velocity evolution around maximum, with more polarized SNe
belonging to the HV and HVG classes. Maund et al. (2010) argue that this relationship
implies the existence of global asymmetries in the ejecta, which, along with the correlation
between velocity evolution and nebular-phase velocity shifts (Maeda et al. 2010), connects
early- and late-time velocity behavior to the three-dimensional geometry of the explosion.
It is possible that the high absorption and emission velocities seen in the spectra of
SN 2019¢in are signatures of IMEs in the ejecta that were outwardly mixed in an off-

center explosion.
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2.6.2 Optical Depth Effects

Blueshifted emission features have been suggested to be caused by optical depth
effects in Type II SNe (e.g. Dessart & Hillier 2005, 2011; Anderson et al. 2014). These
features arise from steep density profiles in the expanding ejecta (see Figure 16 in Dessart
& Hillier 2005). Blondin et al. (2006) were the first to model these features in SNe Ia.
Using the radiative transfer code CMFGEN (Hillier & Miller 1998), the authors found that
differences in optical depths of Si IT and S II lines resulted in overall blueshifted emission
peaks when the flux was integrated over a range of impact parameters.

In this picture, contours of constant optical depth in the photosphere trace out a
variable amount of the emitting ejecta, where the amount of emission from the ejecta
above the photosphere depends on the optical depth of the line being considered. In the
classical P Cygni profile, the flux from the ejecta moving perpendicular to the observer’s
line of sight makes up the majority of the emission, resulting in an emission peak centered
on the rest wavelength of the line. However, when lines with low optical depth are
considered, there is little to no emission from the ejecta at large impact parameters
because the density gradient in the outer ejecta layers is steep. Instead, the flux is
dominated by ejecta moving toward the observer even if the ejecta is distributed more or
less spherically. The result is an overall blueshift of the emission peak, proportional to
the ejecta velocity. Because the authors modeled individual lines, the emission blueshifts
cannot be the result of line overlap.

As seen in Figure 2.14, SN 2019ein has some of the highest emission peak velocities at
early times compared to the sample from Blondin et al. (2006). This extreme behavior
can be understood in the context of the above explanation: because blueshifted emission
is dominated by flux from the ejecta moving toward the observer, we would expect that

the emission velocity is correlated with the absorption velocity. Blondin et al. (2006)
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found that this trend exists, with the ratio of vpeqr to vaps approaching 0.6 around -10 days
relative to B-band maximum for the S II 5454 A line. Over time, the photosphere quickly
recedes from the low-density material and the emitting region becomes more spherical,
causing this ratio to approach 0 around B-band maximum light. However, at early times
the photosphere is very far out in the ejecta, so the emitting ejecta we observe must be
at HVs, leading to a greater emission peak blueshift. Our SYN++ spectrum supports this
picture; the blueshift of the Si IT 6355 A emission peak is proportional to the Si II ejecta
velocity. Because SN 2019ein has some of the highest absorption velocities measured at

its earliest phases, the emission velocities of those lines are among the highest as well.

2.6.3 Discussion

We find that the high absorption and emission velocities at early times can be ex-
plained by an HV-only ejecta component, possibly due to mixing in an asymmetric
explosion or optical depth effects in the outer layers of the ejecta. It is possible that both
effects are at play; the models of Maeda et al. (2010) predict that the outer regions of the
SN ejecta on the side opposite from an off-center ignition are less dense and produce HVG
SNe. It could be that in this lower density environment, the ejecta is optically thinner,
leading to a majority of the flux stemming from material moving along the observer’s
line of sight and producing blueshifted emission features.

Another nearby SN Ia with a well-studied density structure is SN 2012fr (Childress
et al. 2013; Maund et al. 2013; Contreras et al. 2018). Cain et al. (2018) found that
SN 2012fr showed signs of a shell-like density enhancement at low velocities, which could
explain the unusual Si IT velocity evolution as well as the presence of separate HV and PV
features. However, SN 2012fr and similar SNe Ia tend to be slow decliners (Amy; < 1),

HV yet LVG, and fall outside the BL region of the Branch diagram (Contreras et al.
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2018). These classifications are at odds with those we present for SN 2019ein. Therefore
we suggest that SN 2019ein most likely has a different density enhancement than the
shell-like structure of SN 2012fr.

One potential bias in our measurements is line blanketing. Line blanketing can warp
the shape of the emission peaks, potentially biasing measurements of the peak wavelength.
As noted by Branch et al. (2007), synthetic spectra rarely if ever produce the significant
emission peak Doppler shifts around maximum light observed by Blondin et al. (2006)
and again here in SN 2019ein. However, synthetic spectra also rarely produce only HV
ejecta components, as we have done in our SYN++ model. Furthermore, the observed
emission shifts are not seen in just one line but globally, and seem to follow a similar
evolution over time. This can be seen in the comparison between the B15 model spectra
and the real data in the earliest epoch (Figure 2.10). Therefore we conclude that line
blanketing is unlikely able to reproduce the peculiar emission blueshifts at all wavelengths
and phases.

Future observations will be necessary to provide more conclusive results on the geom-
etry of the ejecta. For example, measuring a Doppler shift of the nebular-phase emission
peaks could support the argument that SN 2019ein has signatures of an aspherical explo-
sion. In addition, early-time polarimetry data would provide an additional measurement
of the asymmetries in both specific spectral features, such as the Si II absorption line,
and globally via the continuum polarization. However, as discussed by Dessart & Hillier
(2011) and Woosley et al. (2007), low continuum polarization does not necessarily imply
that the explosion was spherically symmetric; both authors find that even in models with
significant asphericity, the line and continuum polarization could be low due to density
and ionization effects. In the case of some geometries presented in Dessart & Hillier
(2011) both an emission blueshift and a low polarization signal are produced, regardless

of the underlying symmetry of the ejecta.
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It is reasonable to question why SN 2019ein is so unusual, even in a sample of other
BL HV SNe. One possible explanation is early-time observations; it is possible that
SN 2019ein was first observed mere hours after explosion, allowing us to see the extremely
high absorption and emission velocities at an earlier phase than other HV SNe. Another
explanation is that SN 2019ein was observed from a rare viewing angle, as would be the
case if the explosion were strongly asymmetric. Either way, the analysis of early-time
photometry and spectroscopy presented here demonstrates the importance of finding and

observing SNe Ia quickly after explosion.

2.7 Summary

We have presented photometric and spectroscopic observations of SN 2019ein, a SN
Ia with some of the highest early-time ejecta velocities ever measured. We observe a Si 11
6355 A absorption velocity of 24,000 km s~' 14 days before B-band maximum light. In
addition, the early-time emission components of the P Cygni profiles appear blueshifted
with respect to the host galaxy redshift, with emission peaks of Si II, Ca II, and S II

! This emission blueshift is also among

moving at velocities up to or above 10,000 km s~
the highest ever measured, making SN 2019ein an outlier even among other HV SNe.
Radio observations taken as early as <4 days after explosion provide insight into the
progenitor system of SN 2019¢in as well as the source of the HV ejecta. Our 30 VLA
upper limits of 18, 25, and 23 wpJy at 3.87, 11.57, and 17.58 days after explosion are
sensitive enough to rule out symbiotic progenitors for SN 2019ein. We also rule out part
of the parameter space of a single-degenerate model involving accretion from a main-
sequence or slightly evolved companion at accretion rates > 3 x 10~"Mg, yr~!, because

the resulting fast optically thick winds would likely have created detectable circumstellar

material. Such progenitor scenarios were also ruled out for the nearest and best-studied
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SNe Ia 2011fe and 2014J. Our upper limits cannot rule out models of a WD accreting
at lower rates ~ (1 —3) x 1077 My, from a main-sequence or slightly evolved companion
via winds that are sometimes interrupted by recurrent nova flashes. With our shell-
interaction model (Nayyeri et al. 2016) we can rule out the presence of optically thin
shells, which have been theoretically predicted to source HV ejecta, of masses > 107°
Mg, at distances < 100 AU from the progenitor. However, denser or more massive shells in
the optically thick regime cannot be ruled out by the current model, and will be revisited
in the future with a more sophisticated shell model that takes synchrotron self-absorption
and radiative losses into account.

We find that SN 2019ein is well fit by a delayed-detonation explosion model (Blondin
et al. 2015) except at early times, where our measured ejecta velocities are even higher
than those predicted. By modeling the early spectra of SN 2019¢in, we find that both
the high absorption and emission velocities may be due to a HV component of the ejecta
that is detached from the photosphere. This detached component of the ejecta may
be evidence of an aspherical distribution of intermediate-mass elements, perhaps due to
mixing in an asymmetric explosion (Seitenzahl et al. 2013). Additionally, optical depth
effects in the very outer layers of the ejecta may lead to an overall blueshift in the
spectrum, as the majority of the flux observed comes from material moving along the
observer’s line of sight. These results highlight the need for more detailed modeling of
SN ejecta, especially at early times.

By studying a larger sample of HV SNe Ia, we can begin to probe the overlap between
explosion models, asymmetries, and ejecta velocities. Results from such a sample would
have implications on theories of Type Ia progenitor systems and explosion mechanisms.
It is possible that a united picture will emerge, one in which the ejecta geometry and the
viewing angle to a SN affect observables such as color, velocity, and light-curve width. A

similar intrinsic difference has already been noted in the colors and host environments of
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HV and Normal SNe (Chang et al. 2013; Zheng et al. 2018), and may be used to reduce

uncertainties in Type la distances, improving the precision of cosmological measurements.
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Chapter 3

The Phase Space of
Rapidly-evolving Supernovae

3.1 Supernova Powering Mechanisms

Chapter 2 focuses on the extremes of one observable—ejecta velocity—explored via
early-time observations. The remaining chapters of this work focus on the extremes of
another observable—light-curve duration. Even more than ejecta velocity, the parameter
space of light-curve duration has been opened up owing to the influx of data from high-
cadence time-domain surveys. Surveys such as ZTF, ATLAS, and ASAS-SN, which scan
the same region of the sky or the entire sky with a cadence of 2-3 days, have discovered
objects that rise and decline in brightness faster than other known classes of supernovae.

Most Type I supernovae have light curves that are powered by the radioactive decay
of %*Ni and *¢Co, which have e-folding times of 8.8 and 111.3 days, respectively (Arnett
1979). The timescale on which their light curves rise to peak brightness is set by the
time for photons produced via radioactive decay to diffuse out of the expanding ejecta.
This relatively straightforward relationship gives a range of predicted light-curve rise
times for an ordinary range of ejecta masses, explosion energies, and **Ni masses. For

example, Type Ia supernovae eject roughly a Chandrasekhar mass and produce ~ 0.5

52



The Phase Space of Rapidly-evolving Supernovae Chapter 3

M, of 5°Ni; thus they have a small variance in their light-curve timescales. Even Type
Ib and Ic supernovae, with greater diversity in their ejecta and Ni masses than Type
Ia supernovae, have a relatively narrow range of light-curve rise and decline times.

While not powered by radioactive decay at early times, H-rich (Type II) supernovae
also have well-understood powering mechanisms. Their early-time light curves are pow-
ered by the energy deposition of the supernova shock into the outer layers of the ejecta.
This shock ionizes the progenitor’s hydrogen-rich material. As the ejecta cools the hy-
drogen recombines, providing a constant source of photons with energies corresponding
to the hydrogen recombination temperature. In many Type II supernovae this receding
recombination front within the ejecta creates a light curve plateau. The duration of this
plateau is sensitive to the mass of the hydrogen-rich material (Hiramatsu et al. 2021b).

On the other hand, a growing number of supernovae discovered by current time-
domain surveys have light-curve timescales that are in conflict with these commonly-
assumed powering mechanisms. For example, a rare class of objects we will refer to
as “fast transients” (but are also called fast-blue optical transients (FBOTSs), rapidly-
evolving transients, and rapidly-rising luminous transients in the literature) have light
curves that are too short and luminous to be powered by the radioactive decay of %°Ni
alone—the °°Ni masses inferred from simple analytical model fits are unphysically larger
than their inferred ejecta masses (Drout et al. 2014; Pursiainen et al. 2018). Instead, other
physical mechanisms are needed to power their emission, particularly at early times.

To explain their luminosity evolution, we investigate alternative powering mecha-
nisms. One such mechanism is interaction with circumstellar material (typically the
material lost by the progenitor star before exploding) that is confined to distances Rcgy
< 10'7 cm. The progenitor star can shed material through several potential channels,
including non-conservative mass transfer with a binary companion, stellar winds, and

eruptive mass-loss episodes (see e.g., Smith 2014 for a review). Each of these mechanisms
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Figure 3.1: Spectral evolution of the interaction-powered SN 2021csp (from Pellegrino

et al. 2022d , see Chapter 5)). At early times (top) the spectrum is blue and dominated

by narrow emission and P Cygni features from ionized circumstellar material. As

the photosphere recedes intermediate-width features from the swept-up ejecta and

circumstellar material are seen (middle). Finally, as the interaction ceases broad

ejecta features become visible (bottom).
is poorly understood, and observing supernovae interacting with pre-existing circumstel-
lar material allows us to study and test these theories of stellar evolution. In fact, it is
becoming evident that a significant fraction of, if not all, massive stars undergo some
degree of mass loss before exploding (Bruch et al. 2021; Strotjohann et al. 2021), and the
amount of mass they lose is challenging to explain within current paradigms.

For an extensive overview of interaction-powered supernovae, see Smith (2017). Here

we briefly summarize points of interest. As the ejecta collides with the circumstellar ma-

terial forward- and reverse-traveling shocks are produced that traverse the circumstellar

medium and supernova ejecta, respectively. High-energy photons propagate before the
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shock at early times, ionizing the external unshocked circumstellar material. This flash
ionization causes narrow emission or P Cygni lines to be visible in spectra for hours to
several days. These narrow lines, superimposed on a blue continuum produced by the
optically thick shocked gas, have Gaussian widths set by the velocity of the circumstel-
lar material and broader Lorentzian wings caused by electron scattering in this ionized
medium (see Figure 3.1).

Material swept up by the forward and reverse shocks accumulates in a cold dense
shell between both shocked regions. X-ray and ultraviolet photons produced by the
high temperatures of the shocks (10° K) provides a consistent source of luminosity that
excites electron transitions in the swept-up material. As the photosphere recedes in
mass coordinate over time, the emission from this material is visible to the observer
as intermediate-width P Cygni features with velocities set by the velocity of this shell.
Emission from this region persists as long as the interaction is ongoing to provide a source
of high-energy photons. This shock duration is a function of the circumstellar density
profile, radial extent, shock velocity, and circumstellar medium and ejecta masses. The
result is luminosity inputs that can last from hours to years.

After the interaction has ceased, the photosphere recedes into the expanding super-
nova ejecta. At these phases the spectra appear like “normal” non-interacting supernova
spectra, with Doppler-broadened features set by the velocity of the ejecta. However, by
the time the interaction has stopped, these features may be too faint to observe. This is
because interaction is an efficient means of producing luminous emission from an other-
wise weak explosion. The typical kinetic energy of the supernova ejecta is on the order of
10%! erg (Sukhbold et al. 2016); therefore, converting even a small fraction of this energy
to thermal emission can increase the luminosity of the supernova by many factors.

Another mechanism that can power short-lived, luminous emission is the deposition

of energy as the supernova shock breaks out from the outer layers of the progenitor.
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Theory predicts that as the shock reaches an optical depth 7 & £, where v is the speed of
sound in the material, photons will diffuse out of the expanding outer progenitor layers
(e.g., Nakar & Sari 2010). This “shock breakout” can be observed as a brief but luminous
burst of energy, particularly in the ultraviolet and X-ray (Chevalier & Fransson 2008;
Modjaz et al. 2009).

Subsequently the expanding outer layers of the progenitor (now the supernova ejecta)
that were heated by the shock will radiate and cool. Depending on the density structure
of this material, this “shock cooling” emission can be observed from hours to days after
shock breakout (Rabinak & Waxman 2011; Piro 2015; Sapir & Waxman 2017). Optical
surveys with high cadences will observe the shock cooling emission as a rapidly-declining
light curve that can last up to a week. In many cases, objects that have observed
shock cooling emission are Type IIb supernovae (see Chapter 6) due to the unique en-
velope structure of their progenitors—they have partially-stripped, low-mass, extended
envelopes which allows for this shock cooling emission to be visible over days, rather than

hours.

3.2 Supernova Phase Space

One metric by which supernovae can be roughly sorted is by comparing their peak
luminosities with some characteristic light-curve timescale. A commonly-used character-
istic timescale in the literature is ¢ /5, the rest-frame time over which the transient has a

)

luminosity > half its peak luminosity. In this “supernova phase space,” shown in Figure
3.2, a large fraction of spectroscopically-similar supernovae are grouped together. For
example, Type II supernovae with light-curve plateaus have ¢, ~ 70 — 100 days and

Type la supernovae are clustered in an area representing the Phillips relation (Phillips

1993). The fast transients introduced in Section 3.1 fall on the extreme edge of this
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Figure 3.2: The current sample of spectroscopically-classified supernovae from the
ZTF Bright Transient Survey. Broad supernova classifications (Type Ia, Type II, etc.)
are shown in different colors. Objects left of the dashed vertical line are classified as

“fast transients,” with ¢/, < 12 days.

phase space. Historically, they have been quantitatively defined as having ¢,/ < 12 days

(Drout et al. 2014; Ho et al. 2021).

Such rapid evolution makes obtaining well-sampled, multi-band photometric and

spectroscopic coverage of these objects a challenge for most follow-up facilities. These

events must be flagged early as having peculiar evolution to alert the community that

further follow-up is needed. However, often these transients are found in archival data

searches rather than in real-time. For example, many fast transients from surveys such

as the Pan-STARRS1 Medium-Deep Survey evolved too quickly or were too faint to

obtain spectroscopic classifications (Drout et al. 2014). Even those with spectroscopic

observations often have spectra that are blue and featureless, making classification dif-

57



The Phase Space of Rapidly-evolving Supernovae Chapter 3

# Type Ibn Type IIb
Type Ib & Typelc
-211 - ® Type IIn/Ibn Type Ic-BL
Type 11 Unclassified

)
E ———
Z -20 .
G ——
@ '
=
5 19 -+
n
Q
<
Ad
o}
qu -181
"U r k:-—#—,
= if
<
171

-16 1

4 6 8 10 12 14

t 1/2 (Days)

Figure 3.3: Spectroscopically-classified (colored symbols) and unclassified (gray cir-
cles) fast transients from Ho et al. (2021). Gray squares are spectroscopically-unclas-
sified transients from Drout et al. (2014).
ficult (Drout et al. 2014; Arcavi et al. 2016; Pursiainen et al. 2018). However, with
the advent of robotically-controlled queue-based telescopes as well as spectroscopically-
complete surveys such as the ZTF Bright Transient Survey (BTS; Fremling et al. 2020;
Perley et al. 2020), more objects within this fast-evolving region of parameter space have
been spectroscopically classified. The current ZTF BTS sample is shown in Figure 3.2. It
is spectroscopically complete for objects with peak brightnesses < 18.5 mag. Therefore,
it consists of both nearby, fainter sources as well as brighter and more distant objects.
The fast-evolving objects in this sample, which are shown left of the vertical dashed
line, are relatively heterogeneous in their spectroscopic classifications and peak bright-
nesses. These objects are shown in more detail in Figure 3.3. To help elucidate their

powering mechanisms and progenitors, their spectroscopic classifications are broken down
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into further subtypes for comparison. The classified objects are all core-collapse super-
novae of various types. However, several commonalities between them can be found,
including common mechanisms that power their light curves. In particular, radioactive
decay is not their sole powering mechanism. Instead, many classes of supernovae powered
by circumstellar interaction, such as Type IIn and Type Ibn supernovae (shown in dark
blue and teal, respectively), are found in the more luminous region of this phase space.
The less-luminous half is dominated by Type IIb supernovae that have early-time light
curves powered by shock cooling emission.

The remainder of this dissertation details efforts to map out objects and classes in this
region of phase space. The main goal of these efforts is to test our understanding of stellar
evolution and the physics that power supernovae in this extreme regime. As a result, we
have made several advances in our understanding of these objects: i) we have connected
luminous, fast-evolving objects to known classes of supernovae powered by interaction
with hydrogen-poor circumstellar material (Chapter 4); ii) we have analyzed the first
sample of a new, rare class of supernovae produced by stars that have undergone the
most extreme mass-loss observed (Chapter 5); and iii) we have revealed new diversity in
the progenitors of known classes of stripped-envelope and interaction-powered supernovae
(Chapter 6). These findings have proven to be transformative to our understanding of

the supernovae that occupy the fast-evolving region of supernova phase space.
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Chapter 4

Circumstellar Interaction and
Luminous, Rapidly-evolving
Transients

This chapter investigates the powering mechanisms and progenitors of rapidly-evolving
supernovae that lie on the upper half of fast transient phase space—that is, objects with
peak absolute magnitudes < -17.5. Even though they fade in a matter of days, these
objects are more easily identified than their less-luminous counterparts due to their bright
multi-wavelength emission, allowing them to be observed at relatively higher redshifts.
Even so, these objects are exceedingly rare; Figure 3.2 shows that only tens occupy this
region of phase space in a sample of several thousand supernovae. Due to this rarity,
the nature of their light-curve powering mechanisms and their progenitor stars have been
intensely debated (see Section 4.5).

The work presented in this chapter is one of the first to connect luminous fast tran-
sients with more well-understood supernovae powered by circumstellar interaction. In
particular, this is the first systematic study of similarities between unclassified fast tran-
sients from the literature and Type Ibn supernovae—supernovae powered by interaction
with hydrogen-poor, helium-rich circumstellar material. Type Ibn supernovae are rare,

with only ~ 50 discovered to date. However, samples of well-studied Type Ibn super-
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novae show intriguing characteristics. First, their light curves are relatively homogeneous,
rising to peak absolute magnitudes -19 < M < -18 in about a week and subsequently
fading by 0.1 mag day~! (Hosseinzadeh et al. 2017b). On the other hand, their spectra
show more evidence for diversity—some have narrow P Cygni helium features from cir-
cumstellar interaction whereas others only show helium in emission (Hosseinzadeh et al.
2017b); some show flash features, indicating an extended circumstellar medium rich in
carbon, nitrogen, and hydrogen (Gangopadhyay et al. 2020, 2022); and some show tran-
sitional spectra with narrow features of both hydrogen and helium, potentially indicating
a progenitor that underwent less extensive mass loss (e.g., Pastorello et al. 2015). They
are almost exclusively found in star-forming galaxies (Hosseinzadeh et al. 2019), and a
precursor event observed at the location of the archetypal Type Ibn SN 2006jc two years
before the terminal explosion has been used to tie these objects to massive stars in their
Wolf-Rayet phase (Pastorello et al. 2007).

While previous studies have suggested a connection between fast transients and cir-
cumstellar interaction (e.g., Drout et al. 2014; Rest et al. 2018; Fox & Smith 2019; Xiang
et al. 2021), this is the first study to show that observational characteristics of both
unclassified fast transients and Type Ibn supernovae can be reproduced with simple
semi-analytical models. This connection has subsequently been a matter of debate in
the literature since (e.g., Maeda & Moriya 2022; Khatami & Kasen 2023). However, it
is becoming clear that circumstellar interaction must play a key role in the luminosity
evolution of a large fraction of the objects that occupy this region of phase space. As a
result, this chapter is an important piece in our evolving understanding of the extremes
of luminous, rapidly-evolving supernovae.

This chapter was reproduced from Pellegrino et al. (2022¢) with only minor changes
to fit the formatting of this dissertation. I'd like to thank my coauthors, without whom

this work would not have been possible: D. A. Howell, J. Vinké, A. Gangopadhyay, D.
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Xiang, I. Arcavi, P. Brown, J. Burke, D. Hiramatsu, G. Hosseinzadeh, Z. Li, C. McCully,
K. Misra, M. Newsome, E. Padilla Gonzalez, T. A. Pritchard, S. Valenti, X. Wang, and
T. Zhang.

4.1 Introduction

Over the last several years time-domain surveys, including Panoramic Survey Tele-
scope and Rapid Response System, Pan-STARRS1 (PS1; Kaiser et al. 2010), the Dark
Energy Survey (DES; Flaugher 2005), and the Zwicky Transient Facility (ZTF; Bellm
et al. 2019; Graham et al. 2019), have led to the discovery of thousands of astronomical
transients. Among these discoveries have been objects that are more luminous and evolve
more rapidly than other known classes of supernovae (SNe). Samples of these rapidly
evolving (hereafter “fast”) transients have been identified in PS1 (Drout et al. 2014 here-
after D14), the Supernova Legacy Survey (Arcavi et al. 2016), DES (Pursiainen et al.
2018), the Kepler mission (Rest et al. 2018), and ZTF (Ho et al. 2021), among others.
Although their exact classification has varied, broadly they display rises to peak bright-
ness in fewer than five days and declines from peak to half-peak brightness in fewer than
ten days. D14 was one of the first to identify a large sample of fast transients that had
a time above half their maximum brightness, t; /2, of <12 days and absolute magnitude
16.5 < M < -20.

Most of the fast transients identified to date have been found at cosmological dis-
tances, i.e. dyp 2 200 Mpc, making full multiband studies of these objects difficult.
This changed with the discovery of AT 2018cow, a fast transient identified at a redshift
z = 0.014 (Benetti et al. 2018), or luminosity distance d;, = 60 Mpc (Prentice et al. 2018).
AT 2018cow presented the first opportunity for a true multiband study, from radio to ~

ray, of a nearby fast transient. Observations of strong X-ray emission (Margutti et al.
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2019), an initially hot and featureless spectrum (Prentice et al. 2018), and a receding
photosphere (Perley et al. 2019) all affected the physical interpretation of the progenitor
system of this fast transient. Since the discovery of AT 2018cow other similar transients
have been discovered at higher redshifts (Coppejans et al. 2020; Ho et al. 2020; Perley
et al. 2021).

Due to their high peak luminosities and rapid evolution, modeling the powering mech-
anism of these fast transients has proven difficult. A 56Ni-decay powering source is im-
possible to reconcile with both the peak luminosities and rapid evolution of these objects.
Other possible powering sources include the thermonuclear explosion of a white dwarf
within an H-rich envelope (Arcavi et al. 2016), magnetar spin-down (Prentice et al. 2018),
a tidal disruption event by an intermediate-mass black hole (Perley et al. 2019), and in-
teraction with circumstellar material (CSM; Drout et al. 2014; Rivera Sandoval et al.
2018). These various models each have their advantages and drawbacks when compared
to the complex temporal evolution of AT 2018cow.

More recently, similar characteristics have been noticed between certain fast tran-
sients, specifically AT 2018cow, and Type Ibn supernovae (SNe Ibn; Fox & Smith 2019;
Xiang et al. 2021). SNe Ibn are rare but well studied (Pastorello et al. 2008; Hossein-
zadeh et al. 2017b hereafter H17). There is evidence that their progenitor systems are
high-mass stars, such as Wolf-Rayet (WR) stars, that undergo significant mass loss in a
short period of time before explosion (Smith & Owocki 2006; Foley et al. 2007; Smith
et al. 2012 but see also Hosseinzadeh et al. 2019). In many cases their early-time spectra
show hot blue continua superimposed with emission lines of He I and He II, indicating
interaction with a CSM composed of material possibly stripped from a massive star. In
particular, SNe Ibn show similar rise times, peak luminosities, and decline times when
compared with fast transients (Fox & Smith 2019; Clark et al. 2020; Xiang et al. 2021),

hinting that some SNe Ibn may be included in samples of photometrically identified fast
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transients.

In one of the largest samples of fast transients to date, Ho et al. (2021) published ob-
servations of 42 objects discovered during Phase I of ZTF, some of which were observed
by the Bright Transient Survey (Fremling et al. 2020; Perley et al. 2020), with times
above half the maximum brightness of fewer than 12 days. Of these objects, 20 were
spectroscopically classified. The objects with spectra in the sample primarily consist of
core-collapse SNe such as Type IIb SNe (SNe IIb) that are powered by shock-cooling
emission at early times, interaction-powered objects mainly classified as SNe Ibn, and
more extreme objects such as AT 2018cow. This study—one of the first to present a
large sample of spectroscopically classified fast-evolving transients—points toward fast
transients being a heterogeneous class of objects, with many powered by CSM inter-
action. However, many other objects in this sample, including the most luminous and
fastest-evolving transients similar to AT 2018cow, remain spectroscopically unclassified,
and their powering mechanisms are uncertain.

As time-domain surveys discover more SN candidates than can be spectroscopically
classified, it is important to investigate whether a single progenitor system and powering
mechanism can explain the observed properties of objects in different regions of the fast
transient parameter space. In this work, we compare photometry and spectra between
SNe Ibn and other photometrically classified fast transients in literature (i.e. ti, < 12
days) in order to explore a common progenitor system for these objects. We identify
four fast-evolving SNe Ibn with Las Cumbres Observatory (LCO; Brown et al. 2013)
observations and compare these SNe with a sample of fast transients from D14 and
AT 2018cow. As CSM interaction at early times and %°Ni decay at late times are the
proposed powering sources of SNe Ibn, we investigate whether they can reproduce the
light curves of other fast transients, as well. We model the bolometric luminosities of the

objects in our sample with inputs from CSM interaction plus °Ni decay. We calculate
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Figure 4.1: Observed UV and optical light curves of the Type Ibn (a) SN 2019deh and
(b) SN 2021jpk from LCO (circles), ATLAS (diamonds), ZTF (squares), Swift (stars),
and TNT (plus signs). All photometry have been corrected for MW extinction.
rise times, peak luminosities, and decline times for these models and compare them with
light-curve parameters for SNe Ibn and other photometrically classified fast transients.
This paper is organized as follows. In Section 4.2 we discuss the objects and data in
our sample of fast transients and SNe Ibn. In Section 4.3 we detail the photometric and
spectroscopic analysis of these objects. We describe our model light curves and compare
them to data in Section 4.4. We discuss a possible common progenitor system between

SNe Ibn and some fast transients in Section 4.5. Finally, we conclude in Section 4.6.

4.2 Observations and Sample Description

Throughout this work we compare a sample of SNe Ibn observed by LCO with fast

transients from D14 as well as AT 2018cow. Details of each sample, including selection
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criteria for our SNe Ibn, are presented below.

4.2.1 Fast-evolving SNe Ibn

We begin by identifying four fast-evolving SNe Ibn observed by LCO through the
Global Supernova Project (GSP). These objects were chosen because they all have optical
and ultraviolet (UV) observations beginning at or before maximum light, spectra obtained
within a few days of maximum light, and ¢g-band decline rates greater than 0.1 mag day !,
which is the average decline rate for SNe Ibn (Hosseinzadeh et al. 2017b). Because of
their faster-than-average evolution, we classify these objects as fast-evolving SNe Ibn.
Two (SN2019uo and SN 2019wep) have LCO observations and data-reduction details
presented in other works (Gangopadhyay et al. 2020 Gangopadhyay 2021, in preparation).
In this work we present LCO photometry and spectra of SN 2019deh and SN 2021jpk,
two additional fast-evolving SNe Ibn. ZTF observations of SN 2019deh were discussed in
Ho et al. (2021) while SN 2021jpk has no published data thus far.

SN 2019deh and SN 2021jpk were discovered by ZTF on MJD 58580.36 (2019 April
7.36 UT) and MJD 59317.29 (2021 April 13.29) at r-band magnitude 20.75 4+ 0.28 and
g-band magnitude 19.26 + 0.09, respectively. Assuming a standard cosmology with H
= 73 km s~! Mpc™!, Q,, = 0.27, and Qp = 0.73, the luminosity distances we use for
SN 2019deh and SN 2021jpk are 237 Mpc and 164 Mpc, respectively (Beers et al. 1995;
Adelman-McCarthy et al. 2007). Due to the rapid evolution of these objects, the first
LCO observations were not obtained until around the time of maximum brightness and
continued for the next several weeks.

LCO light curves for both objects along with detections from ZTF, the Asteroid
Terrestrial-impact Last Alert System (ATLAS; Tonry et al. 2018), Swift, and the Ts-

inghua NAOC Telescope (TNT; Huang et al. 2012) are shown in Figure 4.1. We cor-
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rect the photometry for Milky Way (MW) dust extinction assuming Ay = 0.0772 and
Ay = 0.0555 from the dust maps of Schlafly & Finkbeiner (2011) for SN 2019deh and
SN 2021jpk, respectively. Due to the relatively large offset between SN 2019deh and its
host galaxy, we assume a negligible host-galaxy extinction. For SN 2021jpk, we attempt
to estimate the host-galaxy extinction by comparing its B - V colors to those of Type Ibn
SN 2010al, which is spectroscopically similar to SN 2021jpk (Taubenberger et al. 2021).
After correcting for MW extinction the colors of both objects are consistent. Addition-
ally, the spectrum of SN 2021jpk shows no host Na ID absorption; therefore we assume
negligible host extinction. To estimate the time of explosion and time of maximum light
for SN 2019deh we fit a second-order polynomial to the ATLAS fluxes in o-band during
the first 15 days of observations. The estimated explosion time, t.,p, is MJD 58579.99 +
0.25 and time of maximum brightness, tpeqr, is MJD 58588.5 4+ 0.65. Due to the sparse
light-curve sampling at early times we take the average of the last nondetection and first
ZTF detection of SN 2021jpk as a conservative estimate of its explosion date, t.,, = MJD
59316.3 £+ 0.99. From fitting a second-order polynomial to the peak of the light curve we
estimate fpeqr = MJD 59324.10 £ 0.45.

Optical Photometry

LCO UBgVri-band data were obtained with the Sinistro camera on LCO 1m tele-
scopes. Using the 1cogtsnpipe photometric data-reduction pipeline (Valenti et al. 2016)
point-spread function (PSF) fitting was performed on LCO images to extract PSF mag-
nitudes (Stetson 1987). The UBV-band photometry was calibrated to Vega magnitudes
using Landolt standard fields (Landolt 1992), while gri-band photometry was calibrated
to AB magnitudes using the Sloan Digital Sky Survey (Smith et al. 2002). Color terms
for each epoch were computed using these standards. Background subtraction was per-

formed on four of the objects (SN 2019uo, SN 2019wep, AT 2018cow, and SN 2021jpk)
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due to their proximity to their host galaxies. Template images were obtained after the
SNe had faded and subtraction was performed using PyZ0GY (Guevel & Hosseinzadeh
2017), an implementation of the algorithm described in Zackay et al. (2016).

We also obtained two epochs of BgVri-band photometry of SN 2021jpk using the 0.8
m TNT. All images were processed using standard IRAF! techniques. PSF photometry
was calibrated to standard stars and converted to BgVri magnitudes. Because the SN

signal was strong at the time of observation, background subtraction was not performed.

Swift Photometry

We also present UV observations obtained with the Ultraviolet and Optical Telescope
(UVOT; Roming et al. 2005) on the Niel Gehrels Swift Observatory (Gehrels et al. 2004)
for SN 2021jpk. Images were obtained in the wvw?2, wvm?2, and wvwl filters beginning
MJD 59323.3, coincident with the time of maximum light. The data were reduced using
the data-reduction pipeline of the Swift Ultraviolet/Optical Supernova Archive (Brown
et al. 2014) using the aperture corrections and zero-points of Breeveld et al. (2011).

Galaxy subtraction was not performed.

Optical Spectra

LCO spectra covering the optical range from 3500 to 10,000 A at a resolution R ~
300-600 were obtained with the Folded Low Order whYte-pupil Double-dispersed Spec-
trograph (FLOYDS) spectrographs on the Faulkes Telescope North and Faulkes Telescope
South through the GSP. Data were reduced using the floydsspec custom pipeline, which

performs flux and wavelength calibration, cosmic-ray removal, and spectrum extraction?.

'IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the
Association of Universities for Research in Astronomy, Inc., under cooperative agreement with the Na-
tional Science Foundation (NSF).

Zhttps://github.com /svalenti/FLOYDS pipeline/
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Details of the spectra shown in this work and a discussion of their features used for

classification are given in Section 4.3.3.

4.2.2 D14 Fast Transients

Throughout this work we compare our fast-evolving SNe Ibn sample to the gold and
silver samples of rapidly evolving transients presented in D14 from the PS1 Median Deep
Survey. These ten objects were confirmed to be extragalactic in origin and satisfied three
criteria: (1) they rose £ 1.5 mag in the previous nine days before maximum light; (2)
they declined Z 1.5 mag in the 25 days after maximum light; and (3) they appeared in
at least three consecutive observations. These criteria were selected in order to exclude
the most common SNe subtypes.

The objects in the gold and silver samples have 1/, < 12 days, a median redshift
of z = 0.275 and a median of 19 photometric detections across the optical region of the
electromagnetic spectrum. Five have spectroscopic observations within several days of
maximum light. All were observed in the gp;7p1ip12p; filters. Additional observations for
several objects were obtained with the Gemini GMOS (Hook et al. 2004) and Magellan
IMACS (Dressler et al. 2006) instruments in ri-band. Data were reduced as described in
D14.

We correct photometry for MW extinction using the E(B-V) values listed in Table
1 of D14. We also use the D14 luminosity distances when calculating the bolometric
luminosities of these objects. Since PS1 does not observe in all filters every night, we
follow the process described in D14 to interpolate photometric observations to a common
epoch. Due to the rapid evolution of these objects, we only interpolate observations
that were taken within a day of a gp;-band detection. For each common epoch with

observations in at least three filters, we fit a blackbody spectral energy distribution

69



Circumstellar Interaction and Luminous, Rapidly-evolving Transients Chapter 4

-20 1

* % AT 2018cow
*M’ O SN 2019uo
19 - @ SN 2019deh
" © SN 2019wep
o € SN 2021jpk
.
*%O ("™
C S

-17 1

* 8
gy
16 I]O*g ¢
%

-14 4

r-band Absolute Magnitude

-10 0 10 20 30 40 50
Phase Relative to r-band Maximum

Figure 4.2: r-band absolute magnitude light curves for the fast-evolving SNe Ibn as
well as AT 2018cow. All photometry have been corrected for MW extinction. The
shaded region is the R-band SNe Ibn template from H17. The objects presented here
tend to evolve more rapidly, and have a wider range of peak luminosities, than the
H17 template.

(SED) to the rest-frame fluxes in order to calculate bolometric luminosities. The results

from our best-fit blackbody SEDs are consistent with those presented in D14.

4.2.3 AT 2018cow

We also compare the SNe Ibn and D14 fast transients to LCO observations of AT 2018cow.
AT 2018cow was discovered by ATLAS on MJD 58285.44 in CGCG 137-068 at a redshift
of z = 0.014145 (Prentice et al. 2018). Due to its high luminosity and recent nondetec-
tion about four days prior, AT 2018cow was quickly identified as an unusual transient
(Smartt et al. 2018). Rapid follow-up across the electromagnetic spectrum began soon

after discovery (Prentice et al. 2018; Rivera Sandoval et al. 2018; Margutti et al. 2019;
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Figure 4.3: g-r colors of the fast transients from D14 (triangles) compared with colors

of fast-evolving SNe Ibn (colored shapes), AT 2018cow (black stars), and a sample of

SNe Ibc (Taddia et al. 2015; Sako et al. 2018 gray points). Colors have been corrected

for MW extinction. PS1 fast transient colors are connected with dashed lines. The fast

transients and SNe Ibn have colors that are mostly bluer than those of the comparison

objects, particularly at later times.

Perley et al. 2019; Xiang et al. 2021), making it the best-observed fast transient to date.
LCO began observing AT 2018cow on MJD 58288.07 with daily photometric and
spectroscopic cadences. UBgVri-band images and optical spectra were taken nearly con-
tinuously for the first two months of the object’s evolution before it became too faint to
observe. LCO data of AT 2018cow, as well as a description of the data-reduction pro-
cess, are presented in Xiang et al. (2021). Throughout this paper we use the bolometric

luminosities calculated in Xiang et al. (2021) as well as the rise time, decline time, and

peak absolute magnitudes presented in Prentice et al. (2018) and Perley et al. (2019).
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4.3 Data Analysis

4.3.1 Photometric Properties

The r-band absolute magnitude light curves for the objects described in Sections
4.2.1 and 4.2.3 are shown in Figure 4.2. Also included as the green-shaded region is the
SN Ibn light-curve template presented in H17. Our objects show a wider range of peak
luminosities and evolution timescales than the H17 template. For instance, SN 2019uo
has a lower peak absolute magnitudes and faster rise time than the template. However,
Hosseinzadeh et al. (2017b) state that because nondetections were not included in the
fitting process, the template is biased to a brighter and shallower evolution at early times
by SNe Ibn with longer rise times. AT 2018cow is similar to the template in terms of
peak r-band absolute magnitude (-19.82 + 0.06 and -19.46 + 0.32 mag, respectively) and
decline rate (=~ 0.2 mag day~! and 0.1 mag day !, respectively), and is a closer match to
SN 2019deh, but it displays a brighter peak absolute magnitude by almost two magnitudes
and a faster decline than the other SNe Ibn. These objects show that some SNe Ibn have
rise times and decline rates that are more similar to those of luminous fast transients
such as AT 2018cow than other SNe Ibn, indicating that objects like AT 2018cow may lie
at the extreme end of a distribution of SNe Ibn.

In Figure 4.3 we show the g-r color evolution of these objects as well as that of the
fast transients from D14. The colors of all the transients are presented in the observer
frame. Although many of the D14 objects are at high redshifts, where K-corrections
become important, Figure 9 of D14 shows that K-corrections do not greatly change the
maximum light g-r colors. Therefore we expect that K-corrections will not significantly
affect our conclusions here. In order to compare these colors with those of other types
of SNe, we also plot the g-r colors of a sample of Type Ib and Ic SNe (SNe Ibc; Taddia

et al. 2015).
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Before maximum light both the SNe Ibn and fast transients have consistently blue col-
ors. After maximum light, some of these objects evolve to slightly redder colors. However,
two objects—SN 2019deh and AT 2018cow—stand out as having little redward evolution
when compared with the other objects. These extreme blue colors are rare, even among
our sample of fast-evolving objects, and are evidence for photospheric temperatures that
remain high throughout the evolution of these objects (Drout et al. 2014; Perley et al.
2019). More broadly, compared to the sample of SNe Ibc, the SNe Ibn and fast transient
colors are mostly bluer at all times. One fast transient—PS1-12bb—is significantly red-
der than the other sample objects. However, as discussed in Section 4.4 PS1-12bb also
has a different luminosity evolution than other fast transients and therefore may be an

unrelated object.

4.3.2 Blackbody Radius Measurements

Given our multiband follow-up we are able to construct bolometric light curves for
our sample of fast-declining SNe Ibn. For objects with no bolometric luminosity mea-
surements published we fit a blackbody SED to our multiband photometry using the
code Superbol (Nicholl 2018). After correcting for MW extinction and shifting to the
rest frame, we interpolate our observations to common epochs and fit for bolometric
luminosities and blackbody radii and temperatures. We believe a blackbody approxima-
tion is valid as the spectra of the objects we consider are well modeled by blackbodies
throughout their evolution. In order to ensure sufficient coverage in the UV, where the
SEDs of these objects peak (Drout et al. 2014), we take care to measure luminosities
only at epochs close to those with Swift observations. In the case of SN 2019deh, only
two UV observations were obtained, both around maximum light. In order to calculate

the bolometric luminosity at later times we estimate magnitudes in the Swift UVOT
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Figure 4.4: Blackbody radius measurements for our fast-evolving SNe Ibn as well as
AT 2018cow (from Perley et al. 2019) compared to estimates from a sample of SNe Ibc
(Taddia et al. 2015 gray points). The SNe Ibn and AT 2018cow have smaller blackbody
radii at all epochs than the comparison objects, with a different evolution: our sample
shows constant or decreasing blackbody radii after maximum light, whereas the others
have constant or increasing radii.
filters by interpolating our LCO U-band measurements onto a grid of wvw2-U, uvm2-
U, and uvwi-U colors from the archetypal Type Ibn SN 2006jc (Pastorello et al. 2007;
Bianco et al. 2014; Brown et al. 2014). Although an approximation, this method avoids
the assumption of constant UV colors at later times which may lead to overestimated
luminosities.

The blackbody radius evolution for our fast-evolving SNe Ibn and AT 2018cow are
shown in Figure 4.4. For comparison, we plot blackbody radii estimates from a sample of
SNe Ibc (Taddia et al. 2015; Sako et al. 2018). Ho et al. (2021) notice that AT 2018cow
and some SNe Ibn are distinct from other transients in that their blackbody radii decrease

over time. We find a similar trend for most of our objects. All have blackbody radii of ~
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10410 cm that tend to plateau or decrease after maximum light. The faster-evolving
objects tend to have decreasing radii, whereas the radii of the slower-evolving SNe are
more constant. These properties are distinct when compared to the SNe Ibc, which
display larger radii that remain constant or increase after maximum light. AT 2018cow is
somewhat unique as it has a smaller peak blackbody radius than the SNe Ibn, with the
exception of SN 2021jpk. This may be evidence of a more confined CSM, as discussed in

Section 4.5.

4.3.3 Spectroscopic Evolution

A defining characteristic of fast transients is their featureless blue continua, which
makes spectroscopic classification difficult (Drout et al. 2014). AT 2018cow is one such
object, with featureless spectra closely approximating a blackbody for the first ~ 20 days
of its evolution (Prentice et al. 2018). Blue, featureless continua are often found in young
core-collapse SNe, in which the expanding ejecta is still hot and optically thick, preventing
the formation of P-Cygni features (e.g., Hosseinzadeh et al. 2017b). A constant featureless
continuum is evidence for a sustained powering mechanism such as shock cooling or CSM
interaction.

Similarly, at early times SNe Ibn have spectra that show hot blue continua super-
imposed with narrow lines of He and other elements. These narrow lines originate from
highly ionized species in a nearby CSM shell or wind and disappear once this material
recombines or is swept up by the SN explosion, providing direct observable evidence for
CSM interaction in SNe Ibn. It has been noted that AT 2018cow shows similar signs of
interaction with a He-rich CSM. Fox & Smith (2019) find that the spectra of AT 2018cow
are qualitatively similar to those of SNe Ibn convolved with a hot (~ 10*K) black-

body. Additionally, similar spectral features, including narrow- and intermediate-width
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Figure 4.5: (a) A comparison of the early-time spectra of the fast-evolving SNe Ibn
to that of AT 2018cow at a later phase. All spectra have been continuum subtracted.
Phases with respect to g-band peak brightness are labeled for each spectrum and
spectral features are marked with dotted lines. The SNe Ibn spectra are similar to
that of AT 2018cow, hinting that SNe Ibn-like spectral features in AT 2018cow may
be hidden at earlier times. (b) Same as above, but here the spectra of the SNe Ibn are
one to two weeks past maximum. At this stage the features of the SNe Ibn are more
developed than those of AT 2018cow. SN 2021jpk is not included as spectra were only
obtained at maximum light.
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He emission lines from pre- and post-shocked CSM, are seen in both the late-time spectra
of AT 2018cow and in spectra of SNe Ibn (Fox & Smith 2019; Xiang et al. 2021).

Figure 4.5 compares an LCO spectrum of AT 2018cow to LCO spectra of fast-evolving
SNe Ibn at both early (top) and late (bottom) times. The spectra have been normalized
as follows: from each spectrum we subtract the flux from its best-fit blackbody and
divide by the median of the remaining flux. We find that a blackbody fits the continua
well for all phases we consider here. When comparing a later spectrum of AT 2018cow
with spectra of SNe Ibn around maximum light, the objects show qualitative similarities.
All the objects show hot blue continua before normalization with emission lines of He,
including a He II emission line in the spectrum of AT 2018cow that is broader than the
same line in the spectra of SN2019uo and SN 2019wep. Additionally, at early times
SN 2019u0 and SN 2019wep show flash features of C III and N IIT (Gangopadhyay et al.
2020 Gangopadhyay 2021, in preparation). However, at about two weeks after maximum
the spectra of SNe Ibn show more developed emission and P-Cygni features of He I, C
I, and O III than AT 2018cow, which still resembles a hot blackbody with few narrow
emission lines. This consistently high photospheric temperature may be evidence of a
long-lasting powering source for AT 2018cow, such as sustained CSM interaction, which
can mask the underlying spectrum (Fox & Smith 2019).

Despite their different evolution at later times, the similar spectral features between
AT 2018cow and the SNe Ibn, including a strong blue continuum and emission lines of
He I and He II, hint at a common progenitor system. In particular, narrow emission lines
with WR-like features are evidence for CSM interaction (Taddia et al. 2013; Gal-Yam
et al. 2014a), pointing to a common circumstellar environment. In the case of SNe Ibn,
it is unclear if the CSM has a shell-like density profile due to a preexplosion outburst
in the months or years before explosion (e.g., Smith et al. 2008) or a wind-like profile

from a WR stellar wind (see e.g., Crowther 2007 for a review). AT 2018cow shows more
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peculiarities than SNe Ibn, such as He I emission features in the late-time spectra that
are redshifted by several thousand km s~! (Benetti et al. 2018). This redshift may be
explained by asymmetries in a CSM shell (Margutti et al. 2019), which may be common
in interaction-powered SNe (Soumagnac et al. 2020). Additionally, the emission features
are broader and do not appear until much later than in SNe Ibn. This different evolution
at later times may be the case if the CSM is closer to the progenitor star and is quickly
overrun by the optically thick ejecta at early times (Fox & Smith 2019). Once the ejecta
has expanded and cooled, the optical depth will drop and broadened emission lines from
continued interaction with post-shocked CSM can be observed (Fox & Smith 2019). This
may imply that the CSM is much more confined in radius in the case of AT 2018cow than

in SNe Ibn. A discussion of the CSM properties of these objects is given in Section 4.4.2.

4.4 Circumstellar-interaction Models

4.4.1 Model Description

Modeling the energy source powering the light curves of SNe Ibn and other fast
transients is necessary to understanding their progenitor systems. Due to their similar
colors, photometric evolution, and spectral features, it is plausible that photometrically
classified fast transients have a similar powering mechanism and progenitor environment
to SNe Ibn. In SNe Ibn, the combination of narrow emission lines seen in spectra at early
times and the fast rise to peak luminosity point to CSM interaction as a primary power
source. Modeling the light curves of SNe Ibn has shown that either a combination of
CSM interaction and *°Ni decay (Clark et al. 2020; Wang & Li 2020; Wang et al. 2021)
or CSM interaction alone (Karamehmetoglu et al. 2021) can sufficiently reproduce their

luminosity evolution.
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Due to their rarity (= 0.1% of the core-collapse SNe rate for AT 2018cow-like tran-
sients; Ho et al. 2021) and rapid evolution, the mechanisms powering the light curves of
fast transients have not been as well studied. However, radioactive decay cannot be the
sole powering mechanism, as the amount of radioactive Ni needed to reach high peak lu-
minosities in only a few days often exceeds the total ejecta mass by an order of magnitude
(Drout et al. 2014; Arcavi et al. 2016; Pursiainen et al. 2018; Rest et al. 2018). Multiple
physical interpretations of AT 2018cow have been suggested, including powering due to
a central engine (Prentice et al. 2018; Margutti et al. 2019), shock breakout from an
optically thick shell of CSM (Rivera Sandoval et al. 2018), and the tidal disruption event
of a white dwarf (Perley et al. 2019). More recently, Xiang et al. (2021) modeled the
bolometric light curve of AT 2018cow with CSM interaction and °°Ni decay. This choice
is physically motivated by the similar luminosity evolution between AT 2018cow and SNe
Ibn as well as the narrow emission lines of He and C seen in its spectra, as described in
Section 4.3. They found that the light curve of AT 2018cow can be reasonably explained
by an energetic explosion with a small amount of ejected mass within an optically thick
CSM shell or wind of small inner radius.

To explore whether the same powering source can sufficiently reproduce the light-
curve evolution of both SNe Ibn and other fast transients, we construct a grid of CSM
interaction plus °°Ni decay models. We begin with the code presented in Jiang et al.
(2020), which finds self-similar solutions to the interaction between expanding SN ejecta
and a stationary CSM as first presented by Chevalier (1982) and Chevalier & Fransson
(1994). This model assumes a two-zone SN ejecta: an inner region with a shallow density
profile, p oc =, and an outer region with a much steeper profile, p oc r~". The CSM
density is parametrized as p o< r—°, with s = 0 being a shell-like CSM and r = 2 being a
wind-like CSM. To this solution we also add the analytic formalism for **Ni decay with

diffusion as presented in Chatzopoulos et al. (2012).
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Figure 4.6: (a) Model light curves powered by CSM interaction and °°Ni decay
(solid curves) compared with bolometric luminosities of fast-evolving SNe Ibn (colored
points) and the fast transient AT 2018cow (black stars). The model light curves span
the range of luminosities between the faint, fast-evolving SNe Ibn and AT 2018cow.
(b) Same as the top figure, but comparing the model light curves to the fast transients
from D14. Again the models replicate the luminosity evolution of many of the objects.
Note here that phase is plotted with respect to the time of g-band maximum.
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Because this CSM interaction plus *Ni decay model has the potential for degener-
acy between its many input parameters, we first focus on qualitatively reproducing the
observed evolution of the SNe Ibn and fast transient light curves in order to gain a bet-
ter understanding of the progenitors of these objects. To do so, the model is fit to the
bolometric light curves, calculated from our UV and optical photometry, of our faintest
objects (SN 2021jpk and SN 2019u0) and our brightest (AT 2018cow) using the Markov
Chain Monte Carlo routine emcee (Foreman-Mackey et al. 2013). This is done in order
to obtain initial model parameters that reproduce the light curves of both the faint,
slower-evolving and bright, fast-evolving objects. These initial parameters are compared
with best-fit values published for the objects in our sample (Gangopadhyay et al. 2020;
Xiang et al. 2021) as well as other SNe Ibn and fast transients (e.g., Karamehmetoglu
et al. 2021; Clark et al. 2020). We find reasonable qualitative agreement between our
values and those published in the literature. In order to reproduce the light curves of all
the objects in our sample, we smoothly vary the model parameters between the initial
values of the faint, slow-evolving objects and the bright, fast-evolving ones. The following

parameters are varied:

—_

. Vej, the ejecta velocity;

2. M., the ejecta mass;

3. Mcsm, the CSM mass;

4. Ry, the inner radius of the CSM;

5. po, the density of the CSM at the inner radius;
6. €, the radiation efficiency;

7. K., the gamma ray opacity; and
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8. My, the mass of *Ni produced.

For all the models we set n = 10, 6 = 1, s = 0, and the optical opacity ropy = 0.1
cm? g=!. We caution that allowing these parameters to vary as well may also provide
good fits to the data. This model grid is not meant to produce best fits to the data (for
our efforts to find best fits, see Section 4.4.3). Instead, it is simply meant to illustrate
similarities between the progenitor environments of SNe Ibn and fast transients and show

that a continuous range of initial conditions can reproduce the behavior of both classes

of objects.

4.4.2 Comparison to Observations

Our model light curves are shown in Figure 4.6. Different colors correspond to dif-
ferent models. The top panel compares the models to fast-evolving SNe Ibn as well
as AT 2018cow. We have supplemented our sample of SNe Ibn with published data of
LSQ13ddu (Clark et al. 2020) and iPTF15ul (Hosseinzadeh et al. 2017b). The models
span over 1.5 orders of magnitude between the faintest object (SN 2021jpk) and the most
luminous (iPTF15ul). Additionally, they reproduce the observed rise and decline times
of these objects, including the rapid evolution of AT 2018cow, as well as the luminosity
evolution of most of the objects out to ~60 days after explosion.

The bottom panel of Figure 4.6 compares the same models with the fast transients
in D14. The range of luminosities is again reproduced by the models. Due to the small
number of observations at similar epochs, the light curves of the objects are more sparsely
populated, which makes comparing their late-time evolution to the models difficult. At
least some of the objects have similar rise times and decline rates as the models, whereas
others show different evolution. However, several factors make comparing this sample

to the CSM models difficult. First, the PS1 objects have poorly constrained phases and

82



Circumstellar Interaction and Luminous, Rapidly-evolving Transients Chapter 4

20
—— CSM + Radioactive Decay
=== Radioactive Decay Only
104 4 ¥ AT 2018cow
a
D .
60 )
= 10% 4 2
> Z.
= —
%5 [
: :
g
=l
= 1042 4
104 = T T T T 1

0 10 20 30 40 50
Days After Explosion

Figure 4.7: Model light curves with fixed ejecta parameter values but varying CSM

parameter values. Plotted for comparison is the bolometric light curve of AT 2018cow.

The radioactive decay component of each light curve is plotted with a dashed line.
late-time evolution due to their sparse light-curve sampling. Additionally, several of the
objects show a tentative increase in the bolometric luminosity roughly ten days after
maximum light. Ho et al. (2021) suggest these objects may be Type IIb SNe. In these
cases, the observed rapid decline may be caused by shock-cooling emission, while a low
%Ni mass may produce a weak secondary peak that went unobserved. Besides these
cases, however, the broad agreement between the luminosities and decline rates of our
models and the PS1 fast transients suggests that some of these objects may be powered
by CSM interaction.

To test the effect the CSM parameters have on the models, we construct a sepa-
rate grid with the same M, vej, Ky, and My; values as our model that best matches
AT 2018cow, but with CSM parameters that are varied over the full rangeof values.The
results are shown in Figure 4.7. We find that models with smaller and denser CSM shells

power light curves that evolve faster and reach higher peak luminosities. The radiation
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Figure 4.8: (a) Rest-frame g-band peak absolute magnitude versus rise time for our
model light curves (colored stars) compared to SNe Ibn from H17 (red points), fast
transients from D14 (blue points), and AT 2018cow (black point). The color map is the
same as in Figure 4.6. The models span the parameter space between the fast-evolving
SNe Ibn and the luminous fast transients. The fast transients not matched by these
models are discussed in Section 4.5.1. (b) Peak absolute magnitude versus time to
decline by half the peak luminosity for the same objects. Again, the models span the
parameter space between SNe Ibn and fast transients.
diffusion timescale is also significantly impacted by the choice of CSM parameters. For
AT 2018cow, this leads to a transition from CSM interaction to radioactive decay as the
primary powering mechanism at &~ 20 days after peak, as noted previously (Xiang et al.
2021).
In order to compare these models with the larger sample of objects in a different
parameter space, in Figure 4.8 we plot the rest-frame peak g-band absolute magnitudes
versus rise times and decline times of the models, several of the SNe Ibn in H17, the fast

transients in D14, and AT 2018cow. To estimate peak absolute magnitudes of the model
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light curves, we find the flux within the g-band assuming a blackbody SED given by the
photospheric radius and temperature of each model.

In this phase space the model light curves exist on the boundary between the D14 fast
transient and SNe Ibn populations. Additionally, the more luminous models evolve the
fastest, which is key to replicating the behavior of the brightest, fastest-evolving tran-
sients such as AT 2018cow. Although there are still objects in this parameter space that
are not matched by the models, we have reproduced the range of light-curve behaviors of
the more luminous fast-evolving objects, including SNe Ibn, many of the fast transients
in D14, and more extreme objects such as AT 2018cow. This shows that SNe Ibn and
some other fast transients may share a common powering source, rather than having

distinct physical mechanisms.

4.4.3 Comparison with Other Model Results

In order to test the model dependency of these results, we fit the bolometric light
curves of all the objects shown in Figure 4.6 utilizing the Minim code and applying
the hybrid model presented in Chatzopoulos et al. (2013). This model assumes the
interaction between an optically thick CSM and an expanding SN ejecta, using the self-
similar solution of Chevalier (1982) for the calculation of the expansion of the forward
and reverse shocks, as the main powering mechanism. The shock heating efficiency, €,
is assumed to be 100%. While this may not be fully true in reality, this assumption
provides a useful lower limit for the strength of the CSM interaction without introducing
an additional (poorly constrained) parameter for the shock heating efficiency. In addition,
the usual radioactive Ni-Co-Fe decay is used as the heating source of the SN ejecta. The
CSM is modeled as a simple, constant-density shell with an inner radius of R.; and an

outer radius specified by its mass (Mcsy) and density (pcsm). As earlier, the density
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structure of the SN ejecta is assumed as an outer power law, this time having n = 12
(a built-in value in the hybrid model) and an inner, flat region within 7y = 0.1R,;.
Note that instead of the CSM density, the formal mass-loss rate M = 47TR2J~ PosMUy With
vy = 10 km s! is used in the hybrid model as a fitting parameter, even though it
has no direct physical meaning in the context of a constant-density CSM cloud. After
the forward and reverse shock passes through the CSM shell and the ejecta, the shock-
heated material radiates out its thermal energy via radiative diffusion. The hybrid
model applies the usual constant-opacity approximation. We set the optical opacity as

! and the gamma-ray opacity as k, = 0.03 cm? g~ '.

Kopt = 0.1 cm? g~

The best-fit models are selected based on x? minimization by applying the Price
algorithm, which samples the parameter space with a controlled random-search method
(see Chatzopoulos et al. 2013 for more details). The parameters from these fits are in
reasonable (order-of-magnitude) agreement with those from our model grid, despite the
different assumptions made between the two models (including different ejecta power-law
indices and efficiency values) and the fact that the CSM models presented earlier were
produced to qualitatively match the range of observed light curves properties without
performing rigorous best-fit routines. This agreement supports the insight our model
grid gives into the progenitor systems of these fast-evolving objects.

Our calculations using the Minim code reveal that due to the rapid light-curve evolu-
tion of these transients, both the forward and reverse shocks sweep up the CSM and the
SN ejecta by approximately the time of maximum light. After maximum, the decline of
the light curve can be explained by the cooling of a shock-heated ejecta and CSM. This
behavior is different from what is observed in other interacting (Type IIn) SNe, where the
shocks live much longer and the CSM cloud stays optically thick on a longer timescale.

Our best-fit Minim light curves are shown in Figure 4.9. We find that the Minim models

provide almost perfect fitting to the data of the SNe Ibn, assuming both CSM interaction
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Figure 4.9: Best-fit Minim models to the bolometric light curves of (a) AT 2018cow, (b)
SN 2019u0, (¢) SN 2019deh, (d) SN 2019wep, (e) SN 2021jpk, (f) LSQ13ddu, and (g)
iPTF15ul assuming luminosity contributions from CSM interaction and °Ni decay.
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and Ni-Co decay as coexisting heating sources; without the radioactive energy input, the
CSM-only light curves are not compatible with the observations. On the other hand,
AT 2018cow is peculiar because its long-lasting quick decline rate is not well described
by the predicted Ni-Co decay rate at late phases. For this object the CSM-only model
can fit the peak of the light curve, but then the model light curve declines too fast,
which suggests the presence of an additional heating source. Because the hybrid model
in Minim assumes full trapping of the v rays from Ni-Co decay, it is possible that y-ray
leaking (possibly caused by noncentral Ni distribution or a nonspherical ejecta geometry)
may explain the unusual decline of AT 2018cow. We further discuss the possibility of an

asymmetric ejecta for AT 2018cow in Section 4.5.1.

4.5 Discussion

4.5.1 Is CSM Interaction Sufficient to Model Fast Transients?

Based on the similarities discussed in Section 4.3, we are motivated to consider a com-
mon powering source and progenitor system between SNe Ibn and some fast transients.

These observational similarities include the following:

1. a similar color evolution, with colors that are consistently bluer than other SNe

Ibc;

2. similar blackbody radius evolution, with both classes of objects exhibiting receding

photospheres after peak brightness; and

3. similar spectral features, such as a hot blue continuum superimposed with narrow
He lines as well as occasional flash features of He, C, O, and other highly ionized

elements.
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Figure 4.10: Rest-frame g-band absolute magnitude versus time above half-maximum
of our CSM models (colored stars) compared to that of several of the objects presented
in Ho et al. (2021 other symbols). Spectroscopically classified transients are plotted
as colored symbols and three objects from Ho et al. (2021) that we discuss in this
work are labeled.
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These common characteristics can all be explained by interaction between CSM and
the SN ejecta. Modeling this interaction as the primary powering source of these objects
at early times, along with a %°Ni decay component, we are able to reproduce the range
of rise times, peak luminosities, and decline rates in our sample of SNe Ibn, some fast
transients from D14, and AT 2018cow.

However, these CSM interaction models do not match the observed light-curve prop-
erties of all the fast transients reported in D14. In particular, the model parameters we
consider here are unable to reproduce the fainter fast-rising objects. Ho et al. (2021) stud-
ied a large sample of spectroscopically classified fast transients in ZTF Phase I and found
that objects in this region of parameter space (i.e. t,sc S 5 days and peak M, 2 —18)
were mainly SNe IIb. It is more likely, therefore, that the faint and fast-rising transients
in D14 are observed shock-cooling light curves from SNe IIb, and therefore are physically
distinct from those powered by CSM interaction.

It is also possible that other powering mechanisms, such as a central engine, are needed
to reproduce some observed features of fast transients, such as the high ejecta velocities
and X-ray luminosities seen in AT 2018cow and other similar transients (Coppejans et al.
2020; Ho et al. 2020; Perley et al. 2021). Ho et al. (2021) argue that the high radio
and X-ray luminosity of AT 2018cow and several other spectroscopically unclassified fast
transients set them apart from other objects with rapid evolution, including luminous
SNe Ibn. On the one hand, X-ray and radio emission can arise from CSM interaction
(Chevalier 1982; Chevalier & Fransson 1994). Rivera Sandoval et al. (2018) initially use
the variable X-ray luminosity of AT 2018cow as evidence of CSM interaction powering the
light curve. Their estimated CSM radii (= 100 - 200 au) and masses (= 0.08 M), inferred
from the X-ray emission are qualitatively similar to our model parameters. On the other
hand, Margutti et al. (2019) argue against an external CSM shock as the primary power

source for AT 2018cow. Observations of the early X-ray luminosity of AT 2018cow disfavor
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an external shock as the source of the X-ray emission and instead show the need for a
central source of high-energy photons (Margutti et al. 2019). Similar X-ray luminous
and /or radio-loud fast transients have recently been discovered at cosmological distances
(Coppejans et al. 2020; Ho et al. 2020; Perley et al. 2021). If these transients have the
same physical mechanism as AT 2018cow, the central X-ray source must be physically
distinct from the external interaction powering the luminous radio emission (Ho et al.
2019a).

However, Margutti et al. (2019) show that interior shocks originating from ejecta
interacting with a dense equatorial CSM ring may be sufficient to power the X-ray lumi-
nosity observed in AT 2018cow. A highly asymmetric CSM has been attributed to other
astrophysical phenomena, including luminous red novae (Metzger & Pejcha 2017) and
SNe such as iPTF14hls (Andrews & Smith 2018), and may arise naturally from binary
interaction (Sana et al. 2012) or explosive mass loss (Smith & Arnett 2014). Asymme-
tries in the CSM may explain some of the other unusual features of this object. Most of
the ejecta will be able to freely expand past the CSM. However, at regions of high CSM
densities the ejecta will be decelerated by the circumstellar interaction. The result is that
the interaction beneath the photosphere will continue to be the primary power source
of the luminosity, but the spectral signatures of this interaction would be hidden until
the photosphere has time to recede (Andrews & Smith 2018). This may also explain the
featureless blue continuum at early times that gives way to redshifted and broadened He
features at later times as the photosphere recedes. The varying X-ray emission around
20 days past peak occurs at roughly the same time as the onset of these spectral features,
which again may indicate that the photosphere has receded enough for X-rays generated
by the CSM interaction to escape the ejecta (Margutti et al. 2019). It is interesting to
note that at this phase Perley et al. (2019) estimate a blackbody radius of ~ 18.5 au, in

very close agreement with the CSM inner radius of the model light curve from our grid
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that best matches the evolution of AT 2018cow.

4.5.2 Comparison with ZTF Rapidly Evolving Transient Sam-
ple

Ho et al. (2021) constructed one of the largest samples of fast-evolving transients
to date, with 22 spectroscopically classified objects in addition to 20 nonclassified ones.
They found that fast-evolving transients can be split into three groups: faint and fast-
evolving objects tend to be the initial shock-cooling phase seen in SNe IIb without the
accompanying “°Ni-powered secondary peak, more luminous and slower-evolving objects
tend to be interaction-powered SNe such as SNe Ibn and IIn, and the most luminous and
fastest-evolving objects are radio-loud and X-ray luminous objects such as AT 2018cow.
In Figure 4.10 we compare our CSM model grid with the gold and silver samples from
ZTF. Our models agree with their conclusions that the luminous and slower-evolving fast
transients are dominated by interaction-powered SNe. However, we again show that our
models reach even the most luminous and fast-evolving objects, including the parameter
space of AT 2018cow-like transients, implying a common origin between these objects
and SNe Ibn.

Several of the SNe we compare with our models in Figure 4.6 are included in either the
ZTF spectroscopically classified sample or objects Ho et al. (2021) identify from literature
as being fast transients. We have labeled these objects in Figure 4.10. In this plot
iPTF15ul stands out as being the fastest-evolving and most luminous spectroscopically
classified object, besides AT 2018cow. iPTF15ul was classified by Hosseinzadeh et al.
(2017b) as a probable SN Ibn and is one of the most luminous SNe Ibn reported to date.

In Figure 4.11 we compare a dereddened spectrum?® of iPTF15ul around peak brightness

3Using the extinction law of Cardelli et al. (1989) and the estimated Ay value from Hosseinzadeh
et al. (2017b)
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Figure 4.11: A dereddened rest-frame spectrum of the probable Type Ibn iPTF15ul
around maximum light compared to a spectrum of AT 2018cow about three weeks af-
ter maximum light. Phases relative to g-band maximum light are denoted above each
spectrum and some spectral features are marked with dashed colored lines. Telluric
absorption is marked with a @ symbol. Both objects display similar features, includ-
ing highly ionized C and weak He lines, which set them apart from the other objects
considered in this work. The spectrum of iPTF15ul was obtained from WISeREP
(Yaron & Gal-Yam 2012).
to the spectrum of AT 2018cow three weeks after peak. Similar features are seen between
the two spectra, including C III emission lines and weak He I features, the latter of which
is rare in SNe Ibn spectra at maximum light (Hosseinzadeh et al. 2017b; Gangopadhyay
et al. 2020). The spectra of these two objects appear more similar to each other than to
any of the spectra shown in Figure 4.5.
Based on the similar light-curve properties and spectral features, iPTF15ul may be
a transitional object between SNe Ibn and AT 2018cow-like fast transients. However,
several differences set iPTF15ul apart from AT 2018cow-like objects. First, an X-ray
search from the Swift X-ray Telescope (Burrows et al. 2005) only yielded nondetections

1

with an upper limit of 1.6 x 1072 counts s~! at maximum light. This may indicate

some of the physical processes powering the high-energy emission seen in AT 2018cow

93



Circumstellar Interaction and Luminous, Rapidly-evolving Transients Chapter 4

are missing in the case of iPTF15ul. Furthermore, its extremely high peak luminosity
may be affected by host reddening estimates, which are highly uncertain (Hosseinzadeh
et al. 2017b). If the reddening estimate is correct, though, iPTF15ul shows that some
SNe Ibn without luminous X-ray emission may still occupy the same region of parameter
space as AT 2018cow-like transients, even if the latter do have a distinct source of X-ray
and radio emission. This is particularly important as future time-domain surveys will
photometrically classify more objects across different regions of fast transient parameter
space. Our model grid shows that these objects can be explained entirely by CSM

interaction and radioactive decay on the basis of their light curves alone.

4.5.3 Common Progenitor Scenarios

The host galaxies of fast transients and SNe Ibn have been extensively studied (Drout
et al. 2014; Hosseinzadeh et al. 2019; Lyman et al. 2020; Wiseman et al. 2020; Ho et al.
2021). The majority of spectroscopically classified fast transients from Ho et al. (2021)
and the fast transients from D14 were found in star-forming galaxies. This indicates that
the progenitors of most fast transients are massive stars. The range of parameters in
both our model grid and the best-fit Minim models can tell us more about the progenitor
systems of these transients. We note a general trend in which fainter, slower-evolving,
interaction-driven SNe have lower explosion energies (governed by M, and ve;) and less
%Ni produced. On the other hand, the models that best reproduce the observed behavior
of the fastest and most luminous transients have fast ejecta, relatively low masses of both
ejecta and CSM, and produce more °Ni. The small ejecta mass (~1 M) perhaps could
indicate much of the progenitor star’s mass remains gravitationally bound to a compact
remnant, as has been proposed for other fast-evolving transients (Dexter & Kasen 2013).

To gain a qualitative understanding of the proposed progenitor systems of fast tran-

94



Circumstellar Interaction and Luminous, Rapidly-evolving Transients Chapter 4

sients and SNe Ibn, we compare our best-fit model parameters to the CSM properties
inferred from observation. Signatures of mass loss in the months to years leading up to
explosion have been observed for several SNe Ibn. In the first case, a preexplosion out-
burst was observed at the position of SN 2006jc two years before explosion (Foley et al.
2007; Pastorello et al. 2007; Smith et al. 2008). However, the rise of SN 2006jc was not
well constrained, and from X-ray data we can infer that the shock did not reach the CSM
until several weeks after explosion (Immler et al. 2008). SN 2019uo also has precursor
emission observed approximately a year before explosion (Strotjohann et al. 2021). The
light curve from our model grid that best matches SN 2019uo has an inner CSM radius
Ry=65 au, similar to estimates derived from light-curve fits (Gangopadhyay et al. 2020)
and preexplosion mass loss (Strotjohann et al. 2021).

All of our models require a significant CSM mass relatively close to the progenitor
star, indicating a large rate of mass loss shortly before explosion. An increase in mass-
loss rates may be common in the years prior to interaction-driven SNe (Ofek et al. 2014;
Bruch et al. 2021; Strotjohann et al. 2021), including eruptive mass-loss events (Wang &
Li 2020). A proposed progenitor of SNe Ibn are WR stars (Foley et al. 2007; Smith et al.
2012), yet they have not been observed to undergo violent luminous blue variable-like
eruptions. However, if such events occur during the nuclear burning stages within the
last months to years of a WR star’s lifetime (Shiode & Quataert 2014), they would not be
observable in the Galactic WR population. On a qualitative level our model parameters
agree with those from simulations of exploding WR stars, including low M and My;
(Dessart & Hillier 2011). This may indicate that a WR-like progenitor to SNe Ibn and
some fast transients is plausible.

Our model grid and the Minim models predict different relationships between the
properties of the CSM and the peak luminosities of the transients. This disagreement

may be due to different assumptions made between the models: for instance, the different
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ejecta power-law indices or the use of a mass-loss rate to derive the CSM densities in the
case of the Minim models. For the model grid, the fact that more luminous models have
smaller CSM radii may help to explain the peculiar features of AT 2018cow-like transients,
including the X-ray and radio emission and the delayed emergence of spectral features.
These unusual features may be explained if the CSM is very close to the progenitor star
and is quickly enveloped by the expanding ejecta. If this is the case, then the spectral
features will not emerge until the photosphere recedes back past the CSM shell. This
also explains the increased variability in the X-ray luminosity of AT 2018cow beginning
at the same phase, as once the photosphere recedes past the location of the shock within

the CSM fewer X-rays are reprocessed by the ejecta.

4.6 Conclusions

We present one of the first investigations into a common powering mechanism between
a sample of Type Ibn SNe and other photometrically classified fast optical transients. We
are motivated to consider interaction with CSM as a powering mechanism for these two
samples based on their similar light-curve properties and spectral features. We identify
several fast-evolving Type Ibn SNe with well-sampled multiband light curves using data
from LCO and Swift. We notice many similarities when comparing the light curves, col-
ors, blackbody radii, and spectra of these Type Ibn SNe with those of fast transients such
as AT 2018cow. Modeling their light curves with luminosity inputs from circumstellar
interaction and Ni decay reproduces the observed range of peak luminosities, rise times,
and decline times of the objects in our sample, suggesting that these transients may have
similar progenitor environments with significant mass-loss rates prior to explosion.

These results are in agreement with recent studies (e.g., Ho et al. 2021) which have

found that fast transients are a heterogeneous class of objects, some of which show
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signatures of circumstellar interaction. Additionally, our models show that circumstellar
interaction can reproduce the evolution of even the fastest-evolving and most luminous
transients. The model parameters presented in this work demonstrate that relatively
little ejecta mass and CSM (<4 M, total) are needed to reproduce the properties of fast
transients, arguing against the need for exotic progenitor systems or powering sources
to explain these objects. Additionally, models with faster-evolving light curves tend to
have denser and more confined CSM, possibly indicating large-scale mass-loss events
prior to explosion. However, it remains to be seen whether fast transients with luminous
X-ray and radio emission, such as AT 2018cow, can also be explained by circumstellar
interaction, or if additional powering sources are needed to reproduce these features.

The analytical circumstellar-interaction models used in this work make several sim-
plifying assumptions, such as a stationary photosphere and spherical symmetry, that are
likely unrealistic. In the future, further work should be done in modeling circumstellar
interaction with an asymmetric distribution of material, as this is both a more realistic
physical scenario (Smith & Arnett 2014) and will have important effects on observation
(Smith 2017). It is possible that an asymmetric CSM may be able to reproduce the full
range of observed features of AT 2018cow-like fast transients, but more work must be
done to test this hypothesis.

This study demonstrates the importance of circumstellar interaction in understanding
the properties of core-collapse SNe. It is likely that the majority of massive stars undergo
enhanced mass loss at the ends of their lifetimes (Ofek et al. 2014; Bruch et al. 2021;
Strotjohann et al. 2021), suggesting that circumstellar interaction in core-collapse SNe to
some degree may be ubiquitous. This points to the growing need for more rapid spectro-
scopic follow-up of transients, especially fast-evolving objects at cosmological distances,
in order to better understand the overlap between fast transients and interaction-powered

classes of SNe.
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Type Icn Supernovae: A New Class
of Rapidly-Evolving Supernovae
with Multiple Progenitor Channels

Due to an increasing desire to spectroscopically classify more objects in the rapidly-
evolving region of phase space (as well as intense competition to do so), a new class
—Type Icn supernovae—was discovered in 2021! (Gal-Yam et al. 2021). Type Icn su-
pernovae are defined by signatures of interaction with circumstellar material that is both
hydrogen- and helium-poor. The lack of both these elements in their spectra, as well as
the identification of elements such as carbon and neon, indicate that the progenitor stars
of these supernovae lost an extraordinary amount of material before exploding—the nu-
cleosynthetic products in their spectra indicate they were stripped down to their carbon-
burning layers before exploding. Such extensive mass-loss is difficult to reconcile with
current theory. As a result, these supernovae offer a new window into stellar evolution.
Much of the mystery surrounding these objects is exacerbated by their rapid evo-
lution—they fall firmly within the phase space of fast-evolving transients (Figure 5.9),
making them difficult to discover and spectroscopically classify. This work is the first to

study the entire sample of Type Icn supernovae (4 objects) at the time the writing began.

1 As this chapter shows, the first supernovae unambiguously classified as Type Icn were discovered in
2019. However, this class was not defined until 2021.
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By comparing these objects to one another, significant diversity was found in their light-
curve properties, spectroscopic features, and host galaxies. The evidence favors multiple
progenitor channels, such as a helium star progenitor with a pre-explosion mass of ~
3 — 4 Mg, for these objects. This is a novel conclusion in contrast with the literature
consensus that interacting stripped-envelope supernovae are the explosions of the most
massive Wolf-Rayet type stars (e.g., Foley et al. 2007; Pastorello et al. 2008). However,
an outpouring of subsequent work in the past year alone has supported the picture that
lower-mass binaries are a possible, and potentially necessary, channel to produce these
objects (e.g., Davis et al. 2022; Dessart et al. 2022; Wu & Fuller 2022; Sun et al. 2023).
As a result, this work has helped reshape the community’s consensus on the causes of
such extreme mass-loss and the fates of the most massive stars.

Since this work was published, several new Type Icn supernovae have been discovered
(Pellegrino et al. 2022b, 2023a). They continue to show considerable diversity in their
observational properties, as well as more significant overlap with their Type Ibn cousins.
This overlap suggests a spectrum of mass-loss histories and progenitor properties between
these two classes. In the future, observations of transitional Type Ibn/Icn supernovae
will potentially reveal new evidence as to their possible progenitor channels.

This chapter was reproduced from Pellegrino et al. (2022d) with only minor changes
to fit the formatting of this dissertation. I'd like to thank my coauthors, without whom
this work would not have been possible: D. A. Howell, G. Terreran, I. Arcavi, K. A.
Bostroem, P. J. Brown, J. Burke, Y. Dong, A. Gilkis, D. Hiramatsu, G. Hosseinzadeh,
C. McCully, M. Modjaz, M. Newsome, E. Padilla Gonzalez, T. A. Pritchard, D. J. Sand,
S. Valenti, and M. Williamson.
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5.1 Introduction

Stars with initial masses 2 8 M, end their lives as core-collapse supernovae (SNe;
e.g., Janka 2012). While single stars in the mass range 8 < Mzans < 25 M, are thought
to explode as Type II SNe (Smartt 2009), the fate of stars more massive than ~ 25 M
is uncertain (Smartt 2015). These stars are expected to lose their outer H envelopes,
either through line-driven stellar winds (Castor et al. 1975; Abbott 1982; Vink et al.
2000) or stripping due to binary companion interaction (Yoon et al. 2010; Sana et al.
2012), and appear as Wolf-Rayet (W-R) stars (Crowther 2007). W-R stars may explode
as stripped-envelope SNe (SESNe) of Types Ib and Ic (SNe Ibc; Sukhbold et al. 2016),
or the most massive may collapse directly to a black hole, producing little or no optical
emission (MacFadyen & Woosley 1999).

However, recent evidence has suggested that W-R stars are unlikely to be the progen-
itors of all SNe Ibc. Searches for W-R stars at the locations of SNe Ibc in pre-explosion
images have had mixed success (Cao et al. 2013; Eldridge et al. 2013; Kilpatrick et al.
2021), and ejecta masses estimated from SNe Ibc light curves are well below the pre-SN
masses of W-R stars (e.g., Lyman et al. 2016; Taddia et al. 2018). Instead, it is possible
that less massive stars undergoing binary interaction may lose their H envelopes and
explode as SESNe (Podsiadlowski et al. 1992). Some SNe that show signs of extreme
binary interaction have been discovered (Drout et al. 2013; De et al. 2018; Yao et al.
2020). Classified as ultra-stripped SNe (USSNe), these objects show diverse photometric
and spectral evolution. Some may have powering sources such as shock-cooling emission
(Kleiser & Kasen 2014) instead of or in addition to radioactive decay of *Ni at early
times. Many are located in regions devoid of star formation within their host galaxies
(e.g., Drout et al. 2013; De et al. 2018). Spectroscopically they resemble SNe Ibc but

have lower explosion energies and ejecta masses and produce less "°Ni. Based on their
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small ejecta and °°Ni masses, as well as their local environments, they are thought to
originate from stars with initial masses of 8-20 M that have undergone extensive binary
companion stripping and explode as bare, low-mass (~1-3 Mg, Tauris et al. 2015) cores.

Occasionally, SESNe show evidence for circumstellar interaction (CSI) between the
SN ejecta and circumstellar material (CSM), consisting of the stripped outer layers of the
progenitor. Quickly after explosion, the CSI drives forward and reverse shocks into the
CSM and ejecta, which converts some of the kinetic energy of the explosion to thermal
energy and leads to a rapid rise in luminosity. As the CSM cools, it emits narrow emission
lines of highly ionized species. SNe that interact with H-poor, He-rich CSM have spectra
dominated by narrow He lines and are classified as Type Ibn SNe (SNe Ibn; Pastorello
et al. 2007). CSI powers their early-time light curves, which rise and decline in luminosity
much faster than those of other SN classes. Because of this rapid evolution, SNe Ibn make
up part of the “fast transient” population (Ho et al. 2021; Pellegrino et al. 2022¢). W-R
stars are commonly proposed as the progenitors to SNe Ibn (Pastorello et al. 2007; Foley
et al. 2007), but some evidence shows that these objects may not all be the explosions
of massive stars (Hosseinzadeh et al. 2019). Highly efficient W-R winds, eruptive mass-
loss episodes, and binary interaction have all been proposed as mechanisms to strip the
progenitor stars of their H and He layers.

Recently, an even more extreme subtype of interacting SESN has been discovered.
These objects are classified as Type Iecn SNe (SNe Icn) owing to their narrow spectral
lines indicative of interaction with a H- and He-poor CSM. Despite being theoretically
predicted (Smith 2017; Woosley 2017), only two such objects have been published in the
literature to date (Fraser et al. 2021; Gal-Yam et al. 2022; Perley et al. 2022). Their
early-time spectra are blue with narrow emission lines, similar to those of SNe Ibn, but
the features are produced by highly ionized C and O, rather than He. Their light curves

rise rapidly to peak luminosities comparable to those of most SNe Ibn (M ~ -19). After
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maximum, as the SN ejecta becomes optically thin, their spectra appear more similar to
normal SNe Ibc or SNe Ibn (Gal-Yam et al. 2022; Perley et al. 2022).

The overall photometric and spectroscopic similarities between SNe Ibn and SNe Ien
suggest that their progenitors may be similar. It has been proposed that both SNe Ibn and
SNe Icn are the explosions of W-R stars, with different spectral features due to different
W-R star subtype progenitors, different amounts of mass loss, or both (Gal-Yam et al.
2022; Perley et al. 2022). On the other hand, their progenitors or explosion mechanisms
may differ. It is not clear whether the core collapse of a W-R star should completely
eject the entirety of the stellar material or if a substantial fraction may fall back onto the
compact remnant (e.g., MacFadyen & Woosley 1999), perhaps driven by a strong reverse
shock generated by CSI (Chevalier 1989; Kleiser et al. 2018). Furthermore, even if these
two classes have different explosion or progenitor properties, the observable signatures
of these differences may be masked by the dominant CSI at early times. Therefore, it is
crucial to study a collection of these objects throughout their evolution in order to better
understand their inherent differences.

In this work, we analyze a sample of four SNe Iecn—SN 2019jc, SN 2019hgp, SN 2021ckj,
and SN 2021csp. This sample adds two new SNe Icn to those already published in the lit-
erature. These SNe were all extensively observed photometrically and spectroscopically
with Las Cumbres Observatory (LCO; Brown et al. 2013) through the Global Supernova
Project. The SNe Icn display a range of peak luminosities, light-curve properties, and
late-time spectral evolution. In an effort to better understand their progenitor channels,
explosion mechanisms, and relationships to other SESNe, we model their bolometric
light curves with luminosity inputs from CSI and %°Ni decay (Chatzopoulos et al. 2012).
We also examine the host galaxy properties at the explosion site of the closest SN Icn,
SN 2019jc, in order to constrain its progenitor mass.

This paper is organized as follows. In Section 5.2, we describe the objects in our
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sample and the process of collecting and reducing our data. In Section 5.3, we analyze
the light-curve and blackbody properties of these objects. We discuss their prominent
spectral features and spectral evolution in Section 5.4. In Section 5.5, we attempt to
fit their bolometric light curves with CSI and *Ni decay models and study their host
galaxies. We discuss possible progenitor systems and explosion mechanisms in Section

2.6, and we conclude in Section 5.7.

5.2 Sample Description and Observations

In this work we present and analyze observations of four SNe Icn. Because the
sample size of these objects is still small, with only a handful classified to date, any data
are crucial to better understanding their progenitor systems and explosion mechanisms.
Two objects in our sample—SN 2019hgp and SN 2021csp—have been closely studied in
previous works (Fraser et al. 2021; Gal-Yam et al. 2022; Perley et al. 2022). We add
observations of two other SNe Icn, primarily obtained with LCO. One of the objects
(SN 2021ckj) was classified on the Transient Name Server? as an SN Icn (Pastorello et al.
2021), while the other (SN 2019jc) was identified as an SN Icn during a retroactive search
of our archival data after this subclass was more rigorously defined (Gal-Yam et al. 2021;

Pellegrino et al. 2022a).

5.2.1 SN Icn Sample Description

SN 2019jc was discovered by the Asteroid Terrestrial-impact Last Alert System (AT-
LAS; Tonry et al. 2018) in UGC 11849 on MJD 58491.21 (UTC 2019 January 8; Heinze
et al. 2019) with a 2-day nondetection before the first detection. SN 2019hgp, SN 2021ckj,

and SN 2021csp were discovered by the Zwicky Transient Facility (ZTF; Bellm et al. 2019;

https://www.wis-tns.org/
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Graham et al. 2019) on MJD 58642.24 (UTC 2019 June 8; Gal-Yam et al. 2022), MJD
59254.29 (UTC 2021 February 9; Forster et al. 2021) and MJD 59256.48 (UTC 2021
February 11; Perley et al. 2022) with nondetections approximately 1, 2, and 2 days prior,
respectively. We assume a cosmology with Hy = 73 km s™! Mpc™!, Q,, = 0.27, and Q0 =
0.73 to derive luminosity distances. We use the dust maps of Schlafly & Finkbeiner (2011)
to estimate Galactic reddening. We assume no host galaxy extinction for SN 2019hgp
and SN 2021csp to be consistent with the analyses of Fraser et al. (2021), Gal-Yam et al.
(2022), and Perley et al. (2022). We also assume negligible host extinction for SN 2019jc
owing to its large projected offset from its host galaxy and for SN 2021ckj owing to its
early-time colors that are similar to the other SNe Ien (Figure 5.3).

LCO follow-up observations commenced soon after the discovery of each of these
objects. Early observations have proved to be crucial in studying SNe Icn, as a rapid
rise to peak brightness is a signature of these objects (Fraser et al. 2021; Gal-Yam et al.
2022; Perley et al. 2022). We fit a quadratic spline to the early-time g-band data for
each object in order to measure ;) s, the time to rise from half the peak luminosity
to peak, the time of g-band peak brightness t,,4, 4, the g-band peak absolute magnitude
Mpeak.g, and the time to decline from peak to half the peak brightness, 1/ gec;. When
possible, we fit the LCO data combined with those from the literature. All values are

given in the observer frame.

5.2.2 Optical Photometry

LCO UBgVri-band images were obtained using the SBIG and Sinistro cameras on
LCO 0.4m and 1.0m telescopes, respectively. Data reduction was performed using the
lcogtsnpipe pipeline (Valenti et al. 2016), which extracts point-spread function magni-

tudes after calculating zero-points and color terms (Stetson 1987). UBV-band photome-
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try was calibrated to Vega magnitudes using Landolt standard fields (Landolt 1992) and
gri-band photometry was calibrated to AB magnitudes (Smith et al. 2002) using Sloan
Digital Sky Survey (SDSS) catalogs. Three of the SNe Ien (SN 2019hgp, SN 2021ckj, and
SN 2021csp) were contaminated by host galaxy light; therefore, background subtraction
was performed using the HOTPANTS (Becker 2015) image subtraction algorithm with
template images obtained after the SNe had faded.

We also include publicly available ATLAS and ZTF photometry in our analyses,
when possible. ATLAS photometry was obtained from the forced photometry server
for SN 2019jc and ZTF alert photometry was obtained for SN 2019hgp, SN 2021ckj, and

SN 2021csp. These data were not processed further.

5.2.3 Ultraviolet Photometry

Ultraviolet (UV) and optical photometry was obtained with the Ultraviolet and Opti-
cal Telescope (UVOT; Roming et al. 2005) on the Neil Gehrels Swift Observatory (Gehrels
et al. 2004). Swift photometry for SN 2019hgp and SN 2021csp has already been pub-
lished (Fraser et al. 2021; Gal-Yam et al. 2022; Perley et al. 2022). We use those data
throughout this paper, calibrated to Vega magnitudes. Data were reduced using the
Swift Optical/Ultraviolet Supernova Archive (Brown et al. 2014) pipeline with the most
recent calibration files and the zero-points of Breeveld et al. (2011). In both cases images
from the final epochs were used to background-subtract the host galaxy light. Although
Swift also observed SN 2021ckj, only nonconstraining upper limits on the flux at each
epoch were recoverable during the data reduction process. Therefore, we do not include

these data in our analysis. UV follow-up was not triggered for SN 2019jc.

5.2.4 Spectroscopy

105



Type lcn Supernovae: A New Class of Rapidly-Evolving Supernovae with Multiple Progenitor
Channels Chapter 5

MJD MJD
58492.5 58495.0 58497.5 58500.0 58502.5 58505.0 58650 58660 58670 58680 58690

15 . . . . . . X X X X o4

° ® B-2 ® i+25 | 19 N * UVW2-3 o g

L Y o v o . o UvVM2-25 @V
¢ 0 g-1 @ o+1 UVW1 - 2 O r+2
/@"’6\ O r+1 u-2 ® i+3
N U-05 Voz+4

B-15

—_
'S
L

—
[=2]
f
T
|
3V
[}

T
'
—
oo
—
[=2]
f

,_.
3
7
~0—
o

T
|

Do

(=}

o0
T
'
—
3
—
©

8 :'.o
8 g

o]
19 4 © o]

—_
[e 2]
f
T
'
—
oo

T
'
[
D
T
'
[y
(=2}

Apparent Magnitude + Offset
[3V) [\
[\ (=)
<
(]
c @
e &
() ©
-@
(#]
ox

Apparent Magnitude + Offset
(<} .

Absolute Magnitude + Offset

Absolute Magnitude + Offset

®
o
un
o
® Dg {uE
o <0-0 -0
~
'S

o
=]
@
@
o
o8
[\
=

o LCO b 3
21 4 ¢ O ATLAS 6] © LcO O zIF o« Sswis

-0
@
—
'S
—
)

0.0 2.5 5.0 7.5 10.0 12.5 15.0 0 10 20 30 40
Days Since Estimated Explosion Days Since Estimated Explosion

(S
(=]

(a) SN 2019jc (b) SN 2019hgp

106



Type lcn Supernovae: A New Class of Rapidly-Evolving Supernovae with Multiple Progenitor

Channels Chapter 5
MJD MJD
59260 59270 59280 59290 59260 59270 59280 59290 59300 59310
s ® B-25 O r+1 75 * UVW2-4 ¢ U-1 O r+2
Py (] 6 Vv o 42 “l, * UVM2-3 @ B-1 e i+3 [-300
191 & \\ O g-05 -20 o ¥ UVWI-2 O V41 z+45

B \ 1004 * M4 u-35 o g -27.5
3 AN 22 " 2
5 y 58 e w 5

) 12.5 -~ 25.
T 204 o 19 T+ ...** N t 4 5.0 T
3 s % P e A, ' :
< 8 S E 1501 . Wt + -22.5 2
£ o £ = Q~ 0 =
5 |o N 18 5 B $ &
Z 21 ° 8 S E1751... %0 @ ¢ =
= o 8 o IR - °go : r-20.0 =
+ o o B % & [ ] ()
g ? 6 ¢ 9 Z B G ° 8 288, e o =
3 é 175 520010 Baeyy 90 006 o8R8 C (17578
5221 Z & B 0,,°° 00 2

= iy V0% & 00 8

< 6 < < ® omy g =

6 22.5 ® 108 09 F-15.0

PO 00 o0 oo o o
93] © LCO r-16 . ¢ o
o zTF 201 0 co @ zTF  # swift bof-125

10 20

30

Days Since Estimated Explosion

(c) SN 2021ckj

0 20

30

40

50

Days Since Estimated Explosion

(d) SN 2021csp

Figure 5.1: Multiband light curves of four SNe Icn. MJD and phases with respect
to the estimated explosion dates are given, and photometry is given in apparent and
absolute magnitudes. wvw2-, wvm2-, uwvwil-, U-, B-, and V-band photometry is cali-
brated to Vega magnitudes, while other bands are calibrated to AB magnitudes. LCO
photometry is marked by circles, ZTF photometry by squares, ATLAS photometry
by pentagons, and Swift photometry by stars. For comparison, ugriz-band photom-
etry from Gal-Yam et al. (2022) and Perley et al. (2022) is shown in lighter shaded
diamonds. The photometry of all the objects except SN 2019jc has been template
subtracted; as SN 2019jc is at the outskirts of its host galaxy, it should not suffer from
significant host contamination. Dashed lines show the quadratic splines used to esti-
mate the rise times and peak magnitudes of SN 2019jc, SN 2019hgp, and SN 2021ckj.

LCO spectra were obtained using the FLOYDS spectrographs on the 2.0m Faulkes

Telescope North and Faulkes Telescope South. Spectra cover a wavelength range of

3500-10000 A at a resolution R ~ 300-600. Data were reduced using the floydsspec

pipeline?®, which performs cosmic-ray removal, spectrum extraction, and wavelength and

flux calibration.

A spectrum of SN 2019jc around maximum light was obtained using the blue and red

arms of the Low Resolution Imaging Spectrometer on the Keck I 10m telescope (Oke

Shttps://github.com /svalenti/FLOYDS pipeline/
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et al. 1995) using the 600/4000 grism and 400/8500 grating. Data cover the wavelength
range 3200-10000 A. The spectrum was observed with a 175 long slit at the parallactic
angle and reduced in a standard way using the LPIPE pipeline (Perley 2019). Addi-
tionally, spectra of SN 2021ckj and SN 2021csp were obtained using the Goodman High
Throughput Spectrograph on the Southern Astrophysical Research (SOAR) 4.1m tele-
scope. All data were taken with the red camera covering the wavelength range 5000-9000
A using a 17 slit and the 400 mm~" line grating. Reductions were performed via the
Goodman Spectroscopic Data Reduction Pipeline?, which performs bias and flat correc-
tions, cosmic-ray removal, spectrum extraction, and wavelength calibration. Fluxes were
calibrated to a standard star observed on the same nights with the same instrumental

setup.

5.3 Photometric Properties

The UV and optical light curves of the four SNe Icn are shown in Figure 5.1. All
objects besides SN 2019jc have been template corrected to subtract background galaxy
light. SN 2019jc, on the other hand, exploded at the outskirts of its host galaxy and
therefore should not suffer from significant host contamination. All data have been
corrected for Galactic extinction. We also plot the ugriz-band data sets from Gal-Yam
et al. (2022) and Perley et al. (2022) for SN 2019hgp and SN 2021csp, respectively, for
completeness. Early-time LCO photometric coverage is most extensive for SN 2019jc and
SN 2019hgp, with multiple observations occurring before maximum light. All the objects
rise to maximum brightness within a week of the estimated explosion date. The rise time
of SN 2021csp is the most extreme, reaching its peak luminosity in fewer than 3 days.

This rapid rise to peak brightness is also seen in other interaction-powered SESNe

4https://github.com/soar-telescope/goodman _pipeline
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Figure 5.2: Extinction-corrected g-band (top) and r-band (bottom) absolute mag-
nitudes of the four SNe Icn. Time is given relative to g-band maximum light. We
also include the R-band SN Ibn light-curve template from Hosseinzadeh et al. (2017
b shaded green region). Solid lines show weighted-average magnitudes at each epoch.

The SNe Icn display a range of peak luminosities, rise times, and decline rates.

such as SNe Ibn, which have some of the fastest-evolving light curves of any SN subtype

(Ho et al. 2021). Interaction-powered objects also tend to be UV-bright at early times,

as shown by the light curves of SN 2019hgp and SN 2021csp for which there was extensive

Swift coverage of the light-curve peak. Both the fast rise and luminous UV emission are

characteristic of CSI, which can generate a rapid rise in luminosity as the SN shocks

sweep up the CSM and ejecta. Early-time multiband observations of these objects are

crucial to capturing the rapidly evolving CSI-powered emission.

The ¢g- and r-band absolute magnitude light curves from Perley et al. (2022), Gal-
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Yam et al. (2022), and this work are shown in Figure 5.2. Overlaid is the R-band SN
Ibn light-curve template from Hosseinzadeh et al. (2017b). There is a wide range (
2 3 mag) in the peak absolute magnitudes, with the g-band brightness of SN 2021csp
approaching that of superluminous SNe (see, e.g., Howell 2017 for a review). On the
other hand, SN 2019jc is faint relative to both the other SNe Icn and a sample of SNe
Ibn (Hosseinzadeh et al. 2017b). The overall light-curve shapes are comparable to the
SN Ibn light-curve template. Although the SN Icn absolute magnitudes have a greater
spread than the template, Hosseinzadeh et al. (2017b) note that the template is biased
by brighter, longer-rising objects and therefore does not replicate well the fainter, faster-
evolving objects.

We plot the g-r color evolution of the SNe Icn using the full data sets shown in
Figure 5.1 compared with the colors of a sample of SNe Ibc (Taddia et al. 2015) and
SNe Ibn (Pellegrino et al. 2022¢) in Figure 5.3. The photometry of all the SNe Icn
except SN 2019jc has been K-corrected owing to the high redshifts of these objects. For
each object we calculate K-corrections using spectra roughly coeval with the photometry
(Hogg et al. 2002). In most cases we find that this correction is small (< 0.1 mag). The
SN Ibc and SN Ibn colors have not been K-corrected owing to their low average redshift.
We find that the colors of the SNe Icn are bluer on average than those of the SNe Ibc at
the same phase. This is not surprising, as the spectral energy distribution (SED) of other
objects powered by CSI tends to peak at bluer wavelengths (Ho et al. 2021). Roughly
10 days after g-band maximum the SN Icn colors evolve redward, with the exception
of SN 2019hgp and SN 2021csp, which maintain a constant blue color throughout their
evolution. This constant color evolution is also seen among SNe Ibn and other fast
transients from Ho et al. (2021), which may be indicative of a long-lasting CSI powering

source (e.g., Ho et al. 2021; Fraser et al. 2021; Pellegrino et al. 2022¢; Perley et al. 2022).
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Figure 5.3: g-r colors of the four SNe Ien compared to those of SNe Ibn (Pellegrino
et al. 2022¢) and a sample of ordinary SNe Ibc (Taddia et al. 2015). The colors of the
SNe Ien except for SN 2019jc have been K-corrected owing to their high redshifts.

5.3.1 Blackbody Fits

For our objects with extensive multiband coverage we are able to estimate bolomet-
ric luminosities and blackbody properties. As the spectra of these objects appear blue
and mostly featureless (besides the narrow emission lines), their SEDs are well fit by a
blackbody function. The bolometric luminosities we estimate from our blackbody fits
are used to model the mechanisms powering the light curves of these objects in Section
5.5. Because the SEDs of these objects peak in the UV at early times, full multiwave-
length observations are crucial for well-estimated bolometric light curves. SN 2019hgp
and SN 2021csp have well-sampled UV light curves from Swift (Fraser et al. 2021; Gal-
Yam et al. 2022; Perley et al. 2022). For these objects, we use the full, Galactic-extinction-
corrected data sets shown in Figure 5.1 to estimate bolometric luminosities. Epochs with
photometry obtained in at least three filters are fit with a blackbody SED to the available
UV and optical data, with bolometric luminosities calculated by integrating over the full
UV, optical, and infrared wavelength ranges.

However, SN 2019jc was only observed in the optical bands. In order to estimate
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its full bolometric luminosity evolution from optical-only data, we calculate bolometric
corrections using the data of SN 2019hgp and SN 2021csp. For epochs with both Swift
and optical coverage, we fit the full multiwavelength data set assuming a blackbody SED
and compare this “true” bolometric luminosity (integrated over the full UV, optical, and
infrared wavelength ranges) to that calculated from fits to only the optical data set. This
gives the following time-dependent bolometric correction, valid up to ~ 25 days after
peak:

BC =1.6x 107" — 1.3 x 1072 + 3.8 x 107t + 0.30 (5.1)

where ¢ is the phase relative to g-band maximum light and the bolometric correction BC
is the ratio between the luminosities calculated from the optical-only and the full data
sets.

These bolometric corrections are applied to all luminosities calculated from photo-
metric epochs of SN 2019jc, SN 2019hgp, and SN 2021csp with data in only optical filters
in order to estimate true bolometric luminosities. These results are presented and dis-
cussed in Section 5.5. Since multiband data are missing during the rising part of the
light curve of SN 2021ckj, we do not attempt to fit a blackbody to its photometry.

The blackbody radius and temperature evolutions of each object we fit are shown in
Figure 5.4. Only epochs with Swift data are shown for SN 2019hgp and SN 2021csp. For
SN 2019jc, which lacks UV data, the blackbody parameters are inferred from fits to the
optical data, leading to larger error bars. In almost all cases the values reported here
are broadly consistent with those reported in Gal-Yam et al. (2022) and Perley et al.
(2022). Also shown are the radii and temperatures of a sample of SNe Ibn (Pellegrino
et al. 2022¢) and the fast transient AT 2018cow (Perley et al. 2019; Margutti et al. 2019).
We choose these objects for comparison because they also have well-studied multiband

light curves, are classified as fast transients, and may represent exotic core-collapse sce-
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Figure 5.4: A comparison of the estimated blackbody temperatures (top) and radii
(bottom) of the SNe Icn, a sample of SNe Ibn (Pellegrino et al. 2022c), and the fast
transient AT 2018cow (Perley et al. 2019). The radius and temperature evolutions of
the SNe Icn follow those of the SNe Ibn but are different from those of AT 2018cow.

narios of massive stars. The temperature and radius evolutions of the SNe Icn closely

match those of the SNe Ibn. We find similar early-time temperatures between the two

classes of objects. Both also have expanding blackbody radii until roughly a week after

maximum, after which the radii stay constant or recede. AT 2018cow, on the other hand,

has a much higher early-time temperature and a blackbody radius that begins to recede

earlier than the other objects. This may suggest that the ejecta composition and circum-

stellar environment of the SNe Iecn and SNe Ibn are more similar to each other than to

AT 2018cow.
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5.4 Spectroscopic Features

Spectroscopic observations of the SNe Icn obtained with the Global Supernova Project
range from several days before maximum to over 3 weeks after maximum, allowing us
to observe the evolution of these objects over a variety of phases. The spectra of all the
objects in our sample, in order of phase, are shown in Figure 5.5. For completeness, we
also include the publicly available classification spectrum of SN 2021ckj (Pastorello et al.
2021) obtained 4.4 days after g-band maximum light. Our spectroscopic observations
of SN 2019jc all occurred before maximum light. Such early observations are difficult to
obtain for this fast-evolving class of objects and allow us to study their spectral features
close to the time of explosion in greater detail.

Before maximum (Figure 5.5 (a)), the SN Icn spectra are blue and superimposed with
strong, narrow lines of C III and C IV. These spectra are distinct from any other class
of SNe. They are qualitatively closest in appearance to the early-time spectra of SNe
Ibn, which have narrow emission lines of He that are photoionized by the radiation from
the forward shock (Smith 2017), but the narrow lines in the SNe Icn are stronger than
those seen in SNe Ibn. Several of the lines, including C IV A5812 and C III A\4650, show
narrow absorption components in addition to the strong emission lines. A closer look at
some of these narrow features is given in Figure 5.6. The emission peaks have maxima
that are slightly blueshifted or redshifted relative to their rest wavelengths. Additionally,
the absorption components have minima that are blueshifted by ~ 500 —2000 km s*
from their rest-frame values. The blue edge of this absorption relative to rest, marked by
ticks in Figure 5.6, varies from =~ -1500 km s~! in the case of SN 2019jc to ~ -3000 km
s™! for SN 2021csp. These values are consistent with those reported by Gal-Yam et al.
(2022) and Perley et al. (2022). These absorption features measure the velocity of the

preshocked CSM. If we assume that this velocity corresponds to the wind velocity of
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the progenitor star, then high wind velocities 2> 1000 km s™! can constrain the possible
progenitor channels of these events to luminous blue variables, W-R stars, and stripped
low-mass He stars (Crowther 2007; Vink 2017), as previously noted by Fraser et al.
(2021); Gal-Yam et al. (2022); Perley et al. (2022).

Several days before maximum light the spectra of SN 2019jc and SN 2019hgp display
a forest of narrow P Cygni features blueward of 5000 A. Our Keck spectrum of SN 2019jc
allows us to study these lines in greater detail. A closer look at this spectrum is shown
in Figure 5.5 (d). We follow the process outlined in Gal-Yam (2019) to identify the most
notable features. We find that the strongest features can be reproduced by a blend of
highly ionized species of elements, including C I, C III, C IV, He II, O II, Ne I, and
Ne II. Of particular interest is the He IT A\4686 feature, which suggests that the CSM
surrounding SN 2019jc is not completely devoid of He. Previous studies have noted that
the spectra of SN 2019hgp and SN 2021csp closely match the H- and N-depleted spectra
of the WC-subtype of W-R stars (Gal-Yam et al. 2022; Perley et al. 2022). We also do not
identify any H or N lines in the SN 2019jc spectrum; an emission line close to 4600 A could
be N V A\604, but we do not detect other N lines. It is more likely that this emission
line can be attributed to Ne II A\4607. Several other Ne I and Ne II P Cygni features
are identified in the spectrum with comparable line widths and velocities. Ne is rarely,
if ever, seen in the spectra of core-collapse SNe, yet both SN 2019jc and SN 2019hgp
(Gal-Yam et al. 2022) have early-time spectra with considerable Ne features. This Ne
likely formed during C burning and therefore was stripped from the inner layers of the
progenitor star. The observed Ne abundance in the CSM may help place constraints on
potential progenitor channels, as Ne emission is weak in the spectra of WC-type W-R
stars (Crowther 2007). A more thorough discussion of a W-R progenitor of these objects
is given in Section 5.6.1.

After maximum, the strong C III and C IV emission lines that dominated the spectra
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Figure 5.5: The spectral evolution of the four SNe Icn (a) before maximum light,
(b) up to ten days after maximum, and (c) roughly 3 weeks after maximum. All
wavelengths have been shifted to the rest frame, and fluxes have been normalized and
shifted for display. Prominent absorption and emission features of ionized C have
been marked by vertical dashed lines. (d) The Keck LRIS spectrum of SN 2019jc at
maximum light in the region blueward of 5300A. A number of narrow absorption and
emission features have been identified.
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fade. They are replaced by weaker emission and P Cygni lines of C II and O III. The
spectra all maintain their blue continua until roughly 10 days after peak brightness. At
this phase, their characteristics begin to diverge. A break in the continuum develops
blueward of 6000 A in the spectra of the luminous SNe Ien SN 2021ckj and SN 2021csp.
This sharp rise in the continua has been attributed to Fe II fluorescence due to ongoing
CSI (Perley et al. 2022). By 3 weeks after maximum light the narrow lines have mostly
faded and broad features have developed in the spectra of these objects. For example, we
note a broad feature consistent with the Ca II near-IR triplet in our latest spectrum of
SN 2021csp. The maximum blueshifted velocity of this feature is 10,000 km s~!, consistent
with Perley et al. (2022). On the other hand, SN 2019hgp retains its P Cygni features
for a longer time. At this phase SN 2019hgp more closely resembles more normal SNe Ic
(Gal-Yam et al. 2022).

A possible explanation for the differences in late-time spectral features observed in
the SN Ien sample is if SN 2021ckj and SN 2021csp had a strong asymmetric outflow,
possibly caused by a jet or an aspherical CSM, in which a fraction of the ejecta expanded
at high velocities. An asymmetric, high-velocity outflow could create the broad features
seen in the spectra of these objects. Fraser et al. (2021) notice similarities between
the late-time spectra of SN 2021csp and those of peculiar SNe Ic-BL such as iPTF16asu
(Whitesides et al. 2017; Wang et al. 2021) and SN 2018gep (Ho et al. 2019b; Pritchard
et al. 2021; Leung et al. 2021), both of which were fast evolving and had evidence for CSI
at early times. However, Perley et al. (2022) find that the late-time spectra of SN 2021csp
are more similar to those of SNe Ibn in terms of their shape and color. Additionally,
their light-curve fits rule out a normal SN Ic-BL explosion powering SN 2021csp. In
either case, it may be that the differences between the late-time SN Icn spectra reflect a
difference in explosion mechanisms or in viewing angles. A more thorough discussion of

these differences is given in Section 5.6.
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Figure 5.6: Left: the early-time profiles of the C III A4650 line. Spectra smoothed
with a Savitzky-Golay filter are shown by the lightly shaded curves. The rest velocity
is indicated by the dashed black line, while the nearby He IT A4686 line is marked by
the dashed gray line. Estimated maximum wind velocities are indicated by the tick
marks to the left of each absorption feature. For SN 2019hgp, two potential maxima
are identified. Phases relative to g-band peak are given to the right of each spectrum.
Right: same as the left panel, but for the C II A6580 line around maximum light. The
spectrum of SN 2021ckj and the earlier spectrum of SN 2019hgp were obtained from
WiseRep (Yaron & Gal-Yam 2012).

5.5 Progenitor Analysis

5.5.1 Circumstellar Interaction Models

Their rapid evolution, high peak luminosities, blue colors, and narrow spectral fea-
tures indicate that SNe Icn are primarily powered by CSI at early times. In order to
estimate the physical parameters of the SN ejecta and CSM, we attempt to fit the bolo-

metric light curves of our SN Icn sample using a CSI model (Chatzopoulos et al. 2012).
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Figure 5.7: Model CSI and °°Ni decay light curves compared to the bolometric light
curves of (a) SN2019jc, (b) SN 2019hgp, and (c¢) SN 2021csp. The CSI components
are shown with a solid line, and the radioactive decay components are shown with a
dashed-dotted line. Different fits assuming a shell-like and wind-like CSM are shown
in red and blue, respectively. We find few differences between the different CSM struc-
tures. The °°Ni decay component is estimated assuming that the latest photometric
epoch for each object is powered solely by radioactive decay. Our early-time obser-
vations of each object are compatible with only a CSI component, with conservative
upper limits on the *Ni mass from late-time photometry (My; < 0.04 Mg).
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CSI can reproduce the optical behavior of many different fast-evolving SNe (e.g., Rest
et al. 2018; Pritchard et al. 2021; Xiang et al. 2021) at early phases, while radioactive
decay of %Ni is often needed to match the late-time light-curve evolution. The model,
which uses the semianalytical formalism described in Chevalier (1982) and Chevalier &
Fransson (1994), has already been used to fit the light curves of interaction-powered SNe
(Jiang et al. 2020), including SNe Ibn and other fast transients (Pellegrino et al. 2022c).
Although this analytical modeling makes several simplifying assumptions, such as spher-
ical symmetry and a centrally located powering source, it is a useful tool for obtaining
rough estimates of the explosion and progenitor properties.

CSI drives forward and reverse shocks into the CSM and SN ejecta, respectively,
which sweeps up the material and converts kinetic energy into radiation. To calculate
the luminosity input from these shocks, the model assumes that the CSM begins directly
outside the progenitor radius. The SN ejecta distribution is modeled with a steeper
density gradient in the outer ejecta (p o< r~") and a shallower gradient in the inner
ejecta (p oc r7%). We assume as fixed parameters the ejecta density power laws, n = 10
and § = 1, as well as the optical opacity, kpy = 0.04 g cm™2, appropriate for mixtures of
C and O (Rabinak & Waxman 2011). We test both a shell-like (pcsm o constant) and
wind-like (pcgy o< 772) CSM distribution. We then fit for the remaining ejecta and CSM

parameters:

1. M, the ejecta mass;

2. v, the ejecta velocity;

3. Mcsm, the CSM mass;

4. Ry, the inner CSM radius;

5. po, the CSM density at Ry; and
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6. €, the efficiency in converting kinetic to thermal energy.

Best-fit model light curves compared with measured bolometric luminosities (de-
scribed in Section 5.3.1) are shown in Figure 5.7. We find that both a CSM shell and
wind fit all the objects well. Therefore, we are unable to make conclusions about the
structure of the CSM. For all our objects we find that CSI alone reproduces the early-
time luminosity evolution, with very little ejecta (M < 2 M) needed to reproduce the
light curves. The mass of %Ni produced in the explosion, My, is not well constrained
by our early-time data, particularly for the luminous SN 2021csp. To find a conservative
upper limit on the My; for each object, we assume that the entirety of the luminosity
at the latest photometric epoch is due to radioactive decay and calculate the necessary
Mpy; using our best-fit ejecta masses and velocities. For SN 2019hgp, we use late-time
(50 days after peak) photometry from Gal-Yam et al. (2022) to estimate the bolometric
luminosity at this epoch. Because SN 2019jc was only observed up to &~ 10 days after
explosion, when CSI is almost certainly still the dominant powering mechanism, our My;
upper limit is particularly conservative for this object.

A similar procedure was performed by Perley et al. (2022), who use late-time nonde-
tections of SN 2021csp to put limits on the amount of °Ni synthesized in the explosion.
From their nondetection roughly 80 days after maximum, they estimate L < 6 x 10%
erg s~ ! at this phase. To estimate My; using this late-time luminosity upper limit, we
follow the formalism of Hamuy (2003) and account for varying gamma-ray optical depth
(Clocchiatti & Wheeler 1997; Sollerman et al. 1998). We use our best-fit M, and v,
values to estimate an explosion energy and assume a gamma-ray opacity £, = 0.08 cm?
g~! (varying this parameter has a negligible effect on our estimates). From this procedure
we find that My; < 0.03 Mg is permitted by the late-time photometry of SN 2021csp

(Perley et al. 2022). Following a similar procedure, we find comparable upper limits for
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Figure 5.8: The %°Ni mass vs. the ejecta mass of the SNe Icn (orange) fit with a
CSI model, assuming a shell-like CSM structure. For comparison we plot ejecta and
radioactive mass values from a sample of SESNe (Taddia et al. 2018, 2019 blue and
purple) and USSNe from the literature (Drout et al. 2013; De et al. 2018; Yao et al.
2020 green). The SN Icn °°Ni masses are upper limits derived from late-time pho-
tometry; even so, they are at odds with estimates of the SESNe but are in agreement

with some USSNe.

SN 2019jc (My; < 0.04 M) and SN 2019hgp (My; < 0.03 M) from the last photometric

epochs of these objects.

Figure 5.8 compares the ejecta and Ni mass parameters for our SN Ien sample to

those of SNe Ibc and SNe Ic-BL in literature (Taddia et al. 2018, 2019). We find that the

ejecta and *°Ni masses of the SNe Icn differ by a factor of several from those of the SESNe.

Most striking is the differences in estimated 5°Ni masses between the SNe Icn and the

SNe Ic-BL, which are off by an order of magnitude in many cases. These discrepancies

suggest that normal SN Ibc or SN Ic-BL explosions within a dense CSM cannot be the

underlying explosion mechanisms powering SNe Icn, as also noted by Perley et al. (2022).

Additionally, the best-fit ejecta mass estimates are in conflict with the pre-SN masses
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of observed WC-type W-R stars, which are 2 10 M, (e.g., Crowther et al. 2002; Sander
et al. 2019). This assumes that the entirety of the star’s mass is ejected during the
explosion; if, instead, a significant portion of the star’s mass directly collapses to a black
hole or falls back onto the newly formed compact object, this could alleviate some of
the discrepancy (Moriya et al. 2010). Another possible explanation for the discrepancy
could be if a significant fraction of the ejecta is “dark” and does not interact with the
CSM, in which case the ejecta mass estimates from our light-curve fitting would be
an underestimate of the true mass (Gal-Yam et al. 2022). On the other hand, the
combination of best-fit ejecta and °°Ni masses is more consistent with USSNe such as
iPTF14gqr (De et al. 2018), SN 2005¢k (Drout et al. 2013), and SN 2019dge (Yao et al.
2020). These objects are plotted with green symbols in Figure 5.8. In particular, the
ejecta and %°Ni masses of SN 2019jc fall in the same region of parameter space as the
USSN candidates.

In Figure 5.9 we plot the g-band absolute magnitude versus time above half the max-
imum luminosity of our SN Icn sample compared with the fast transient samples from
Drout et al. (2014) and Ho et al. (2021). Ho et al. (2021) found that the luminous
fast transients are primarily SNe powered by CSI. Three of the SNe Icn (SN 2019hgp,
SN 2021ckj, and SN 2021csp) also fall within the same region of parameter space as SNe
Ibn. SN 2019jc, on the other hand, is unique in that it is the least luminous and fastest-
evolving SN Icn, occupying the same region of parameter space as SNe IIb with light
curves that are dominated by rapidly evolving shock-cooling emission. Despite its lo-
cation in this phase space, we instead favor circumstellar interaction as the primary
mechanism powering the light curve of SN 2019jc owing to its early-time spectral fea-
tures. We also note that the USSN SN 2019dge has a similar light-curve timescale and
peak luminosity to SN 2019jc. We explore other similarities between SNe Iecn and USSNe

in Section 5.6.1.
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Figure 5.9: The g-band peak absolute magnitude vs. time above half the peak lu-
minosity of the SNe Icn compared with the fast transient gold samples from Drout
et al. (2014 gray squares) and Ho et al. (2021 other symbols). The SNe Icn, as well
as the ultra-stripped Type Ib SN 2019dge (Yao et al. 2020), are labeled. SN 2019hgp,
SN 2021ckj, and SN 2021csp occupy similar regions of parameter space as rapidly
evolving SNe Ibn, but SN 2019jc is remarkably fainter and faster evolving.

5.5.2 Host Galaxy Analysis

The host galaxies of SN 2019hgp and SN 2021csp have previously been studied (Gal-
Yam et al. 2022; Perley et al. 2022). Their hosts were found to be similar in star formation
rate (SFR) and stellar mass to hosts of normal SNe Ibn and SNe Ibc (see, e.g., Figure
18 of Perley et al. 2022). This implies a similar progenitor environment between these
classes of objects, as SESNe are more frequently associated with regions of higher star
formation that produce high-mass stars (Anderson et al. 2012).

The SNe Icn studied in the literature have been at higher redshifts, which makes
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Figure 5.10: Left: u’-band stacked CFHT image of the host galaxy of SN 2019jc. The
SN location is marked by a 1.5 kpc diameter aperture. Right: a histogram comparing
the estimated SFR density at the location of SN 2019jc (orange) with SFR densities
at the locations of SESNe from Galbany et al. (2018 , blue) and USSNe (green). The
value we measure at the location of iPTF14gqr is an upper limit, marked by a dashed
green line and left-pointing arrow. SN 2019jc lies at the very lower edge of the SESN
distribution.

studying their host properties at the explosion site difficult. Instead, only the global
properties of their host galaxies have been estimated. These objects exploded at low
projected offsets from their star-forming host centers (Gal-Yam et al. 2022; Perley et al.
2022). SN 2019jc, on the other hand, exploded on the outskirts of the nearby (z =
0.0195), face-on spiral galaxy UGC 11849, at a projected distance of 11.2 kpc from the
galaxy center. Several high-quality, deep pre-explosion images exist of this field, affording
us the opportunity to study the location of this SN Icn in greater detail.

We use archival u’-band images from the MegaCam imager on the Canada-France-
Hawaii Telescope (CFHT) to estimate the SFR density at the SN location. With a
typical seeing FWHM of (/7 and an angular pixel scale of (07185 px~!, these images
allow us to probe the local environment of the SN progenitor. Following the procedure
of Hosseinzadeh et al. (2019), we use MegaCam u’-band images of the host galaxy to
estimate the SFR density at the SN location. First, we stack the preprocessed images,

obtained from the Canadian Astronomy Data Centre, after correcting their astrometry.
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To subtract the background flux, we mask the center of the host galaxy and use SEP
(Barbary 2016) to model the background using a 64 pixel x 64 pixel box and 3 pixel x
3 pixel filter. We use this stacked, background-subtracted image to find the flux within
a 1.5 kpc diameter aperture centered on the SN location. This yields a 30 detection of
23.76 4+ 0.31 mag. After correcting for Galactic reddening, this magnitude gives an SFR
density Ygpr = -7.9 (+ 2.5) x 107* (Kennicutt 1998).

In Figure 5.10 we compare this SFR density limit to values in the literature for a
sample of SESNe (Galbany et al. 2018). In order to ensure that the host galaxy of
SN 2019jc is representative of those in the Galbany et al. (2018) sample, we compare the
stellar mass of the host of SN 2019jc with the sample mean and find that they are in good
agreement (log(Mpest 195c) = 10.32 £ 0.20 M, Durbala et al. (2020); log(< Mhpost sample >)
= 10.37 M). We also estimate the SFR densities at the locations of USSNe (Drout et al.
2013; De et al. 2018; Yao et al. 2020) using archival SDSS «’-band images in the same
way as for SN 2019jc. In all these cases the values we estimate roughly agree with those in
the literature. SN 2019jc lies at the very lowest end of the SESN distribution. However,
the SFR density at the SN location is more consistent with values we measure for the
USSNe. These low SFR densities have been used to argue against progenitors with high
zero-age main-sequence masses for USSNe.

Interestingly, a similar analysis by Hosseinzadeh et al. (2019) placed strict constraints
on the nature of the progenitor of the Type Ibn PS1-12sk. PS1-12sk exploded at a pro-
jected separation of 28 kpc from its apparent host (Sanders et al. 2013), in a region devoid
of star formation. No excess UV flux was detected at the explosion site in Hubble Space
Telescope images, leading to a strong upper limit on the SFR density at the explosion
site that is at odds with a massive star progenitor. Although a Kolmogorov-Smirnov test
finds no statistically significant difference between the cumulative distribution functions

of the SFR densities of SNe Ibn from Hosseinzadeh et al. (2019), including SN 2019jc,and
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SNe Ibc (from Galbany et al. 2018 p=0.24), it is intriguing that two out of only tens of
discovered interacting SESNe exploded in regions of low star formation, compared with
<1% of all core-collapse SNe (Schulze et al. 2021; Irani et al. 2022). This tension is
heightened if one assumes that the progenitors of all SNe Icn are W-R stars, in which
case the zero-age main-sequence masses of these objects would be more massive than the
average progenitor mass of a core-collapse SN. Instead, SN 2019jc may be the result of a
different progenitor channel than other SNe Icn.

Studying the field distribution of O- and B-type stars in the local universe reveals
that in situ formation is rare for these populations (e.g., Dorigo Jones et al. 2020; Vargas-
Salazar et al. 2020). Instead, these stars are hypothesized to travel from their places
of birth to their explosion sites owing to either SN kicks from a binary companion or
dynamical interactions within a stellar cluster. We consider whether these scenarios are
consistent with a high-mass star at the location of SN2019jc. We estimate that the
nearest region of high SFR density lies approximately 2.7 kpc from SN 2019jc (Figure
5.10). Conservatively estimating the time from formation to core collapse as &~ 10 Myr,
a massive star progenitor would need a runaway velocity of ~ 250 km s~! to reach the
SN location in its lifetime. It is unlikely that a W-R star could be ejected from its binary
system with this velocity by a companion SN, as typical kick velocities from companion
SNe are an order of magnitude below this estimated velocity (Renzo et al. 2019), and
most massive stars only travel tens or hundreds of parsecs before core collapse (Cantiello
et al. 2007; Eldridge et al. 2011; Renzo et al. 2019). On the other hand, it is possible to
achieve this runaway velocity through dynamical interaction in stellar clusters (Perets &
Subr 2012; Andersson et al. 2021), although it still lies on the higher end of the simulated
runaway velocity distribution (Oh & Kroupa 2016).

If, instead, the progenitor of SN 2019jc were less massive than a W-R star and in a

close binary, the lifetime of the primary star could be longer, which would either lower
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the high runaway velocity needed to reach the SN location to a more reasonable value
or reduce the tension in allowing the progenitor to be formed in situ. In such a case
the large amounts of CSM around the SN progenitor would be formed owing to binary
stripping rather than stellar winds occurring toward the end of a massive star’s lifetime,
which have mass-loss rates that are orders of magnitude lower than those estimated for
SNe Ibn and SNe Ien (Chevalier & Fransson 2006; Crowther 2007; Gal-Yam et al. 2022;
Maeda & Moriya 2022), but are more similar to those observed for SN Ibc progenitors
(Wellons et al. 2012). The M and My; values inferred from our bolometric modeling
permit a progenitor with a lower mass than a W-R star while also ruling out traditional
thermonuclear explosions of white dwarfs.

In the future, deeper images in the UV may be used to more accurately measure the
SFR density at the location of SN 2019jc. Despite capturing more of the UV flux, Swift
UVOT images have a shallower depth than the CFHT images and would therefore not
significantly improve our results. Hubble Space Telescope WFC3 UVIS images, on the
other hand, would be beneficial owing to their smaller angular pixel scale and deeper
limiting magnitudes. Even so, our reported SFR density value, along with the low ejecta
and *SNi mass estimates inferred from SN Icn light-curve modeling, leads us to question

the assumption of a W-R progenitor of SN 2019jc.

5.6 Discussion

Observations of their photometric and spectral evolution reveal that SNe Icn are in-
teresting objects at the cross section of SESNe, SNe Ibn, and fast transients. Their rapid
light-curve evolution, diverse peak luminosities, and narrow spectral lines at early times
resemble the interaction-powered early phases of SNe Ibn and other fast transients, but

their spectra 2 weeks after maximum can also resemble other SESNe. Additionally, the
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ejecta and °°Ni masses inferred from modeling their light curves are often an order of
magnitude smaller than those of typical SESNe. In this section we search for progenitor
systems and explosion mechanisms that can explain the combination of these character-

istics.

5.6.1 Possible Progenitor Channels
A W-R Star Progenitor?

The defining characteristic of SNe Icn is their interaction with H- and He-poor CSM.
This is most similar to SNe Ibn, which have early-time light curves and spectra that
are dominated by interaction with H-poor CSM. Based on these CSM environments, we
explore whether SNe Ibn and SNe Icn could share a progenitor channel. Although our
sample is small, most of the SNe Icn we study have g-r colors (Figure 5.3), blackbody
properties (Figure 5.4), and rise times and peak luminosities (Figure 5.9) that are con-
sistent with those of SNe Ibn. SNe Ibn are also a rare class of SNe; although not as rare
as SNe Icn, only tens of SNe Ibn have been discovered to date (Hosseinzadeh et al. 2017
b).

W-R stars are commonly thought to be the progenitors of SNe Ibn (Foley et al. 2007;
Pastorello et al. 2007; Hosseinzadeh et al. 2017b). Several observational pieces of evidence
support this. Perhaps the strongest such piece of evidence is the Type Ibn SN 2006jc,
the archetype of its class, for which a pre-explosion outburst was noted roughly 2 years
before the terminal explosion (Pastorello et al. 2007). Only late-stage massive stars have
been observed to undergo such explosive outbursts during LBV stages (Smith & Owocki
2006), before transitioning into W-R stars. This, along with the CSM composition and
velocity inferred from the narrow features in the spectra of SN 2006jc (Foley et al. 2007),

supports the notion that these progenitors are massive stars. Additionally, SNe Ibn
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are almost exclusively found in star-forming galaxies (Pastorello et al. 2015 but see also
Sanders et al. 2013) and at locations with high SFR densities (Hosseinzadeh et al. 2019),
implying a younger stellar population.

Both SNe Ibn and SNe Icn have spectral features consistent with a W-R stellar wind
(Gal-Yam et al. 2022), specifically with highly ionized species of He, N, C, and O. Gal-
Yam et al. (2022) propose that the differences between SNe Ibn and SNe Icn spectral
features—mainly the lack of He and N in SNe Ien—mirror the differences in WN and WC
subtypes of W-R stars. The lack of H, He, and N and the presence of Ne, in the CSM
around SN 2019hgp match the chemical composition of WC stars (Gal-Yam et al. 2022)
and the yields expected from the triple-alpha process (Perley et al. 2022), indicating that
the composition of the material stripped from the progenitor must be similar to that of
a W-R star.

W-R stars have also been theoretically predicted to be the progenitors of at least
some normal SESNe as well (Sukhbold et al. 2016). Some early-time observations of
SESNe support this (e.g., Cao et al. 2013; Gal-Yam et al. 2014b), but other studies have
found that SESNe are unlikely to originate exclusively from W-R stars (Eldridge et al.
2013; Smith 2014; Taddia et al. 2018). Gal-Yam et al. (2022) notice similarities between
the late-time spectra of SN 2019hgp and the Type Ic SN 2007gr, possibly showing that
the explosion of SN 2019hgp is similar to that of SN 2007gr but is concealed by a dense
CSM. However, Mazzali et al. (2010) find My; = 0.076 M, for SN 2007gr, which is
incompatible with the upper limits on the °Ni mass derived by Gal-Yam et al. (2022)
and this study. We also find that the explosion energies and ejecta and °Ni masses
of the SNe Icn in our sample are broadly inconsistent with estimates for SESNe from
the literature. Therefore, it seems unlikely that the explosion mechanism of normal
SESNe—ypossibly the successful core-collapse of a W-R star—can reproduce both SESN

and SN Icn observables, as previously noted by Perley et al. (2022).
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Figure 5.11: A spectrum of SN 2019hgp compared with the USSN model spectrum at
maximum light from Moriya et al. (2017), the USSN SN 2005ek (Drout et al. 2013),
the prototypical Type Ibn SN 2006jc, and the normal Type Ic SN 2007gr. Spectra of
SN 2006jc, SN 2005¢ek, and SN 2007gr were obtained from WiseRep (Yaron & Gal-Yam
2012). Phases are denoted to the right of each spectrum. Possible spectral features
are marked with dashed lines. SN 2019hgp shares several features with the USSNe at
these phases.

A New Type of Ultra-stripped-envelope Supernovae?

Based on the similar spectral features between SNe Ibn and SNe Icn, Gal-Yam et al.
(2022) and Perley et al. (2022) suggest that the distinction between SNe Ibn and SNe Icn
follows the differences in WN and WC subtypes of W-R stars. However, several problems
exist with assuming W-R stars as the progenitors to all SNe Ibn. Estimates of the rates
of W-R explosions (Smith 2014; Perley et al. 2022) are often orders of magnitude higher

than the rates of SNe Ibn (Maeda & Moriya 2022). Furthermore, observations of Galactic

131



Type lcn Supernovae: A New Class of Rapidly-Evolving Supernovae with Multiple Progenitor
Channels Chapter 5

W-R stars have not found evidence for high mass-loss rates necessary to produce the large
amounts of CSM estimated from SN Ibn light-curve modeling (Crowther 2007). These
discrepancies may be resolved if not one but several progenitor systems lead to H-poor
interaction-powered SNe. There is evidence that a W-R or other high-mass progenitor
is in tension with observations of the Type Ibn PS1-12sk. Hosseinzadeh et al. (2019)
showed that PS1-12sk was unusual in that the SN exploded in a region devoid of star
formation. Deep Hubble Space Telescope upper limits placed strong constraints on the
SFR density at the SN location, all but ruling out a massive star progenitor of this SN.

Similarly, we find that the location of SN 2019jc has relatively little ongoing star
formation. Estimating the SFR density at the SN location places SN 2019jc at the lower
edge of the SESN host environment distribution, at odds with a W-R progenitor of
this object. Interestingly, SN 2019jc has a relatively similar host galaxy offset and SFR
density to several USSNe, including iPTF14gqr (De et al. 2018) and SN 2005ek (Drout
et al. 2013). De et al. (2018) and Drout et al. (2013) both favor a binary system consisting
of a low-mass evolved star and a compact degenerate object, such as a neutron star, for
these SNe largely because of the SFRs of their local environments. Assuming a lower-
mass star in a close binary system for SN 2019jc would alleviate the problem of finding
unlikely methods for a W-R star to travel far from regions of higher star formation.

In addition, the ejecta and °Ni masses inferred from our SN Icn light-curve modeling
are strongly at odds with those of typical SESNe. Our upper limit on the 5°Ni mass for
SN 2021csp agrees with the value from Perley et al. (2022), which places strong limits
on the type of explosion that could power these objects. The discrepancy in ejecta
parameters is most extreme between the SNe Icn and samples of SNe Ic-BL. SNe Ic-BL
have been suggested to be related to SNe Ien (Fraser et al. 2021), yet Figure 5.8 shows
that the SN Icn ejecta and 5°Ni masses differ from those of SNe Ic-BL by up to an order

of magnitude. However, they are similar to those of USSNe in the literature (Drout et al.
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2013; De et al. 2018; Yao et al. 2020). The combination of low (< 1 M) ejecta mass
and ®9Ni mass is found in observations and theoretical models (Tauris et al. 2013; Moriya
et al. 2017) of these objects.

We compare spectra of SNe Icn, models and observations of USSNe, and prototypical
SESNe in Figure 5.11. SN Icn spectra are dominated by signatures of CSI at early times,
masking the underlying ejecta features. Unfortunately, spectra of SN 2019jc were only
obtained during this time. However, our spectrum of SN 2019jc at maximum appears
most similar to SN 2019hgp (Figure 5.5), for which there is ample spectroscopic coverage
at later phases. Therefore, we include a spectrum of SN 2019hgp 15 days after maxi-
mum instead of SN 2019jc, assuming that they have similar late-time evolution despite
differences in peak brightness and decline rates.

The spectrum of SN 2019hgp appears to match that of SN 2006jc at first glance, but
on closer inspection we find that the dominant Hel A\4472 and 5876 features in the
latter are instead replaced by MgII A\4481 and CII A5890 lines in the former. We notice
more qualitative similarities between SN 2019hgp and the USSNe than any of the other
objects, particularly blueward of 5000 A where we identify Mg IT and Ca II absorption
features not seen in the other objects, as well as similar O I absorption features around
7775 A. SN 2005¢k quickly transitioned to its optically thin phase roughly 10 days after
maximum. However, this transition does not occur until weeks later in the case of the
SNe Icn. It is possible that the sustained CSI we see in the SNe Icn maintains a higher
opacity until later times, leading to better agreement between the late-time spectrum of
SN 2019hgp and the USSN spectra at maximum light. The spectrum of the normal Type
Ic SN 2007gr has a different continuum shape and absorption features than SN 2019hgp at
a similar phase, again providing evidence that SNe Icn are not normal SESN explosions.

We find some discrepancies between theoretical models of USSNe (Moriya et al. 2017)

and SN 2019jc, especially in terms of peak luminosity and early-time spectral features.
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However, these differences can easily be explained by the addition of CSI, which masks
the spectral signatures of the underlying ejecta at early times and provides an additional
power source that can increase the peak luminosity by several orders of magnitude.
For several of the USSNe (De et al. 2018; Yao et al. 2020) shock cooling was instead
modeled as an additional mechanism powering the early-time light curves. We suggest
that SN 2019jc could be an USSN that has completely lost its outer layers owing to
extreme binary stripping, whereas others studied in the literature have still retained an
extended envelope. This could explain how both shock breakout and CSI are observed

in objects of this class.

5.6.2 Possible Explosion Mechanisms

If SNe Icn have a diverse set of progenitor systems, then their explosion mechanisms
may vary as well. Differing explosion mechanisms between these objects can explain some
of the observed diversity in light-curve and spectral properties. Any proposed explosion
scenario must reproduce the ejecta velocities, ejecta masses, and *°Ni masses estimated
from light-curve fits. A normal SESN explosion interacting with CSM is ruled out by our
%Ni upper limits; therefore, we search for more exotic scenarios.

SN 2019jc is unique in having a light curve that is both faster evolving and fainter than
those of the other SNe Icn (Figure 5.9). Our light-curve modeling shows that SN 2019jc
has a low explosion energy (=~ 4 x 10° erg) and ejecta mass (= 0.7 M), both of which
are lower than those of more normal SESNe but are consistent with theoretical models
and observations of USSNe. The core collapse of an ultra-stripped, lower-mass progenitor
to SN 2019jc is also consistent with its location far from regions of active star formation.

Interestingly, the explosion energy, ejecta and 5°Ni masses, rapid light-curve evolu-

tion, and explosion site properties of SN 2019jc are also consistent with theoretical models
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of stripped-envelope electron-capture (EC) SNe (Moriya & Eldridge 2016). Stars with
initial masses &~ 8 M, are predicted to explode when their O-Ne-Mg degenerate cores
undergo EC, triggering core collapse (e.g., Miyaji et al. 1980; Nomoto 1984, 1987). Nor-
mally in single star evolutionary models the EC SN progenitor retains its H envelope
and is observed as a Type II SN. However, if the progenitor is stripped of its outer lay-
ers through binary interaction (Moriya & Eldridge 2016) or enhanced mass loss due to
episodic burning (Woosley & Heger 2015), a H-poor EC SN would be observed. Some
theoretical models of ultra-stripped He stars also explode as EC SNe (Tauris et al. 2015).
While an EC explosion mechanism has been proposed for the Type II SN 2018zd (Hira-
matsu et al. 2021b), to date the possibility of an EC origin of interaction-powered SESNe
has not been explored.

On the other hand, modeling the light curve of SN 2021csp gives ejecta masses and
explosion energies that are higher than those predicted for and observed in USSNe.
This object may have an explosion mechanism that is different from that of SN 2019jc.
SN 2021csp could be similar to other SNe Ibc that interact with dense CSM (Whitesides
et al. 2017; Ho et al. 2019b; Pritchard et al. 2021), as noted by Fraser et al. (2021).
The ejecta masses inferred from modeling this CSI could be underestimated if only a
fraction of the ejecta interacts with the CSM. However, stringent limits on the amount
of %Ni produced in the explosion of SN 2021csp are strongly at odds with the amounts
estimated for normal SNe Ibc and SNe Ie-BL (Figure 5.8), which can be up to an order of
magnitude larger (Perley et al. 2022). Therefore, the explosion of SN 2021csp must eject
more mass at higher velocities than USSNe but produce less °°Ni than normal SESNe.

Perley et al. (2022) proposed that a jet launched during the partial or failed explosion
of a massive star could meet these criteria (Woosley 1993; Moriya et al. 2010). The high
ejecta velocities observed for SN 2021csp could be due to a small amount of material

being launched by a jet. Jets have been suggested as the powering mechanism behind
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long GRBs (Khokhlov et al. 1999; MacFadyen & Woosley 1999; MacFadyen et al. 2001),
some of which are associated with SNe Ic-BL (e.g., Reichart 1999; Stanek et al. 2003).
Indeed, Fraser et al. (2021) notice spectral similarities between SN 2021csp and SNe Ic-BL
at later phases, when signatures of the CSI have faded. However, the ejecta parameters
(in particular, the 5°Ni masses) we infer from our light-curve fits rule out normal SN TIc-
BL explosions, and Perley et al. (2022) note that the late-time SN Icn spectral features
are more similar to those of SNe Ibn.

To explain both the low amount of °Ni produced during the explosion and the pres-
ence of a jet, a substantial amount of the inner ejecta must have remained gravitationally
bound and collapsed after the explosion. These so-called fallback SNe are predicted to
occur when the core collapse of a stripped massive star is not energetic enough to unbind
the entire star. As a result, only the outermost material is ejected and the rest falls back
onto the central remnant. The amount of °Ni that remains unbound after the fallback
is variable and subject to the explosion parameters, such as the amount of mixing dur-
ing the explosion, but is orders of magnitude smaller than in normal SESNe. Although
fallback SNe have been used to explain the faintest SNe (e.g., Valenti et al. 2009; Moriya
et al. 2010), some models reproduce the range of explosion energies and ejecta masses
we estimate for SN 2021csp and the other SNe Icn (see Table 1 of Moriya et al. 2010).
These models originate from massive (25-40 M) main-sequence stars, which are at odds
with the progenitor masses inferred from our host galaxy analysis of SN 2019jc but are
potentially allowed for the locations of the other objects in our sample. The presence of
a jet launched during a fallback SN has been used to explain long GRBs not associated
with visible SNe (Della Valle et al. 2006; Gal-Yam et al. 2006; Fynbo et al. 2006). If
a jet was launched during the explosion of SN 2021csp, it could explain the large ejecta
velocities measured and possibly mix some of the %Ni out into the ejecta that becomes

unbound.
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Recently, Metzger (2022) proposed an alternate scenario in which the rapid evolution,
multiband emission, and spectral features of SNe Ibn, SNe Ien, and AT 2018cow-like fast
transients can all be reproduced by the merger of a W-R star and a compact object.
The differences in observed spectral features and luminosities between these classes are
primarily due to the timescales on which the W-R star and its compact companion merge.
This scenario has the benefit of explaining the similar ejecta velocities, peak luminosities,
and rise times of AT 2018cow and SN 2021csp (Fraser et al. 2021). Although any explosion
mechanism involving a high-mass star appears unlikely for SN 2019jc, we cannot rule out
this scenario for the other objects in our sample. More detailed comparisons between
observations of SNe Icn and other rapidly evolving objects are needed to test this model.

Therefore, it is possible that different underlying explosions and progenitors are re-
sponsible for the diversity in SN Icn light-curve properties, late-time spectral features,
and host environments we observe. A higher-mass progenitor star is compatible with the
location of SN 2021csp, but a normal SESN explosion within a dense CSM is ruled out
based on the M. and My; values inferred from its light curve. Instead, a more exotic
explosion mechanism, such as a partially successful or fallback explosion, is needed to ex-
plain its high ejecta velocities, low *Ni mass, and bright light curve. On the other hand,
models of USSNe, which necessarily involve lower explosion energies and ejecta masses,
match the photometric properties, spectral features, and explosion site of SN 2019jc. In
both cases, the observable photometric and spectroscopic signatures of these different
explosions are masked by the dominant CSI at early times, making all SNe Icn appear

similar at first glance.
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5.7 Conclusions

We have analyzed the photometric and spectral properties of the largest sample of
SNe Icn to date. Photometrically the SNe Icn all display rapid evolution, blue colors,
and heterogeneous peak magnitudes. Their spectra, which are all dominated by narrow
emission lines of highly ionized C at early times, are evidence for the SN ejecta interacting
with a H- and He-poor CSM. At later phases diverse spectral features are observed, with
some objects resembling SNe Ibc or SNe Ibn and at least one showing similarities to
USSNe.

In order to better understand their progenitor systems and explosion mechanisms,
we model the bolometric light curves of the well-observed objects in our sample with
luminosity inputs from CSI and °Ni decay. We find that their rapid evolution and peak
luminosities can all be explained by < 2 M, of ejecta interacting with < 0.5 M, of CSM,
with very little (< 0.04 M) °Ni permitted by our observations. These values are in
tension with the ejecta and 5°Ni masses inferred from the light curves of normal SNe Ibc
and SNe Ic-BL but are similar to those of USSNe (Drout et al. 2013; De et al. 2018; Yao
et al. 2020). Additionally, the lowest-redshift SN Icn in our sample (SN 2019jc) exploded
in the outskirts of its host galaxy, with an SFR density at the SN location that is on the
extreme low end of the SN Ibc distribution but is similar to the SFR densities at the
locations of USSNe in the literature (Drout et al. 2013; De et al. 2018).

Based on the low estimated ejecta and °Ni masses, late-time spectral features, and
local SFR densities, we conclude that the explosion of an ultra-stripped low-mass star
can explain the observed properties of at least one SN Icn. In particular, the spectra,
inferred ejecta parameters, and explosion site properties of SN 2019jc favor an ultra-
stripped progenitor of this object. On the other hand, at least two other objects in our

sample—SN 2021ckj and SN 2021csp—may have a different progenitor system. An SN
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explosion with substantial fallback onto a compact remnant formed by the collapse of
a W-R star could produce these objects, which have slightly higher peak luminosities
and smaller host galaxy separations and show different late-time spectral evolution. In
addition, a jet launched during the fallback explosion may be necessary to reproduce the
ejecta velocities we measure and could connect these objects with peculiar SNe Ic-BL
(e.g., Whitesides et al. 2017; Pritchard et al. 2021).

In terms of their light-curve properties and spectral features, SNe Icn most resemble
SNe Ibn, which are also powered by ejecta interacting with H-poor CSM. Therefore, it
is natural to wonder whether SNe Ibn and SNe Icn may be a continuum of objects with
the same (or similar) progenitors. This could be the case if both SNe Ibn and SNe Ien
are the core collapse of W-R stars, or He stars that have been stripped of their outer
layers by close binary interaction (Tauris et al. 2013), with SNe Icn undergoing more
stripping than SNe Ibn. The latter has been suggested as the progenitor of the fast-
evolving Type Ic SN 19941 (Nomoto et al. 1994). Although a W-R progenitor of SNe Ibn
has been suggested (Foley et al. 2007), it is difficult to reconcile a high-mass progenitor
with the location of at least one SN Ibn (Hosseinzadeh et al. 2019). It may be that any
explosion within a H-poor (and He-poor) CSM produces properties that are consistent
with SNe Ibn (and SNe Icen), in which case multiple progenitor channels are possible for
these objects. More systematic studies of the locations of SNe Ibn, as well as their ejecta
and CSM properties, are necessary to better constrain their possible progenitors.

If a fraction of SNe Icn are the explosions of low-mass stars stripped by interaction
with a compact binary companion, these objects may have important implications for the
formation of binary neutron star and neutron star-black hole systems. USSNe have been
proposed as the origins of possibly all merging binary neutron stars (Tauris et al. 2015). If
this is the case, then better understanding the rates and host galaxy environments of these

objects would have important implications for gravitational wave and multimessenger
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astrophysics.
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Chapter 6

SN 2020bio: Diversity in the Class of
Double-peaked Type IIb Supernovae

This chapter now turns to the other half of fast transient phase space—the less-luminous
(M =z -17), rapidly-evolving objects. In many ways these objects are harder to discover
and observe than the objects discussed in Chapters 4 and 5 due to their intrinsic faintness.
As a result, we must rely on discovering nearby fast-evolving objects to study in greater
detail their explosion mechanisms, powering sources, and progenitor stars.

Surveys such as the ZTF BTS have revealed that many of the supernovae in this
region of phase space are spectroscopically classified as hydrogen-rich Type II supernovae.
In particular, Ho et al. (2021) show that many are Type IIb supernovae with strong
early-time shock-cooling emission. Type IIb supernovae are thought to be relatively
well-understood. The prototype of this class, SN 1993J, exploded nearby at 3.3 Mpc
(Woosley et al. 1994). As a result, it is one of the best-studied supernovae of the past
30 years. Observations covering the electromagnetic spectrum for ~ 1000 days after the
explosion, as well as a progenitor detection in pre-explosion images, revealed it to be
the explosion of a red supergiant star with a binary companion. Its double-peaked light
curve has been extensively studied and modeled numerically and analytically, assuming

shock cooling as its early-time powering source.
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However, the fact that many Type IIb supernovae are classified as fast transients is
unexpected given the observed photometric evolution of SN 1993J, which had a secondary
light curve peak equally, if not more, luminous to its first. This suggests greater diversity
in the properties of Type IIb supernovae, and therefore their progenitors, than previously
thought. In particular, the much stronger early-time emission relative to the later-time
radioactive decay emission needed to power such rapidly-evolving early-time light curves
calls into question the structure of their progenitor stars, the amount of *Ni produced
in their explosions, and shock cooling as the only mechanism powering their light curves.
This chapter discusses how observations of the nearby Type IIb SN 2020bio address these
three questions.

This chapter was reproduced from the revised version of Pellegrino et al. (2023b)
with only minor changes to fit the formatting of this dissertation. I'd like to thank my
coauthors, without whom this work would not have been possible: D. Hiramatsu, I.
Arcavi, D. A. Howell, K. A. Bostroem, P. J. Brown, J. Burke, N. Elias-Rosa, K. Itagaki,
H. Kaneda, C. McCully, M. Modjaz, E. Padilla Gonzalez, and T. A. Pritchard.

6.1 Introduction

While the majority of stars with initial masses 2 8 M, end their lives as H-rich core-
collapse supernovae (SNe; e.g., Janka 2012), some massive stars lose their outer H and
even He envelopes and explode as stripped-envelope SNe (SESNe; e.g., Filippenko 1997;
Gal-Yam 2017b). A small but growing number of SNe have been observed with spectra
that show similarities to both these classes (Smith et al. 2011). Classified as Type IIb
SNe (SNe ITb), their spectra have H features at early times that gradually give way to He
features, indicating that their progenitors were partially stripped of their outer envelopes

before exploding (Woosley et al. 1994).
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It is unclear what mechanisms are responsible for this mass loss. Common hypotheses
include stellar winds, binary interaction, or late-stage stellar instabilities (see e.g., Smith
& Arnett 2014 for a review). Recent studies have shown that mass loss is common
during the late stages of massive star evolution, as inferred from early-time observations
of core-collapse SNe (e.g., Ofek et al. 2014; Bruch et al. 2021; Strotjohann et al. 2021).
A significant fraction of core-collapse SNe show signatures of pre-existing circumstellar
material (CSM) in their early-time spectra, obtained days after their estimated explosion
epochs. This CSM is the material shed by the progenitor star in the months to years
before core-collapse. As the SN shock breaks out of the expanding ejecta the resulting
X-ray and ultraviolet (UV) flash may ionize the surrounding CSM, producing narrow
spectral features as the CSM cools and recombines (e.g., Fassia et al. 2001; Yaron et al.
2017). Interaction between the SN ejecta and CSM can also influence the early-time
light-curve evolution (Morozova et al. 2018).

Some SNe IIb are observed to have double-peaked light curves, with rapidly-fading
luminosities during the first several days after explosion before the radioactive decay
of Ni synthesized during the explosion causes a re-brightening that lasts for several
weeks. The early-time emission is thought to be the cooling of the extended envelope
of the progenitor star that is heated by the SN shock (Soderberg et al. 2012). This
shock-cooling emission (SCE) has only been extensively observed in a handful of cases,
including SN 1993J (e.g., Woosley et al. 1994; Richmond et al. 1994), SN 2011dh (e.g.,
Arcavi et al. 2011; Ergon et al. 2014), SN2013df (e.g., Morales-Garoffolo et al. 2014;
Van Dyk et al. 2014), SN 2016gkg (Arcavi et al. 2017), SN 2017jgh (Armstrong et al.
2021), and ZTF18aalrxas (Fremling et al. 2019), among others. Most of these objects
are nearby and had follow-up observations scheduled hours after explosion, which proved
crucial to observing the rapidly-evolving SCE. These studies have found that SNe IIb are

consistent with the explosions of stars with extended outer envelopes, with the duration
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of the SCE dependent on the extent of this envelope (Soderberg et al. 2012).

Numerical and analytical models of SCE can complement pre-explosion imaging in
determining the progenitors of these objects. Several models have been successful in re-
producing the observed early-time evolution across all wavelengths. Piro (2015 hereafter
P15) is one of the first to present a one-zone analytical description of the cooling of an
extended low-mass envelope shock-heated by the explosion of a compact massive core.
Piro et al. (2021 hereafter P21) extend this to a two-zone model in order to better capture
the emission from the outermost material in extended envelopes. Sapir & Waxman (2017
hereafter SW17) calibrate earlier models by Rabinak & Waxman (2011)—that depend on
the precise density structure of the outer material—to numerical simulations for several
days after explosion.

Comparing observed SCE to analytical and numerical models is one of the only ways
of directly measuring the radii and stellar structure of core-collapse progenitors from
SN observations. This has been done for a handful of SNe IIb as well as SNe of other
subtypes, including stripped-envelope Type Ib SNe (e.g., Modjaz et al. 2009; Yao et al.
2020), short-plateau Type II SNe (Hiramatsu et al. 2021a), and exotic Ca-rich transients
(e.g., Jacobson-Galén et al. 2020, 2022b). Analytical and numerical modeling of double-
peaked SNe IIb generally yield large radii progenitors (~ 100-500 Ry) with low-mass
(= 1072-10"! M) extended envelopes (Piro et al. 2021 and references therein). These
properties are usually in agreement with those of SNe IIb progenitors from pre-explosion
Hubble Space Telescope images, which have revealed them to be supergiants (Aldering
et al. 1994; Maund et al. 2011; Van Dyk et al. 2014). In some cases, however, the
progenitor radii estimated from SCE modeling are in tension with those measured from
direct imaging (e.g., Arcavi et al. 2017; Tartaglia et al. 2017 in the case of SN 2016gkg;).
Potential binary companions to the progenitor, which have been observed or inferred in

a handful of cases (e.g., Maund et al. 2004; Benvenuto et al. 2013) can further complicate

144



SN 2020bio: Diversity in the Class of Double-peaked Type lIb Supernovae Chapter 6

direct imaging estimates when the individual binary members are unresolvable.

Here we present photometric and spectroscopic observations of SN 2020bio, an SN IIb
showing remarkably strong SCE, obtained by Las Cumbres Observatory (LCO) through
the Global Supernova Project (GSP). LCO extensively observed SN 2020bio from hours to
~ 160 days after explosion, providing a detailed look into the full evolution of a double-
peaked SN IIb. In this work, we analyze its light curve evolution, spectral features,
and fit analytic models to its full light-curve evolution to estimate the radius, mass,
and structure of its progenitor star. We also compare its bolometric light curve and
spectra to numerical models in order to infer its progenitor mass and the properties of
its circumstellar environment.

This paper is organized as follows. In Section 6.2 we describe the discovery and follow-
up observations of SN 2020bio. We present its full light curve and spectral time series in
Section 6.3 and compare observations to analytical and numerical models in Section 6.4.
Finally, in Section 6.5 we discuss the potential progenitor properties of SN 2020bio given

the presented evidence.

6.2 Discovery and Data Description

SN 2020bio was discovered by Koichi Itagaki on UT 2020 January 29.77 at the Itagaki
Astronomical Observatory at an unfiltered Vega magnitude of 16.7. Stacking images of
the same field obtained by the Asteroid Terrestrial-impact Last Alert System (ATLAS)
survey on the previous night yields a nondetection down to c-band magnitude 20.6.
Soon after discovery rapid photometric and spectroscopic follow-up observations were
requested by the GSP through the Las Cumbres global network of telescopes. The
GSP also triggered its Swift Key Project (1518618: PI Howell) to obtain daily UV and

optical photometry. A classification spectrum obtained on the 2.0m Liverpool Telescope

145



SN 2020bio: Diversity in the Class of Double-peaked Type lIb Supernovae Chapter 6

Days From Discovery

0 25 50 75 100 125 150
1 1 1 1 1 1 1 o _24
e ® UVWwW2-4 (<)
° ® UVM2-3 10 A @ o
10 A ® UVW1-2 e -_292
° ® U-1 ol @ o
° é B
12
5 L o g+1 14 L ° - F-20
2 ® 0O c+15 e ©° o g
S oo ¢ V+2 l o ® S
+147 o o r+3 107 5@ o F18
g & © o+3 ® o ; g
Z " ... ® i+35 18 1 90000 oo o E
g ® 0@ O  Clear + 2 © o @ F-16 'E
ERN A 0{ og © o o
0.9 ° =
218{ a%%¢ % ' ' g
2 0® & o 58877.0  58880.5  58884.0 [-14 E
2, (XY %8 3
o Q
<< 901 © 908 é o8 o [P <
08 .00 o @ o r-12
® @S0 .0 ©9%0°% e
’ o8 8 Qo ©0. 2o @ o° S
22 1 8 4 ¢ 83 o o
Qe %OQQOO? @ o [
24 i T T T T T T T T _8
58875 58900 58925 58950 58975 59000 59025 59050
MJD

Figure 6.1: The full extinction-corrected light curves of SN 2020bio. Photometry in

different filters have been offset for clarity. Unfiltered photometry from the Itagaki

Astronomical Observatory is included as clear points and calibrated to the V-band.

The inset focuses on the rapidly-evolving shock-cooling emission.
on 2020 January 31.19—approximately 1.5 days after the first detection—shows a blue
continuum superimposed with a narrow Ha emission feature and a broad possible Hel A
5876A feature, consistent with a young core-collapse SN (Srivastav et al. 2020).

SN 2020bio exploded at right ascension 13"55™37°.69 and declination +40°28'39”.1
in the spiral galaxy NGC 5371 at redshift z = 0.008533 (Springob et al. 2005). The
distance to NGC 5371 is uncertain due to its low redshift. We adopt the mean of sev-

eral distances measured using the method of Tully & Fisher (1977), which gives d =
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29.9 4+ 5.1 Mpc (values from the NASA Extragalactic Database!). Using the Schlafly &
Finkbeiner (2011) dust map calibrations, we estimate a Galactic line-of-sight extinction
to SN 2020bio Eyw (B —V) = 0.008 mag. Given the location of SN 2020bio with respect
to its host galaxy, we also estimate host extinction using the Na I D equivalent widths
measured in a high-resolution spectrum of the SN. From the conversions presented in Poz-
nanski et al. (2012), we estimate Ej,s(B — V) =0.068 £ 0.038 mag for a total extinction
E(B—-V) =0.076 + 0.038 mag. The photometry of SN 2020bio presented throughout
this work is corrected for this mean total extinction.

LCO photometric follow-up commenced less than a day after discovery. UBgVri-
band images were obtained by the Sinistro and Spectral cameras mounted on LCO 1.0m
and 2.0m telescopes, respectively, located at McDonald Observatory, Teide Observatory,
and Haleakala Observatory. Data were reduced using lcogtsnpipe (Valenti et al. 2016)
which extracts point-spread function magnitudes after calculating zero-points and color
terms (Stetson 1987). UBV-band photometry was calibrated to Vega magnitudes using
Landolt standard fields (Landolt 1992) while gri-band photometry was calibrated to
AB magnitudes (Smith et al. 2002) using Sloan Digital Sky Survey (SDSS) catalogs.
As SN 2020bio exploded coincident with its host galaxy, to remove host galaxy light
we performed template subtraction using the HOTPANTS (Becker 2015) algorithm and
template images obtained after the SN had faded. Unfiltered images were obtained with
the Itagaki Astronomical Observatory (Okayama and Kochi, Japan) 0.35 m telescopes +
KAF-1001E (CCD). Using our custom software, the photometry was extracted after host
subtraction and calibrated to the V-band magnitudes of 45 field stars from the Fourth
US Naval Observatory CCD Astrograph Catalog (Zacharias et al. 2013).

We also obtained ATLAS (Tonry et al. 2018; Smith et al. 2020) forced photometry

from the forced photometry server (Shingles et al. 2021). Images obtained on the same

Thttps://ned.ipac.caltech.edu/
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night were averaged for higher signal-to-noise. Magnitudes in the ¢- and o-bands were
calibrated to AB magnitudes.

UV and optical photometry were obtained with the Ultraviolet and Optical Telescope
(UVOT; Roming et al. 2005) on the Neil Gehrels Swift observatory (Gehrels et al. 2004).
Swift data were reduced using a custom adaptation of the Swift Optical/Ultraviolet
Supernova Archive (Brown et al. 2014) pipeline with the most recent calibration files and
the zeropoints of Breeveld et al. (2011). Images from the final epoch, obtained after the
SN had sufficiently faded, were used as templates to subtract the host galaxy light. All
Swift photometry is calibrated to Vega magnitudes.

LCO spectra were obtained by the FLOYDS spectrograph on the 2.0m Faulkes Tele-
scope North at Haleakala Observatory. Spectra cover a wavelength range of 3500-10,000
A at a resolution R ~ 300-600. Data were reduced using the floydsspec pipeline?, a cus-
tom pipeline which performs cosmic ray removal, spectrum extraction, and wavelength
and flux calibration. We also present one spectrum obtained by the B&C spectrograph on
the 2.3m Bok Telescope at Steward Observatory, two spectra obtained by the Blue Chan-
nel Spectrograph on the 6.5m MMT at the Fred Lawrence Whipple Observatory, and one
spectrum obtained by the Optical System for Imaging and low-Intermediate-Resolution

Integrated Spectroscopy spectrograph on the 10.4m Gran Telescopio Canarias.

6.3 Photometric and Spectral Analysis

6.3.1 Spectroscopic Classification

Given the unusual features of SN 2020bio compared to SNe IIb in literature (see Sec-

tions 6.3, 6.4), as well as the lack of a public classification, here we attempt to accurately

2https://github.com/svalenti/FLOYDS pipeline/
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Figure 6.2: The spectrum of SN 2020bio compared with spectra of the Type IIb
SN 1993J and the Type Ib SN 2022crv at the same phase. SN 2020bio has spectral
features in common with both these classes. The inset shows the region surrounding
the Ha line. SN 2020bio has a weak and broad Ha emission feature that is weaker
than that in the spectrum of SN 1993J. However, this feature is much different than
seen in SN 2022crv. This may indicate that the progenitor of SN 2020bio was stripped
almost entirely of its H-rich envelope.
classify SN 2020bio. Analyzing the spectrum of SN 2020bio 25 days after discovery using
SN classification software (Howell et al. 2005; Blondin & Tonry 2007) gives matches to
both SNe ITb and SNe Ib at the correct phase and redshift. This spectrum of SN 2020bio
compared with spectra at the same phase from the prototypical Type IIb SN 1993J (Bar-

bon et al. 1995) as well as the normal Type Ib SN 2022crv (Y. Dong et al., in prep.) are
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shown in Figure 6.2. SN 2020bio has spectral features that match both objects. For ex-
ample, the strong Ca Il near-infrared P-Cygni feature matches the SN Ib, but the features
blueward of 5000 A more closely resemble SN 1993J. We focus on the region surrounding
the Ha feature in the inset. SN 2020bio lacks the strong, broad emission feature that is
commonplace in most SNe IIb spectra. However, it also does not match the strong Hel
A 6678 feature that is seen in the SN Ib.

We consider two possibilities to explain the observed features in this region of the
spectrum. First, it may consist mainly of broad but weak Ha emission with a super-
imposed narrow host emission line. An absorption feature just blueward of that host
line may be He A\ 6678 absorption, as seen in other “flat-topped” Ha features in SNe
ITb. Assuming this absorption is from He, we measure an ejecta velocity of ~ 7500 km
s71. This velocity also corresponds to other absorption features seen in the spectrum
corresponding to He I A 5876 and He I A 7065.

The second possibility is that the broad feature is composed entirely of He I emission.
In this case, the He absorption from this P-Cygni feature gives an ejecta velocity of =
14,000 km s~!. The narrow absorption just blueward of the narrow He is more difficult
to explain. One potential source is absorption by circumstellar H. The velocity of the

absorption minimum relative to He is &~ 1000 km s~!

—faster than typical red supergiant
or yellow supergiant winds (Smith & Arnett 2014) but not unreasonable if the CSM is
accelerated by interaction with the SN ejecta. Circumstellar interaction may also con-
tribute to the narrow Ha emission feature. While inspecting the 2D FLOYDS spectrum
reveals residual Ha contamination from the host galaxy, analyzing the full-width at half-
maximum of this line over the first three weeks after explosion reveals a decreasing trend.
Therefore, we cannot rule out circumstellar interaction as a contribution to the narrow

H P-Cygni feature.

In summary, the classification of SN 2020bio is difficult to determine with high con-
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fidence. The spectra reveal that this object is unique—emission from H-rich ejecta is
very weak or nonexistent at all, and circumstellar interaction may be contributing to
the peculiar spectral features. If there is weak but broad H emission, then the outer
layers of the progenitor may have been almost entirely stripped of the H-rich material,
placing SN 2020bio in a transitional region between SNe IIb and SNe Ib. On the other
hand, if the ejecta is H-free then SN 2020bio is a very rare example of an SN Ib with a
double-peaked light curve. However, based on the emission centered around ~6550 A
that is broader than seen in typical SN Ib spectra, as well as the consistent ejecta velocity

1

measurements of &~ 7500 km s™", we favor the former interpretation. Therefore, for the

sake of classification, the presence of weak H allows us to classify this object as a SN of

Type IIb.

6.3.2 Light Curve and Color Evolution

In Figure 6.1 we show the full LCO, ATLAS, and Swift extinction-corrected light
curve of SN 2020bio, from detection to ~ 160 days after explosion. The discovery and
subsequent follow-up photometry from Itagaki are included as “Clear” data points. The
inset shows in greater detail the early-time evolution of the SCE, focusing on the first
week after discovery. The most distinctive feature of the light curve is the luminous
and rapidly-declining SCE at early times. The peak SCE luminosity exceeds that of the
secondary peak ~ 15 days later, but SCE only dominates the light curve during the first
several days. Over this time the light curve falls by ~ 4 mag in the first week, making
this phase difficult to observe without rapid multi-wavelength follow-up.

After &~ 4 days from discovery the slope of the light curve decline changes as the
luminosity from %°Ni decay begins to dominate the light curve. After about a week the

light curve re-brightens and reaches a secondary maximum =~ 15 days after discovery.
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Figure 6.3: UV - optical colors of SN 2020bio compared with those of other SNe
IIb with early-time Swift observations. SN 2020bio was bluer at earlier phases than
the other SNe IIb. Data for these comparison SNe were obtained from the following
sources: Arcavi et al. (2011) (SN 2011dh); Morales-Garoffolo et al. (2014) (SN 2013df);
Arcavi et al. (2017) (SN 2016gkg); Pritchard et al. (2014) and Open Astronomy Cat-
alog (SN 2010jr); this work (SN 2020bio).

From this point the emission settles onto the radioactive decay tail, powered by *Co

decay, for the remainder of the observations. The secondary peak and overall late-time

light curve is relatively dim, peaking at M &~ -14 mag in the V-band, hinting at a small

amount of °®Ni synthesized in the explosion.

In Figure 6.3 we compare the early-time UV-optical colors of SN 2020bio to those of

other SNe IIb with observed SCE in the UV. The B- and V-band data for all the ob-

jects, with the exception of SN 2010jr, are ground-based photometry to avoid uncertain

subtractions and calibrations in Swift optical bands. All dates are given with respect

to the time of discovery and corrected for extinction according to the published values
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for each object. SN 2020bio has both the earliest observations relative to discovery and
the bluest colors throughout its evolution compared to the other objects. While ob-
jects such as SN 2010jr and SN 2016gkg have more densely-sampled light curves, their
observations began later and their colors evolved redward faster compared to SN 2020bio.
Of the 6 colors plotted, SN 2020bio is exceptionally blue in the UVM2-B and UVM2-V
colors, particularly in the earliest epochs. This may be evidence for another luminosity

contribution besides SCE, as we discuss in Section 6.5.

6.3.3 Spectral Comparison

Spectral coverage of SN 2020bio began fewer than 2 days after the first detection—approximately
3 days since the estimated explosion time (Section 6.4.2)—and continued for 201 days.
We plot the full spectral series in Figure 6.4. The earliest spectrum of SN 2020bio, re-
ported to the Transient Name Server (Srivastav et al. 2020), shows a hot blue continuum
superimposed with weak emission features. We identify a potential weak, broad feature
of HeI A5876 A blueshifted by ~ 11000 km s~'. We also note potential narrow lines of
Ha and HpS; however, these features are consistent with host galaxy contamination at
the resolution of the spectrum.

After about a week post explosion, absorption features begin to develop in the spectra.
We identify lines of He, O, and Ca. The absorption feature blueward of the rest-frame Ha
line matches He I A 6678A absorption blueshifted by &~ 7500 km s, which is commonly
noted to cause “flat-topped” Ha emission profiles in other SNe IIb (e.g., Filippenko et al.
1993). In general, the absorption features in the SN 2020bio spectra are shallower than
those of the other SNe IIb, particularly SN 2011dh. Interaction with CSM can produce
absorption features that are weaker and shallower than expected, which has been noted

in the spectra of SN 1993J and SN 2013df (Fremling et al. 2019).
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Figure 6.4: The full spectral time series of SN 2020bio. Phases with respect to the de-
tection epoch are given above each spectrum. Notable spectral features are identified
with dashed lines. The first spectrum is the publicly-available classification spectrum
retrieved from the Transient Name Server.

To further investigate the differences between SN 2020bio and other SNe IIb, we plot
comparison spectra just after explosion (top), after two weeks (middle), and three weeks

(bottom) after explosion in Figure 6.5. Among this sample, many of the other SNe ITb
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Figure 6.5: Spectra of SN 2020bio compared with spectra of other SNe IIb at similar
phases. Phases with respect to the estimated explosion time are given above each
spectrum and notable spectral features are identified with red (H) and blue (He) ver-
tical lines at their rest-frame wavelengths. The spectra of SN 2016gkg are unpublished
spectra obtained by LCO while the other comparison spectra were retrieved from Wis-

eRep (Yaron & Gal-Yam 2012).

show broadened, high-velocity H and He features at early times. However, the spectrum

of SN 2020bio at this same phase shows only a blue continuum with possible weak Hel
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emission. This difference suggests that the photosphere has not yet receded within the
outermost ejecta. One explanation for this is if the SN ejecta is surrounded by low-density
CSM. At this phase any narrow lines caused by photoionization or collisional excitation
may have vanished but the photosphere could still lie within this shock-heated material,
obscuring the ejecta features within. By the time of our next spectrum (4 days after
discovery) the photosphere has receded into the SN ejecta, revealing broad SN features.
Narrow lines also persist in the spectra of SN 2020bio; however, these are at least partially
due to galaxy contamination, as floydsspec does not remove host galaxy contamination
during the reduction.

Differences persist weeks after the estimated explosion times. While the other SNe
ITb have developed broad Ha and Hf emission features, these same lines are weaker
in SN 2020bio. This could be partly caused by He I A 6678A absorption, which has
an absorption trough coincident with the Ha flux when blueshifted by ~ 7500 km s~ *.
Another possibility, as mentioned in Section 6.3.1, is that the H emission from SN 2020bio
is inherently weaker than in other SNe IIb, which may be the case if the progenitor lost
more of its outer H envelope than the progenitors of the other SNe IIb did. Weak
H emission, along with potential CSM, point to a scenario in which the progenitor of

SN 2020bio underwent enhanced mass-loss, shedding almost all of its outer H layer before

exploding. If this is the case, such a progenitor scenario to SN 2020bio is unique among

other well-studied SNe IIb.
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Figure 6.6: Shock-cooling fits to the early-time photometry of SN 2020bio using the
models of (left) P15 and P21; and (right) SW17, assuming a constant optical opacity
appropriate for solar-composition material. Photometry in each band has been offset
for clarity. Itagaki discovery photometry has been included in the V-band fits.

6.4 Light-curve Modeling and Progenitor Inference

6.4.1 Shock-cooling Model Descriptions

A variety of analytical and numerical models of SCE have been developed in recent
years. Here we consider 3 analytical models that are commonly used to fit the early-
time emission of core-collapse SNe. The P15 model extends the formalism of Nakar &
Piro (2014) to reproduce the full shock-cooling peak. It assumes a lower mass extended
envelope without assuming its specific density structure. On the other hand, SW17
calibrates to the numerical models of Rabinak & Waxman (2011) and assumes specific
polytropic indices for the extended envelope. The methodology used to fit these models to
the data and derive resulting blackbody properties are presented in Arcavi et al. (2017).

More recently, Piro et al. (2021) developed another analytical model to better repro-

duce the early SCE observed in a variety of transients (e.g., Arcavi et al. 2017; Yao et al.
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2020). They assume a two-zone extended envelope in homologous expansion and calcu-
late the emission from this shocked material. This method begins by assuming extended
material in homologous expansion separated into two regions—an outer density profile

" where n ~ 10, and an inner region with p oc r=¢, where § ~ 1.1.

described by p o< r~
Assuming a transitional velocity v; between the inner and outer regions of the extended

material, the time for the diffusion front to reach this transition is given by

d= (ﬂ) v (6.1)

n— 1)ye
where K = %, k is the optical opacity, and M, is the mass of the extended material.

The luminosity from the cooling of the extended material is then defined piecewise for

times before and after this diffusion time:

m(n — 1) cR.v?

ta 4/(n—2)
L(t) =~ — t<t 6.2
®) 3(n—5) kK (t) = (62)
and
7(n — 1) cR.v? 1/t?
L(t) ~ — (5 —-1)|,t>t 6.
O~ 30 =5 x xp| z(tg )] 12t (63)

To fit the photometry in each band, we assume that the material radiates as a black-
body at some photospheric radius 7,,. The photosphere reaches the transition between

the two regions at a time
3K M, ]1/2

toh = [W (6.4)

and the time evolution of the photospheric radius is given relative to this characteristic

time:
ton\ 2/(n=1)
ron(t) = (%) ity t < by, (6.5)
and
§—1/¢ ~1/(5-1)
ron(t) = [— (— - 1) + 1} vt > Ly, (6.6)
P n—1\t2, P
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In addition, we attempt to fit the analytical models of Shussman et al. (2016), which
are calibrated to numerical simulations from shock breakout to recombination. However,
these model fits are unable to reproduce the rapidly-declining shock-cooling emission
in all filters during the week after explosion. It is possible this shortcoming is due to
an unphysical application of the model-—which is calibrated to numerical simulations
of red supergiants—to the early light curve of SN 2020bio, which likely had a different
progenitor structure. Detailed comparisons between numerical models of SNe IIb and

the Shussman et al. (2016) models are beyond the scope of this work.

6.4.2 Best-fit Analytic Models

We fit each model to the early-time photometry of SN 2020bio. For the SW17 model
we consider two polytropic indices (n = 3/2 and n = 3), appropriate for convective
and radiative envelopes, respectively. Only data taken up to 3.5 days after discovery
are fit, as this is the time when SCE dominates the luminosity over radioactive decay
(see Section 6.4.3 for a quantitative treatment of the *Ni light curve). Additionally, we
ensure that the phases we fit fall within the validity range of each model. In each case we
fit for the progenitor extended envelope radius, R.,,, the envelope mass, M,,,, either the
characteristic velocity or the shock velocity v of the outer material, and the offset time
since explosion ty. We use the emcee package (Foreman-Mackey et al. 2013) to perform
Markov Chain Monte Carlo fitting of each model, initializing 100 walkers with 1000 burn-
in steps and running for an additional 1000 steps after burn-in. For each step, the total
luminosity is computed using the analytical model formalism, and the luminosity within
each filter is compared to the observed photometry assuming a blackbody spectral energy
distribution (SED). We fit each model assuming an optical opacity x = 0.34 cm? g~

consistent with solar composition material.
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The best-fit models to the multi-band SCE light curves are shown in Figure 6.6. The
Itagaki discovery data that capture the rise are calibrated to the V-band. We find that
all the models fit the early-time data well, reproducing the rapid rise, luminous peak, and
subsequent decline in all filters. Quantitatively the SW17 model for convective envelopes
(n = 3/2) has the lowest reduced x? value, indicating the model most closely matches the
observations. On the other hand, the best-fit envelope mass for the SW17 model with a
radiative (n = 3) envelope is larger than the total ejecta mass, estimated in Section 6.4.3.
Therefore, we do not consider this model representative of the progenitor of SN 2020bio.

Based on the unusual properties of SN 2020bio compared to other SNe IIb, including
its weak H spectral features and faint secondary light-curve peak, we test whether a
lower-opacity envelope better reproduces the observed SCE. This could be the case if the
progenitor star was almost completely stripped of its outer H envelope. We perform the
same fitting routine but fix the opacity x =0.20 cm? g=! for H-poor material. We find no
differences in goodness of fits for each model between the two chosen opacities—both the
H-rich and H-poor envelopes produce similarly good fits. However, there are differences
in the fitted parameters between the best-fit models. In the H-rich case, the envelope
radii and masses from the best-fit SW17 model are consistent with those estimated for
other SNe IIb (i.e. radii of ~ 1x10" ¢m and masses of 10731072 My). In the H-poor
case, however, the radii are smaller (= 100 R;) and the envelope masses are larger (=~
0.5 Mg). These values are more consistent with those estimated for Type Ib and Ca-rich

transients with observed SCE (e.g., Yao et al. 2020; Jacobson-Galan et al. 2022b).

6.4.3 Bolometric Luminosities and Numerical Modeling

SCE dominates the total luminosity only for several days after explosion. The rest

of the light curve is powered by the radioactive decay of °°Ni and its children isotopes.
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Figure 6.7: Numerical MESA and STELLA model light curves of SN 2020bio for varying

Mpy;i. Both the secondary light-curve peak and late-time light-curve slope are best

reproduced with ~ 0.02 My, of *°Ni synthesized in the explosion.
Using our multi-band coverage of SN 2020bio for ~ 160 days after explosion, we construct
a pseudo-bolometric light curve to fit for the amount of **Ni produced in the explosion.
For epochs with observations in more than 3 filters, we extrapolate the SED out to the
blue and red edges of the U- and i-band filters, respectively, using a univariate spline. We
choose to extrapolate the (extinction-corrected) photometry rather than fit a blackbody
SED because the spectra are not representative of a blackbody throughout the object’s
evolution.

To infer the properties of the pre-explosion progenitor as well as the explosion itself,
we compare numerical MESA (Paxton et al. 2011, 2013, 2015, 2018, 2019) and STELLA
(Blinnikov et al. 1998, 2000, 2006) model explosions to our pseudo-bolometric light curve.
As no model from the grid of Hiramatsu et al. (2021a) reproduces the weak secondary
peak of SN 2020bio, we attempt to construct our own best-fit model. We begin with

a MESA progenitor with Mzams = 15 My and evolve it to a final mass of 4.8 M,. At
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explosion the progenitor has a H-rich envelope radius of 280 R, and mass of 0.10 M),
in agreement with values we find from our best-fit H-rich SCE models. The explosion
energy and ejecta mass are fixed at 0.9 x 10° erg and 2.9 M., respectively, and the
mass of 5°Ni (My;) is varied between 0.015 and 0.020 M. These explosion models are
then run through STELLA in order to reproduce the bolometric luminosity evolution. For
more information, see Hiramatsu et al. (2021a).

The resulting model light curves are shown in Figure 6.7, compared with the pseudo-
bolometric light curve of SN 2020bio. We find decent qualitative agreement between
the numerical models and the observed light-curve evolution, particularly at later times.
The secondary light-curve peak and late-time light-curve slope are well reproduced by an
explosion which synthesizes ~0.02 M, of ®Ni. The secondary light-curve peak may be
overproduced, but the exact peak luminosity and time of peak are uncertain given the
gap in our observational coverage.

Interestingly, however, the peak luminosity of the SCE is not reproduced by these
models. It may be that the treatment of the SN shock and the subsequent cooling of the
outer envelope is too complex to fully simulate within these models. On the other hand, it
is possible that an additional powering mechanism contributes to the early-time evolution.
To test this, we explore how the addition of different mass-loss rates and timescales to
the models affects the early-time light curve through short-lived circumstellar interaction.
To the best-fit MESA model we attach a wind density profile posm(r) = Mying JATT? Vying,
where vying = 10 km s7'. These CSM models are shown in Figure 6.8. We find that the
best-fit models have a confined CSM with masses of 1 x 1072 — 1 x 1072 M, lost by the
progenitor within the last several months before explosion. This hints that circumstellar
interaction may contribute to the rapidly-fading early-time emission of SN 2020bio and
possibly other SNe IIb. If this is the case, then the information estimated through SCE

model fits may not be truly representative of the true nature of their progenitors.
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The values inferred from this numerical modelling, particularly the °Ni mass, are
on the low end of the distribution of values estimated for other well-studied SNe IIb.
SNe IIb with double-peaked light curves typically display secondary radioactive decay-
powered peaks equally or more luminous than the peak of the SCE, implying a greater
amount of *°Ni synthesized. Studies using samples of these objects have found average
%Ni masses of ~ 0.10 — 0.15 M, and average ejecta masses of ~ 2.2 — 4.5 M (Lyman
et al. 2016; Prentice et al. 2016; Taddia et al. 2018), in better agreement with ejecta
parameters of other stripped-envelope and H-rich core-collapse SNe. However, rare cases
of underluminous SNe IIb with low inferred My; have been discovered (e.g., Nakaoka
et al. 2019; Maeda et al. 2023). These objects have light curves that appear transitional
between standard SNe II-P and SNe IIb, which differ from the observed photometric
evolution of SN 2020bio.

On the other hand, in the case of SN 2018ivc, both a low 5°Ni mass (My; < 0.015M,)
and progenitor mass (Mzams < 12M) are inferred (Maeda et al. 2023). It is possible
that other SNe IIb with little synthesized **Ni may be undercounted due to their rapidly-
fading or underluminous light curves. Maeda et al. (2023) also concluded that the light
curve of SN 2018ivc was powered at least in part by circumstellar interaction. Sustained
circumstellar interaction has been inferred for other SNe IIb, either through late-time
spectral features (Maeda et al. 2015; Fremling et al. 2019) or through X-ray and radio
observations (Fransson et al. 1996). It may be that the mechanism that produced the
confined CSM inferred from our numerical models of SN 2020bio, and possibly that seen

in the case of SN 2018ivc, points to more extreme mass-loss than found in other SNe IIb.
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Figure 6.8: Numerical MESA and STELLA circumstellar interaction-powered model light
curves of SN 2020bio at early times. Different color curves correspond to models with
varying mass-loss rates and timescales. Leftward-facing arrows show the range of
possible explosion epochs inferred from our SCE fits. The early-time emission excess
is best reproduced with 0.001-0.01 Mg of CSM.

6.4.4 Comparison to Nebula Spectra Models

A trend between an increasing amount of synthesized O and increasing core-collapse
SN progenitor mass has been extensively studied (e.g., Woosley & Heger 2007). Jerk-
strand et al. (2015) use this relationship to calibrate the [OI] A\ 6300,6364 luminosity,
normalized by the radioactive decay luminosity at the same phase, with numerical models
of SNe IIb progenitors (see Eq. 1 of Jerkstrand et al. 2015). The authors consider models
with zero-age main-sequence masses between 12 M and 17 M. Comparing the observed
normalized [OI] luminosity for a handful of SNe IIb, such as SN 1993J, SN 2008ax, and
SN 2011dh, to these models allows for a direct estimate of their progenitor masses—all

of which fall in the range of masses modeled.
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Figure 6.9: The nebular spectrum of SN 2020bio (black) compared to that of SN 1993.J
(blue), the 12C model of Jerkstrand et al. (2015 gray), and the transitional Type
IIb/Ibn SN 2018gjx (Prentice et al. 2020) at the same phase. Fluxes have been nor-
malized to the [O I] emission feature and galaxy emission lines have been masked for
clarity. Notable features in the spectrum of SN 2020bio have been marked with dashed
lines—Ha (red), He I A 5876, A 7065 (blue), and Na ID (gold).

Here we reproduce this analysis using a nebular spectrum of SN 2020bio, obtained
201 days after the estimated explosion, shown in Figure 6.9. We estimate the luminos-
ity from the [OI] A\ 6300,6364 emission doublet in the same way as Jerkstrand et al.
(2015)—assuming the width of the feature to be 5000 km s™!, we estimate the contin-
uum by finding the minimum flux redward and blueward of this width and calculate the
luminosity within the continuum-subtracted feature. We normalize this luminosity using
the luminosity of **Ni decay, assuming the best-fit My; from Section 6.4.3.

The normalized luminosity at 201 days is Lyerm (t=201) =9x10~* & 2x107°. This
value is lower than any of the numerical models analyzed by Jerkstrand et al. (2015),
implying a progenitor mass < 12 M. A low progenitor mass for SN 2020bio can also be

inferred from the ratio of the [Call] AX 7311, 7324 to [O I] A\ 6300, 6364 fluxes. A higher

ratio implies a lower-mass progenitor, with SNe IIb from literature having values < 1

165



SN 2020bio: Diversity in the Class of Double-peaked Type lIb Supernovae Chapter 6

throughout their nebular phases (e.g., Fang et al. 2019; Terreran et al. 2019; Hiramatsu
et al. 2021a). Using the same procedure as above, we estimate a [Call] to [O 1] ratio of
1.34 + 0.03—again pointing to a low-mass progenitor star.

Nebular spectroscopy has also been used to infer the presence of late-time circumstel-
lar interaction in several SNe IIb, including SN 1993J (Fransson et al. 1996), SN 2013df
(Maeda et al. 2015), and ZTF18aalrxas (Fremling et al. 2019). In these objects, interac-
tion with H-rich material lost by the progenitor star was inferred through the presence of
a boxy Ha profile which strengthened with time. While the origin of this feature at times
< 300 days after explosion is debated (e.g., Fang & Maeda 2018), Fremling et al. (2019)
show that this feature is visible as early as ~ 180 days after explosion. To search for
signatures of interaction, in Figure 6.9 we compare the nebular spectrum of SN 2020bio
with that of SN 1993J from a similar phase, the 12C model from Jerkstrand et al. (2015),
and the interacting Type IIb/Ibn SN 2018gjx (Prentice et al. 2020). The host galaxy
emission lines have been masked in the spectrum of SN 2020bio and all spectra have been
normalized to the strength of the [O I] emission feature. The relative strength of the [O
I] and [Ca II] features of SN 2020bio is well-reproduced by this model, again supporting
a ~ 12 Mg zero-age main sequence progenitor.

At this phase SN 2020bio exhibits several unusual features. An excess redward of the
[O T] A 6300,6364 feature relative to the 12C model can be attributed to Ha powered by
circumstellar interaction (Maeda et al. 2015; Fremling et al. 2019). While this feature may
be due to [N II] (Jerkstrand et al. 2015), Fremling et al. (2019) found that ZTF18aalrxas
still showed an excess even after subtracting off numerical models of SN IIb nebular
spectra at this phase. More intriguing are two additional features centered around the
He I X\ 5876 and He I A 7065 lines. These features are not found in the 12C model
spectrum; however, they are of comparable width (albeit weaker in intensity) to the He

I lines found in the nebular spectrum of SN 2018gjx. Prentice et al. (2020) claim that
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these lines are due to persistent interaction with He-rich circumstellar material that is
revealed after the SN photosphere has receded sufficently far. It is interesting to note
that SN 2020bio and SN 2018gjx share several characteristics, including: Ha P Cygni
features that are weaker than that of SN 1993J roughly 20 days after explosion; strong
shock cooling emission and a weak secondary light curve peak, with similar amounts of
Ni produced; and weak [O I] compared to [Ca II] in their nebular spectra.

Based on its low synthesized **Ni mass and nebular spectral features, we conclude that
SN 2020bio was likely the core-collapse of a star with a lower mass than the progenitors

of most other SNe IIb.

6.5 Discussion and Conclusions

We have presented rapid multi-band photometric and spectroscopic observations of
SN 2020bio, a Type IIb SN with luminous and rapidly-evolving SCE, beginning < 1
day after explosion. Compared with other well-observed SNe IIb, SN 2020bio has the
bluest colors at early times as well as weak H spectral features throughout its evolution.
Fitting analytical models of SCE to the early-time light curve gives progenitor radii on
the order of 100 R, — 500 R. and envelope masses of 0.01 My — 0.5 M., for our best-
fit models, which are slightly greater than values derived for other SNe IIb progenitors
using the same methods (e.g., SN2016gkg; Arcavi et al. 2017). The weak secondary
peak powered by radioactive decay is evidence of relatively little *Ni synthesized, My; ~
0.02 Mg, which is in tension with average My; estimates from samples of other SNe IIb.
Numerical modeling of the progenitor explosion within confined circumstellar material is
consistent with the observed light curve, showing that circumstellar interaction is likely
needed to reproduce the complete pseudo-bolometric light curve. Finally, comparing the

nebular spectra to numerical models implies a progenitor mass < 12 M.
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It is difficult to explain all these peculiar features of SN 2020bio in one consistent
model. The combination of its blue colors, nebular spectral features, and our numerical
modeling points to interaction with confined CSM that was stripped from the progenitor’s
outer envelope during the months prior to explosion. The best-fit progenitor parameters,
particularly the large envelope radius and low envelope mass, may suggest an inflated
progenitor undergoing enhanced mass-loss immediately before exploding. However, the
very low %°Ni and ejecta masses inferred from the later-time light curve, as well as the
nebular spectroscopy, point to a lower-mass progenitor. It is possible that SN 2020bio
was the collapse of an unusually low-mass core within a dense CSM produced from its
lost H layers. Such extensive mass-loss likely requires interaction with a binary com-
panion, as inferred for other SNe IIb (e.g., Maund et al. 2004; Benvenuto et al. 2013;
Prentice et al. 2020). Interaction between the SN ejecta and this CSM explains the blue
colors and obscured ejecta features at early times while the small 5Ni mass and nebular
spectrum indicate a low zero-age main-sequence mass. This interaction can lead to an
over-estimated progenitor radius—if the CSM was near enough to the progenitor, we may
have observed the shock-cooling of this extended CSM instead of the outer envelope of
the progenitor. In the future, more detailed models and multi-wavelength observations,
particularly in the radio and X-rays, will be needed to infer SNe IIb progenitor mass-loss
rates and CSM masses.

Given the weak H spectral features when compared to spectra of other SNe IIb,
SN 2020bio may be an intermediary object between the Type IIb and Ib subclasses,
representing a progenitor that was recently stripped almost entirely of its H-rich envelope.
Transitional objects between SNe IIb and SNe Ib have been observed (Prentice & Mazzali
2017) and can be explained by different amounts of H remaining in the outer envelope
at the time of explosion. More difficult to explain are the small *Ni and ejecta masses,

which are lower than those measured for both SNe IIb and SNe Ib (e.g., Taddia et al.
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2018). Some objects that exist in the literature with both low ejecta and °°Ni masses and
observed SCE are peculiar SNe Ib as well as Ca-rich transients. However, it is difficult to
reconcile the photospheric-phase spectra of SN 2020bio, which are most similar to those
of other SNe IIb, with the spectra of these objects, which are often used to argue for
a degenerate or ultra-stripped progenitor (Yao et al. 2020; Jacobson-Galan et al. 2022
b). Instead, it is more likely that SN 2020bio had a massive star progenitor more similar
to the progenitors of other SNe IIb based on their similar photospheric-phase spectral
features.

Perhaps more interesting are the similarities between SN 2020bio and SN 2018gjx.
SN 2018gjx is a peculiar object; Prentice et al. (2020) found that it showed evidence for
CSM shock-cooling at early times before displaying typical SN IIb spectra. Around 30
days after explosion the spectra began showing strong emission features of He I that
the authors argued were powered by interaction with He-rich material, revealed by the
receding photosphere, that persisted into the nebular phase. Like SN 2020bio, it had a
weak secondary light-curve peak that implied a synthesized °°Ni mass of 0.021 M. A
scenario that explains all these observations is an SN IIb explosion with an asymmetric
ring or torus of CSM, viewed equatorially. The fact that the interaction signatures are not
as prevalent in the spectra of SN 2020bio, both within the first few days of explosion and
during the nebular phase, may suggest a viewing angle between equatorial and polar—if
this is the case, more of the SN photospheric and nebular features would be visible, rather
than blocked by the ongoing interaction. The CSM masses inferred from model fits for
both objects are roughly the same (= 0.01 Mg). This may reveal that the progenitor of
SN 2020bio underwent extensive mass-loss, perhaps losing almost all of its H-rich material
before exploding. Even in this extreme case, however, the models used throughout this
analysis (e.g., Piro 2015; Sapir & Waxman 2017; Piro et al. 2021) have been applied

to both H-rich and H-poor objects. Therefore we are confident our conclusions remains
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valid, regardless of the exact amount of H remaining in the progenitor envelope.

This study contributes to the overall diversity in the progenitors of SNe IIb. More
systematic studies of SNe with observed SCE will be needed to search for similarities and
differences in their progenitor systems. In particular, this work shows the importance
of rapid, multi-wavelength follow-up of these objects. It is particularly important to
better understand the number of SNe IIb with weak secondary light-curve peaks, such
as SN 2020bio. These objects may have later-time (> 5 days) luminosity below the
detection threshold of current all-sky surveys as well as rapid early-time emission which
evolves too quickly to be extensively followed. Therefore we may be under-counting the
rates of core-collapse, stripped-envelope SNe with low *Ni and ejecta masses. A better
understanding of their progenitors will be important for exploring the low-mass end of

core-collapse SNe.
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Chapter 7

Conclusions and Future Outlook

Today, wide-field time-domain surveys are greatly increasing the sample of supernova can-
didates each year. However, to maximize the scientific impact from these large data sets it
is necessary to obtain high-cadence photometric and spectroscopic follow-up observations
of potential targets of interest, including objects with poorly-understood properties. This
dissertation shows the importance of studying objects discovered on the extreme edges
of supernova parameter spaces. In particular, the advances made by the presented works
would not have been possible without rapidly-schedulable, multi-wavelength follow-up
resources such as Las Cumbres Observatory.

The presented works have emphasized the importance of early-time observations of
supernovae in multiple ways. Rapidly-triggered spectroscopic follow-up has revealed
significant diversity in the ejecta velocities of otherwise homogeneous Type Ia supernovae;
Chapter 2 studies the origin of some of the fastest-moving ejecta ever observed for a Type
[a supernova, and the constraints these observations can place on its otherwise poorly-
understood progenitor system and explosion mechanism.

This dissertation is also one of the first works to probe the extremes of supernova phase
space, using multi-wavelength data sets from the ultraviolet to the infrared, in order to
study the group of rapidly-evolving supernovae in greater detail. As a result, this research

question has led to several discoveries at the forefront of the field today. Comparisons
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between spectroscopically-classified and unclassified objects points to circumstellar inter-
action as a powering mechanism that can reproduce the light curves of many luminous
fast transients, connecting these objects to poorly-understood mass loss at the endpoints
of stellar evolution (Chapter 4). Furthermore, the search for fast-evolving supernovae led
to the discovery of Type Icn supernovae, a new class showing evidence for extreme mass
loss. Remarkably, studying the first sample of these rare objects revealed strong evidence
for diversity in their progenitor channels, including low-mass, ultra-stripped stars as po-
tential progenitors for interacting, stripped-envelope supernovae (Chapter 5). Finally,
studying a peculiar example of a relatively well-understood class (Type IIb) revealed
surprising diversity in their progenitor stars and circumstellar environments, elucidating
the origins of faint, fast-evolving supernovae (Chapter 6).

These research advances are just a few of the many that have been spurred by early-
time detections and observations of supernovae. Indeed this deluge of discoveries and
data have paved the way for new areas of research and revealed new tensions between
theory and observation. For example, advances in theoretical simulations have renewed
the community’s interest in double detonations as the potential explosion mechanism for
some, if not all, Type Ia supernovae (e.g., Shen & Bildsten 2009; Polin et al. 2019). On
the observational side, a growing number of Type la supernovae show early-time light-
curve excesses (e.g., Hosseinzadeh et al. 2017a; Burke et al. 2021; Hosseinzadeh et al.
2022). These excesses may be evidence of a double detonation explosion, a nondegenerate
companion (Kasen 2010), or significant *Ni mixing (Magee & Maguire 2020), among
other scenarios. Along with their ejecta velocities, Type Ia supernovae show greater
diversity at early times than expected, and understanding the causes of this diversity
will be essential for understanding their explosion mechanisms and progenitor channels.

For core-collapse supernovae, early-time observations have shown surprising diversity

in their circumstellar environments. Along with new classes of transients with unique
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circumstellar compositions, such as Type Icn supernovae, there is a renewed interest in
interaction with circumstellar material in otherwise normal supernovae. For example,
large fractions of Type II supernovae show evidence for pre-existing circumstellar ma-
terial in their early-time “flash” spectroscopy (e.g., Bruch et al. 2022). This supports
recent findings that even “normal” red supergiants undergo greatly-enhanced mass-loss
in the final years of their lives, perhaps due to unstable nuclear burning (Jacobson-Galan
et al. 2022a). Furthermore, several recent studies find that late-time interaction may
be more common than previously thought, particularly in stripped-envelope supernovae
(Kuncarayakti et al. 2022). Evidence that interaction with circumstellar material is com-
monplace has already begun to reshape the field’s understanding of early- and late-time
powering mechanisms as well as theories of stellar evolution.

In the future, to continue maximizing the science from early-time discoveries it will be
essential to obtain rapidly-triggered multi-wavelength observations. This dissertation has
shown the scientific impact of ground-based optical observations working in tandem with
complementary-wavelength observations, such as ultraviolet photometry from Swift. As
we continue to explore the extremes of supernova physics it will be necessary to expand
our data sets across the electromagnetic spectrum. In particular, observations in the
X-ray and radio have the potential to probe the full range of circumstellar environments
and interaction-powered transients in ways that optical observations cannot, with greater
sensitivity to mass-loss rates, circumstellar geometries, and ongoing interaction well after
the optical emission has faded (e.g., Ofek et al. 2013).

Future satellites and observatories will break new ground in these regards in the 2020s
and beyond. For example, the Utraviolet Transient Astronomy Satellite (ULTRASAT)
will revolutionize time-domain science in the ultraviolet by observing shock breakout from
tens of core-collapse supernovae and measuring full ultraviolet light curves for hundreds

more, increasing the current sample sizes by over an order of magnitude (Ben-Ami et al.
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2022). These data sets will reveal the progenitor structure and circumstellar environments
of multiple classes of supernovae. From the ground, the advent of LSST at the Rubin
Observatory will vastly increase the number of supernovae discovered in the optical each
year. LSST will detect transients out to high redshifts, even observing the rest-frame
ultraviolet light curves of the most distant and ultraviolet-bright objects. However, these
exponentially-growing data sets will require programmatic methods for searching for
supernovae at the extremes of parameter space.

Despite (or perhaps because of) this oncoming influx of data, dedicated follow-up
resources such as Las Cumbres Observatory will still be vital to obtaining high-cadence,
multi-band observations at early times. This work has shown that even small samples
of extreme objects with extensive data sets can provide groundbreaking results. As the
2020s progress, a growing emphasis is being placed on time-domain astronomy. New
research advances in the next decade will build on those presented in this dissertation,
revealing rare and extreme objects that challenge our notion of supernova physics and

providing evidence for new theories of stellar evolution.

174



Bibliography

Abbott, D. C. 1982, ApJ, 259, 282

Adelman-McCarthy, J. K., Agiieros, M. A.; Allam, S. S., et al. 2007, ApJS, 172, 634
Albareti, F. D.,; Allende Prieto, C., Almeida, A., et al. 2017, ApJS, 233, 25
Aldering, G., Humphreys, R. M., & Richmond, M. 1994, AJ, 107, 662

Altavilla, G., Stehle, M., Ruiz-Lapuente, P., et al. 2007, A&A, 475, 585

Anderson, J. P., Habergham, S. M., James, P. A., & Hamuy, M. 2012, MNRAS, 424,
1372

Anderson, L., Aubourg, E., Bailey, S., et al. 2014, MINRAS, 441, 24
Andersson, E. P., Renaud, F., & Agertz, O. 2021, MNRAS, 502, L.29
Andrews, J. E., & Smith, N. 2018, MNRAS, 477, 74

Arcavi, I., Gal-Yam, A., Yaron, O., et al. 2011, ApJL, 742, .18
Arcavi, I., Wolf, W. M., Howell, D. A., et al. 2016, ApJ, 819, 35
Arcavi, 1., Hosseinzadeh, G., Brown, P. J., et al. 2017, ApJL, 837, L2
Armstrong, P., Tucker, B. E., Rest, A., et al. 2021, MNRAS, 507, 3125
Arnett, W. D. 1979, ApJL, 230, L37

—. 1982, ApJ, 253, 785

Barbary, K. 2016, The Journal of Open Source Software, 1, 58
Barbon, R., Benetti, S., Cappellaro, E., et al. 1995, A&AS, 110, 513

Becker, A. 2015, HOTPANTS: High Order Transform of PSF ANd Template
Subtraction, Astrophysics Source Code Library, record ascl:1504.004, ascl:1504.004

Beers, T. C., Kriessler, J. R., Bird, C. M., & Huchra, J. P. 1995, AJ, 109, 874
175


https://dx.doi.org/10.1086/160166
https://ui.adsabs.harvard.edu/abs/Abbott1982
https://dx.doi.org/10.1086/518864
https://ui.adsabs.harvard.edu/abs/AdelmanMcCarthy2007
https://dx.doi.org/10.3847/1538-4365/aa8992
https://ui.adsabs.harvard.edu/abs/2017ApJS..233...25A
https://dx.doi.org/10.1086/116886
https://ui.adsabs.harvard.edu/abs/Aldering1994
https://dx.doi.org/10.1051/0004-6361:20077487
https://ui.adsabs.harvard.edu/abs/Altavilla2007
https://dx.doi.org/10.1111/j.1365-2966.2012.21324.x
https://ui.adsabs.harvard.edu/abs/Anderson2012
https://ui.adsabs.harvard.edu/abs/Anderson2012
https://dx.doi.org/10.1093/mnras/stu523
https://ui.adsabs.harvard.edu/abs/Anderson2014
https://dx.doi.org/10.1093/mnrasl/slaa201
https://ui.adsabs.harvard.edu/abs/Andersson2021
https://dx.doi.org/10.1093/mnras/sty584
https://ui.adsabs.harvard.edu/abs/Andrews2018
https://dx.doi.org/10.1088/2041-8205/742/2/L18
https://ui.adsabs.harvard.edu/abs/Arcavi2011
https://dx.doi.org/10.3847/0004-637X/819/1/35
https://ui.adsabs.harvard.edu/abs/Arcavi2016
https://dx.doi.org/10.3847/2041-8213/aa5be1
https://ui.adsabs.harvard.edu/abs/Arcavi2017
https://dx.doi.org/10.1093/mnras/stab2138
https://ui.adsabs.harvard.edu/abs/Armstrong2021
https://dx.doi.org/10.1086/182957
https://ui.adsabs.harvard.edu/abs/Arnett1979
https://dx.doi.org/10.1086/159681
https://ui.adsabs.harvard.edu/abs/1982ApJ...253..785A
https://dx.doi.org/10.21105/joss.00058
https://ui.adsabs.harvard.edu/abs/Barbary2016
https://ui.adsabs.harvard.edu/abs/1995A&AS..110..513B
https://ascl.net/1504.004
https://dx.doi.org/10.1086/117329
https://ui.adsabs.harvard.edu/abs/Beers1995

Bellm, E. C., Kulkarni, S. R., Graham, M. J., et al. 2019, PASP, 131, 018002

Ben-Ami, S., Shvartzvald, Y., Waxman, E., et al. 2022, in Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, Vol. 12181, Space Telescopes
and Instrumentation 2022: Ultraviolet to Gamma Ray, ed. J.-W. A. den Herder,
S. Nikzad, & K. Nakazawa, 1218105

Benetti, S., Pastorello, A., Cappellaro, E., et al. 2018, The Astronomer’s Telegram,
11836, 1

Benetti, S., Meikle, P., Stehle, M., et al. 2004, MNRAS, 348, 261
Benetti, S., Cappellaro, E., Mazzali, P. A., et al. 2005, ApJ, 623, 1011
Benvenuto, O. G., Bersten, M. C., & Nomoto, K. 2013, ApJ, 762, 74
Bersten, M. C., Benvenuto, O. G., Folatelli, G., et al. 2014, AJ, 148, 68
Betoule, M., Kessler, R., Guy, J., et al. 2014, A&A, 568, A22

Bianco, F. B., Modjaz, M., Hicken, M., et al. 2014, ApJS, 213, 19

Blinnikov, S., Lundqvist, P., Bartunov, O., Nomoto, K., & Iwamoto, K. 2000, ApJ, 532,
1132

Blinnikov, S. I., Eastman, R., Bartunov, O. S., Popolitov, V. A., & Woosley, S. E. 1998,
AplJ, 496, 454

Blinnikov, S. I., Ropke, F. K., Sorokina, E. 1., et al. 2006, A&A, 453, 229
Blondin, S., Dessart, L., & Hillier, D. J. 2015, MNRAS, 448, 2766
Blondin, S., & Tonry, J. L. 2007, ApJ, 666, 1024

Blondin, S., Dessart, L., Leibundgut, B., et al. 2006, AJ, 131, 1648
Blondin, S., Matheson, T., Kirshner, R. P., et al. 2012, AJ, 143, 126
Bloom, J. S.; Kasen, D., Shen, K. J., et al. 2012, ApJL, 744, L17
Branch, D., Dang, L. C., Hall, N., et al. 2006, PASP, 118, 560

Branch, D., Troxel, M. A., Jeffery, D. J., et al. 2007, PASP, 119, 709

Breeveld, A. A., Landsman, W., Holland, S. T., et al. 2011, in American Institute of
Physics Conference Series, Vol. 1358, Gamma Ray Bursts 2010, ed. J. E. McEnery,
J. L. Racusin, & N. Gehrels, 373-376

176


https://dx.doi.org/10.1088/1538-3873/aaecbe
https://ui.adsabs.harvard.edu/abs/Bellm2019
https://ui.adsabs.harvard.edu/abs/2018ATel11836....1B
https://dx.doi.org/10.1111/j.1365-2966.2004.07357.x
https://ui.adsabs.harvard.edu/abs/Benetti2004
https://dx.doi.org/10.1086/428608
https://ui.adsabs.harvard.edu/abs/Benetti2005
https://dx.doi.org/10.1088/0004-637X/762/2/74
https://ui.adsabs.harvard.edu/abs/Benvenuto2013
https://dx.doi.org/10.1088/0004-6256/148/4/68
https://ui.adsabs.harvard.edu/abs/2014AJ....148...68B
https://dx.doi.org/10.1051/0004-6361/201423413
https://ui.adsabs.harvard.edu/abs/Betoule2014
https://dx.doi.org/10.1088/0067-0049/213/2/19
https://ui.adsabs.harvard.edu/abs/Bianco2014
https://dx.doi.org/10.1086/308588
https://ui.adsabs.harvard.edu/abs/Blinnikov2000
https://ui.adsabs.harvard.edu/abs/Blinnikov2000
https://dx.doi.org/10.1086/305375
https://ui.adsabs.harvard.edu/abs/Blinnikov1998
https://dx.doi.org/10.1051/0004-6361:20054594
https://ui.adsabs.harvard.edu/abs/2006A&A...453..229B
https://dx.doi.org/10.1093/mnras/stv188
https://ui.adsabs.harvard.edu/abs/Blondin2015
https://dx.doi.org/10.1086/520494
https://ui.adsabs.harvard.edu/abs/Blondin2007
https://dx.doi.org/10.1086/498724
https://ui.adsabs.harvard.edu/abs/Blondin2006
https://dx.doi.org/10.1088/0004-6256/143/5/126
https://ui.adsabs.harvard.edu/abs/Blondin2012
https://dx.doi.org/10.1088/2041-8205/744/2/L17
https://ui.adsabs.harvard.edu/abs/Bloom2012
https://dx.doi.org/10.1086/502778
https://ui.adsabs.harvard.edu/abs/Branch2006
https://dx.doi.org/10.1086/520553
https://ui.adsabs.harvard.edu/abs/Branch2007

Brown, P. J., Breeveld, A. A., Holland, S., Kuin, P., & Pritchard, T. 2014, Ap&SS, 354,
89

Brown, T. M., Baliber, N., Bianco, F. B., et al. 2013, PASP, 125, 1031

Bruch, R. J., Gal-Yam, A., Schulze, S., et al. 2021, ApJ, 912, 46

Bruch, R. J., Gal-Yam, A., Yaron, O., et al. 2022, arXiv e-prints, , arXiv:2212.03313
Bulla, M., Sim, S. A., Kromer, M., et al. 2016, MNRAS, 462, 1039

Burke, J., Arcavi, 1., Howell, D. A., et al. 2019, The Astronomer’s Telegram, 12719, 1
Burke, J., Howell, D. A., Sarbadhicary, S. K., et al. 2021, ApJ, 919, 142

Burrows, D. N., Hill, J. E., Nousek, J. A., et al. 2005, SSRv, 120, 165

Cain, C., Baron, E., Phillips, M. M., et al. 2018, ApJ, 869, 162

Cantiello, M., Yoon, S. C., Langer, N., & Livio, M. 2007, in American Institute of
Physics Conference Series, Vol. 948, Unsolved Problems in Stellar Physics: A
Conference in Honor of Douglas Gough, ed. R. J. Stancliffe, G. Houdek, R. G.
Martin, & C. A. Tout, 413418

Cao, Y., Kasliwal, M. M., Arcavi, 1., et al. 2013, ApJL, 775, L7

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245

Castor, J. I., Abbott, D. C., & Klein, R. 1. 1975, ApJ, 195, 157

Cendes, Y., Drout, M. R., Chomiuk, L., & Sarbadhicary, S. K. 2020, ApJ, 894, 39
Chang, C.-Z., Zhang, J., Feng, X., et al. 2013, Science, 340, 167

Chatzopoulos, E., Wheeler, J. C., & Vinko, J. 2012, ApJ, 746, 121

Chatzopoulos, E., Wheeler, J. C., Vinko, J., Horvath, Z. L., & Nagy, A. 2013, ApJ,
773, 76

Chen, X., Han, Z., & Tout, C. A. 2011, ApJL, 735, L31
Chevalier, R. A. 1982, ApJ, 259, 302

—. 1984, ApJL, 285, .63

—. 1989, ApJ, 346, 847

—. 1998, ApJ, 499, 810

177


https://dx.doi.org/10.1007/s10509-014-2059-8
https://ui.adsabs.harvard.edu/abs/Brown2014
https://ui.adsabs.harvard.edu/abs/Brown2014
https://dx.doi.org/10.1086/673168
https://ui.adsabs.harvard.edu/abs/Brown2013
https://dx.doi.org/10.3847/1538-4357/abef05
https://ui.adsabs.harvard.edu/abs/Bruch2021
https://dx.doi.org/10.48550/arXiv.2212.03313
https://ui.adsabs.harvard.edu/abs/2022arXiv221203313B
https://dx.doi.org/10.1093/mnras/stw1733
https://ui.adsabs.harvard.edu/abs/Bulla2016
https://ui.adsabs.harvard.edu/abs/Burke2019
https://dx.doi.org/10.3847/1538-4357/ac126b
https://ui.adsabs.harvard.edu/abs/2021ApJ...919..142B
https://dx.doi.org/10.1007/s11214-005-5097-2
https://ui.adsabs.harvard.edu/abs/Burrows2005
https://dx.doi.org/10.3847/1538-4357/aaef34
https://ui.adsabs.harvard.edu/abs/Cain2018
https://dx.doi.org/10.1088/2041-8205/775/1/L7
https://ui.adsabs.harvard.edu/abs/Cao2013
https://dx.doi.org/10.1086/167900
https://ui.adsabs.harvard.edu/abs/Cardelli1989
https://dx.doi.org/10.1086/153315
https://ui.adsabs.harvard.edu/abs/Castor1975
https://dx.doi.org/10.3847/1538-4357/ab6b2a
https://ui.adsabs.harvard.edu/abs/Cendes2020
https://dx.doi.org/10.1126/science.1234414
https://ui.adsabs.harvard.edu/abs/Wang2013
https://dx.doi.org/10.1088/0004-637X/746/2/121
https://ui.adsabs.harvard.edu/abs/Chatzopoulos2012
https://dx.doi.org/10.1088/0004-637X/773/1/76
https://ui.adsabs.harvard.edu/abs/Chatzopoulos2013
https://dx.doi.org/10.1088/2041-8205/735/2/L31
https://ui.adsabs.harvard.edu/abs/Chen2011
https://dx.doi.org/10.1086/160167
https://ui.adsabs.harvard.edu/abs/Chevalier1982
https://dx.doi.org/10.1086/184366
https://ui.adsabs.harvard.edu/abs/Chevalier1984
https://dx.doi.org/10.1086/168066
https://ui.adsabs.harvard.edu/abs/Chevalier1989
https://dx.doi.org/10.1086/305676
https://ui.adsabs.harvard.edu/abs/Chevalier1998

Chevalier, R. A., & Fransson, C. 1994, ApJ, 420, 268

—. 2006, ApJ, 651, 381

—. 2008, ApJL, 683, L135

Childress, M., Aldering, G., Antilogus, P., et al. 2013, ApJ, 770, 108

Childress, M. J., Filippenko, A. V., Ganeshalingam, M., & Schmidt, B. P. 2014,
MNRAS, 437, 338

Chomiuk, L., Soderberg, A. M., Moe, M., et al. 2012, ApJ, 750, 164

Chomiuk, L., Soderberg, A. M., Chevalier, R. A., et al. 2016, ApJ, 821, 119
Cikota, A., Patat, F., Wang, L., et al. 2019, MNRAS, 490, 578

Clark, P., Maguire, K., Inserra, C., et al. 2020, MNRAS, 492, 2208

Clocchiatti, A., & Wheeler, J. C. 1997, ApJ, 491, 375

Contreras, C., Phillips, M. M., Burns, C. R., et al. 2018, ApJ, 859, 24

Coppejans, D. L., Margutti, R., Terreran, G., et al. 2020, ApJL, 895, .23
Cornwell, T. J. 2008, IEEE Journal of Selected Topics in Signal Processing, 2, 793
Crowther, P. A. 2007, ARA&A, 45, 177

Crowther, P. A., Dessart, L., Hillier, D. J., Abbott, J. B., & Fullerton, A. W. 2002,
A&A, 392, 653

Davis, K. W., Taggart, K., Tinyanont, S., et al. 2022, arXiv e-prints, , arXiv:2211.05134
De, K., Kasliwal, M. M., Ofek, E. O., et al. 2018, Science, 362, 201

Della Valle, M., Chincarini, G., Panagia, N., et al. 2006, Nature, 444, 1050

Dessart, L., Blondin, S., Hillier, D. J., & Khokhlov, A. 2014, MNRAS, 441, 532
Dessart, L., & Hillier, D. J. 2005, A&A, 439, 671

—. 2011, MNRAS, 415, 3497

Dessart, L., Hillier, D. J., & Kuncarayakti, H. 2022, A&A, 658, A130

Dexter, J., & Kasen, D. 2013, ApJ, 772, 30

Dorigo Jones, J., Oey, M. S., Paggeot, K., Castro, N., & Moe, M. 2020, ApJ, 903, 43

178


https://dx.doi.org/10.1086/173557
https://ui.adsabs.harvard.edu/abs/Chevalier1994
https://dx.doi.org/10.1086/507606
https://ui.adsabs.harvard.edu/abs/Chevalier2006
https://dx.doi.org/10.1086/591522
https://ui.adsabs.harvard.edu/abs/2008ApJ...683L.135C
https://dx.doi.org/10.1088/0004-637X/770/2/108
https://ui.adsabs.harvard.edu/abs/Childress2013
https://dx.doi.org/10.1093/mnras/stt1892
https://ui.adsabs.harvard.edu/abs/Childress2014
https://dx.doi.org/10.1088/0004-637X/750/2/164
https://ui.adsabs.harvard.edu/abs/Chomiuk2012
https://dx.doi.org/10.3847/0004-637X/821/2/119
https://ui.adsabs.harvard.edu/abs/Chomiuk2016
https://dx.doi.org/10.1093/mnras/stz2322
https://ui.adsabs.harvard.edu/abs/Cikota2019
https://dx.doi.org/10.1093/mnras/stz3598
https://ui.adsabs.harvard.edu/abs/Clark2020
https://dx.doi.org/10.1086/304961
https://ui.adsabs.harvard.edu/abs/Clocchiatti1997
https://dx.doi.org/10.3847/1538-4357/aabaf8
https://ui.adsabs.harvard.edu/abs/Contreras2018
https://dx.doi.org/10.3847/2041-8213/ab8cc7
https://ui.adsabs.harvard.edu/abs/Coppejans2020
https://dx.doi.org/10.1109/JSTSP.2008.2006388
https://ui.adsabs.harvard.edu/abs/Cornwell2008
https://dx.doi.org/10.1146/annurev.astro.45.051806.110615
https://ui.adsabs.harvard.edu/abs/Crowther2007
https://dx.doi.org/10.1051/0004-6361:20020941
https://ui.adsabs.harvard.edu/abs/2002A&A...392..653C
https://dx.doi.org/10.48550/arXiv.2211.05134
https://ui.adsabs.harvard.edu/abs/2022arXiv221105134D
https://dx.doi.org/10.1126/science.aas8693
https://ui.adsabs.harvard.edu/abs/De2018
https://dx.doi.org/10.1038/nature05374
https://ui.adsabs.harvard.edu/abs/DellaValle2006
https://dx.doi.org/10.1093/mnras/stu598
https://ui.adsabs.harvard.edu/abs/2014MNRAS.441..532D
https://dx.doi.org/10.1051/0004-6361:20053217
https://ui.adsabs.harvard.edu/abs/Dessart2005
https://dx.doi.org/10.1111/j.1365-2966.2011.18967.x
https://ui.adsabs.harvard.edu/abs/Dessart2011
https://dx.doi.org/10.1051/0004-6361/202142436
https://ui.adsabs.harvard.edu/abs/2022A&A...658A.130D
https://dx.doi.org/10.1088/0004-637X/772/1/30
https://ui.adsabs.harvard.edu/abs/Dexter2013
https://dx.doi.org/10.3847/1538-4357/abbc6b
https://ui.adsabs.harvard.edu/abs/DorigoJones2020

Dressler, A., Hare, T., Bigelow, B. C., & Osip, D. J. 2006, in Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, Vol. 6269, Ground-based and
Airborne Instrumentation for Astronomy, ed. I. S. McLean & M. Iye, 62690F

Drout, M. R., Soderberg, A. M., Mazzali, P. A., et al. 2013, ApJ, 774, 58
Drout, M. R., Chornock, R., Soderberg, A. M., et al. 2014, ApJ, 794, 23
Durbala, A., Finn, R. A., Crone Odekon, M., et al. 2020, AJ, 160, 271

Eldridge, J. J., Fraser, M., Smartt, S. J., Maund, J. R., & Crockett, R. M. 2013,
MNRAS, 436, 774

Eldridge, J. J., Langer, N., & Tout, C. A. 2011, MNRAS, 414, 3501
Ergon, M., Sollerman, J., Fraser, M., et al. 2014, A&A, 562, A17
Fang, Q., & Maeda, K. 2018, ApJ, 864, 47

Fang, Q., Maeda, K., Kuncarayakti, H., Sun, F., & Gal-Yam, A. 2019, Nature
Astronomy, 3, 434

Fassia, A., Meikle, W. P. S., Chugai, N., et al. 2001, MNRAS, 325, 907
Filippenko, A. V. 1997, ARA&A, 35, 309

Filippenko, A. V., Matheson, T., & Ho, L. C. 1993, ApJL, 415, LL103

Filippenko, A. V., Richmond, M. W., Matheson, T., et al. 1992a, ApJL, 384, L.15
Filippenko, A. V., Richmond, M. W., Branch, D., et al. 1992b, AJ, 104, 1543
Fink, M., Ropke, F. K., Hillebrandt, W.; et al. 2010, A&A, 514, A53

Flaugher, B. 2005, International Journal of Modern Physics A, 20, 3121

Folatelli, G., Phillips, M. M., Morrell, N., et al. 2012, ApJ, 745, 74

Foley, R. J., & Kasen, D. 2011, ApJ, 729, 55

Foley, R. J., Smith, N., Ganeshalingam, M., et al. 2007, ApJL, 657, L.L105

Foley, R. J., Challis, P. J., Chornock, R., et al. 2013, ApJ, 767, 57
Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP, 125, 306

Forster, F., Bauer, F. E., Munoz-Arancibia, A., et al. 2021, Transient Name Server
Discovery Report, 2021-395, 1

179


https://dx.doi.org/10.1088/0004-637X/774/1/58
https://ui.adsabs.harvard.edu/abs/Drout2013
https://dx.doi.org/10.1088/0004-637X/794/1/23
https://ui.adsabs.harvard.edu/abs/Drout2014
https://dx.doi.org/10.3847/1538-3881/abc018
https://ui.adsabs.harvard.edu/abs/Durbala2020
https://dx.doi.org/10.1093/mnras/stt1612
https://ui.adsabs.harvard.edu/abs/Eldridge2013
https://dx.doi.org/10.1111/j.1365-2966.2011.18650.x
https://ui.adsabs.harvard.edu/abs/Eldridge2011
https://dx.doi.org/10.1051/0004-6361/201321850
https://ui.adsabs.harvard.edu/abs/Ergon2014
https://dx.doi.org/10.3847/1538-4357/aad096
https://ui.adsabs.harvard.edu/abs/Fang2018
https://dx.doi.org/10.1038/s41550-019-0710-6
https://dx.doi.org/10.1038/s41550-019-0710-6
https://ui.adsabs.harvard.edu/abs/Fang2019
https://dx.doi.org/10.1046/j.1365-8711.2001.04282.x
https://ui.adsabs.harvard.edu/abs/Fassia2001
https://dx.doi.org/10.1146/annurev.astro.35.1.309
https://ui.adsabs.harvard.edu/abs/1997ARA&A..35..309F
https://dx.doi.org/10.1086/187043
https://ui.adsabs.harvard.edu/abs/Filippenko1993
https://dx.doi.org/10.1086/186252
https://ui.adsabs.harvard.edu/abs/Filippenko1992
https://dx.doi.org/10.1086/116339
https://ui.adsabs.harvard.edu/abs/1992AJ....104.1543F
https://dx.doi.org/10.1051/0004-6361/200913892
https://ui.adsabs.harvard.edu/abs/Fink2010
https://dx.doi.org/10.1142/S0217751X05025917
https://ui.adsabs.harvard.edu/abs/Flaugher2005
https://dx.doi.org/10.1088/0004-637X/745/1/74
https://ui.adsabs.harvard.edu/abs/Folatelli2012
https://dx.doi.org/10.1088/0004-637X/729/1/55
https://ui.adsabs.harvard.edu/abs/Foley2011
https://dx.doi.org/10.1086/513145
https://ui.adsabs.harvard.edu/abs/Foley2007
https://dx.doi.org/10.1088/0004-637X/767/1/57
https://ui.adsabs.harvard.edu/abs/2013ApJ...767...57F
https://dx.doi.org/10.1086/670067
https://ui.adsabs.harvard.edu/abs/ForemanMackey2013
https://ui.adsabs.harvard.edu/abs/2021TNSTR.395....1F

Fox, O. D., & Smith, N. 2019, MNRAS, 488, 3772
Fransson, C., Lundqvist, P., & Chevalier, R. A. 1996, ApJ, 461, 993

Fraser, M., Stritzinger, M. D., Brennan, S. J., et al. 2021, arXiv e-prints, ,
arXiv:2108.07278

Fremling, C., Ko, H., Dugas, A., et al. 2019, ApJL, 878, L5

Fremling, C., Miller, A. A., Sharma, Y., et al. 2020, ApJ, 895, 32

Fynbo, J. P. U., Watson, D., Théne, C. C., et al. 2006, Nature, 444, 1047

Gal-Yam, A. 2017a, in Handbook of Supernovae, ed. A. W. Alsabti & P. Murdin, 195
Gal-Yam, A. 2017b, in Handbook of Supernovae, ed. A. W. Alsabti & P. Murdin, 195
Gal-Yam, A. 2019, ApJ, 882, 102

Gal-Yam, A., Yaron, O., Pastorello, A., et al. 2021, Transient Name Server AstroNote,
76, 1

Gal-Yam, A., Fox, D. B., Price, P. A., et al. 2006, Nature, 444, 1053
Gal-Yam, A., Arcavi, L., Ofek, E. O., et al. 2014a, Nature, 509, 471

—. 2014b, Nature, 509, 471

Gal-Yam, A., Bruch, R., Schulze, S., et al. 2022, Nature, 601, 201
Galbany, L., Anderson, J. P., Sdnchez, S. F., et al. 2018, ApJ, 855, 107
Gall, C., Hjorth, J., Watson, D., et al. 2014, Nature, 511, 326
Ganeshalingam, M., Li, W., & Filippenko, A. V. 2011, MNRAS, 416, 2607
Gangopadhyay, A., Misra, K., Hiramatsu, D., et al. 2020, ApJ, 889, 170
Gangopadhyay, A., Misra, K., Hosseinzadeh, G., et al. 2022, ApJ, 930, 127
Garavini, G., Folatelli, G., Nobili, S., et al. 2007, A&A, 470, 411

Gehrels, N., Chincarini, G., Giommi, P., et al. 2004, ApJ, 611, 1005
Gerardy, C. L., Hoflich, P., Fesen, R. A., et al. 2004, ApJ, 607, 391
Graham, M. J., Kulkarni, S. R., Bellm, E. C., et al. 2019, PASP, 131, 078001

Guevel, D., & Hosseinzadeh, G. 2017, Dguevel/Pyzogy: Initial Release, Zenodo,
vv0.0.1, Zenodo, doi:10.5281 /zenodo.1043973

180


https://dx.doi.org/10.1093/mnras/stz1925
https://ui.adsabs.harvard.edu/abs/Fox2019
https://dx.doi.org/10.1086/177119
https://ui.adsabs.harvard.edu/abs/Fransson1996
https://dx.doi.org/10.48550/arXiv.2108.07278
https://ui.adsabs.harvard.edu/abs/2021arXiv210807278F
https://ui.adsabs.harvard.edu/abs/2021arXiv210807278F
https://dx.doi.org/10.3847/2041-8213/ab218f
https://ui.adsabs.harvard.edu/abs/Fremling2019
https://dx.doi.org/10.3847/1538-4357/ab8943
https://ui.adsabs.harvard.edu/abs/Fremling2020
https://dx.doi.org/10.1038/nature05375
https://ui.adsabs.harvard.edu/abs/Fynbo2006
https://dx.doi.org/10.3847/1538-4357/ab2f79
https://ui.adsabs.harvard.edu/abs/GalYam2019
https://ui.adsabs.harvard.edu/abs/2021TNSAN..76....1G
https://dx.doi.org/10.1038/nature05373
https://ui.adsabs.harvard.edu/abs/Gal-Yam2006
https://dx.doi.org/10.1038/nature13304
https://ui.adsabs.harvard.edu/abs/GalYam2014
https://dx.doi.org/10.1038/nature13304
https://ui.adsabs.harvard.edu/abs/Gal-Yam2014
https://dx.doi.org/10.1038/s41586-021-04155-1
https://ui.adsabs.harvard.edu/abs/Gal-Yam2022
https://dx.doi.org/10.3847/1538-4357/aaaf20
https://ui.adsabs.harvard.edu/abs/Galbany2018
https://dx.doi.org/10.1038/nature13558
https://ui.adsabs.harvard.edu/abs/2014Natur.511..326G
https://dx.doi.org/10.1111/j.1365-2966.2011.19213.x
https://ui.adsabs.harvard.edu/abs/Ganeshalingam2011
https://dx.doi.org/10.3847/1538-4357/ab6328
https://ui.adsabs.harvard.edu/abs/Gangopadhyay2020
https://dx.doi.org/10.3847/1538-4357/ac6187
https://ui.adsabs.harvard.edu/abs/2022ApJ...930..127G
https://dx.doi.org/10.1051/0004-6361:20065400
https://ui.adsabs.harvard.edu/abs/Garavini2007
https://dx.doi.org/10.1086/422091
https://ui.adsabs.harvard.edu/abs/Gehrels2004
https://dx.doi.org/10.1086/383488
https://ui.adsabs.harvard.edu/abs/Gerardy2004
https://dx.doi.org/10.1088/1538-3873/ab006c
https://ui.adsabs.harvard.edu/abs/Graham2019
https://dx.doi.org/10.5281/zenodo.1043973

Gutiérrez, C. P., Gonzélez-Gaitan, S., Folatelli, G., et al. 2016, A&A, 590, A5
Guy, J., Astier, P., Baumont, S., et al. 2007, A&A, 466, 11

Guy, J., Sullivan, M., Conley, A., et al. 2010, A&A, 523, A7

Hachisu, I., Kato, M., & Nomoto, K. 1999, ApJ, 522, 487

Hamuy, M. 2003, ApJ, 582, 905

Hamuy, M., Phillips, M. M., Suntzeff, N. B., et al. 1996, AJ, 112, 2391

Heinze, A., Denneau, L., Tonry, J., Flewelling, H., & Weiland, H. 2019, in EPSC-DPS
Joint Meeting 2019, Vol. 2019, EPSC-DPS2019-1169

Hillier, D. J., & Miller, D. L. 1998, ApJ, 496, 407

Hiramatsu, D., Howell, D. A., Moriya, T. J., et al. 2021a, ApJ, 913, 55

Hiramatsu, D., Howell, D. A., Van Dyk, S. D.; et al. 2021b, Nature Astronomy, 5, 903
Ho, A. Y. Q., Phinney, E. S., Ravi, V., et al. 2019a, ApJ, 871, 73

Ho, A. Y. Q., Goldstein, D. A., Schulze, S., et al. 2019b, ApJ, 887, 169

Ho, A. Y. Q., Perley, D. A., Kulkarni, S. R., et al. 2020, ApJ, 895, 49

Ho, A. Y. Q., Perley, D. A., Gal-Yam, A., et al. 2021, arXiv e-prints, , arXiv:2105.08811

Hogg, D. W., Baldry, I. K., Blanton, M. R., & Eisenstein, D. J. 2002, arXiv e-prints, ,
astro

Hook, I. M., Jorgensen, I., Allington-Smith, J. R., et al. 2004, PASP, 116, 425
Horesh, A., Kulkarni, S. R., Fox, D. B., et al. 2012, ApJ, 746, 21

Hosseinzadeh, G., McCully, C., Zabludoff, A. 1., et al. 2019, ApJL, 871, L9
Hosseinzadeh, G., Sand, D. J., Valenti, S., et al. 2017a, ApJL, 845, L11
Hosseinzadeh, G., Arcavi, 1., Valenti, S., et al. 2017b, ApJ, 836, 158

Hosseinzadeh, G., Sand, D. J., Lundqvist, P., et al. 2022, ApJL, 933, L45

Howell, D. A. 2017, in Handbook of Supernovae, ed. A. W. Alsabti & P. Murdin, 431
Howell, D. A., Sullivan, M., Perrett, K., et al. 2005, ApJ, 634, 1190

Howell, D. A., Sullivan, M., Brown, E. F., et al. 2009, ApJ, 691, 661

181


https://dx.doi.org/10.1051/0004-6361/201527228
https://ui.adsabs.harvard.edu/abs/2016A&A...590A...5G
https://dx.doi.org/10.1051/0004-6361:20066930
https://ui.adsabs.harvard.edu/abs/Guy2007
https://dx.doi.org/10.1051/0004-6361/201014468
https://ui.adsabs.harvard.edu/abs/Guy2010
https://dx.doi.org/10.1086/307608
https://ui.adsabs.harvard.edu/abs/Hachisu1999
https://dx.doi.org/10.1086/344689
https://ui.adsabs.harvard.edu/abs/Hamuy2003
https://dx.doi.org/10.1086/118190
https://ui.adsabs.harvard.edu/abs/Hamuy1996
https://dx.doi.org/10.1086/305350
https://ui.adsabs.harvard.edu/abs/Hillier1998
https://dx.doi.org/10.3847/1538-4357/abf6d6
https://ui.adsabs.harvard.edu/abs/Hiramatsu2021
https://dx.doi.org/10.1038/s41550-021-01384-2
https://ui.adsabs.harvard.edu/abs/Hiramatsu2021
https://dx.doi.org/10.3847/1538-4357/aaf473
https://ui.adsabs.harvard.edu/abs/Ho2019
https://dx.doi.org/10.3847/1538-4357/ab55ec
https://ui.adsabs.harvard.edu/abs/Ho2019
https://dx.doi.org/10.3847/1538-4357/ab8bcf
https://ui.adsabs.harvard.edu/abs/Ho2020
https://dx.doi.org/10.48550/arXiv.2105.08811
https://ui.adsabs.harvard.edu/abs/2021arXiv210508811H
https://dx.doi.org/10.48550/arXiv.astro-ph/0210394
https://ui.adsabs.harvard.edu/abs/2002astro.ph.10394H
https://ui.adsabs.harvard.edu/abs/2002astro.ph.10394H
https://dx.doi.org/10.1086/383624
https://ui.adsabs.harvard.edu/abs/Hook2004
https://dx.doi.org/10.1088/0004-637X/746/1/21
https://ui.adsabs.harvard.edu/abs/Horesh2012
https://dx.doi.org/10.3847/2041-8213/aafc61
https://ui.adsabs.harvard.edu/abs/Hosseinzadeh2019
https://dx.doi.org/10.3847/2041-8213/aa8402
https://ui.adsabs.harvard.edu/abs/2017ApJ...845L..11H
https://dx.doi.org/10.3847/1538-4357/836/2/158
https://ui.adsabs.harvard.edu/abs/Hosseinzadeh2017
https://dx.doi.org/10.3847/2041-8213/ac7cef
https://ui.adsabs.harvard.edu/abs/2022ApJ...933L..45H
https://dx.doi.org/10.1086/497119
https://ui.adsabs.harvard.edu/abs/Howell2005
https://dx.doi.org/10.1088/0004-637X/691/1/661
https://ui.adsabs.harvard.edu/abs/Howell2009

Hsiao, E. Y., Marion, G. H., Phillips, M. M., et al. 2013, ApJ, 766, 72
Hsiao, E. Y., Burns, C. R., Contreras, C., et al. 2015, A&A, 578, A9
Hsiao, E. Y., Phillips, M. M., Marion, G. H., et al. 2019, PASP, 131, 014002

Huang, F., Li, J.-Z., Wang, X.-F., et al. 2012, Research in Astronomy and Astrophysics,
12, 1585

Iben, 1., J., & Tutukov, A. V. 1984, ApJS, 54, 335

Immler, S., Modjaz, M., Landsman, W., et al. 2008, ApJL, 674, L.85

Irani, I., Prentice, S. J., Schulze, S., et al. 2022, ApJ, 927, 10

Ivezié, Z., Kahn, S. M., Tyson, J. A., et al. 2019, ApJ, 873, 111

Iwamoto, K., Brachwitz, F., Nomoto, K., et al. 1999, ApJS, 125, 439
Jacobson-Galan, W. V., Margutti, R., Kilpatrick, C. D., et al. 2020, ApJ, 898, 166
Jacobson-Galan, W. V., Dessart, L., Jones, D. O., et al. 2022a, ApJ, 924, 15
Jacobson-Galan, W. V., Venkatraman, P., Margutti, R., et al. 2022b, ApJ, 932, 58
Janka, H.-T. 2012, Annual Review of Nuclear and Particle Science, 62, 407
Jerkstrand, A. 2017, in Handbook of Supernovae, ed. A. W. Alsabti & P. Murdin, 795
Jerkstrand, A., Ergon, M., Smartt, S. J., et al. 2015, A&A, 573, A12

Jiang, B., Jiang, S., & Ashley Villar, V. 2020, Research Notes of the American
Astronomical Society, 4, 16

Kaiser, N., Burgett, W., Chambers, K., et al. 2010, in Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series, Vol. 7733, Ground-based and
Airborne Telescopes III, ed. L. M. Stepp, R. Gilmozzi, & H. J. Hall, 77330E

Karamehmetoglu, E., Fransson, C., Sollerman, J., et al. 2021, A&A, 649, A163
Kasen, D. 2010, ApJ, 708, 1025
Kawabata, M., Maeda, K., Yamanaka, M., et al. 2020, ApJ, 893, 143
Kennicutt, Robert C., J. 1998, ARA&A, 36, 189
Khatami, D., & Kasen, D. 2023, arXiv e-prints, , arXiv:2304.03360
Khokhlov, A. M. 1991, A&A, 245, 114

182


https://dx.doi.org/10.1088/0004-637X/766/2/72
https://ui.adsabs.harvard.edu/abs/Hsiao2013
https://dx.doi.org/10.1051/0004-6361/201425297
https://ui.adsabs.harvard.edu/abs/Hsiao2015
https://dx.doi.org/10.1088/1538-3873/aae961
https://ui.adsabs.harvard.edu/abs/Hsiao2019
https://dx.doi.org/10.1088/1674-4527/12/11/012
https://ui.adsabs.harvard.edu/abs/Huang2012
https://dx.doi.org/10.1086/190932
https://ui.adsabs.harvard.edu/abs/Iben1984
https://dx.doi.org/10.1086/529373
https://ui.adsabs.harvard.edu/abs/Immler2008
https://dx.doi.org/10.3847/1538-4357/ac4709
https://ui.adsabs.harvard.edu/abs/Irani2022
https://dx.doi.org/10.3847/1538-4357/ab042c
https://ui.adsabs.harvard.edu/abs/2019ApJ...873..111I
https://dx.doi.org/10.1086/313278
https://ui.adsabs.harvard.edu/abs/Iwamoto1999
https://dx.doi.org/10.3847/1538-4357/ab9e66
https://ui.adsabs.harvard.edu/abs/2020ApJ...898..166J
https://dx.doi.org/10.3847/1538-4357/ac3f3a
https://ui.adsabs.harvard.edu/abs/2022ApJ...924...15J
https://dx.doi.org/10.3847/1538-4357/ac67dc
https://ui.adsabs.harvard.edu/abs/\unhbox \voidb@x \bgroup \let \unhbox \voidb@x \setbox \@tempboxa \hbox {a\global \mathchardef \accent@spacefactor \spacefactor }\let \begingroup \let \typeout \protect \begingroup \def \MessageBreak {
(Font)              }\let \protect \immediate\write \m@ne {LaTeX Font Info:     on input line 1619.}\endgroup \endgroup \relax \let \ignorespaces \relax \accent 19 a\egroup \spacefactor \accent@spacefactor 
https://dx.doi.org/10.1146/annurev-nucl-102711-094901
https://ui.adsabs.harvard.edu/abs/Janka2012
https://dx.doi.org/10.1051/0004-6361/201423983
https://ui.adsabs.harvard.edu/abs/Jerkstrand2015
https://dx.doi.org/10.3847/2515-5172/ab7128
https://dx.doi.org/10.3847/2515-5172/ab7128
https://ui.adsabs.harvard.edu/abs/Jiang2020
https://dx.doi.org/10.1051/0004-6361/201936308
https://ui.adsabs.harvard.edu/abs/Karamehmetoglu2019
https://dx.doi.org/10.1088/0004-637X/708/2/1025
https://ui.adsabs.harvard.edu/abs/2010ApJ...708.1025K
https://dx.doi.org/10.3847/1538-4357/ab8236
https://ui.adsabs.harvard.edu/abs/Kawabata2020
https://dx.doi.org/10.1146/annurev.astro.36.1.189
https://ui.adsabs.harvard.edu/abs/Kennicutt1998
https://dx.doi.org/10.48550/arXiv.2304.03360
https://ui.adsabs.harvard.edu/abs/2023arXiv230403360K
https://ui.adsabs.harvard.edu/abs/Khokhlov1991

Khokhlov, A. M., Hoflich, P. A., Oran, E. S., et al. 1999, ApJL, 524, L107
Kilpatrick, C. D., Drout, M. R., Auchettl, K., et al. 2021, MNRAS, 504, 2073
Kleiser, I. K. W., & Kasen, D. 2014, MNRAS, 438, 318

Kleiser, I. K. W., Kasen, D., & Duffell, P. C. 2018, MNRAS, 475, 3152
Konyves-To6th, R., Vinké, J., Ordasi, A., et al. 2020, ApJ, 892, 121
Kromer, M., Sim, S. A., Fink, M., et al. 2010, ApJ, 719, 1067
Kuncarayakti, H., Maeda, K., Dessart, L., et al. 2022, ApJL, 941, .32
Landolt, A. U. 1992, AJ, 104, 340

Law, N. M., Kulkarni, S. R., Dekany, R. G., et al. 2009, PASP, 121, 1395
Leung, S.-C., Fuller, J., & Nomoto, K. 2021, ApJ, 915, 80

Loyd, R. O. P., France, K., Youngblood, A., et al. 2018, ApJ, 867, 71
Lusso, E., Comastri, A., Simmons, B. D., et al. 2012, MNRAS, 425, 623
Lyman, J. D., Bersier, D., James, P. A., et al. 2016, MNRAS, 457, 328
Lyman, J. D., Galbany, L., Sanchez, S. F., et al. 2020, MNRAS, 495, 992
Macaulay, E., Nichol, R. C., Bacon, D., et al. 2019, MNRAS, 486, 2184
MacFadyen, A. 1., & Woosley, S. E. 1999, ApJ, 524, 262

MacFadyen, A. 1., Woosley, S. E., & Heger, A. 2001, ApJ, 550, 410
Maeda, K., & Moriya, T. J. 2022, ApJ, 927, 25

Maeda, K., Benetti, S., Stritzinger, M., et al. 2010, Nature, 466, 82
Maeda, K., Hattori, T., Milisavljevic, D., et al. 2015, ApJ, 807, 35
Maeda, K., Chandra, P., Moriya, T. J., et al. 2023, ApJ, 942, 17

Magee, M. R., & Maguire, K. 2020, A&A, 642, A189

Maguire, K., Sullivan, M., Pan, Y. C., et al. 2014, MNRAS, 444, 3258
Maoz, D., Mannucci, F., & Nelemans, G. 2014, ARA&A, 52, 107

Margutti, R., Metzger, B. D., Chornock, R., et al. 2019, ApJ, 872, 18

183


https://dx.doi.org/10.1086/312305
https://ui.adsabs.harvard.edu/abs/Khokhlov1999
https://dx.doi.org/10.1093/mnras/stab838
https://ui.adsabs.harvard.edu/abs/Kilpatrick2021
https://dx.doi.org/10.1093/mnras/stt2191
https://ui.adsabs.harvard.edu/abs/Kleiser2014
https://dx.doi.org/10.1093/mnras/stx3321
https://ui.adsabs.harvard.edu/abs/Kleiser2018
https://dx.doi.org/10.3847/1538-4357/ab76bb
https://ui.adsabs.harvard.edu/abs/2020ApJ...892..121K
https://dx.doi.org/10.1088/0004-637X/719/2/1067
https://ui.adsabs.harvard.edu/abs/Kromer2010
https://dx.doi.org/10.3847/2041-8213/aca672
https://ui.adsabs.harvard.edu/abs/2022ApJ...941L..32K
https://dx.doi.org/10.1086/116242
https://ui.adsabs.harvard.edu/abs/Landolt1992
https://dx.doi.org/10.1086/648598
https://ui.adsabs.harvard.edu/abs/2009PASP..121.1395L
https://dx.doi.org/10.3847/1538-4357/abfcbe
https://ui.adsabs.harvard.edu/abs/Leung2021
https://dx.doi.org/10.3847/1538-4357/aae2bd
https://ui.adsabs.harvard.edu/abs/Brown2018
https://dx.doi.org/10.1111/j.1365-2966.2012.21513.x
https://ui.adsabs.harvard.edu/abs/Silverman2012
https://dx.doi.org/10.1093/mnras/stv2983
https://ui.adsabs.harvard.edu/abs/Lyman2016
https://dx.doi.org/10.1093/mnras/staa1243
https://ui.adsabs.harvard.edu/abs/Lyman2020
https://dx.doi.org/10.1093/mnras/stz978
https://ui.adsabs.harvard.edu/abs/Macaulay2019
https://dx.doi.org/10.1086/307790
https://ui.adsabs.harvard.edu/abs/MacFadyen1999
https://dx.doi.org/10.1086/319698
https://ui.adsabs.harvard.edu/abs/MacFadyen2001
https://dx.doi.org/10.3847/1538-4357/ac4672
https://ui.adsabs.harvard.edu/abs/2022ApJ...927...25M
https://dx.doi.org/10.1038/nature09122
https://ui.adsabs.harvard.edu/abs/Maeda2010
https://dx.doi.org/10.1088/0004-637X/807/1/35
https://ui.adsabs.harvard.edu/abs/Maeda2015
https://dx.doi.org/10.3847/1538-4357/aca1b7
https://ui.adsabs.harvard.edu/abs/Maeda2023
https://dx.doi.org/10.1051/0004-6361/202037870
https://ui.adsabs.harvard.edu/abs/2020A&A...642A.189M
https://dx.doi.org/10.1093/mnras/stu1607
https://ui.adsabs.harvard.edu/abs/Maguire2014
https://dx.doi.org/10.1146/annurev-astro-082812-141031
https://ui.adsabs.harvard.edu/abs/2014ARA&A..52..107M
https://dx.doi.org/10.3847/1538-4357/aafa01
https://ui.adsabs.harvard.edu/abs/Margutti2019

Maund, J. R., Smartt, S. J., Kudritzki, R. P., Podsiadlowski, P., & Gilmore, G. F.
2004, Nature, 427, 129

Maund, J. R., Hoflich, P., Patat, F., et al. 2010, ApJL, 725, L167

Maund, J. R., Fraser, M., Ergon, M., et al. 2011, ApJL, 739, L37

Maund, J. R., Spyromilio, J., Hoflich, P. A., et al. 2013, MNRAS, 433, L.20

Mazzali, P. A., Benetti, S., Stehle, M., et al. 2005, MNRAS, 357, 200

Mazzali, P. A., Maurer, 1., Valenti, S., Kotak, R., & Hunter, D. 2010, MNRAS, 408, 87
Metzger, B. D. 2022, ApJ, 932, 84

Metzger, B. D., & Pejcha, O. 2017, MNRAS, 471, 3200

Miller, A. A., Yao, Y., Bulla, M., et al. 2020, ApJ, 902, 47

Milne, P. A., Brown, P. J., Roming, P. W. A., Bufano, F., & Gehrels, N. 2013, ApJ,
779, 23

Miyaji, S., Nomoto, K., Yokoi, K., & Sugimoto, D. 1980, PASJ, 32, 303
Modjaz, M., Liu, Y. Q., Bianco, F. B., & Graur, O. 2016, ApJ, 832, 108
Modjaz, M., Li, W., Butler, N., et al. 2009, ApJ, 702, 226
Morales-Garoffolo, A., Elias-Rosa, N., Benetti, S., et al. 2014, MNRAS, 445, 1647
Moriya, T., Tominaga, N., Tanaka, M., et al. 2010, ApJ, 719, 1445

Moriya, T. J., & Eldridge, J. J. 2016, MNRAS, 461, 2155

Moriya, T. J., Mazzali, P. A., Tominaga, N., et al. 2017, MNRAS, 466, 2085
Morozova, V., Piro, A. L., & Valenti, S. 2018, ApJ, 858, 15

Mulligan, B. W., & Wheeler, J. C. 2017, MNRAS, 467, 778

—. 2018, MNRAS, 476, 1299

Nagao, T., Cikota, A., Patat, F., et al. 2019, MNRAS, 489, 1.69

Nakaoka, T., Moriya, T. J., Tanaka, M., et al. 2019, ApJ, 875, 76

Nakar, E., & Piro, A. L. 2014, ApJ, 788, 193

Nakar, E., & Sari, R. 2010, ApJ, 725, 904

184


https://dx.doi.org/10.1038/nature02161
https://ui.adsabs.harvard.edu/abs/Maund2004
https://dx.doi.org/10.1088/2041-8205/725/2/L167
https://ui.adsabs.harvard.edu/abs/Maund2010
https://dx.doi.org/10.1088/2041-8205/739/2/L37
https://ui.adsabs.harvard.edu/abs/Maund2011
https://dx.doi.org/10.1093/mnrasl/slt050
https://ui.adsabs.harvard.edu/abs/Maund2013
https://dx.doi.org/10.1111/j.1365-2966.2005.08640.x
https://ui.adsabs.harvard.edu/abs/Mazzali2005
https://dx.doi.org/10.1111/j.1365-2966.2010.17133.x
https://ui.adsabs.harvard.edu/abs/Mazzali2010
https://dx.doi.org/10.3847/1538-4357/ac6d59
https://ui.adsabs.harvard.edu/abs/2022ApJ...932...84M
https://dx.doi.org/10.1093/mnras/stx1768
https://ui.adsabs.harvard.edu/abs/Metzger2017
https://dx.doi.org/10.3847/1538-4357/abb13b
https://ui.adsabs.harvard.edu/abs/2020ApJ...902...47M
https://dx.doi.org/10.1088/0004-637X/779/1/23
https://ui.adsabs.harvard.edu/abs/Milne2013
https://ui.adsabs.harvard.edu/abs/1980PASJ...32..303M
https://dx.doi.org/10.3847/0004-637X/832/2/108
https://ui.adsabs.harvard.edu/abs/2016ApJ...832..108M
https://dx.doi.org/10.1088/0004-637X/702/1/226
https://ui.adsabs.harvard.edu/abs/2009ApJ...702..226M
https://dx.doi.org/10.1093/mnras/stu1837
https://ui.adsabs.harvard.edu/abs/MG2014
https://dx.doi.org/10.1088/0004-637X/719/2/1445
https://ui.adsabs.harvard.edu/abs/Moriya2010
https://dx.doi.org/10.1093/mnras/stw1471
https://ui.adsabs.harvard.edu/abs/Moriya2016
https://dx.doi.org/10.1093/mnras/stw3225
https://ui.adsabs.harvard.edu/abs/Moriya2017
https://dx.doi.org/10.3847/1538-4357/aab9a6
https://ui.adsabs.harvard.edu/abs/Morozova2018
https://dx.doi.org/10.1093/mnras/stw3383
https://ui.adsabs.harvard.edu/abs/Mulligan2017
https://dx.doi.org/10.1093/mnras/sty027
https://ui.adsabs.harvard.edu/abs/Mulligan2018
https://dx.doi.org/10.1093/mnrasl/slz119
https://ui.adsabs.harvard.edu/abs/2019MNRAS.489L..69N
https://dx.doi.org/10.3847/1538-4357/ab0dfe
https://ui.adsabs.harvard.edu/abs/Nakaoka2019
https://dx.doi.org/10.1088/0004-637X/788/2/193
https://ui.adsabs.harvard.edu/abs/Nakar2014
https://dx.doi.org/10.1088/0004-637X/725/1/904
https://ui.adsabs.harvard.edu/abs/2010ApJ...725..904N

Nayyeri, H., Keele, M., Cooray, A., et al. 2016, ApJ, 823, 17

Nicholl, M. 2018, Research Notes of the American Astronomical Society, 2, 230
Nomoto, K. 1984, AplJ, 277, 791

—. 1987, ApJ, 322, 206

Nomoto, K., Kamiya, Y., & Nakasato, N. 2013, in Binary Paths to Type Ia Supernovae
Explosions, ed. R. Di Stefano, M. Orio, & M. Moe, Vol. 281, 253260

Nomoto, K., Yamaoka, H., Pols, O. R., et al. 1994, Nature, 371, 227
Ofek, E. O., Fox, D., Cenko, S. B., et al. 2013, ApJ, 763, 42

Ofek, E. O., Sullivan, M., Shaviv, N. J., et al. 2014, ApJ, 789, 104

Oh, S., & Kroupa, P. 2016, A&A, 590, A107

Oke, J. B., Cohen, J. G., Carr, M., et al. 1995, PASP, 107, 375
Panagia, N., Van Dyk, S. D., Weiler, K. W., et al. 2006, ApJ, 646, 369
Parrent, J., Friesen, B., & Parthasarathy, M. 2014, Ap&SS, 351, 1
Parrent, J. T., Thomas, R. C., Fesen, R. A., et al. 2011, ApJ, 732, 30
Parrent, J. T., Howell, D. A., Friesen, B., et al. 2012, ApJL, 752, .26
Pastorello, A., Smartt, S. J., Mattila, S., et al. 2007, Nature, 447, 829
Pastorello, A., Mattila, S., Zampieri, L., et al. 2008, MNRAS, 389, 113
Pastorello, A., Hadjiyska, E., Rabinowitz, D., et al. 2015, MNRAS, 449, 1954

Pastorello, A., Vogl, C., Taubenberger, S., et al. 2021, Transient Name Server
AstroNote, 71, 1

Patat, F., Chugai, N. N., Podsiadlowski, P., et al. 2011, A&A, 530, A63
Paxton, B., Bildsten, L., Dotter, A., et al. 2011, ApJS, 192, 3

Paxton, B., Cantiello, M., Arras, P., et al. 2013, ApJS, 208, 4

Paxton, B., Marchant, P., Schwab, J., et al. 2015, ApJS, 220, 15
Paxton, B., Schwab, J., Bauer, E. B., et al. 2018, ApJS, 234, 34

Paxton, B., Smolec, R., Schwab, J., et al. 2019, ApJS, 243, 10

185


https://dx.doi.org/10.3847/0004-637X/823/1/17
https://ui.adsabs.harvard.edu/abs/Harris2016
https://dx.doi.org/10.3847/2515-5172/aaf799
https://ui.adsabs.harvard.edu/abs/Nicholl2018
https://dx.doi.org/10.1086/161749
https://ui.adsabs.harvard.edu/abs/Nomoto1984
https://dx.doi.org/10.1086/165716
https://ui.adsabs.harvard.edu/abs/Nomoto1987
https://dx.doi.org/10.1038/371227a0
https://ui.adsabs.harvard.edu/abs/Nomoto1994
https://dx.doi.org/10.1088/0004-637X/763/1/42
https://ui.adsabs.harvard.edu/abs/2013ApJ...763...42O
https://dx.doi.org/10.1088/0004-637X/789/2/104
https://ui.adsabs.harvard.edu/abs/Ofek2014
https://dx.doi.org/10.1051/0004-6361/201628233
https://ui.adsabs.harvard.edu/abs/Oh2016
https://dx.doi.org/10.1086/133562
https://ui.adsabs.harvard.edu/abs/Oke1995
https://dx.doi.org/10.1086/504710
https://ui.adsabs.harvard.edu/abs/Panagia2006
https://dx.doi.org/10.1007/s10509-014-1830-1
https://ui.adsabs.harvard.edu/abs/Parrent2014
https://dx.doi.org/10.1088/0004-637X/732/1/30
https://ui.adsabs.harvard.edu/abs/Parrent2011
https://dx.doi.org/10.1088/2041-8205/752/2/L26
https://ui.adsabs.harvard.edu/abs/Parrent2012
https://dx.doi.org/10.1038/nature05825
https://ui.adsabs.harvard.edu/abs/Pastorello2007
https://dx.doi.org/10.1111/j.1365-2966.2008.13602.x
https://ui.adsabs.harvard.edu/abs/Pastorello2008
https://dx.doi.org/10.1093/mnras/stv335
https://ui.adsabs.harvard.edu/abs/Pastorello2015
https://ui.adsabs.harvard.edu/abs/2021TNSAN..71....1P
https://dx.doi.org/10.1051/0004-6361/201116865
https://ui.adsabs.harvard.edu/abs/Patat2011
https://dx.doi.org/10.1088/0067-0049/192/1/3
https://ui.adsabs.harvard.edu/abs/Paxton2011
https://dx.doi.org/10.1088/0067-0049/208/1/4
https://ui.adsabs.harvard.edu/abs/Paxton2013
https://dx.doi.org/10.1088/0067-0049/220/1/15
https://ui.adsabs.harvard.edu/abs/Paxton2015
https://dx.doi.org/10.3847/1538-4365/aaa5a8
https://ui.adsabs.harvard.edu/abs/Paxton2018
https://dx.doi.org/10.3847/1538-4365/ab2241
https://ui.adsabs.harvard.edu/abs/Paxton2019

Pellegrino, C., Burke, J., Hiramatsu, D., et al. 2022a, Transient Name Server
Classification Report, 2022-1233, 1

Pellegrino, C., Gonzalez, E. P., Farah, J., et al. 2023a, Transient Name Server
AstroNote, 75, 1

Pellegrino, C., Terreran, G., Burke, J., et al. 2022b, Transient Name Server
Classification Report, 2022-712, 1

Pellegrino, C., Howell, D. A., Sarbadhicary, S. K., et al. 2020, ApJ, 897, 159
Pellegrino, C., Howell, D. A., Vinké, J., et al. 2022c, ApJ, 926, 125
Pellegrino, C., Howell, D. A., Terreran, G., et al. 2022d, ApJ, 938, 73
Pellegrino, C., Hiramatsu, D., Arcavi, L., et al. 2023b, arXiv e-prints, , arXiv:2301.04662
Pereira, R., Thomas, R. C., Aldering, G., et al. 2013, A&A, 554, A27
Perets, H. B., & Subr, L. 2012, ApJ, 751, 133

Pérez-Torres, M. A., Lundqvist, P., Beswick, R. J., et al. 2014, ApJ, 792, 38
Perley, D. A. 2019, PASP, 131, 084503

Perley, D. A., Mazzali, P. A., Yan, L., et al. 2019, MNRAS, 484, 1031
Perley, D. A., Fremling, C., Sollerman, J., et al. 2020, ApJ, 904, 35

Perley, D. A., Ho, A. Y. Q., Yao, Y., et al. 2021, MNRAS, 508, 5138

Perley, D. A., Sollerman, J., Schulze, S., et al. 2022, ApJ, 927, 180
Perlmutter, S., Aldering, G., Goldhaber, G., et al. 1999, ApJ, 517, 565
Phillips, M. M. 1993, ApJL, 413, LL105

Phillips, M. M., Wells, L. A., Suntzeff, N. B., et al. 1992, AJ, 103, 1632
Piro, A. L. 2015, ApJL, 808, L51

Piro, A. L., Haynie, A., & Yao, Y. 2021, ApJ, 909, 209

Podsiadlowski, P., Joss, P. C., & Hsu, J. J. L. 1992, ApJ, 391, 246

Polin, A., Nugent, P., & Kasen, D. 2019, ApJ, 873, 84

Poznanski, D., Prochaska, J. X., & Bloom, J. S. 2012, MNRAS, 426, 1465

Prentice, S. J., & Mazzali, P. A. 2017, MNRAS, 469, 2672
186


https://ui.adsabs.harvard.edu/abs/2022TNSCR1233....1P
https://ui.adsabs.harvard.edu/abs/2023TNSAN..75....1P
https://ui.adsabs.harvard.edu/abs/2022TNSCR.712....1P
https://dx.doi.org/10.3847/1538-4357/ab8e3f
https://ui.adsabs.harvard.edu/abs/2020ApJ...897..159P
https://dx.doi.org/10.3847/1538-4357/ac3e63
https://ui.adsabs.harvard.edu/abs/Pellegrino2022
https://dx.doi.org/10.3847/1538-4357/ac8ff6
https://ui.adsabs.harvard.edu/abs/2022ApJ...938...73P
https://dx.doi.org/10.48550/arXiv.2301.04662
https://ui.adsabs.harvard.edu/abs/2023arXiv230104662P
https://dx.doi.org/10.1051/0004-6361/201221008
https://ui.adsabs.harvard.edu/abs/Pereira2013
https://dx.doi.org/10.1088/0004-637X/751/2/133
https://ui.adsabs.harvard.edu/abs/
https://dx.doi.org/10.1088/0004-637X/792/1/38
https://ui.adsabs.harvard.edu/abs/Perez-Torres2014
https://dx.doi.org/10.1088/1538-3873/ab215d
https://ui.adsabs.harvard.edu/abs/PerleyLPipe
https://dx.doi.org/10.1093/mnras/sty3420
https://ui.adsabs.harvard.edu/abs/Perley2019
https://dx.doi.org/10.3847/1538-4357/abbd98
https://ui.adsabs.harvard.edu/abs/Perley2020
https://dx.doi.org/10.1093/mnras/stab2785
https://ui.adsabs.harvard.edu/abs/Perley2021
https://dx.doi.org/10.3847/1538-4357/ac478e
https://ui.adsabs.harvard.edu/abs/Perley2022
https://dx.doi.org/10.1086/307221
https://ui.adsabs.harvard.edu/abs/Perlmutter1999
https://dx.doi.org/10.1086/186970
https://ui.adsabs.harvard.edu/abs/Phillips1993
https://dx.doi.org/10.1086/116177
https://ui.adsabs.harvard.edu/abs/Phillips1992
https://dx.doi.org/10.1088/2041-8205/808/2/L51
https://ui.adsabs.harvard.edu/abs/Piro2015
https://dx.doi.org/10.3847/1538-4357/abe2b1
https://ui.adsabs.harvard.edu/abs/Piro2021
https://dx.doi.org/10.1086/171341
https://ui.adsabs.harvard.edu/abs/Podsiadlowski1992
https://dx.doi.org/10.3847/1538-4357/aafb6a
https://ui.adsabs.harvard.edu/abs/2019ApJ...873...84P
https://dx.doi.org/10.1111/j.1365-2966.2012.21796.x
https://ui.adsabs.harvard.edu/abs/Poznanski2012
https://dx.doi.org/10.1093/mnras/stx980
https://ui.adsabs.harvard.edu/abs/Prentice2017

Prentice, S. J., Mazzali, P. A., Pian, E., et al. 2016, MNRAS, 458, 2973
Prentice, S. J., Maguire, K., Smartt, S. J., et al. 2018, ApJL, 865, L3
Prentice, S. J., Maguire, K., Boian, I., et al. 2020, MNRAS, 499, 1450

Pritchard, T. A., Roming, P. W. A., Brown, P. J., Bayless, A. J., & Frey, L. H. 2014,
AplJ, 787, 157

Pritchard, T. A., Bensch, K., Modjaz, M., et al. 2021, ApJ, 915, 121

Pursiainen, M., Childress, M., Smith, M., et al. 2018, MNRAS, 481, 894

Rabinak, I., & Waxman, E. 2011, ApJ, 728, 63

Rau, U., & Cornwell, T. J. 2011, A&A, 532, A71

Rayner, J. T., Toomey, D. W., Onaka, P. M., et al. 2003, PASP, 115, 362

Reichart, D. E. 1999, ApJL, 521, L111

Renzo, M., Zapartas, E., de Mink, S. E., et al. 2019, A&A, 624, AG6

Rest, A., Garnavich, P. M., Khatami, D., et al. 2018, Nature Astronomy, 2, 307
Richmond, M. W., Treffers, R. R., Filippenko, A. V., et al. 1994, AJ, 107, 1022
Riess, A. G., Casertano, S., Yuan, W., Macri, L. M., & Scolnic, D. 2019, ApJ, 876, 85
Riess, A. G., Filippenko, A. V., Challis, P., et al. 1998, AJ, 116, 1009

Rivera Sandoval, L. E., Maccarone, T. J., Corsi, A., et al. 2018, MNRAS, 480, L.146
Roming, P. W. A., Kennedy, T. E., Mason, K. O., et al. 2005, SSRv, 120, 95
Ryder, S. D., Sadler, E. M., Subrahmanyan, R., et al. 2004, MNRAS, 349, 1093
Sako, M., Bassett, B., Becker, A. C., et al. 2018, PASP, 130, 064002

Salas, P., Bauer, F. E., Stockdale, C., & Prieto, J. L. 2013, MNRAS, 428, 1207
Sana, H., de Mink, S. E.; de Koter, A., et al. 2012, Science, 337, 444

Sander, A. A. C., Hamann, W. R., Todt, H., et al. 2019, A&A, 621, A92

Sanders, N. E., Soderberg, A. M., Foley, R. J., et al. 2013, ApJ, 769, 39

Sapir, N., & Waxman, E. 2017, ApJ, 838, 130

Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103
187


https://dx.doi.org/10.1093/mnras/stw299
https://ui.adsabs.harvard.edu/abs/Prentice2016
https://dx.doi.org/10.3847/2041-8213/aadd90
https://ui.adsabs.harvard.edu/abs/Prentice2018
https://dx.doi.org/10.1093/mnras/staa2947
https://ui.adsabs.harvard.edu/abs/Prentice2020
https://dx.doi.org/10.1088/0004-637X/787/2/157
https://ui.adsabs.harvard.edu/abs/Pritchard2014
https://dx.doi.org/10.3847/1538-4357/ac00bc
https://ui.adsabs.harvard.edu/abs/Pritchard2021
https://dx.doi.org/10.1093/mnras/sty2309
https://ui.adsabs.harvard.edu/abs/Pursiainen2018
https://dx.doi.org/10.1088/0004-637X/728/1/63
https://ui.adsabs.harvard.edu/abs/Rabinak2011
https://dx.doi.org/10.1051/0004-6361/201117104
https://ui.adsabs.harvard.edu/abs/Rau2011
https://dx.doi.org/10.1086/367745
https://ui.adsabs.harvard.edu/abs/Rayner2003
https://dx.doi.org/10.1086/312203
https://ui.adsabs.harvard.edu/abs/Reichart1999
https://dx.doi.org/10.1051/0004-6361/201833297
https://ui.adsabs.harvard.edu/abs/Renzo2019
https://dx.doi.org/10.1038/s41550-018-0423-2
https://ui.adsabs.harvard.edu/abs/Rest2018
https://dx.doi.org/10.1086/116915
https://ui.adsabs.harvard.edu/abs/Richmond1994
https://dx.doi.org/10.3847/1538-4357/ab1422
https://ui.adsabs.harvard.edu/abs/Riess2019
https://dx.doi.org/10.1086/300499
https://ui.adsabs.harvard.edu/abs/Riess1998
https://dx.doi.org/10.1093/mnrasl/sly145
https://ui.adsabs.harvard.edu/abs/RiveraSandoval2018
https://dx.doi.org/10.1007/s11214-005-5095-4
https://ui.adsabs.harvard.edu/abs/Roming2005
https://dx.doi.org/10.1111/j.1365-2966.2004.07589.x
https://ui.adsabs.harvard.edu/abs/Ryder2004
https://dx.doi.org/10.1088/1538-3873/aab4e0
https://ui.adsabs.harvard.edu/abs/Sako2018
https://dx.doi.org/10.1093/mnras/sts104
https://ui.adsabs.harvard.edu/abs/Salas2013
https://dx.doi.org/10.1126/science.1223344
https://ui.adsabs.harvard.edu/abs/Sana2012
https://dx.doi.org/10.1051/0004-6361/201833712
https://ui.adsabs.harvard.edu/abs/Sander2019
https://dx.doi.org/10.1088/0004-637X/769/1/39
https://ui.adsabs.harvard.edu/abs/Sanders2013
https://dx.doi.org/10.3847/1538-4357/aa64df
https://ui.adsabs.harvard.edu/abs/Sapir2017
https://dx.doi.org/10.1088/0004-637X/737/2/103
https://ui.adsabs.harvard.edu/abs/Schlafly2011

Schmidt, B. P., Suntzeff, N. B., Phillips, M. M., et al. 1998, ApJ, 507, 46

Schulze, S., Yaron, O., Sollerman, J., et al. 2021, ApJS, 255, 29

Seaquist, E. R., Krogulec, M., & Taylor, A. R. 1993, ApJ, 410, 260

Seaquist, E. R., & Taylor, A. R. 1990, ApJ, 349, 313

Seitenzahl, 1. R., Ciaraldi-Schoolmann, F., Ropke, F. K., et al. 2013, MNRAS, 429, 1156
Shappee, B. J., Prieto, J. L., Grupe, D., et al. 2014, ApJ, 788, 48

Shen, K. J., & Bildsten, L. 2007, ApJ, 660, 1444

—. 2009, AplJ, 699, 1365

Shingles, L., Smith, K. W., Young, D. R., et al. 2021, Transient Name Server
AstroNote, 7, 1

Shiode, J. H., & Quataert, E. 2014, ApJ, 780, 96

Shussman, T., Waldman, R., & Nakar, E. 2016, arXiv e-prints, , arXiv:1610.05323
Sironi, L., & Spitkovsky, A. 2011, ApJ, 726, 75

Skrutskie, M. F., Cutri, R. M., Stiening, R., et al. 2006, AJ, 131, 1163

Smartt, S. J. 2009, ARA&A, 47, 63

—. 2015, PASA, 32, 016

Smartt, S. J., Clark, P., Smith, K. W., et al. 2018, The Astronomer’s Telegram, 11727, 1
Smith, J. A., Tucker, D. L., Kent, S., et al. 2002, AJ, 123, 2121

Smith, K. W., Smartt, S. J., Young, D. R., et al. 2020, PASP, 132, 085002

Smith, N. 2014, ARA&A, 52, 487

Smith, N. 2017, in Handbook of Supernovae, ed. A. W. Alsabti & P. Murdin, 403
Smith, N., & Arnett, W. D. 2014, ApJ, 785, 82

Smith, N., Foley, R. J., & Filippenko, A. V. 2008, ApJ, 680, 568

Smith, N., Li, W., Filippenko, A. V., & Chornock, R. 2011, MNRAS, 412, 1522
Smith, N., Mauerhan, J. C., Silverman, J. M., et al. 2012, MNRAS, 426, 1905

Smith, N., & Owocki, S. P. 2006, ApJL, 645, L45
188


https://dx.doi.org/10.1086/306308
https://ui.adsabs.harvard.edu/abs/Schmidt1998
https://dx.doi.org/10.3847/1538-4365/abff5e
https://ui.adsabs.harvard.edu/abs/Schulze2021
https://dx.doi.org/10.1086/172742
https://ui.adsabs.harvard.edu/abs/Seaquist1993
https://dx.doi.org/10.1086/168315
https://ui.adsabs.harvard.edu/abs/Seaquist1990
https://dx.doi.org/10.1093/mnras/sts402
https://ui.adsabs.harvard.edu/abs/Seitenzahl2013
https://dx.doi.org/10.1088/0004-637X/788/1/48
https://ui.adsabs.harvard.edu/abs/2014ApJ...788...48S
https://dx.doi.org/10.1086/513457
https://ui.adsabs.harvard.edu/abs/Shen2007
https://dx.doi.org/10.1088/0004-637X/699/2/1365
https://ui.adsabs.harvard.edu/abs/2009ApJ...699.1365S
https://ui.adsabs.harvard.edu/abs/2021TNSAN...7....1S
https://dx.doi.org/10.1088/0004-637X/780/1/96
https://ui.adsabs.harvard.edu/abs/Shiode2014
https://dx.doi.org/10.48550/arXiv.1610.05323
https://ui.adsabs.harvard.edu/abs/2016arXiv161005323S
https://dx.doi.org/10.1088/0004-637X/726/2/75
https://ui.adsabs.harvard.edu/abs/Sironi2011
https://dx.doi.org/10.1086/498708
https://ui.adsabs.harvard.edu/abs/Skrutskie2006
https://dx.doi.org/10.1146/annurev-astro-082708-101737
https://ui.adsabs.harvard.edu/abs/Smartt2009
https://dx.doi.org/10.1017/pasa.2015.17
https://ui.adsabs.harvard.edu/abs/Smartt2015
https://ui.adsabs.harvard.edu/abs/2018ATel11727....1S
https://dx.doi.org/10.1086/339311
https://ui.adsabs.harvard.edu/abs/Smith2002
https://dx.doi.org/10.1088/1538-3873/ab936e
https://ui.adsabs.harvard.edu/abs/Smith2020
https://dx.doi.org/10.1146/annurev-astro-081913-040025
https://ui.adsabs.harvard.edu/abs/Smith2014
https://dx.doi.org/10.1088/0004-637X/785/2/82
https://ui.adsabs.harvard.edu/abs/Smith2014
https://dx.doi.org/10.1086/587860
https://ui.adsabs.harvard.edu/abs/Smith2008
https://dx.doi.org/10.1111/j.1365-2966.2011.17229.x
https://ui.adsabs.harvard.edu/abs/Smith2011
https://dx.doi.org/10.1111/j.1365-2966.2012.21849.x
https://ui.adsabs.harvard.edu/abs/Smith2012
https://dx.doi.org/10.1086/506523
https://ui.adsabs.harvard.edu/abs/Smith2006

Soderberg, A. M., Chevalier, R. A., Kulkarni, S. R., & Frail, D. A. 2006, ApJ, 651, 1005
Soderberg, A. M., Margutti, R., Zauderer, B. A., et al. 2012, ApJ, 752, 78

Sollerman, J., Cumming, R. J., & Lundqvist, P. 1998, ApJ, 493, 933

Soumagnac, M. T., Ofek, E. O., Liang, J., et al. 2020, ApJ, 899, 51

Springob, C. M., Haynes, M. P., Giovanelli, R., & Kent, B. R. 2005, ApJS, 160, 149

Srivastav, S., Smartt, S. J., McBrien, O., Smith, K. W., & Young, D. R. 2020,
Transient Name Server AstroNote, 32, 1

Stanek, K. Z., Matheson, T., Garnavich, P. M., et al. 2003, ApJL, 591, .17

Stetson, P. B. 1987, PASP, 99, 191

Stritzinger, M., Mazzali, P. A., Sollerman, J., & Benetti, S. 2006, A&A, 460, 793
Stritzinger, M. D., Shappee, B. J., Piro, A. L., et al. 2018, ApJL, 864, L.35
Strotjohann, N. L., Ofek, E. O., Gal-Yam, A., et al. 2021, ApJ, 907, 99

Sukhbold, T., Ertl, T., Woosley, S. E., Brown, J. M., & Janka, H. T. 2016, ApJ, 821, 38
Sun, N.-C., Maund, J. R., & Crowther, P. A. 2023, MNRAS, 521, 2860

Taddia, F., Stritzinger, M. D., Sollerman, J., et al. 2013, A&A, 555, A10

Taddia, F., Sollerman, J., Leloudas, G., et al. 2015, A&A, 574, A60

Taddia, F., Stritzinger, M. D., Bersten, M., et al. 2018, A&A, 609, A136

Taddia, F., Sollerman, J., Fremling, C., et al. 2019, A&A, 621, A71

Tartaglia, L., Fraser, M., Sand, D. J., et al. 2017, ApJL, 836, L.12

Taubenberger, S. 2017, in Handbook of Supernovae, ed. A. W. Alsabti & P. Murdin, 317

Taubenberger, S., Csoernyei, G., Vogl, C., et al. 2021, Transient Name Server
AstroNote, 125, 1

Tauris, T. M., Langer, N., Moriya, T. J., et al. 2013, ApJL, 778, L.23
Tauris, T. M., Langer, N., & Podsiadlowski, P. 2015, MNRAS, 451, 2123
Terreran, G., Margutti, R., Bersier, D., et al. 2019, ApJ, 883, 147
Thomas, R. C., Nugent, P. E., & Meza, J. C. 2011, PASP, 123, 237

189


https://dx.doi.org/10.1086/507571
https://ui.adsabs.harvard.edu/abs/Soderberg2006
https://dx.doi.org/10.1088/0004-637X/752/2/78
https://ui.adsabs.harvard.edu/abs/Soderberg2012
https://dx.doi.org/10.1086/305163
https://ui.adsabs.harvard.edu/abs/Sollerman1998
https://dx.doi.org/10.3847/1538-4357/ab94be
https://ui.adsabs.harvard.edu/abs/Soumagnac2020
https://dx.doi.org/10.1086/431550
https://ui.adsabs.harvard.edu/abs/Springob2005
https://ui.adsabs.harvard.edu/abs/2020TNSAN..32....1S
https://dx.doi.org/10.1086/376976
https://ui.adsabs.harvard.edu/abs/Stanek2003
https://dx.doi.org/10.1086/131977
https://ui.adsabs.harvard.edu/abs/Stetson1987
https://dx.doi.org/10.1051/0004-6361:20065514
https://ui.adsabs.harvard.edu/abs/Stritzinger2006
https://dx.doi.org/10.3847/2041-8213/aadd46
https://ui.adsabs.harvard.edu/abs/Stritzinger2018
https://dx.doi.org/10.3847/1538-4357/abd032
https://ui.adsabs.harvard.edu/abs/Strotjohann2021
https://dx.doi.org/10.3847/0004-637X/821/1/38
https://ui.adsabs.harvard.edu/abs/Sukhbold2016
https://dx.doi.org/10.1093/mnras/stad690
https://ui.adsabs.harvard.edu/abs/2023MNRAS.521.2860S
https://dx.doi.org/10.1051/0004-6361/201321180
https://ui.adsabs.harvard.edu/abs/Taddia2013
https://dx.doi.org/10.1051/0004-6361/201423915
https://ui.adsabs.harvard.edu/abs/Taddia2015
https://dx.doi.org/10.1051/0004-6361/201730844
https://ui.adsabs.harvard.edu/abs/Taddia2018
https://dx.doi.org/10.1051/0004-6361/201834429
https://ui.adsabs.harvard.edu/abs/Taddia2019
https://dx.doi.org/10.3847/2041-8213/aa5c7f
https://ui.adsabs.harvard.edu/abs/Tartaglia2017
https://ui.adsabs.harvard.edu/abs/2021TNSAN.125....1T
https://dx.doi.org/10.1088/2041-8205/778/2/L23
https://ui.adsabs.harvard.edu/abs/Tauris2013
https://dx.doi.org/10.1093/mnras/stv990
https://ui.adsabs.harvard.edu/abs/Tauris2015
https://dx.doi.org/10.3847/1538-4357/ab3e37
https://ui.adsabs.harvard.edu/abs/Terreran2019
https://dx.doi.org/10.1086/658673
https://ui.adsabs.harvard.edu/abs/Thomas2011

Todini, P., & Ferrara, A. 2001, MNRAS, 325, 726

Tonry, J. L., Denneau, L., Heinze, A. N., et al. 2018, PASP, 130, 064505
Tully, R. B., & Fisher, J. R. 1977, A&A, 54, 661

Valenti, S., Pastorello, A., Cappellaro, E., et al. 2009, Nature, 459, 674
Valenti, S., Howell, D. A., Stritzinger, M. D., et al. 2016, MNRAS, 459, 3939

Van Dyk, S. D. 2017, Philosophical Transactions of the Royal Society of London Series
A, 375, 20160277

Van Dyk, S. D., Li, W., & Filippenko, A. V. 2003, PASP, 115, 1

Van Dyk, S. D., Zheng, W., Fox, O. D., et al. 2014, AJ, 147, 37
Vargas-Salazar, 1., Oey, M. S., Barnes, J. R., et al. 2020, ApJ, 903, 42

Vink, J. S. 2017, A&A, 607, L8

Vink, J. S., de Koter, A., & Lamers, H. J. G. L. M. 2000, A&A, 362, 295
Wang, L., & Wheeler, J. C. 2008, ARA&A, 46, 433

Wang, S.-Q., & Li, L. 2020, ApJ, 900, 83

Wang, X., Filippenko, A. V., Ganeshalingam, M., et al. 2009, ApJL, 699, L.139
Wang, X., Lin, W., Zhang, J., et al. 2021, ApJ, 917, 97

Weiler, K. W., Williams, C. L., Panagia, N., et al. 2007, ApJ, 671, 1959
Wellons, S., Soderberg, A. M., & Chevalier, R. A. 2012, ApJ, 752, 17

Whelan, J., & Iben, Icko, J. 1973, ApJ, 186, 1007

Whitesides, L., Lunnan, R., Kasliwal, M. M., et al. 2017, ApJ, 851, 107
Wiseman, P., Pursiainen, M., Childress, M., et al. 2020, MNRAS, 498, 2575
Wood-Vasey, W. M., & Sokoloski, J. L. 2006, ApJL, 645, L.53

Woosley, S. E. 1993, ApJ, 405, 273

—. 2017, ApJ, 836, 244

Woosley, S. E., Eastman, R. G., Weaver, T. A., & Pinto, P. A. 1994, ApJ, 429, 300

Woosley, S. E., & Heger, A. 2007, PhR, 442, 269
190


https://dx.doi.org/10.1046/j.1365-8711.2001.04486.x
https://ui.adsabs.harvard.edu/abs/2001MNRAS.325..726T
https://dx.doi.org/10.1088/1538-3873/aabadf
https://ui.adsabs.harvard.edu/abs/Tonry2018
https://ui.adsabs.harvard.edu/abs/1977A&A....54..661T
https://dx.doi.org/10.1038/nature08023
https://ui.adsabs.harvard.edu/abs/Valenti2009
https://dx.doi.org/10.1093/mnras/stw870
https://ui.adsabs.harvard.edu/abs/Valenti2016
https://dx.doi.org/10.1098/rsta.2016.0277
https://dx.doi.org/10.1098/rsta.2016.0277
https://ui.adsabs.harvard.edu/abs/2017RSPTA.37560277V
https://dx.doi.org/10.1086/345748
https://ui.adsabs.harvard.edu/abs/2003PASP..115....1V
https://dx.doi.org/10.1088/0004-6256/147/2/37
https://ui.adsabs.harvard.edu/abs/VD2014
https://dx.doi.org/10.3847/1538-4357/abbb95
https://ui.adsabs.harvard.edu/abs/Vargas-Salazar2020
https://dx.doi.org/10.1051/0004-6361/201731902
https://ui.adsabs.harvard.edu/abs/Vink2017
https://dx.doi.org/10.48550/arXiv.astro-ph/0008183
https://ui.adsabs.harvard.edu/abs/2000A&A...362..295V
https://dx.doi.org/10.1146/annurev.astro.46.060407.145139
https://ui.adsabs.harvard.edu/abs/Wang2008
https://dx.doi.org/10.3847/1538-4357/aba6e9
https://ui.adsabs.harvard.edu/abs/Wang2020
https://dx.doi.org/10.1088/0004-637X/699/2/L139
https://ui.adsabs.harvard.edu/abs/Wang2009
https://dx.doi.org/10.3847/1538-4357/ac0c17
https://ui.adsabs.harvard.edu/abs/Wang2021
https://dx.doi.org/10.1086/523258
https://ui.adsabs.harvard.edu/abs/Weiler2007
https://dx.doi.org/10.1088/0004-637X/752/1/17
https://ui.adsabs.harvard.edu/abs/Wellons2012
https://dx.doi.org/10.1086/152565
https://ui.adsabs.harvard.edu/abs/Whelan1973
https://dx.doi.org/10.3847/1538-4357/aa99de
https://ui.adsabs.harvard.edu/abs/Whitesides2017
https://dx.doi.org/10.1093/mnras/staa2474
https://ui.adsabs.harvard.edu/abs/Wiseman2020
https://dx.doi.org/10.1086/506179
https://ui.adsabs.harvard.edu/abs/Wood-Vasey2006
https://dx.doi.org/10.1086/172359
https://ui.adsabs.harvard.edu/abs/Woosley1993
https://dx.doi.org/10.3847/1538-4357/836/2/244
https://ui.adsabs.harvard.edu/abs/Woosley2017
https://dx.doi.org/10.1086/174319
https://ui.adsabs.harvard.edu/abs/Woosley1994
https://dx.doi.org/10.1016/j.physrep.2007.02.009
https://ui.adsabs.harvard.edu/abs/Woosley2007

—. 2015, ApJ, 810, 34

Woosley, S. E., & Kasen, D. 2011, ApJ, 734, 38

Woosley, S. E., Kasen, D., Blinnikov, S., & Sorokina, E. 2007, ApJ, 662, 487
Wu, S. C., & Fuller, J. 2022, ApJL, 940, L27

Xiang, D., Wang, X., Lin, W., et al. 2021, ApJ, 910, 42

Yao, Y., Miller, A. A., Kulkarni, S. R., et al. 2019, ApJ, 886, 152

Yao, Y., De, K., Kasliwal, M. M., et al. 2020, ApJ, 900, 46

Yaron, O., & Gal-Yam, A. 2012, PASP, 124, 668

Yaron, O., Perley, D. A., Gal-Yam, A., et al. 2017, Nature Physics, 13, 510
Yoon, S. C., Woosley, S. E., & Langer, N. 2010, ApJ, 725, 940

Zacharias, N., Finch, C. T., Girard, T. M., et al. 2013, AJ, 145, 44

Zackay, B., Ofek, E. O., & Gal-Yam, A. 2016, ApJ, 830, 27

Zheng, W., Kelly, P. L., & Filippenko, A. V. 2018, ApJ, 858, 104

191


https://dx.doi.org/10.1088/0004-637X/810/1/34
https://ui.adsabs.harvard.edu/abs/Woosley2015
https://dx.doi.org/10.1088/0004-637X/734/1/38
https://ui.adsabs.harvard.edu/abs/Woosley2011
https://dx.doi.org/10.1086/513732
https://ui.adsabs.harvard.edu/abs/Kasen2007
https://dx.doi.org/10.3847/2041-8213/ac9b3d
https://ui.adsabs.harvard.edu/abs/2022ApJ...940L..27W
https://dx.doi.org/10.3847/1538-4357/abdeba
https://ui.adsabs.harvard.edu/abs/Xiang2021
https://dx.doi.org/10.3847/1538-4357/ab4cf5
https://ui.adsabs.harvard.edu/abs/2019ApJ...886..152Y
https://dx.doi.org/10.3847/1538-4357/abaa3d
https://ui.adsabs.harvard.edu/abs/Yao2020
https://dx.doi.org/10.1086/666656
https://ui.adsabs.harvard.edu/abs/Yaron2012
https://dx.doi.org/10.1038/nphys4025
https://ui.adsabs.harvard.edu/abs/Yaron2017
https://dx.doi.org/10.1088/0004-637X/725/1/940
https://ui.adsabs.harvard.edu/abs/Yoon2010
https://dx.doi.org/10.1088/0004-6256/145/2/44
https://ui.adsabs.harvard.edu/abs/Zacharias2013
https://dx.doi.org/10.3847/0004-637X/830/1/27
https://ui.adsabs.harvard.edu/abs/Zackay2016
https://dx.doi.org/10.3847/1538-4357/aabaeb
https://ui.adsabs.harvard.edu/abs/Zheng2018

	Curriculum Vitae
	Abstract
	Introduction
	A Brief Overview of Supernovae
	Las Cumbres Observatory
	The Extremes of ``Normal" Supernovae

	Constraining the Source of the High-velocity Ejecta in SN 2019ein
	Introduction
	Observations
	Photometric Results
	Spectroscopic Analysis
	Progenitor Constraints from Radio Observations
	Mixing and Optical Depth Effects
	Summary

	The Phase Space of Rapidly-evolving Supernovae
	Supernova Powering Mechanisms
	Supernova Phase Space

	Circumstellar Interaction and Luminous, Rapidly-evolving Transients
	Introduction
	Observations and Sample Description
	Data Analysis
	Circumstellar-interaction Models
	Discussion
	Conclusions

	Type Icn Supernovae: A New Class of Rapidly-Evolving Supernovae with Multiple Progenitor Channels
	Introduction
	Sample Description and Observations
	Photometric Properties
	Spectroscopic Features
	Progenitor Analysis
	Discussion
	Conclusions

	SN 2020bio: Diversity in the Class of Double-peaked Type IIb Supernovae
	Introduction
	Discovery and Data Description
	Photometric and Spectral Analysis
	Light-curve Modeling and Progenitor Inference
	Discussion and Conclusions

	Conclusions and Future Outlook
	Bibliography



