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ABSTRACT

Modern time-domain astronomy has entered a data-rich era. Propelled by wide-field,
high-cadence surveys like the Zwicky Transient Facility (ZTF) have vastly expanded
our understanding of supernova (SN) diversity. However, the surge in discoveries has
led to a classification bottleneck, particularly for spectroscopic follow-up, hindering
the timely identification of rare or unusual transients. This thesis focuses on a
class of unusually long-lived SNe with bumpy light curves, and also addresses
the broader classification challenge through instrumentation and the application of

artificial intelligence.

Two rare SN classes are examined in depth through systematic samples: (1) SNe la-
CSM, which initially have SNe la-like spectra but later transform into Type IIn-
like SNe strongly interacting with circumstellar material (CSM), challenging our
understanding of their progenitor systems; and (i1) double-peaked stripped-envelope
supernovae (SESNe), where multiple light curve peaks suggest contributions from
diverse energy sources including double-nickel distribution, CSM interaction, or
magnetar engines. I derive constraints on the observed rates of SNe Ia-CSM with
the systematic sample, and identify spectroscopic features that can differentiate
between the strongly-interacting spectra of SNe Ia-CSM from SNe IIn. I discuss
the diversity of double-peaked SESN light curves in the context of the plethora
of suggested powering mechanisms and derive light curve properties that can help

narrow down the possibilities.

To enable more effective discovery and classification of such events, this thesis also
presents instrumental and computational advances. 1 detail the commissioning of
a new low-resolution robotic spectrograph, SEDM-KP, on the Kitt Peak 84-inch
telescope, designed to extend spectroscopic classification to fainter transients. Ad-
ditionally, I introduce a deep-learning-based tool, CCSNscore, which achieves high
accuracy in automated core-collapse supernova classification from low-resolution

spectra, significantly reducing human workload and latency in reporting.

Together, these contributions advance our ability to identify, classify, and study
the growing zoo of transient phenomena and lay the groundwork for managing the

deluge of discoveries anticipated in the Rubin Observatory era.
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Chapter 1

INTRODUCTION

The advent of high-cadence, wide- eld robotic optical surveys has transformed our
view of supernovae (SN). Since the rst systematic supernova survey (Zwicky 1938),
we have come a long way in understanding the diversity of these cosmic explosions,
with modern surveys such as the Zwicky Transient Facility (ZTF; Bellm et al. 2019;
Graham et al. 2019; Dekany et al. 2020). Where supernovae were once grouped into
a handful of spectroscopic classes (Filippenko 1997), we now recognize arich zoo of
subtypes within those broad categories, each distinguished by complex photometric
and spectroscopic behavior (see Figure 1.1).

Figure 1.1: The supernova classi cation scheme (adapted from astrobites arti-
cle by Ashley Villar https://astrobites.org/2016/12/02/classifying-

supernovae/ ). New supernova classes are emerging more frequently with surveys
like ZTF.



Figure 1.2: Pie charts depicting the fraction of classi ed supernovae by subtypes
in ZTF's ux-limited Bright Transient Survey (BTS; Fremling et al. 2020). Figure
from Perley et al. (2020).



3

The light curves of these SNe exhibit a remarkable diversity in their duration,
morphology, and luminosities some exhibiting extended plateaus (Dilday et al.
2012) and ultra-long durations (Zhang et al. 2012; Arcavi et al. 2017), others
showing pronounced undulations or multiple peaks (Anupama et al. 2005; Pastorello
et al. 2013; Chen et al. 2024; Angus et al. 2024) and spanning a luminosity range
from subluminous (Pastorello et al. 2004) to superluminous events (Quimby 2011).
Spectroscopic transformations can accompany the major light curve variations,
especially if the supernova has extended circumstellar material (CSM) to interact
with (Silverman et al. 2013b; Sollerman et al. 2020; Kuncarayakti et al. 2023).
Rare and hypothesized spectroscopic subtypes are being discovered with increasing
frequency (Gal-Yam et al. 2021; Perley et al. 2022b; Kuncarayakti et al. 2022; Gal-
Yam et al. 2024; Schulze et al. 2024b), pointing to a wider variety of progenitor
systems and powering mechanisms than previously appreciated.

Some of this diversity arises from variations in the immediate circumstellar environ-
ment. Interactions between SN ejecta and dense CSM, for instance, can dramatically
alter the light curve and spectral features (Smith 2017; Khatami et al. 2024), some-
times masking the intrinsic nature of the explosion (e.g., thermonuclear explosion
of white dwarf inside a dense CSM; Wang et al. 2004, Silverman et al. 2013b). The
origin of the CSM depends on the progenitor. It could be from mass-loss winds
(Smith 2014) or eruptive luminous blue variable (LBV) episodes (Humphreys et al.
1994). Multiple rebrightenings can occur when shells of previously ejected material
collide, as in the case of pulsational pair-instability SNe (Barkat et al. 1967; Rakavy
et al. 1967; Woosley 2017). In other cases, the newly formed compact object can
act as a central engine and inject energy into the SN ejecta (e.g., magnetar; Ostriker
et al. 1971; Gaet 1977; Kasen et al. 2010; Woosley 2010 or fallback accretion;
Chevalier 1989; Zhang et al. 2008; Dexter et al. 2013; Moriya et al. 2019a) which can
produce long-lived, luminous transients that cannot be explained by just radioactive
power from®®Ni decay (Arnett 1982). Disentangling the roles of progenitor type,
explosion mechanism, and post-explosion environment is critical for understanding
these systems.

While high-cadence surveys have enabled the discovery of large numbers of SNe,
it is spectroscopy that allows us to classify them and understand their nature. How-
ever, transient astronomy is increasingly experiencing a classi cation bottleneck.
Systematic surveys that target spectroscopic completeness are limited to bright tran-
sients € 240: 185mag; Fremling et al. 2020; Perley et al. 2020), leaving a vast
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population of fainter events uncharacterized. Fully-robotic dedicated spectrographs
on relatively small apertures (1 2 meter class) that are optimized for transient clas-
si cation have proven their utility in managing this bottleneck; however, in the
upcoming Rubin (lvezi¢ et al. 2019) era, this situation will be made worse. Thus,
there is a need for dedicated robotic follow-up facilities for classifying transients.

The modern transient pipeline from robotic discovery machines to automated
triggering (Andreoni et al. 2021; Rehemtulla et al. 2024) to robotic spectroscopy is
largely autonomous. However, the next step, deducing classi cations from spectra,
requires an astronomer's input. Moreover, even with the current spectroscopic
data volume, visual analysis of the spectra for classi cation is a cumbersome and
time-consuming manual task that delays sorting interesting SNe from the typical
ones. This is a big-data classi cation problem and thus well-suited for arti cial
intelligence (Al). Recent advances in deep learning can o er solutions for diverse
astronomical problems and datasets. Leveraging Al for rapid transient classi cation
and dissemination will allow for the timely addition of con rmed SNe to the public
servers and thus help quickly identify rare, extreme, and new types of SNe for further
follow-up. Studying these peculiar SNe systematically o ers insight into the deathly
throes toward the very end of the stellar life cycle and increases our understanding
of interactions between binary companions, eruptive mass loss, compact object
formation, etc. However, it is easier said than done, as most Al models are data-
hungry, but the rate of occurrence of transients in a ux-limited survey is not evenly
distributed (see Figure 1.2), which in turn causes the models to be biased and not
perform robustly.

This thesis aims to address the phenomena behind some subsets of transients char-
acterized by long-lived and/or bumpy light curves that fall outside the well-studied
classes, such as Type lin. These include: i) Type la-CSM SNe, where thermonu-
clear explosions appear to interact with massive hydrogen-rich circumstellar envi-
ronments, raising questions about the nature of the progenitor system and whether
the explosion is truly of Type la origin; and ii) double-peaked Type Ibc supernovae,
where core-collapse SNe show two distinct but related peaks which often need
a combination of powering mechanisms to explain. In addition to characterizing
these rare transients, this thesis also addresses the observational challenge of rapid
and accurate classi cation amidst an ever-growing stream of candidates through a
new spectrograph and a deep-learning-based automatic classi cation tool, enabling
timely spectroscopic follow-up and in-depth study.



1.1 Metamorphing Type la: SNe la-CSM

Several subtypes of core-collapse supernovae (CCSNe) exhibit strong interaction
with circumstellar material. SNe IIn (Schlegel 1990; Filippenko 1997) are thought
to originate from massive stars like luminous blue variables (LBVs), with CSM
shaped by eruptive mass loss (Gal-Yam et al. 2007; Kiewe et al. 2012; Smith 2014).
In contrast, the hydrogen- and/or helium-poor CSM seen in SNe Ibn (Pastorello
et al. 2008; Foley et al. 2007; Chugai 2009; Hosseinzadeh et al. 2017) and SNe Icn
(Gal-yam et al. 2022; Perley et al. 2022b; Pellegrino et al. 2022) likely stems from
wind-driven or binary stripping of massive Wolf-Rayet progenitors. A rare subclass
of thermonuclear SNe la, known as SN la-CSM, also shows strong interaction with
hydrogen-rich CSM. This class of objects shows a spectral metamorphosis from
appearing normal Type la-91T-like at early times to transforming into Type lin-like
soon after. SNe la-CSM challenge the progenitor debate between the double-
degenerate (DD) scenario (Webbink 1984; Iben et al. 1984) (binary white dwarf
merger) and the single-degenerate (SD) channel (Whelan et al. 1973) (accretion
from a non-degenerate companion onto the white dwarf, triggering thermonuclear
runaway). While DD scenarios have strong observational support from nearby
SNe la (Nugent et al. 2011; Li et al. 2011; Bloom et al. 2011; Brown et al. 2012),
la-CSM events provide strong evidence for the SD channel.

Notable examples of Type la-CSM SNe include SNe 2002ic (Hamuy et al. 2003) and
2005gj (Aldering et al. 2006), but these SNe were strongly interacting from very early
times, and thus their SNe la origin was unclear. PTF11kx (Dilday et al. 2012) was
the rst supernova that showed a clear SN la-like evolution f@0days and then
evolved into resembling SNe 2002ic and 2005gj. Despite strong spectral similarities
with SNe IIn once interaction begins, SNe la-CSM appear to di er subtly in some
observational properties, speci cally\Hand helium line strengths (Silverman et al.
2013b). The only prior sample study, Silverman et al. (2013b), analyzed a sample of
16 SN la-CSM collected from various surveys that does not allow for putting robust
constraints on their rates. In Chapter 2, | present 12 new SNe la-CSM discovered by
ZTF collected systematically as part of the Bright Transient Survey. | quantitatively
analyze the di erences between the interaction-dominated spectra of SNe la-CSM
and SNe lIn and put strong constraints on their observed rates.

1.2 Metamorphing Type Ibc: Double-peaked SNe
Stripped-envelope supernovae (SESNe) are the explosions of massive |ars )
that have lost most or all of their outer envelopes. Theyinclude Typeslib (some H), Ib
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(noH, some He), and Ic (neither H nor He). Hundreds of SESNe have been observed
in the last decade and have shed light on several aspects of their progenitors and
powering mechanisms. Binary interaction appears essential for envelope stripping,
supported by low ejecta masses, observed rates (Smith 2011), and post-explosion
companion detection in SN 2022jli (Chen et al. 2024). Light-curve modeling often
relies on®®Ni-powered analytic models (Arnett 1982), but some SESNe require
alternative mechanisms to explain unusual features or high luminosities (Sollerman
et al. 2022; Rodriguez et al. 2024). However, in the last few years, time-domain
surveys have revealed a growing number of SESNe that exhibit double-peaked light
curves. These unusual SESNe do not constitute a uniform group, but show a wide
range of photometric and spectroscopic behavior with pockets of homogeneity.

Some double-peaked SESNe show a rapid early decliag ® 5 days), often
attributed to shock cooling in extended envelopes or nearby CSM (Nakar et al. 2014;
Piro 2015; Jin etal. 2021; Crawford et al. 2025; Das et al. 2024), while others display
diverse light-curve morphologies, durations, and luminosities. Several powering
mechanisms (or combinations thereof) have been proposed for the latter, namely
double-nickel distribution (Folatelli et al. 2006; Gutiérrez et al. 2021; Orellana et
al. 2022), delayed or variable magnetar spin-down energy injection (Moriya et al.
2022), CSMinteraction (Khatami et al. 2024), fallback accretion (Dexter et al. 2013),
eruptive precursors (Damineli et al. 1997; Woosley et al. 2015), and pulsational
pair-instability events (Woosley 2017). While some mechanisms have distinctive
signatures (e.g., narrow emission lines for CSM interaction), many can produce
similar light curves with ne-tuning, complicating the interpretation of these SNe's
origin. Therefore, models must predict certain speci ¢ observable signatures (for
example, changes in the light curve shape, colors, or spectral line pro les) or have
restrictions on the feasibility of some light curve properties (for example, duration
between peaks, relative brightness of the peaks, or rise and decline rates), which can
narrow down the possible powering mechanism. However, these peculiar objects
and the plethora of proposed models are seldom analyzed as a group; doing so
could illuminate missing connections and reduce the need for ne-tuning models to
individual objects.

In Chapters 3 and 4, | present new observations and analysis of three unusual double-
peaked SESNe discovered by ZTF: SN 2023aew, SN 2021uvy, and SN 2022hgk.
All three SESNe di er in peak luminosities, timescales, and light curve shapes.
For SN 2023aew, | explore all possible powering mechanisms in Chapter 3. In
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Chapter 4, | analyze a sample of 12 published double-peaked SESNe from the ZTF
archive to investigate whether speci c light-curve features correlate with particular
powering scenarios and assess their potential as a photometric subclass.

1.3 Instrumentation and Al for optimal classi cation of SNe

To date, the most e cient among current transient classi cation instruments is
the SED-Machine (Blagorodnova et al. 2018; Rigault et al. 2019) on the Palomar
60-inch telescope (P60) in Southern California an ultra-low resolution (R00)

IFU spectrograph that has classi @d5500transients on the Transient Name Server
(TNS; 42% of total classi cations on TNS since the beginning of ZTFmore than

the next best instrument, see Kulkarni 2020). Being robotic, SEDM also has low
overheads, can be integrated easily with automated follow-up triggering systems,
and has a fast turnaround, which is the need of the hour for follow-up of fast transients
like gamma ray burst (GRB) afterglows (Ho et al. 2020), fast blue optical transients
(Ho et al. 2019; Ho et al. 2023), and electromagnetic counterparts of gravitational
waves (EMGW; Abbott et al. 2017; Kasliwal et al. 2017). Despite the remarkable
success of SEDM for bright transients, large-scale classi cation e orts still su er
from two bottlenecks.

First, SEDM's sensitivity limits it to transients brighter thah9 magnitudeAband).

With another SEDM:-like instrument on a larger aperture telescope that has the same
robotic capabilities, the spectroscopic completeness of ux-limited surveys can be
pushed deeper. For my thesis, | led the commissioning of SEDM-KP an upgraded
iteration of SEDM on the robotic 84-inch telescope (KP84) at Kitt Peak National
Laboratory in Tucson, Arizona. Working with the Caltech Optical Observatories
(COO0) engineering team, | re ned and tested the robotic operations software and
troubleshooted the numerous engineering challenges encountered with the telescope
and the instrument. | also established the automatic IFU data reduction pipeline. In
Chapter 5, | detail the commissioning process and initial performance of SEDM-KP
compared to SEDM.

Second, SN classi cation is largely a manual task. Traditional classi cation aids
such as SNID (Blondin et al. 2007), Supert (Howell et al. 2005), and Gelato
(Harutyunyan et al. 2008) rely on supernova template matching, often requiring
user input and struggling with low signal-to-noise data or spectra with host galaxy
contamination. These methods are also slow and scale poorly to the large volumes
of data produced by modern surveys. Deep learning o ers a scalable alternative and
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was rst explored for SN classi cation by Muthukrishna et al. (2019a), in which
the authors presented DASH a deep-learning multi-type classi er trained using
SNID templates. Fremling et al. (2021) found that DASH did not perform well on
SEDM's low-resolution data and thus develofgdlascorea deep-learning classi-

er speci cally tailored to SEDM. Withj 90% accuracy and 0s6% false positive

rate (see Figure 1.3gNlascoreautomated half the classi cation workload for BTS
and enabled robust submissions of classi cations to TNS witHid minutes of
spectrum acquisition. Alongsid&TSbot (Rehemtulla et al. 2024), it enabled the
rst fully automated discovery-to-classi cation pipeline (Rehemtulla et al. 2023).
While SNe la classi cation bene ts from their spectral homogeneity and abundance
in ux-limited surveys, core-collapse SNe (CCSNe) are more diverse and harder
to classify, especially with ultra-low resolution data. Within BTS, the majority
of CCSNe are hydrogen-rich Type Il {2%), dominated by SNe IIP/L (6% of

Type II), while stripped-envelope SNe (SESNe) include SNe 1d8906), Ic-BL,
SLSNe, and rare subtypes like Icn and Ibn (Perley et al. 2020). This class imbal-
ance, spectral heterogeneity, and low resolution of SEDM complicate automated
classi cation for CCSNe, especially for subtypes requiring the resolution of narrow
features (100 kms?).

Figure 1.3: Left: Histogram of SNlascore values (probability of a sample being
a SN la) predicted for true SNe la (red) and other transients (blue). For a well-
performing classi er, this distribution should be bimodal with true SNe la getting
a higher SNlascoreRight: True positive rate (true SNe la that get classi ed as
SNe la) vs. false positive rate (other SNe that get classi ed as SNe la) of SNIascore,
compared with the same for SNID and DASH. SNlascore performs much better than
either SNID or DASH on SEDM data. Figure 4 from Fremling et al. (2021).

To address this, | develop€{_SNscorga deep learning-based classi er for CCSNe
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trained on SEDM spectra, spectra from the Open Supernova Catalog data (Guil-
lochon et al. 2017), and ZTF photometry. The tool was optimized for handling
the challenges of heterogeneity, noise, and low-resolution data in core-collapse SN
classi cation. In Chapter 6, | present its performance and limitations on a de ned
test sample and the expected performance during real-time implementation.
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Chapter 2

A SYSTEMATIC STUDY OF IA-CSM SUPERNOVAE FROM THE
ZTF BRIGHT TRANSIENT SURVEY

Sharma, Y. et al. (May 2023). A Systematic Study of la-CSM Supernovae from the
ZTF Bright Transient Survey . InApJ 948.1, 52, p. 52doi: 10.3847/1538-
4357/acbcl6.
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Abstract

Among the supernovae (SNe) that show strong interaction with the circumstellar
medium, there is a rare subclass of Type la supernovae, SNe la-CSM, that show
strong narrow hydrogen emission lines, much like SNe Iin but on top of a diluted
Type la spectrum. The only previous systematic study of this class (Silverman et
al. 2013b) identi ed 16 SNe la-CSM, 8 historic, and 8 from the Palomar Transient
Factory (PTF). Now using the successor survey to PTF, the Zwicky Transient Facility
(ZTF), we have classi ed 12 additional SNe la-CSM through the systematic Bright
Transient Survey (BTS). Consistent with previous studies, we nd these SNe to
have slowly evolving optical light curves with peak absolute magnitudes between
191 and 21, spectra having weak ¥ and large Balmer decrements of. Out
of 10 SNe from our sample observed by NEOWISE, 9 haivedetections, with
some SNe showing a reduction in red wing dfiHndicative of newly formed dust.
We do not nd our SN la-CSM sample to have a signi cantly di erent distribution
of equivalent width of Hel _5876than SNe IIn as observed in Silverman et al.
(2013b). The hosts tend to be late-type galaxies with recent star formation. We
derive a rate estimate of 2 Gpc 3yr ! for SNe la-CSM which is 0.02 0.2% of
the SN la rate. We also identify 6 ambiguous SNe lIin/la-CSM in the BTS sample,
and including them gives an upper limit rate of 0.07 0.8%. This work nearly doubles
the sample of well-studied la-CSM obijects in Silverman et al. (2013b), increasing
the total number to 28.

2.1 Introduction

When it comes to supernovae (SNe) interacting with circumstellar material (CSM), a
number of sub-types of core-collapse SNe (CCSNe) show signs of strong interaction,
like SNe IIn (Schlegel 1990; Filippenko 1997), SNe Ibn (Pastorello et al. 2008; Foley
etal. 2007; Chugai 2009; Hosseinzadeh et al. 2017) and most recently SNe Icn (Gal-
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Yam et al. 2021; Gal-Yam et al. 2022; Perley et al. 2022b). SN lIn progenitors are
generally thought to be massive stars (like Luminous Blue Variables, LBVs) that lose
their hydrogen envelopes to wind-driven mass loss and outbursts (Gal-Yam et al.
2007; Gal-Yam et al. 2009; Kiewe et al. 2012; Taddia et al. 2013; Smith 2014).
Helium-rich but hydrogen-de cient CSM in the case of SNe lbn (Pastorello et al.
2008; Foley et al. 2007; Chugai 2009) and both hydrogen and helium de cient CSM
in SNe Icn (Gal-Yam et al. 2022; Perley et al. 2022b; Pellegrino et al. 2022) are
thought to arise from high-velocity wind mass loss or stripping of the envelope in
binary con gurations of massive Wolf-Rayet (WR) like stars. For SNe IIn in most
cases, the mass-loss rate derived from the CSM velocity is consistent with estimates
from LBV-like eruptive mass loss.

However, there exists a rare subtype of thermonuclear supernovae (SNe la) which
also interacts strongly with CSM, i.e., SNe la-CSM. This class poses a challenge
to the progenitor debate of SNe la. There is some consensus on there being at
least two major progenitor channels for SNe la; the double-degenerate (DD) channel
(Webbink 1984; Iben et al. 1984) which is the merging of two C/O white dwarfs
and the single-degenerate (SD) channel (Whelan et al. 1973) where the white dwarf
accretes enough material from a non-degenerate companion to explode. Although
there are more arguments for the DD scenario from observations of nearby SNe
la (Nugent et al. 2011; Li et al. 2011; Brown et al. 2012; Bloom et al. 2011), the
strongest observational evidence for the SD scenario are SNe la with CSM.

Indications of CSM around SNe la range from detection of time varying narrow
Na ID absorption lines (Patat et al. 2007; Blondin et al. 2009; Simon et al. 2009) in
high-resolution spectra (found in at least 20% of SNe la in spiral hosts, Sternberg
et al. 2011; Maguire et al. 2013; Clark et al. 2021), to strong intermediate and
narrow Balmer emission features in the spectra and large deviations of the light
curves from the standard shape. The latter phenomena have been named SNe la-
CSM (Silverman et al. 2013b), but were earlier referred to as SNe lIna or SNe
lan due to the strong similarity between their spectra and those of SNe lin. The
rst two examples of this class studied in detail were SNe 2002ic (Hamuy et al.
2003; Deng et al. 2004; Wang et al. 2004; Wood-Vasey et al. 2004; Kotak et al.
2005; Chugai et al. 2004a) and 2005g;j (Aldering et al. 2006; Prieto et al. 2007), but
for a long time there was ambiguity regarding their thermonuclear nature (Benetti
et al. 2006). These SNe were dominated by interaction from the rst spectrum and
were quite over-luminous compared to normal SNe la. The rst clear example of
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a thermonuclear SN la-CSM was PTF11kx (Dilday et al. 2012; Silverman et al.
2013a). It looked like a luminous SN la (99aa-like, Filippenko et al. 1999) at early
phases but started showing interaction 80 days from explosion and thereafter
strongly resembled SNe 2002ic and 2005gj at late times. Higher resolution spectra
taken at early times indicated multiple shells of CSM with some evacuated regions
in between. Dilday et al. (2012) suggested a symbiotic nova progenitor involving a
WD and a red giant (similar to RS Ophiuchi) could produce such CSM distribution;
however, later studies argued that the massive CSM of PTF11kx was inconsistent
with the mass-loss rates from symbiotic nova systems (Silverman et al. 2013a; Soker
et al. 2013b).

Ever since, a handful of SNe of this class have been studied in detail to investigate
their progenitors and to distinguish them from their spectroscopic cousins, the Type
liIn SNe. Both SN [a-CSM and SN IIn spectra share a blue quasi-continuum,
a strong HU feature with an intermediate and a narrow component, and often a
broad Ca NIR triplet feature, but they di er with regards to the line strength of
HV, strength/presence of helium, and presence of emission lines from intermediate
mass elements often found in CCSNe. There are some individual SNe with unclear
type often referred to as SN la-CSM/IIn, like SN 2012ca, for which some papers
argue for core-collapse (Inserra et al. 2014; Inserra et al. 2016) and others for a
thermonuclear origin (Fox et al. 2015). This ambiguity becomes more dominant as
the underlying SN ux gets smaller compared to the interaction power (Leloudas
et al. 2015). Silverman et al. (2013b, hereafter S13) is the only study to analyze
a sample of SNe la-CSM, 16 objects in total, including 6 previously known, 3 re-
discovered (re-classi ed SNe IIn), and 7 new from the Palomar Transient Factory
(PTF). Their paper presents the common properties of optical light curves, spectra,
and host galaxies and contrasts them against SN IIn properties. In this paper, we
present 12 new SNe la-CSM discovered as part of the Zwicky Transient Facility's
(ZTF; Bellm et al. 2019; Graham et al. 2019; Dekany et al. 2020) Bright Transient
Survey (BTS; Fremling et al. 2020; Perley et al. 2020) and analyze their optical
light curves, spectra, hosts, and rates. Throughout this paper, we have compared the
results derived from our sample to those in S13.

This paper is organised as follows: we rst discuss the sample selection criteria, the
photometric and spectroscopic data collection in Y2, and then the analysis of light-
and color-curves and the bolometric luminosities is done in Y3.1. The analysis of
early and late-time spectra and emission line identi cation is presented in Y3.2, and
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analysis of the host galaxies is provided in Y3.3. The rates are estimated from the
BTS survey in Y3.4. We end with a discussion about the nature of SN la-CSM
progenitors and a summary in Y4 and Y5.

2.2 Observations and Data reduction
In this section, we outline our selection criteria and present the optical photometry
and spectroscopic observations of the 12 SNe la-CSM in our sample.

Selection Criteria

To carefully curate our sample of SNe la-CSM, we used the BTS sample and its
publicly available BTS Sample Explofewebsite to obtain the list of all classi ed
Type la sub-types during the period 2018-05-01 to 2021-05-01. We then lter out
oddly behaving Type la SNe based on their light-curve properties. We used two
criteria: the primary being rest-frame duration considering ux above 20% of peak
ux, and the second being change in magnitude after 30 days from peak).

We calculated these two properties from eitGer Aband light curves (whichever

had the maximum number of detections) grouped into 3-day bins and used Gaussian
Process Regressidto interpolate the light curves where coverage was missing.
For the rst Itering, we calculated the mean (35 days) and standard deviation

(f  16days) of the duration distribution and selected everything that had a duration
greater than , 3f . Given the large sample sizé& (= 3486, the standard error

on the mean is 0.5 days. Hence, our duration cut3if is suitable. This ltering
selected 41 out of 3,486 BTS SNe la. Then, from these 41 SNe, we calculated
the mean and standard deviation of the g distribution and removed SNe that
were more thanfl away from the mean on the higher side to reject the relatively
steeply declining long SNe, which resulted in 35 SNe being kept. Again, the mean
and standard deviation of the< 3¢ distribution of these 41 long-duration SNe are
0.48 mag and 0.27 mag, respectively, and the standard error on the mdaf4s
making ourlf cutsuitable. Finally, we manually inspected the 35 selected SNe lato
con rmtheir classi cation. Out of the 35 SNe that passed the above Itering criteria,

20 were just normal SNe la either caught late or missing some post-peak coverage
in ZTF or had spurious detections that resulted in long duration estimates, 2 had
incorrect duration estimate due to an interpolation error and were recalculated, and
1 (AT2020caa; Soraisam et al. 2021) had some detections before the SN explosion

Lhttps://sites.astro.caltech.edu/ztf/bts/explorer.php .
’Pedregosa et al. (2011ttps://scikit-learn.org/stable/modules/gaussian_
process.html .
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Table 2.1: Properties of the 12 BTS SNe la-CSM.

ZTFName  IAU Name z n Reak

Duration* Host Name Host Mag
(mag) (days) <A

ZTF18aaykijei SN 2018crl 0.097 -19.66 130 SDSS J161938.90+491104.5 18.89
ZTF18abuatfp SN 2018gkx 0.1366 -20.07 322 SDSS J135219.22+553830.2 18.23
ZTF18actuhrs SN 2018evt 0.02378 -19.10 447 MCG-01-35-011 14.07
ZTF19aaeogst SN 2019agi  0.0594Y-18.76 i 303 SDSS J162244.06+240113.4 17.82
ZTF19abidbgp SN 2019ibk 0.04016Y-17.55 576 SDSS J014611.93-161701.1 15.55
ZTF19acbjddp SN 2019rvb  0.1835 -20.74 172 WISEA J163809.90+682746.3 20.44
ZTF20abmixrx SN 2020onv ~ 0.095 Y-20.36 j 154 WISEA J231646.31-231839.9 17.95
ZTF20abgkbfx SN 2020gxz  0.0964  -20.00 166 WISEA J180400.99+740050.0 17.65
ZTF20accmuty SN 2020uem  0.041Y-20.17 279 WISEA J082423.32-032918.6 15.88
ZTF20aciwcuz SN 2020xtg  0.0612Y-19.60 j 336 SDSS J153317.64+450022.8 15.42
ZTF20acqikeh SN 2020abfe  0.093 -20.24 171 SDSS J200003.30+100904.2 20.18
ZTF2laaabwzx SN 2020aekp 0.046 -19.62 458 SDSS J154311.45+174843.7 18.41

1 Rest frame duration above 20%/#&band peak ux, uncertainty of2 3days from ZTF cadence.
2 Corrected for Galactic extinction.

which could be connected to a di erent SN (i.e. a sibling; Graham et al. 2022a).

The remaining 12 long-duration SNe la all turned out to be spectroscopically classi-
ed SNe la-CSM in BTS, and none of the classi ed BTS SNe la-CSM were missed

in this Itering. No other SNe apart from these stood out in particular, indicating the
classi cation reliability of the BTS sample. During the same period, 9 SNe la-CSM
were reported to the Transient Name Server (TNS), out of which 7 are already in
our sample, 1 was detected by ZTF but did not meet the BTS criteria, and 1 was
not detected in ZTF as the transient location fell too close to the eld edges and was
masked by the automated image subtraction pipeline. Yao et al. (2019) presented
early photometric observations of one SN la-CSM in our sample, SN 2018crl. Ta-
ble 2.1 summarizes the coordinates, redshifts, peak absolute magnitudes, durations,
host galaxy information, and Milky Way extinction for the 12 SNe la-CSM in our
sample.

Furthermore, we re-checked the classi cations of 142 SNe IIn classi ed in BTS
during the same period as above, in case any SN la-CSM was masquerading among
them, and found 6 to have ambiguous classi cations. These are discussed further in
Appendix 2.7.

Discovery

All SNe la-CSM were detected by the ZTF (Bellm et al. 2019; Graham et al. 2019;
Dekany et al. 2020) and passed the criteria for the BTS (Fremling et al. 2020;
Perley et al. 2020) automatic ltering, i.e., extra-galactic real transients with peak
magnitudes brighter than 19 mag. These were saved and classi ed as part of BTS,
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which aims to classify all transients brighter than 18.5 magnitude, and reported
to the Transient Name ServefTNS) during the period 2018-05-01 to 2021-05-
01. Out of the 12 SNe, 6 were rst reported to TNS (i.e., discovered) by ZTF
(AMPEL, Nordin et al. 2019; Soumagnac et al. 2018 and BTS), 3 were rstreported
by GaiaAlerts (Hodgkin et al. 2021), 2 by ATLAS (Smith et al. 2020), and 1 by
ASAS-SN (Shappee et al. 2014). For classi cation, 9 were classi ed by the ZTF
group, 1 by ePESSTO (Smartt et al. 2015; Stein et al. 2018a), 1 by SCAT (Tucker
et al. 2018; Payne et al. 2019), and 1 by the Trinity College Dublin (TCD) group
(Prentice et al. 2020). The follow-up spectral series for these SNe were obtained as
part of the BTS classi cation campaign, as many were di cult to classify with the
ultra-low resolution spectrograph P60/SEDM (Blagorodnova et al. 2018) and hence
were followed up with intermediate resolution spectrographs. The SEDM spectra
were helpful in determining an initial redshift, but the template matches were unclear
(matched to SN Iin as well as SN Ia-CSM and SN la-pec templates, some matched
poorly to SN la/lc at early times). SNe 2019agi (classi cation and spectrum taken
from TNS), 2019rvb, 20200nv, 2020gxz, and 2020uem were classi ed as la-CSM
1 2 months after discovery using spectra at phases of 42, 26, 38, 45, and 51 days,
respectively. SNe 2018crl, 2018gkx, and 2019ibk were classi @8 months
after discovery using spectra at phases of 92, 75, and 103 days, respectively. SNe
2018evt, 2020abfe, and 2020aekp were classi ed5 months after discovery
using the spectra at phases of 144, 146, and 132 days, respectively. SN 2020xtg
immediately went behind the sun after its rst detection in ZTF; therefore, its rst
spectrum (using SEDM) was taken at 91 days since explosion, which was dominated
by strong HJ emission, and thus SN 2020xtg was initially classi ed as a Type Il. As
this SN was exhibiting a long-lasting light curve, an intermediate resolution spectrum
was taken at 340 days, which matched very well to SN la-CSM, and therefore its
classi cation was updated. SNe 2020uem and 2020aekp showed peculiar features
and were followed up for more optical spectroscopy for single object studies (Cold
et al. in prep).

Optical photometry

To assemble our sample light curves, we obtained forced PSF photometry via the
ZTF forced-photometry service (Masci et al. 2019; IRSA 2023%),iA and8bands

and also added data from the ATLAS (Tonry et al. 2018; Smith et al. 2020) forced-
photometry service i”2 and> bands. The high cadence ZTF partnership survey

3https://www.wis-tns.org/.
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in the 8 band contributed some photometry to SNe 2018crl, 2018gkx, 2019agi,
2019ibk, and 2019rvb. The ZTF and ATLAS data were supplemented with data
from the Rainbow camera (RC, Ben-Ami et al. 2012) on the robotic Palomar 60-inch
telescope (P60, Cenko et al. 2006) and the Optical wide eld camera (10:0) on the
Liverpool telescope (LT, Steele et al. 2004). The P60 data was processed with the
automatic image subtraction pipelir®ipe (Fremling et al. 2016) using reference
images from SDSS when available, and otherwise from Pan-STARRS1. The 10:0
data was initially reduced with their standard pipefirtaen image subtraction was
carried out using the method outlined in Taggart (2020). For SN 2018evt, some
early time data available from ASAS-SN (Shappee et al. 2014; Kochanek et al.
2017) in the+ band was obtained through th&Ky Patrot interface.

We corrected all photometry for Milky Way extinction with the Python package
extinction (Barbary 2016) using the dust extinction function from Fitzpatrick
(1999), the Schlay et al. (2011) dust map, and and 3.1. Then we converted

all measurements into ux units for analysis and considered anything less than a
3f detection an upper limit. There is moderate to good coverage A2, and>
bands for all SNe in our sample. Figure 2.1 shows a multi-paneled gure of the light
curves of the objects in our sample.

Mid-IR photometry

The transients were observed during the ongoing NEOWISE all-sky mid-IR survey
in the, 1 (344" m) and, 2 (45" m) bands (Wright et al. 2010; Mainzer et al.
2014). We retrieved time-resolved coadded images of the eld created as part of
the unWISE project (Lang 2014; Meisner et al. 2018). To remove contamination
from the host galaxies, we used a custom code (De et al. 2020a) based on the ZOGY
algorithm (Zackay et al. 2016) to perform image subtraction on the NEOWISE
images using the full-depth coadds of the WISE and NEOWISE mission (obtained
during 2010-2014) as reference images. Photometric measurements were obtained
by performing forced PSF photometry at the transient position on the subtracted
WISE images until the epoch of the last NEOWISE data release (data acquired until
December 2021). Further analysis of the mid-IR photometry is presented in Y2.3

“https://telescope.livim.ac.uk/Tellnst/Pipelines/
Shttps://asas-sn.osu.edu/.
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Figure 2.1: Optical light curves of the ZTF BTS SN la-CSM sample. The SNe la-
CSM have longer durations than the average SN la, with some variety, like bumpy
light curves or long plateaus. The one SN marked with an asterisk (SN 2020uem)
has an unconstrained explosion time estimate50d). The decline rate from
Cobalt decay is marked with a black dashed line, and the light curve decline rates
measured fromdxband data are shown in the subplot legends.

Optical spectroscopy

The main instruments used for taking spectra and the software used to reduce the data
are summarized in Table 2.2. Additionally, the spectrum Reguitti (2020) obtained
using the Asiago Faint Object Spectrograph and Camera (AFOSC) on the 1.8-m
telescope at Cima Ekar, and the spectrum Stein et al. (2018b) obtained using the
ESO Faint Object Spectrograph and Camera version 2 (EFOSC2) on the ESO New
Technology Telescope (NTT) were taken from TNS.
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Table 2.2: Description of spectrographs used for follow-up and the corresponding
data reduction pipelines.

Inst. Telescope Reduction Software

SEDM!  Palomar 60-inch (P60) pySEDR
ALFOSC® Nordic Optical Telescope IRAPYNOT pypeit

DBSP  Palomar 200-inch (P200) IRAPBSP_DRP
KAST® Shane 3-m IRAF

LRIS? Keck-| LPipe?
SPRAT!  Liverpool Telescope Barnsley et al. (2012)

DIS!? APO3 IRAF

1 Spectral Energy Distribution Machine (Blagorodnova et al.
2018)

2 Rigault et al. (2019)

3 Andalucia Faint Object Spectrograph and Camera

4 Tody (1986) and Tody (1993)

5 Double Beam Spectrograph (Oke et al. 1982)

6 Standard pipeline by Bellm et al. (2016) used prior to Fall 2020

" pypeit (Prochaska et al. 2020) based pipelifetgs:/
github.com/finagle29/dbsp_drp ) used since Fall 2020

8 Kast Double Spectrograph (Miller et al. 1987)

9 Low Resolution Imaging Spectrometer (Oke et al. 1995)

101DL based automatic reduction pipelfh@Perley 2019)

1 Spectrograph for the Rapid Acquisition of Transients (Piascik
et al. 2014)

12 pual Imaging Spectrograph

13 Astrophysics Research Consortium telescope at the Apache
Point Observatory

14 https://github.com/jkrogager/PyNOT

The details for all optical spectra (61 for the sample in total) presented in this paper
are provided in Table 2.3. Furthermore, all spectra were corrected for Milky Way
extinction usingextinction and the same procedure as for the photometry. The
SN redshifts were derived using narrow host lines for the objects that did not already
have a host redshift available in the NASA/IPAC Extragalactic Datdb@¢gD).
Photometric calibration was done for all spectra, i.e., they were scaled such that
the synthetic photometry from the spectrum matched the contemporaneous host-
subtracted ZTFAband data. For SN 2018crl, a host galaxy spectrum taken using
P200/DBSP was available, which was subtracted from the P200/DBSP SN spectrum
taken at +92 days. For SN 2020aekp, more spectra bey®bd days were obtained

but will be presented in Cold et al. (in prep; 34 additional spectra uBad days).

"https://ned.ipac.caltech.edul.
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Table 2.3: Summary of optical spectra.

SN JD Epoch Telescope/lnstrument  Int SN JD Epoch Tel./Instr. Int
( 2450000 (days) (sec) ( 2450000 (days) (sec)
SN 2018crl 8282 9 APO/DIS 2400 SN 2020uem 9128 11 P60/SEDM 1800
8288 15 P60/SEDM 270 9136 18 P60/SEDM 1800
8295 21 P60/SEDM 270 9170 51 Ekar/AFOSC 1200
8306 31 P60/SEDM 270 9222 101  Lick-3m/KAST 3600
8373 92 P200/DBSP 600Q 9252 130 Lick-3m/KAST 2700
(Host) 8627 324 P200/DBSP 900 9263 140  Lick-3m/KAST 2400
SN 2018gkx 8457 75 Keckl/LRIS 30 9291 167 NOT/ALFOSC 900
SN 2018evt 8343 9 NTT/EFOSC2 300 9481 349 P60/SEDM 2160
8465 127 P60/SEDM 120 9492 360 Keck1/LRIS 600
8481 143 P60/SEDM 1200 9583 448 P60/SEDM 2160
8481 144 LT/SPRAT 1000 9586 451 P60/SEDM 2160
8534 195 P60/SEDM 1200 SN 2020xtg 9226 91 P60/SEDM 2160
SN 2019agi 8547 42 UHB88/SNIFS 1820 9491 340 Keck1/LRIS 600
SN 2019ibk 8691 35 P60/SEDM 2250 9606 448 Keckl/LRIS 1200
8695 39 P60/SEDM 2250 SN 2020abfe 9189 27 P60/SEDM 2700
8697 41 P60/SEDM 225 9319 146 Keck1/LRIS 400
8748 90 P60/SEDM 225( SN 2020aekp 9224 19 P60/SEDM 2160
8761 103 P200/DBSP 600 9342 132 P60/SEDM 2160
SN 2019rvb 8766 14 P60/SEDM 2250 9343 132 NOT/ALFOSC 1200
8780 26 P200/DBSP 60Q 9362 151 P60/SEDM 2700
SN 20200nv 9058 23 P60/SEDM 1800 9381 169 NOT/ALFOSC 2400
9062 27 P60/SEDM 180 9404 191 P60/SEDM 2700
9069 33 P60/SEDM 180 9425 211 NOT/ALFOSC 1800
9070 34 LT/SPRAT 750 9434 220 P60/SEDM 2700
9073 37 P60/SEDM 180 9448 233 P60/SEDM 2700
9074 38 NOT/ALFOSC 450 9468 252 P60/SEDM 2700
SN 20200gxz 9076 13 P60/SEDM 2280 9569 348 P60/SEDM 2700
9087 22 P60/SEDM 225
9092 26 NOT/ALFOSC 1800
9098 32 P60/SEDM 225
9101 34 NOT/ALFOSC 1200
9107 40 P200/DBSP 900
9112 45 Keck1/LRIS 300
9121 53 P60/SEDM 225
9141 71 Keck1/LRIS 399

These processed spectra were used for the rest of the analysis as detéd8dind
will be available on WISeRER(Yaron et al. 2012).

2.3 Analysis
Photometry
Explosion epoch estimates

For the purpose of this paper, the “explosion time' simply refers to the time when
optical ux rises above the zero-point baseline (i.e., rst light). We used pre-
peak 6— A-fand ZTF photometry an@—>band ATLAS photometry (binned in
1-day bins), when available, for our analysis. For each SN, the light curve was
interpolated using Gaussian process regression to obtain the peak ux epoch, then a
power-law (PL) model was t using epochs from baseline to 60% of peak brightness
in each band following Miller et al. (2020b). The PL ts converged in at least one

8https://www.wiserep.org/.
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band for six out of twelve BTS SNe la-CSM. For the rest, we simply took the middle
point between the rsbf detection and the last upper limit before this detection

as the explosion epoch, with half of the separation between these two points as the
uncertainty.

The explosion time estimates, light curve bands used for the PL ts, andfthe
uncertainties on explosion times are listed in Table 2.4. The un lled "PL t lters'
column in the table are the SNe for which the PL t did not converge and averages
were used. For the PL ts, this typically constrains the time of explosion to within

a fraction of a day. Given the high cadence of the ZTF survey, even in the cases
where we use only the last non-detection, the uncertainty range is typically less than
3 days. Only for SN 2020uem is the date of explosion virtually unconstraingd (
days) as it was behind the sun at the time of explosion.

Although for SN 2019ibk the explosion time is formally constrained witl3aday

uncertainty, this estimate was derived using only ATLA®and data right after

the SN emerges from behind the sun. There is no clear rise observed over a few

epochs, but two non-detections beforefadetection. It is possible that the actual

peak of this SN occurred earlier while it was behind the sun and the risband

points after it emerged are due to a second peak or bump (similar to SN 2018evt, in

that case the actual rise was caught before the SN went behind the sun in ASAS-SN

data). If the former explosion epoch estimate fromHgand is to be believed, then

SN 2019ibk would be the most sub-luminous among the SNe la-CSM, peaking at
1745.

Duration and absolute magnitudes

Figure 2.2 shows the SNe la-CSM (colored squares) in our sample in the duration-
luminosity and duration-< 3o phase space. In the top panel, the x-axis is duration
above half-max and the y-axis is the peak absolute magnitude (see Table 2.1) when
we have photometric coverage both pre-peak and post-peak. For SNe missing the
pre-peak coverage, their discovery magnitude is taken to be the upper limit to peak
absolute magnitude and the duration from discovery is the lower limit to duration
above half-max (marked by arrows in Figure 2.2). The BTS SN la sample is shown
in gray points, and we also show the SNe la-CSM presented in S13 with empty
triangles for comparison in the top panel. In the bottom panel, the x-axis is duration
above 20% of peak ux (Gg) and the y-axis is <3p, the two parameters used

in the selection criteria. Most of the SNe la-CSM lie on the longer duration and
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Table 2.4: Explosion time epoch estimates derived from pre-peak multi-band light
curves. For 6 out of 12 SNe la-CSM, we were able to t a power-law model to
multi-band data following Miller et al. (2020b). For the remaining 6 SNe, the
explosion epoch was estimated by taking the mean of the&frstletection and last
upper-limit before the rst detection.

IAU Name  PL t lters G 1f interval
(MJD) (days)
SN 2018crl 6—-A—> 58271.83 [0.48, 0.38]
SN 2018gkx A-> 58371.34 [0.64, 0.53]

SN 2018evt - 58334.26 .00, 2.00]
SN 2019agi - 58502.48 [L.51, 1.51]
SN 2019ibk - 58654.61 [2.99, 2.99]
SN 2019rvb  6-A—-8->58749.16 [0.79, 0.60]
SN 20200nv > 59032.75 [ 2.49, 1.10]
SN 2020gxz  6-A—> 59063.05 [0.51, 0.45]
SN 2020uem - 59117.03 p6.63, 56.63]
SN 2020xtg - 59130.14  [0.04, 0.04]
SN 2020abfe  6-A-> 59159.36 [2.16, 2.23]
SN 2020aekp - 59204.53  §.50, 5.50]

brighter luminosity side, and are even more distinctly separated in@e <39

phase space. This makes the SN initial decline rate and duration useful tools for
identifying thermonuclear SNe potentially interacting with CSM, if they have not
revealed themselves already in their early time spectra. The gray points lying in
the same phase space as SNe la-CSM are the false positive cases described in Y2.1.
Also worth noting is that the duration calculated by taking the ux above half of
peak ux value does not capture the true duration of the light curve when the plateau
phase falls below half-max as is the case for SN 2020aekgD0days light curve)

but Gpand <3gdo.

Light and color curves

We have good pre-peak coverage in ZTF data for 8 of the 12 SNe in our SarSple
2018evt was discovered by ASAS-SN on JD 2458341.91 (Nicholls et al. 2018) and
classi ed by ePESSTO the next day (Stein et al. 2018a), around 115 days before the
rst detection in ZTF when the SN came back from behind the sun. Hence, we have
only one epoch of pre-peak photometry and one early spectrum for SN 2018evt.

Our mixed bag of SNe la-CSM show post-maximum decline rates ranging from 0.5 to

9except for SNe 2018evt, 2019ibk, 20200nv, and 2020uem.
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Figure 2.2:Top: Location of our 12 SNe la-CSM in the peak absolute magnitude
vs. rest-frame duration above half max phase space. The colored points are the BTS
SNe la-CSM, and the gray points are the rest of the BTS SNe la. Also shown with
empty triangles are the SNe la-CSM from S13. The vertical arrows mark the upper
limits to peak absolute magnitudes, and horizontal arrows mark the lower limits to
durations of SNe not having pre-peak coveragettom: Change in magnitude 30
days after peak (< 30) vs. rest-frame duration above 20% of peak- ux for BTS SNe

la and SNe la-CSM. These criteria were used to Iter out potential SNe la-CSM
from all SNe la and demonstrate that SNe la-CSM occupy a distinct portion in this
phase space. However, some gray points (not SN la-CSM) remain on the longer
duration side and are the false positive cases described in Y2.1.
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2.0 mag 100d! in theAband from peak to 100 days post peak. The median decline
rate is 1.07 mag 1004, which is much slower than the decline rates of normal SNe
la. We see a variety of changes in decline rates after around 100 days from the
peak. Two SNe (2020onv and 2020abfe) show no change and have a constant, slow
decline throughout. Four SNe (2018gkx, 2019agi, 2019ibk and 2019rvb) evolve to
a shallower slope going from0.6 1 mag 100d* to 0.2 0.5mag100d*. Three

SNe (2018crl, 2020gxz, and 2020aekp) show a major change in decline rate with
the light curves becoming almost at, and SN 2020aekp shifts back to a slow
decline from this plateau after200 days. In three cases, the decline rate actually
becomes steeper, SN 2018evt goes from 0.52 mag 1a0d1.4 mag 100dt, SN
2020uem goes from 0.52 mag 10édo 1.25 mag 100d* and SN 2020xtg seems to

go from 0.61 mag 100d to 1.35 mag 100d (even though there is only one epoch

at late times to measure this change). The three SNe with fastest initial decline
rates [ 1*5mag 100d?! in the Aband) are similar to SN 2002ic (initial decline

of 1.66 mag 100d in +) and PTF11kx (initial decline of 3.3mag 100din ')

and coincidentally are also the ones that evolve into a plateau. The rest of the
sample have initial decline rates comparable to SN 1997cy (0.75 mag¥Godi

SN 2005g;j (0.88 mag 1004)) (Inserra et al. 2016). From these observations, we can
conclude that SNe la-CSM exhibit a range of slow evolution, indicating that there
exists a continuum of phases at which strong CSM interaction begins to dominate
the powering of the light curves for these SNe. It is, however, di cult to pinpoint
the exact phase when interaction starts from the light curve without modeling. CSM
interaction could be a ecting the peak brightness signi cantly, even in cases where
interaction only appears to dominate after a few weeks (SNe 2018crl, 2020gxz, and
2020aekp). Considering the average peak phase t@Belays past explosion from

the light curves and assuming an ejecta velocity @0000 kms?, the CSM is
located at 35 10 cm. This estimate can be re ned by considering the phase of
the earliest spectrum that shows interaction signatures (see Y2.3). At late times, all
the decline rates are slower than that expected from Cobalt decay (0.98 mag)100d
con rming that the power from CSM interaction dominates the light curve behavior
for a long time.

Figure 2.3 shows thé Acolor evolution of our sample SNe as a function of phase
(rest-frame days fromkband maximum), comparing them with some famous SNe
la-CSM (SNe 2005gj, 1997cy, 1999E), and SNe 2012ca (la-CSM/IIn), 2010jl (1In),
and 1991T (over-luminous Type la). The color evolution of normal SNe la from
ZTF (Dhawan et al. 2022) is shown in grey lines. We @sé\colors when available,
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Figure 2.3: Color evolutiond A of BTS SNe la-CSM fromA-band maximum
(plotted in black) compared with SNe 2005gj, 1997cy, 1999E (la-CSM), SN 2012ca
(IIn/la-CSM), SN 2010jl (lIn), SN 1991T (SN la), and ZTF SNe la (gray lines). As
can be seen for up tol150 days, our SNe la-CSM tend to be redder than SNe la and
at late times develop a plateau similar to other interacting SNe (lIn/la-CSM).

otherwise, we estimate ti& Acolor by tting Planck functions to estimate the
black-body temperatures from the ' colors. Our SNe la-CSM show similar
color evolution as the older Type la-CSM/IIn interacting SNe, i.e.,&heAcolor
increases gradually for about 100 days and then settles onto a plateau or slowly
declines, and one object (SN 2019ibk) becomes redder at late times, similar to SN
2012ca. The interacting SNe are redder at late times compared to the normal SNe
la.
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Mid-IR brightness comparison

Out of 12 SNe in our sample, only one observed (SN 2020abfe) did not have
3f detections post-explosion in the unWISE di erence photometry light curves,
and two (SNe 2019rvb and 2020gxz) did not have coverage post-explosion. The
unWISE light curves for the rest of the SNe la-CSM havjrgf detections in W1

(3.3 m)and W2 (4.6 m) bands are shown in Figure 2.4 (black and red stars) along
with SpitzerlRAC survey data of SN 2008cg (la-CSM, indigo and magenta empty
triangles), SN 2008J (la-CSM, indigo and magenta empty squares), and some SNe
lIn (blue and orange crosses) taken from Fox et al. (2011). The most nearby SN
in our sample, SN 2018evt, is among the brightest/{ AB mag) in MIR at least

until 1000 days after the explosion and has a bumpy light curve. SNe 2019ibk
and 2018crl, however, are the most luminous with an absolute magnitudiserf

mag in the W1 band. The brightness of the BTS SNe la-CSM is comparable to
other interacting SNe and spans a similar ranges(to 19). However, SNe lIn

have been detected until even later epochs (up to 1600 days) than SNe la-CSM,
probably due to the larger number of SNe IIn at closer distances. SN 2020abfe has
upper limits around 18in W1 band and 185in W2 band up to 300 days post
explosion, shown with upside-down lled triangles. As the mid-IR luminosity can
be fainter than these limits for SNe la-CSM (as can be seen for other nearby SNe in
this sample), and SN 2020abfe is at a redshift of 0.093, it might just be out of reach
for WISE.

The brightness of SNe l1a-CSM in mid-IR can be indicative of existing or newly
formed dust. A clear signature of new dust is reduced ux in the red wing of the H
emission line at late phases as the new dust formed in the cold dense shell behind
the forward shock absorbs the far-side (redshifted) intermediate and narrow line
emission (see bottom panel of Fig. 2.7). For our sample, this reductiokJireé

wing is the most pronounced for SN 2018evt.

Bolometric luminosity

As the SN la-CSM luminosity is dominated by CSM interaction, their spectra
comprise a pseudo-continuum on the blue side and strddgidission on the

red side; hence, a blackbody t to multi-band photometric data is not appropriate
to estimate the bolometric luminosity. Instead, we calculate a pseudo-bolometric
luminosity from the available multi-band optical data by linearly interpolating the
ux between the bands and integrating over the optical wavelength range spanned by
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Figure 2.4: unWISE detections in the W1 and W2 bands of BTS SNe la-CSM. The
W1 and W2 points are marked with black and red lled stars, respectively. Spitzer
IRAC photometry of SNe IIn (blue and orange crosses) and two SNe la-CSM from
Fox et al. (2011) (SNe 2008cg and 2008J in empty triangle and square) are also
shown for comparison. Nine out of twelve BTS SNe la-CSM are as brightin mid-IR
as other interacting SNe (16to  19). The upper limits for SN 2020abfe are
shown in black and red lled upside-down triangles.

the ATLAS and ZTF bands. The individual band light curves are rst interpolated
using Gaussian process regression to llin the missing epochs. This estimate places
a strict lower limit on the bolometric luminosity.

In Figure 2.5 we show the pseudo-bolometric luminosity of our SN la-CSM sample
in comparison with SN 1991T (Type la), SNe 1997cy, 1999E, 2002ic, 2005gj,
2013dn, and PTF11kx (la-CSM). Multi-band photometric data were taken from the
Open Supernova Catalog (Guillochon et al. 2017) for SN 1991T (Filippenko et al.
1992; Ford et al. 1993; Schmidt et al. 1994) to generate the bolometric luminosity
light curve through black body tting. The pseudo-bolometric luminosity light
curve for SN 1997cy was obtained from Germany et al. (2000), for SN 2013dn from
Fox et al. (2015), and for SNe 2002ic, 2005gj, 1999E, and PTF11kx from Inserra
et al. (2016).

All BTS SNe la-CSM show a slow evolution in bolometric luminosity, inconsistent
with the decay oP®Co to°®Fe. The sample's overall luminosity decline rates are
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comparable to those of SNe 1997cy and 2013dn, as shown in Figure 2.5. Only
SNe 2018crl and 2020aekp seem to show early decline in their pseudo-bolometric
light curves, similar to SN 1991T for about 40 days after peak, like SN 2002ic and
PTF11kx. Another BTS interacting SN la, ZTF20aatxryt (Kool et al. 2022), was
found to follow the PTF11kx light-curve evolution very closely, and as its light curve
fell into a plateau, the SN started showing signs of interaction with a helium-rich
CSM and evolved into a helium-rich SN la-CSM. We have excluded ZTF20aatxryt
from the sample as we focus on typical SNe la-CSM interacting with hydrogen-rich
CSM in this study. At late phases300 days), the SNe la-CSM are approximately
100 times brighter than normal SNe la at the same epoch. Therefore, at these late
phases, the luminosity and spectral features of SNe la-CSM are entirely dominated
by CSM-interaction with little emergent SN ux. From the pseudo-bolometric light
curves, we place a lower limit on the total radiated energy for SNe la-CSM to be
0.11.5 10°%rg. This is well below the thermonuclear budgei(E 10°! erg),

but as this is a lower limit and some SNe in the sample have unconstrained peaks, the
true total radiative energy might come close to the thermonuclear budget, requiring
high conversion e ciency to achieve their luminosity.

Spectroscopy

Figure 2.6 displays the spectral series obtained for the BTS SNe la-CSM. Most of
the early time spectra were taken with the SEDM, the BTS workhorse instrument
(R 100), which is not able to resolve the narrow CSM lines. Therefore, these SNe
were followed up with higher resolution instruments to get more secure classi ca-
tions. For each spectrum in Figure 2.6, the phase is provided with respect to the
explosion epoch estimate given in Table 2.4. We have spectra ranging from a few
to around 470 days from the explosion. Considering the well constrained explosion
times of SN 2018evt, presence of narroW lih its rst spectrum at 8 days since
explosion and assuming a typical ejecta velocity 20000 km s?, this implies that

the CSM interaction start as close a4 10*cm.

Figure 2.7 shows the early time (left) and late time (right) spectral behavior of the
BTS SNe la-CSM together with a few historical SNe for comparison, namely SNe
la-CSM SN 2011jb (Silverman et al. 2013b), SN 2005gj, and PTF11kx, the Type la
SN 1991T, and the well-observed Type IIn SN 2010jl. Vertical gray regions mark
typical SN la absorption features and [Fe Il/1ll] line regions, and vertical dashed
lines mark the Balmer emission lines. The sample spectra have been multiplied by
a constant factor to magnify relevant spectral features. In the following paragraphs,
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Figure 2.5: Pseudo-bolometric luminosity light curves of BTS SNe la-CSM com-
pared with pseudo-bolometric light curves of SNe 1991T, 1997cy, 1999E, 2002ic,
2005gj, 2013dn, and PTF11kx from literature. The light curves in each Ilter having
more than 10 epochs were interpolated using Gaussian process regression to Ilin
the missing epochs, and at each epoch, the uxes between the bands were linearly
interpolated and integrated over the optical wavelength range spanned by ZTF and
ATLAS lters to get the pseudo-bolometric luminosity. For BTS SNe, the phases
are with respect to the estimated explosion epochs, while for comparison SNe, the
phases are with respect to discovery.

we compare the observations of some of the spectral features with previous analysis
of this class (Silverman et al. 2013b; Fox et al. 2015; Inserra et al. 2016).

A few of our early time SNe la-CSM show underlying SN la absorption features
like PTF11kx and SN 2002ic (most are, however, quite diluted and also a ected by
the low resolution and signal-to-noise ratio (SNR) of the SEDM spectra), the most
notable being SNe 2018evt, 2020gxz, and 2020aekp. SNe 2020gxz and 2020aekp
also have among the fastest initial post-peak decline rates in the sample, similar
to PTF11kx, while coverage around peak is not available for SN 2018evt. On the
other hand, SNe with slower decline rates similar to SN 1997cy and SN 2005gj
have more SN lIn-like early time spectra dominated by blue pseudo-continuum and
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Figure 2.6: Spectral series of all SNe la-CSM presented in this paper. The rest-frame
phases are shown alongside the spectra in each subplot and have been calculated
using the explosion epoch estimate. The colors depict di erent instruments used to
obtain this data. Major emission lines are marked with vertical dashed lines.
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Balmer emission. The faster decline rate suggests we are still seeing some of the
emission from the ejecta at those phases. To unveil the nature of the progenitor of
interacting SNe, it is therefore necessary to obtain some spectroscopic follow-up

before peak light. Spectroscopic data at the phase of transition to interaction-

dominated luminosity would also help in deducing the extent and density structure

of the optically thick CSM.

Late-time spectra of SNe la-CSM look very similar to those of SNe IIn, heavily
dominated by KJ emission. The CSM interaction masks the underlying SN signa-
ture, and we instead see late-time spectra riddled with photoionized CSM lines. In
some cases, the photosphere might lie in an optically thick cold dense shell (CDS)
formed between the forward and reverse shocks, which obscures the ejecta com-
pletely (Smith et al. 2008; Chugai et al. 2004a). The continuum is also enshrouded
under a blue quasi-continuum from a forest of iron-group element lines (S13) as
identi ed and analyzed for SNe 2012ca and 2013dn by Fox et al. (2015).

The blue quasi-continuum blend of iron lines ([Fg lines around 4700 A and

[Fe 1I] around 5200A) in the spectra of the BTS SN la-CSM sample (see Fig-
ure 2.7 top right panel) is the dominant feature blue-ward of 5500 A but the ratio of
[Fe I }/[Fe 1] is much weaker compared to for SNe la (like SN 1991T). This feature
is more apparent in the SNe la-CSM like PTF11kx and SN 2002ic that became
interaction-dominated later than for other SNe la-CSM such as SNe 1997cy, 1999E,
and SN 2012ca (SN la-CSM/lIn, for which a clear type has not been established).
Inserra et al. (2014) argues for a core-collapse origin for SN 2012ca given this low
amount of [Fell] along with the detection of blueshifted Carbon and Oxygen lines
(which however, were later argued to be [F¢lines by Fox et al. 2015). S13
instead argues in favor of a thermonuclear origin given the presence of this blue
guasi-continuum, despite [Re] being weaker. Fox et al. (2015) points out that a
similarly suppressed ratio of [H& ]/[Fe 11] is observed in some SNe la, particularly

the super-Chandra candidate SN 2009dc, for which the explanation was suggested
to be a low ionization nebular phase owing to high central ejecta density and low
expansion velocities (Taubenberger et al. 2013). Fox et al. (2015) argue that in the
case of SNe la-CSM, a lower ionization state could arise owing to the deceleration
of ejecta by the dense CSM, explaining the Fe line ratio suppression. Since Ca has
lower rst and second ionization potentials than Fe, the detection ofl[ICa 7291,

7324 would be consistent with this low ionization, which Fox et al. (2015) con rms
for SNe 2012ca and 2013dn. Indeed, we nd clear evidence ofl[{Camission
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for 8 out of 12 SNe in our sample and a moderate to weak signal for the remaining
4. Although this does favor the argument for a thermonuclear origin, a similar blue
quasi-continuum is also observed in other interacting SN types like SNe Ibn (SN
2006jc, Foley et al. 2007) and SNe lIn (SNe 2005ip and 2009ip), making Fe an
incomplete indicator of the progenitor nature (see detailed discussion in Fox et al.
2015).

We do not nd strong evidence of ©®_7774o0r [O 1] _ 6300, 6364 emission in

our sample, although they might be present at very weak levels in some SNe (e.qg.,
SN 2020uem). SN 2020uem has strong emission lines at 6248, 7155, and 7720 A
which are consistent with being iron lines and were also observed in SNe 2012ca,
2013dn, and 2008J. S13 note that the very broad emission around 7400 A can be
due to a blend of [CAl] __ 7291, 7324 and [Q] __ 7319, 7330, however we note

that this broad emission is likely to be from calcium asliQs harder to excite

than O1 which is either very weak or absent in our spectra. The broad Ca NIR
triplet feature resulting from electron scattering is the next strongest feature after
the Balmer emission and is present in all mid to late-time spectra of the SNe in
our sample, where the wavelength coverage is available. We observe it increasing
in relative strength with phase, at least for a year, after which we no longer have
spectral coverage.

The bottom panel of Figure 2.7 shows the line pro le oUHwith the blue side

re ected over the red side at the maximum ux after continuum removal. We do
see evidence of diminished ux in the red wing ofHat late phases in some SNe
(most notably in SNe 2018evt and 2020uem), which can indicate formation of new
dust in the post-shock CSM. S13 claim to observe this for all non-PTF SNe la-CSM
in their sample starting at75 100 days, while for the PTF SNe la-CSM, they do

not have spectra available post that phase range. For some BTS SNe la-CSM, we
also do not have spectra available post 100 days, which limits any analysis of this
phenomenon for a large enough sample.

The spectra were reduced and processed as outlined in Y2.2 for the emission line
analysis, the results of which are described in the next section. We used only good
SNR SEDM spectra and intermediate resolution spectra for line identi cation and
analysis.
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Figure 2.7:Top left: Early-time spectra of BTS SNe la-CSM with phases between 0
and 30 days since explosion compared to spectra of SNe 2011jb, 2005gj, 1991T, and
PTF11kx (phasesin days since discoveigp right: Late-time spectraof BTS SNe
la-CSM (phases ranging from 40 to 370 days since explosion) compared to spectra
of SNe 2011jb, 2005gj, 2010jl, and PTF11kx (phases in days since discovery).
Bottom left and right:HU line pro les (post continuum removal) with the blue side

re ected across the peak ux, marked by dashed lines. SNe 2020aekp, 2020abfe,
2020xtg, and 2020uem in the right panel, and SNe 2018crl, 2018gkx, 2018ewt,
2019agi, 2019ink, 2019rvb, 20200nv, and 2020gxz in left panel.
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HU, HV, and Hel emission lines

To analyze the Hline emission, we rst tthe continuum level using tii€_continuum
function of thespecutils Python package, where the continuum is estimated by
a cubic function tted on regions on each side of the line. We remove this contin-
uum level and then t the M line with a broad and a narrow component Gaussian
function using thdit_lines  function of specutils , which returns the best t
Gaussian model and the# uncertainty on the model parameters. We generate
1000 sample models withitf uncertainties of the parameters centered around the
best- t values and calculate the intensity, ux, and velocity (FWHM) of the broad
and narrow components for each model. Then we take the median and standard
deviation of the intensity, ux, and velocity FWHM distributions to get their nal
best value andf uncertainty. The equivalent width was also calculated for thle H
line using the model t as well as directly from the data, and the di erence between
the values derived from the model and data is reported as the error on the EW. Al
values are reported in Table 2.5. For 3 SNe in our sample, we have a series of
intermediate resolution spectra through which we can trace the evolution ofthe H
line with phase. Figure 2.8 shows this trend of thd lthe parameters (integrated

ux in the top panel and equivalent width in the bottom panel) versus phase for all
SNe in our sample. The un lled markers represent the narrow emission, while the
lled markers represent the broad emission. For SNe where this analysis could be
done on multiple spectra, we see that thg étjuivalent width generally increases
over time, with some SNe showing uctuations up to 100 days, possibly due to
interaction of ejecta with multiple CSM shells of varying density. For SN 2018evt,
Yang et al. (2022) analyzedWHine properties from a comprehensive spectral series
data, which are plotted in Figure 2.8 in gray circles and seem to agree well with our
analysis at comparable epochs.

From the Gaussian pro le line tting analysis of thelHemission line, we found

that the broader component has velocities ranging fraf00 to 4000 kms?
(intermediate width) and the narrow component has velocities of al®@ km s !

to 1000kms?! (see Figure 2.9). The narrow component could only be resolved
down to 300kms? limited by the mediocre resolution of the spectrographs used
(Keckl/LRIS R 800, P200/DBSP R1000, NOT/ALFOSC has R360). While we

know that the narrow lines originate in the unshocked ionized CSM, the exact origin
of the intermediate components is uncertain. They could arise from the post-shock
gas behind the forward shock or from the shocked dense clumps in the CSM (Chugali
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etal. 1994).

The luminosities of the Hline measured from the BTS SNe la-CSM lie in the range
2.5 37 10*ergs ! which are comparable to the values from S13 who reported most
of their SNe in the 1 10 10*°erg s ! range except one object that had a luminosity
of 39 10*°ergs?. From the broad M luminosity, we did a simple estimate of the
mass-loss rate assuming spherically symmetric CSM deposited by a stationary wind
d/ A? having velocityE- (Chugai 1991; Salamanca et al. 1998). The mass-loss
rate"? can be related to the broad.Huminosity ! ﬁ>°3 as (Salamanca et al. 1998,
their Eq. 2)

| A>03 _ L P s

tuo T g EEB
where Es is the shock velocity (obtained from the broad component velocity of
the HU line). We used a value of 100 km'sconsidering previous high resolution
spectral studies of SNe la-CSM (Kotak et al. 2005; Aldering et al. 2006; Dilday
et al. 2012) fols= as we cannot fully resolve the narrow component and a maximum
value of 0.1 for the e ciency factomy (Salamanca et al. 1998). The mass-loss
rates were estimated from the available spectra and are shown in Figure 2.10 as a
function of years before explosio(= %C, whereQds the phase of the spectra). For
most SNe in the sample, the mass-loss rates lie between 0.001 0.92 1, except
for SN 2019rvb, which has0.07"  yr ! lost within 2 years prior to the explosion.
These rates are much higher than what could be attained from a red giant superwind
( 3 104" yr 1) butare comparable to previous estimates (calculated through
multiple methods) for SNe la-CSM and require some unusual mechanism to reach
such persistently higher mass-loss rates in the decades prior to explosion. Also to
consider is that the simplistic assumption of spherical symmetry likely does not
apply for SNe la-CSM. Evidence of multiple thin shells and asymmetric CSM was
observed for PTF11kx (Dilday et al. 2012), and light curve modeling of SNe 1997cy
and 2002ic suggested a better tto a at density pro le rather than a stationary wind
(Chugai et al. 2004b). An asymmetric or clumpy CSM might be the norm for SNe
la-CSM (and some SNe IIn) rather than the exception.

The same analysis as for thé&Jtine was also carried out for¥iand Hel _5876 with

a one-component Gaussian t. For cases where a Gaussian model could not t the
data, we integrate the ux value in a 100 A region centered at 5876 A far. Fike

Na ID absorption lines are also prevalent in some spectra and blend with the He
line, resulting in positive EWs for some SNe. The cumulative distributions\éf H
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Figure 2.8: Integrated uxes and equivalent widths &f eimission line with respect

to SN phases for the BTS SN la-CSM sample. Broad component values are shown
with lled markers and narrow component values with un lled markers. SN 2018evt
HU luminosities and EWs presented in Yang et al. (2022) are also shown in gray
circles.
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Figure 2.9: Velocity of HU emission line with respect to SN phases for the BTS
SN la-CSM sample. Broad component values are shown with lled markers and
narrow component values with un lled markers.

Figure 2.10: Mass-loss rates estimated from the luminosity of the broad component
of HU for the BTS SNe la-CSM. A value of 100 km'swas assumed for the wind
velocity.
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Table 2.5: Summary of Hline properties obtained from two-component Gaussian

tting.
SN Name | Phase Broad Flux Narrow Flux Total Flux Broad Velocity | Narrow Velocity
(days) | (10 ®ergs’cm 2) | (10 ®ergslicm ?) | (10 ¥ergsicm 2) | FWHM (kms 1) | FWHM (kms 1)
SN 2018crl 92 135.4 10.0 32.8 2.0 168.2 12.0 4137 312 Y 214
SN 2018gkx| 75 9.9 0.7 3.9 0.2 13.7 0.9 2640 398 Y 375
SN 2018evt | 144 2020.3 128.5 1247.4 52.8 3267.7 181.3 6465 997 1816 973
SN 2019agi 42 52.7 3.6 23.7 11 76.4 4.7 3836 349 464 301
SN 2019ibk | 103 85.6 1.7 17.0 0.5 102.6 2.3 2431 217 272 214
SN 2019rvb 26 22.0 3.0 104 1.0 32541 2321 298 374 216
SN 2020onv| 38 32852 33.3 20 66.1 7.2 2714 879 Y834
SN 2020gxz| 26 76.6 6.2 13.8 1.7 90.4 7.9 11294 1106 Y 836
SN 2020gxz| 34 55.1 5.0 10.8 1.8 65.9 6.8 8252 1039 1070 845
SN 2020gxz| 40 129 1.7 7.6 0.5 20.5 2.2 2049 284 245 215
SN 2020gxz| 45 20.7 1.6 9.1 04 298 2.1 3429 419 Y 375
SN 2020gxz| 71 39.113 10.4 0.4 495 1.7 5013 395 400 375
SN 2020uem| 51 246.3 47.2 151.1 16.8 397.4 64.0 6520 1163 1178 840
SN 2020uem| 101 655.2 28.9 241.2 9.6 896.4 38.4 7456 309 1066 217
SN 2020uem| 130 5529 17.6 281.8 6.2 834.8 23.8 7465 265 1269 215
SN 2020uem| 140 545.4 20.0 283.4 6.8 828.8 26.7 7457 275 1308 216
SN 2020uem| 167 424.3 19.0 312.0 7.7 736.3 26.6 6852 854 1439 834
SN 2020uem| 360 179.8 4.0 774 1.4 257.25.4 5377 382 1170 375
SN 2020xtg | 340 129.2 4.2 52116 181.3 5.8 4242 382 1258 376
SN 2020xtg | 448 131.7 7.7 96.3 3.2 228.0 10.9 4452 395 1566 377
SN 2020abfe| 146 33611 3.0 0.3 36.6 1.4 4411 389 Y 376
SN 2020aekp 132 149.5 4.0 33.0 1.0 182.5 5.0 7728 846 Y 833
SN 2020aekp 169 231.0 45 32313 263.3 5.8 6775 839 Y 834
SN 2020aekp 211 251.0 9.5 58.6 3.4 309.6 12.8 7422 852 1342 836

and Hel equivalent widths are shown in the top and bottom panels of Figure 2.11,
respectively.

The HV median EW measured from the BTS SN la-CSM sample is 7.1 A, close
to the S13 value of 6 A and quite weak compared to what S13 measured for SNe
lIn ( 13 A). The overall cumulative distribution of VMEW is also comparable to
the S13 SNe la-CSM rather than to the S13 SNe IIn. For thé H&876 line, the
median EW measured for our BTS SN la-CSM sample, considering only signi cant
emission features, is 2.4A. This is close to the value B reported in S13,

and again signi cantly di erent from their SN IIn value of6 A ( 4 A with upper
limits), however the overall distribution seems to be closer to the S13 SNe lin (but
still weaker) rather than to the S13 SNe la-CSM. This indicates that perhajpis He
not as good a discriminant between the populations compared/.tcAlfhong the
most He-rich SNe in our sample are SNe 2019ibk, 2020uem, 2020xtg, 2020aekp,
and 2018evt, and these SNe also have the highaddiivalent widths in the sample.

Figure 2.12 plots the cumulative distribution of the Balmer decremenv%s)(mea-

sured for our sample SNe. The higher Balmer decrement vajues) (have large
errors associated with them because of the low SNR of the spectra from which they
were derived, particularly near the\Hine. Consistent with the results of S13, the
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Figure 2.11: Cumulative distributions of equivalent width 0¥ EInd Hel _5876
emission lines calculated from the BTS SNe la-CSM (in grey) compared with the
respective distributions presented in S13 for SNe la-CSM (blue) and SNe IlIn (red).
Vertical dashed lines mark the median EW of the distributions.
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SNe la-CSM from this sample also have a high median Balmer decrement value of
7 ( 5in S13), indicating that the emission line mechanism is probably collisional
excitation or self-absorption rather than recombination, from which the expected

Balmer decrement value is3. In the case of SNe la-CSM, if the CSM distribution
consists of multiple shells as suggested for PTF11kx, moderately high densities
could be created when fast moving ejecta overtake slowly moving thin dense CSM
shells, creating large enough optical depth in th¢llde which results in the N
transition decaying as Ba HU (Xu et al. 1992). For some individual SNe where
multiple spectra are available, the Balmer decrement is observed to rst increase
and later decrease with phase.

Host galaxies

We retrieved science-ready co-added images fron3hakaxy Evolution Explorer
(GALEX) general release 6/7 (Martin et al. 2005), the Sloan Digital Sky Survey DR

9 (SDSS; Ahn et al. 2012), the Panoramic Survey Telescope and Rapid Response
System (Pan-STARRS, PS1) DR1 (Chambers et al. 2016), the Two Micron All Sky
Survey (2MASS; Skrutskie et al. 2006), and preprocessed WISE images (Wright
et al. 2010) from the unWISE archive (Lang 20%1%)

We used the software package LAMBDAR (Lambda Adaptive Multi-Band Deblend-
ing Algorithm in R) (Wright et al. 2016) and tools presented in Schulze et al. (2021)
to measure the brightness of the host galaxy. The spectral energy distribution (SED)
was modelled with the software package Prospétt@ohnson et al. 2021). We
assumed a linear-exponential star-formation history, the Chabrier (2003) initial mass
function, the Calzetti et al. (2000) attenuation model, and the Byler et al. (2017)
model for the ionized gas contribution. The priors were set as described in Schulze
et al. (2021).

Figure 2.13 shows the log of star formation rate (SFR) as a function of stellar mass
for hosts of BTS SNe la-CSM. We also use a Galaxy-zoo (Lintott et al. 2011)
sample of elliptical and spiral galaxies (randomly sampled in the redshift range

| = 0015 0-05), and BTS SN la hosts as comparison samples collected by and
used for comparison in Irani et al. (2022). We nd the SN la-CSM host galaxy
population to be consistent with late-type spirals and irregulars with recent star
formation history. Four out of twelve SNe have clearly spiral hosts, 3 have edge-on
host galaxies, 4 seem to have irregulars as hosts, and 1 has an unclear host type.

nttp://unwise.me
Uhttps://github.com/bd-j/prospector version 0.3
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Figure 2.12: Cumulative distribution of) « V intensity ratio (Balmer decrement)
calculated from intermediate resolution spectra of the BTS SN la-CSM sample (grey
shaded region). The red line is the distribution of Balmer decrement of SNe IIn
measured in S13, and the blue line is the SN la-CSM Balmer decrement distribution
from S13. The black circles are a few representative points indicating the high
Balmer decrement values and the uncertainties on them. The vertical dashed line is
the median Balmer decrement measured from BTS SNe la-CSM.
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Host galaxies of 10 out of 12 SNe hav@ F 3 measurements available which are

all i 1 mag, putting them in late-type category (Irani et al. 2022), 1 (SN 2019rvb)
does not have W3 measurement but B&s  %(1la 1 mag again putting it
towards late-type and 1 (SN 2020abfe) does not have any of the above information
available except thé (1aband magnitude of 20.766, which is the faintest host galaxy
(absolute SDS%band magnitude of 17+4) in our BTS SN la-CSM sample. As
noted in S13, the SN la-CSM hosts of their sample had generally low luminosities
(191 Y " oY 17+6) except MW-like spiral hosts. Our BTS SN la-CSM host
luminosities lie in the range of218 Y " o Y 17+4, covering low to MW-like
luminosities.

Rates

Following the methodology for calculating the volumetric rate of transients found
in the Bright Transient Survey from Perley et al. (2020), we use their equation 2 to
calculate the SN la-CSM rate:

10 1

) g1 % 20c3B:HICED 8

where) is the duration of the survey is the number of transients that pass the
quality cut, <oc-ds the distance out to which ti transient with peak absolute
magnitude" g can be detected above the survey magnitude kmgt (=19 mag
for BTS SNe la-CSM) at peak light without any extinctioBs.y is the average
active survey coverage as a fraction of full skyzds average reduction in e ective
survey volume due to Galactic extinctiof,42is the average recovery e ciency for

a detectable transient within the survey coverage areaband the classi cation

e ciency dependent on apparent magnitude.

The duration of the survey in which these 12 SNe la-CSM were detected is from
2018-05-01 to 2021-05-01, i.e., = 3 years. We calculatég.yduring this time
period by averaging the sky area coverage of the public MSIP survey considering
3-day cadence for ZTF Phase | (2018-05-01 to 2020-10-31) and 2-day cadence for
ZTF Phase Il (since 2020-11-01), which turns out to be 12505 fiedhase | and
14831 ded for Phase Il, giving a meafs. = 0:32. We use the same value of 0.82

for Hg@s calculated in Perley et al. (2020), given there has not been any change in
the number and positions of ZTF elds.

To estimate ;42 we consider SNe la-CSM brighter tharl85 peak absolute
magnitude and brighter than 18 apparent magnitude (a total of 5) of which 4 pass
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Figure 2.13: Host galaxies of BTS SN la-CSM (black circles) on SFR vs stellar mass
plot with Galaxy-zoo spiral (blue contours) and elliptical (red contours) galaxies for
comparison. BTS SN la hosts are also shown for comparison in green circles. Equal
SSFR lines are marked with grey dashed lines.
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the quality cut, giving an420f 0.8. We take classi cation completeness of 0.75
at 19mag, 0.9 at 18.5mag, and 1 at 17.2 mag, and linearly interpolate in between
these values to gép:_g

Then using o = 70kms *Mpc 1, ignoring cosmological e ect¢ as in Perley

et al. (2020) and applying a uniform K-correction (K = 2;56;0*1, 1°), we get
arate of 29.38733Gpc 3yr ! for SNe la-CSM. We also calculate a SN la rate of
2.88%28  10°Gpc 3yr * from SNe la observed in the same period following the
same method, which is close to the value of 2.8 Gpc 3yr ! calculated in Perley

et al. (2020). This puts SNe la-CSM to be 0.02 0.2% of SNe la. However, this
rate estimate should be considered a lower limit given various caveats in the correct
identi cation of SNe la-CSM (see discussion Y2.4). If the ambiguous classi cation
cases outlined in Appendix 2.7 are considered to be SN la-CSM and included in
the rate calculation, we obtain a rate upper limiB@#7- 1328 Gpc 3yr 1, which is

77:3
0.07 0.8% of SNe la.

Precursor rates

The ZTF precursor rates were calculated following the method in Strotjohann et al.
(2021a) which studied the frequency of precursors in interacting SNe found in ZTF.
Strotjohann et al. (2021a) included 6 of the SNe la-CSM presented in this paper in
addition to 4 other SNe la-CSM not in this paper (see Appendix 2.7 for details) for
their search but did not nd any robust Sorecursor detections. This non-detection
was concluded to be due to the small sample size of SNe la-CSM (or that they are
more distant) compared to the SN IIn sample, so even if the precursors were as
bright or frequent as for SNe IIn, it would be di cult to detect them.

The same search was carried out here for our larger sample by taking the ZTF forced
photometry multi-bandg— A} 8ght curves generated by the pipeline outlined in
Masci et al. (2019) and stacking them in 1, 3, and 7-day long bins to search for
faint outbursts. There were 7389 total available pre-explosion epochs for BTS
SNe la-CSM, the earliest epoch being 1012 days prior to the explosion and the
median phase 340 days prior. Hence, the results are valid for typical SN la-CSM
progenitors at about1 year before the SN. We did not nd any robust precursor
detections. The upper limits for the precursor rates in di erent bands are shown in
Figure 2.14, where the solid lines indicate up to what fraction of the time a precursor
of a given brightness could have been detected while being consistent with the ZTF

2Contraction of control time window approximately compensated by increase in the star-
formation rate density in the low redshift regime for redshift dependent SN rates.
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Figure 2.14: Precursor rate as a function of magnitude calculated from BTS SN
la-CSM pre-explosion ZTF forced photometry stacked in 7-day bins. The di erent
colored shaded regions correspond to di erent ZTF baikdgd, 6-green8grey).

The solid lines depict the upper limits on the fraction of the time a precursor of the
corresponding magnitude would have been detected, which is consistent with the
ZTF non-detections.

non-detections. A precursor ofL5 magnitude could occur as frequently ak0%

of the time given the ZTF non-detections. A continuous search for the precursors as
more SNe la-CSM are found and classi ed, and their sample size increases, could
yield a detection if the precursors are as frequent and bright as for SNe lIn. The
dense and massive CSM around these objects is close enough to have been deposited
within decades prior to the SN, but the lack of precursors within 1 year indicates
that there is likely no violent event that ejects a lot of mass in that period. Probing
for precursors could potentially constrain the progenitor in at least some cases. For
example, Soker et al. (2013b) predicts for their core degenerate (CD) model for
PTF11kx-like SNe release of signi cant energyl(0*® erg) before explosion over
timescale of several years, implying a precursor 3 7 magnitudes fainter than the SN
explosion spread over several years, peaking in the near-IR.
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2.4 Discussion

Fraction of SNe la-CSM with delayed interaction

The fastest declining SNe in our sample (SNe 2018crl, 2020gxz, and 2020aekp)
are also the ones that develop a plateau and show relatively stronger SN la-like
absorption features in their early spectra. They seem to have a delayed start for the
interaction like PTF11kx but not as fast a decline, and thus bridge the gap between
PTF11kx and the rest of the strongly interacting SNe la-CSM. It remains to be seen
how many SNe la are weakly interacting where the CSM interaction starts in earnest
at timescales of year or more after the explosion. Dubay et al. (2022) constrained
the rate of late-onset CSM interaction (similar to that of PTF11kx) to d®1%
between 0 and 500 days after discovery by searching for late-time UV excess in
GALEX data of 1080 SNe la. A similar study in optical with ZTF data, currently
undertaken by Terwel et al. (in prep), is searching for faint detections in carefully
calibrated forced photometry light curves (stacked to go fainter). From the current
sample, it appears that in addition to SNe la-CSM being intrinsically rare, delayed
interaction SNe la-CSM are even rarer and only constitute about a quarter of all SNe
la-CSM. This delayed interaction behaviour could also be an e ect of asymmetric
or clumpy CSM, wherein part of the SN ejecta shines through depending on the
viewing angle. Observational campaigns that capture the inner boundary of the
CSM and the geometry robustly could shed light on the distribution of the inner
CSM radius and reveal if it is a continuous distribution or if there are multiple
progenitor scenarios within the SN la-CSM class.

Implications for progenitor based on observed mass loss
From Figure 2.10, the estimated mass-loss rates from a simple spherical treatment
of the CSM and a stationary wind lie betweeh0 3to 10 1M yr ! over a period
of less than 60 years before explosion. That gives a total mass los0df to

1M . Dilday et al. (2012) estimated5M of CSM around PTF11kx while
Grahametal. (2017) revised itto b8.06M . Light curve modeling of SN 1997cy
and SN 2002ic by Chugai et al. (2004b) resulted %M estimates for both SNe.
Inserra et al. (2016) also t analytical models to some SNe la-CSM and found the
CSM mass to lie between 0.4 and #14. From Figure 2.5, the pseudo-bolometric
luminosities of our SNe la-CSM lie somewhere between PTF11kx and SNe 1997cy,
2002ic, and 2005gj, with SN 1999E somewhere in the middle. We can say that the
total CSM mass in our sample of SN la-CSM should also be several solar masses.
A WD, AGB star system has typically been suggested for historical SNe la-CSM
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to explain this massive CSM. The WD could either gain mass through Roche Lobe
over ow (RLOF) from the companion that drives an optically thick wind (OTW) or
merge with the core of the AGB star that then explodes in or soon after the common
envelope phase. Meng et al. (2019) model VW5 systems for their common
envelope wind (CEW) model and nd1M CSM around SNe la-CSM. Thus,
given the large observed CSM mass range, the nature of the companion cannot
be solely determined from total mass lost. High-resolution spectroscopy that can
resolve the narrow unshocked CSM wind velocity is also needed to determine the
compactness of the companion.

Implications for progenitor based on observed volumetric rate
Robust observed rate estimates for SNe la-CSM have been few and far between.
Dilday et al. (2010) found 1 interacting SN la (SN 2005gj) in a sample of 79
SNe la atl Y 015 in the SDSS-Il SN survey, giving a rate ofl%. After
the PTF11kx discovery in the Palomar Transient Factory (PTF) survey, the SN
la-CSM rate was estimated to b&.1% (1 in 1000 classi ed SNe la; Dilday et
al. 2012) but without spectroscopic completeness determination. S13 identi ed
7 more SNe la-CSM from the PTF SN IIn sample, bumping up the estimate to
0.8%. With this sample, we have improved the rate estimate, providing a robust
value (along with an uncertainty estimate on that value) from an unbiased survey
with high spectroscopic completeness up to 18.5 magnitude. However, this rate is
quite possibly still underestimating the true value for two reasons: the rst being
possible thermonuclear SNe that are enshrouded so completely by CSM interaction
that they are misclassi ed as SNe lIn in the absence of good early time data. In
the BTS SN IIn sample, we found 6 SNe lin to have ambiguous classi cations,
which could possibly be SNe la-CSM, and these are described in Appendix 2.7.
Including these ambiguous cases in rate estimation results in a rate upper limit of
0.07 0.8% for strongly interacting thermonuclear SNe, while excluding them gives
an underestimated rate of 0.02 0.2%.

The secondissue with the rates is if there is indeed a continuum of delayed interaction
SNe la-CSM like PTF11kx, interaction in SNe la may present itself hundreds of
days later at magnitudes fainter than ZTF's limit20.5), resulting in those SNe

not being counted when they may be sharing the same progenitor as the rest of the
interacting SNe la-CSM. Lastly in some rare cases, the SN might appear normal in
its light curve shape and duration (and thus would be missed by the selection criteria
used in this paper) but seem to have peculiar narrahirHits spectrum or bright
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mid-IR ux (like in the case of SN 2020aaym; Thévenot et al. 2021).

Han et al. (2006) predicted a rate of 0.1 1% for 02ic-like events for their delayed
dynamical instability SD model, but could not naturally explain the delayed inter-
action and multiple CSM shells in PTF11kx (which is relevant for some SNe in our
sample). A symbiotic nova-like progenitor was suggested by Dilday et al. (2012) for
PTF11kx, and they quoted the theoretical rates for the same to lie between 1 30%;
however, the model could not explain the massive CSM. Soker et al. (2013b) sug-
gested a core degenerate (CD) scenario in which the explosion is set by the violent
prompt merger of the core of the giant companion onto the WD and could naturally
explain the massive CSM of PTF11kx (Livio et al. 2003). Soker et al. (2013b)
estimated the occurrence of such SNe{My M. | 2M and My=g, 4M )
through population synthesis and found it to be 0.002 per 1008tdrs formed.
Assuming 12 SNe la occur per 1000 M stars formed (Maoz et al. 2012), this
corresponds to 0.1 0.2%, which compares well with our observed rate estimate.

The CEW model by Meng et al. (2019) predicts that the SNe la-CSM like objects
could arise inthe SD CEE scenario when CONe White Dwarfs (WD) steadily accrete
material at the base of the CE without quickly spiraling in due to the driving of a
CEW wind (10 100 kms?t). The WD explodes when it reaches the Chandrasekhar
mass (1.38 M) and could possibly explode within the CE before it is ejected. The
CEW model predicts that 25 40% of the SNe la from CONe WD in Common
envelope evolution with a Main Sequence (MS) companion will show SN la-CSM-
like properties. Meng et al. (2019) also gives the ratio of SNe la from CONe WDs
to normal SNe la from CO WDs to be between 1/9 and 1/5 (considering normal
SNe la only come from CO WD + MS systems). Combining that with the estimate
that roughly 10 20% of all SNe la may come from the SD scenario (Hayden et al.
2010; Bianco et al. 2011), SNe la-CSM from CONe WD according to the CEW
model should be 0.28% to 1.6% of all SNe la. A spin-down before the explosion
of the WD (Justham 2011; Di Stefano et al. 2012) could also explain the time delay
between the explosion and interaction.

Soker (2022) estimated the common envelope to explosion delay time distribution
(CEEDTD) shortly after the CEE (t Y 10*yr) from SN in planetary nebula
rates and SN la-CSM observed rates to be roughly constant rather than having a
t 1 dependence, that is the SN explosion could occur very soon after the CEE as
well. Our observed rates are on the lower side compared to these theoretical model
estimates, but compare well within the observational uncertainties, though the CEW
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model seems to best account for the overall SNe la-CSM properties.

2.5 Summary

In this paper, we have presented optical and mid-IR photometry, optical spectra, and
detailed analysis of 12 new SNe la-CSM identi ed in the Zwicky Transient Facility
Bright Transient Survey, nearly doubling the total number of such objects discussed
previously by Silverman et al. (2013b). The properties of the sample extracted in
this paper agree very well with similar analysis conducted in S13, particularly the
median EW of H/ is found to be signi cantly weaker in SNe la-CSM compared
with SNe lIn, and consequently, the Balmer decrements are ubiquitously higher in
SNe la-CSM. The brightness of SNe l1a-CSM in mid-IR is comparable to SNe IIn,
and observations of reduced ux in the red side of thd \Wing, together with the
mid-IR brightness, point to the formation of new dust in the cooling post-shock
gas. The host galaxies of SNe la-CSM lie towards late-type galaxies with recent
star formation. Unlike SNe IIn, no precursors were found withi®00 days before
explosion for SNe la-CSM, which could be an observational bias (less number of
SNe la-CSM compared to SNe 1In). We provide a robust rate estimate of 0.02
0.2% of all SNe la for SNe la-CSM on account of the BTS survey being unbiased
and spectroscopically highly complete. The simple mass-loss rate estimates from
the broad HJ luminosity of 10 2M yr ! are similar to previous estimates from
various methods and indicate several solar masses of CSM around these SNe. The
observed rate agrees well within the observational uncertainties with the CEW
model by Meng et al. (2019), which can also explain the interaction delay and
massive CSM.

There are still many unanswered questions about the nature of the progenitors and
whether we are accurately identifying all potential members of this class. As ZTF
Phase Il continues, we are identifying more and more SNe la-CSM (interacting
with hydrogen-rich and helium-rich CSM) and looking further to the future, if ZTF
continues for a Phase Il and when LSST survey operations begin, a larger sample
would further improve upon the observed rate calculation. However, individual
object studies are as important, and detailed spectroscopic and multi-wavelength
follow-up is essential to capture the CSM con guration and mass.
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Fritz (Walt et al. 2019; Duev et al. 2019) and GROWTH marshal (Kasliwal et al.
2019) (dynamic collaborative platforms for time-domain astronomy) were used in
this work.

Software: LAMBDAR (Wright et al. 2016), Prospector (Johnson et al. 2021),
pySEDM (Rigault et al. 2019), IRAF (Tody 1986; Tody 1993), pyNQitgs:
/lgithub.com/jkrogager/PyNOT ), LPipe (Perley 2019), pypeit (Prochaska et al.
2020), extinction (Barbary 2016), pyraf-dbsp (Bellm et al. 2016), FPipe (Fremling et
al. 2016), DBSP_DRHIBSP DRR2021), ztfquery (Rigault 2018), astropy (Astropy
Collaboration et al. 2013; Astropy Collaboration et al. 2018; Astropy Collaboration
et al. 2022a), matplotlib (Hunter 2007a).

2.7 Appendix A: Ambiguous SN la-CSM/lIn in BTS

To identify potential SNe la-CSM hiding in the SN IIn sample classi ed by BTS,
we rechecked all SNe lIn classi cations (total 142) using SuperNova IDenti cation
(SNID; Blondin et al. 2007) software. SNe lIn spectra were processed through
SNID, and any SN having 3 matches to a SN la-CSM in the top 10 matches were
manually checked. The SNe having ambiguous classi cations are described below.

SN 2019smj

Discovered by ZTF and reported to TNS by ALeRCE (Forster et al. 2021) on 2019-
10-13 11:28:42.000, SN 2019smj (ZTF19aceqlxc) was classi ed as a Type lin by
BTS atl = 0:06. It peaked at apparent magnitutié-l in theAband ( 20-1) and

then developed a weaker but broader bump. The spectra showed very Weak H
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barelyany Hd 5876 no Ol _7774or [O I] lines but showed some iron group lines,

Ca NIR emission and [CHA]. SNID best matches were to SNe 1997cy and 2005g;.
The early spectra from P60/SEDM have some matches to SN 2005gj but are too
noisy and of ultra-low resolution to conclusively provide a la-CSM classi cation.
From these observations, SN 2019smj is most likely a Type la-CSM, but given the
lack of con rmation, we have excluded it from the main sample.

SN 2018dfa

Discovered and reported to TNS by ATLAS on 2018-07-05 08:51:21.000, SN
2018dfa was classi ed initially as a Type IIP by BTS but later spectra revealed it to
be a Type lIn at = 0128 It peaked at an apparent magnitudd. @b in the Aband

( 20+2) and showed a minor bump before the main peak in the light curve. The
spectra showed weak\Hand Hel 5876 no O1 _7774o0r [O 1] lines. SNID best
matches were to SNe 2002ic and 2005gj, along with SNe la-norm/91T. The earliest
spectra with good SNR from P200/DBSP had one match to SN 2005gj but could
not provide a robust la-CSM classi cation. From these observations, SN 2018dfa
is most likely a Type la-CSM, but given the lack of con rmation, we have excluded
it from the main sample.

SN 2019vpk

Discovered by ZTF and reported to TNS by ALeRCE on 2019-11-25 06:33:38.000,
SN 2019vpk was classi ed as a Type lIn by BTSlat 01. It peaked at apparent
magnitude of 18 in theAband ( 205). The early spectra were too noisy and
the only spectrum with good SNR was obtained with P200/DBSP nearly 6 weeks
after discovery which showed weakHno clear Hel emission but possibly Si
_5958emission (which is unlike any other SN la-CSM). SNID top matches were to
SN 2005gj, but visually did not look entirely convincing, and some matches were
also to Type lIn. We conclude SN 2019vpk does not have enough data for a robust
la-CSM classi cation.

SN 2019wma

Discovered by ZTF and reported to TNS by ALeRCE on 2019-12-13 13:35:26.000,
SN 2019wma was classi ed as a Type lin by BTSlat 0088 It peaked at an
apparent magnitude of18.5 in theAband ( 195). The spectra obtained were
either from P60/SEDM or LT/SPRAT, hence of low resolution and showed waak H
and Hel emission. SNID top matches to the earliest SEDM spectrum were to SN
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2005¢qj at the correct redshift, but given the lack of intermediate resolution spectra
and absence of late time follow-up, we did not assign a Type la-CSM classi cation
to SN 2019wma and excluded it from the main sample.

SN 2019kep

Discovered and reported to TNS by ATLAS on 2019-07-02 14:13:55.000, SN
2019kep was classi ed as a Type lin by BTS lat= 0402388 It peaked at an
apparent magnitude d2 in theAband ( 17). Most early spectra were too noisy

for classi cation but matched SN 2005gj. A good SNR P200/DBSP spectrum
showed narrow P-Cygni Blwith absorption minimum at 2500 km s? but overall
matched to a Type Il SN. From these observations, we could not determine a robust
classi cation for SN 2019kep and excluded it from the main sample.

SN 2018ctj

Discovered and reported to TNS by ZTF on 2018-04-21 08:36:57.000, SN 2018ct]
was classied as a Type lin by BTS at = 040378 It peaked at an apparent
magnitude ofl8+4 in the Aband ( 17-8) and was also detected in unWISE data.
Only one P60/SEDM spectrum was obtained that matched well to SNe 1997cy and
2005gj. Given the lack of intermediate resolution spectra, this SN remains classi ed
as Type lin and excluded from the main sample.
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Abstract

Multi-peaked supernovae with precursors, dramatic light-curve rebrightenings, and
spectral transformation are rare, but are being discovered in increasing numbers
by modern night-sky transient surveys like the Zwicky Transient Facility (ZTF).
Here, we present the observations and analysis of SN 2023aew, which showed a
dramatic increase in brightness following an initial luminou%7+4 mag) and long

( 100 days) unusual rst peak (possibly precursor). SN 2023aew was classi ed
as a Type llb supernova during the rst peak but changed its type to resemble a
stripped-envelope supernova (SESN) after the marked rebrightening. We present
comparisons of SN 2023aew's spectral evolution with SESN subtypes and argue
that it is similar to SNe Ibc during its main peak. P-Cygni Balmer lines are present
during the rst peak, but vanish during the second peak's photospheric phase, before
HU resurfaces again during the nebular phase. The nebular lineg, ([Ca Il],

Mg 1], HU) exhibit a double-peaked structure which hints towards a clumpy or
non-spherical ejecta. We analyze the second peak in the light curve of SN 2023aew
and nd it to be broader than normal SESNe as well as requiring a very¥igh

mass to power the peak luminosity. We discuss the possible origins of SN 2023aew,
including an eruption scenario where a part of the envelope is ejected during the
rst peak, which also powers the second peak of the light curve through SN-CSM
interaction.

3.1 Introduction

Core-collapse (CC) supernovae (SNe) mark the nal explosions of massive stars
(1 8" ), and stripped-envelope SNe (SESNe) represent CC in stars that have lost
most or all of their envelopes prior to explosion. This includes Type Ilb SNe
(some H left), SNe Ib (no H, some He), and SNe Ic (neither H nor He, Gal-Yam
2017).
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Even though we now have hundreds of well-observed SESNe, there are still several
open questions regarding their nature, both when it comes to their progenitor stars
and their powering mechanism. Binarity seems to be a key component for stripping
their envelopes, with arguments supported by relatively low ejecta masses, large
relative rates (Smith 2011), and direct evidence of a binary system after the SESN
2022jli (Chen et al. 2024). These deduced ejecta masses often come from compar-
isons with simple analytical models, e.g., Arnett 1982; Yang et al. 2023; Barbarino
et al. 2021, that match reasonably well with the observed light curves assuming
powering by radioactivé®Ni. However, modern explosion models are unable to
produce the amount of radioactive nickel required for the brighter Type Ibc SNe
(Sollerman et al. 2022), and some SESNe show light-curve features that are not
compatible with the standard scenario. Such unusual SESNe have emerged from the
large samples of SNe now available, and include double bump light curves (LCs), for
example, for SN 2019cad (Gutiérrez et al. 2021), SN 2022xxf (Kuncarayakti et al.
2023), and SN 2022jli (Chen et al. 2024), where di erent powering mechanisms
were suggested in each of these cases for explaining the second LC bump.

Inthis paper, we presentthe unusual stripped-envelope SN 2023aew (ZTF23aaawbsc)
discovered as part of the Zwicky Transient Facility Bright Transient Survey (BTS;
Fremling et al. 2020; Perley et al. 2020; Rehemtulla et al. 2024). This supernova
shows an unprecedented rst peak with a broad light curve and a slight plateau,
followed by another unusually broad second peak light curve. Spectrally, this object

is clearly a SESN, but unlike any previous such objects.

The paper is organized as follows. In Y3.2 we present the discovery and the ob-
servations of our SN, as well as details about the data reductions and calibrations.
Section Y3.3 presents an analysis of the photometric and spectroscopic data as well
as comparisons to a number of similar SNe from the literature. In Y3.4 we discuss
in particular the mechanisms that could power the main light curve peak of SN
2023aew, and in this connection we also present a few other objects with relevant
observations. Finally, Y3.5 presents our conclusions and a short discussion where
we put our results in context.

3.2 Observations
In this section, we present our observations of SN 2023aew obtained over 300 days
with multiple instruments and describe the data processing methods.
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Discovery

SN 2023aew was detected in Zwicky Transient Facility (ZTF; Bellm et al. 2019;
Graham et al. 2019; Dekany et al. 2020) data obtained with the Palomar Schmidt
48-inch Samuel Oschin telescope (P48), on 2023-01-23 (MJD 59967.511) and the
discovery was reported to the Transient Name Server {JRBALeRCE (Forster

et al. 2021; Munoz-Arancibia et al. 2023). This rst ZTF detection magnitude
was 18.05 in theA band at the J2000.0 coordinatels= 17 40°51:395° X =

.66 122062 The transient is apparently positioned on the outskirts of the spiral
host galaxy SDSS J174050.55+661220.7. The transient was subsequently reported
to TNS by Gaia (Hodgkin et al. 2021) in February, ATLAS (Tonry et al. 2018) in
March, and by MASTER (Lipunov et al. 2019) in May when it began to brighten
again. Gaia reported an 18.16 mag detection ifsaia band two days before the
ZTF discovery (i.e., at MJID 59965.284). The I&6t upper limit is 200 days
before rst detection in ATLAS> band and 500 days before rst detection in ZTF
Aband. However, the Transiting Exoplanet Survey Satellite (TESS; Ricker 2014)
had a serendipitous two months of coverage of SN 2023aew right before the ZTF
discovery (from MJD 59910 to 59962). TESS captured a slow, 30-day rise of this
SN where ground-based telescopes only caught the tail of this transient at its ZTF
discovery (see Figure 3.1). We derive an explosion epoch of MJD 59936118

days by tting a power law to an 8-hour binned TESS-Red band light curve (details
in Y3.2, Fausnaugh et al. 2021). Therefore, all phases throughout this paper will be
reported with respect to this explosion epoch estimate.

The transient was spectroscopically classied as a SN llb by ZTF (Wise et al.
2023) on 2023-01-27 (four days after ZTF discovery) with a spectrum obtained
using the Spectral Energy Distribution Machine (SEDM; Ben-Ami et al. 2012;
Blagorodnova et al. 2018) on the Palomar 60-inch telescope (P60; Cenko et al.
2006) and itsuperfit (Howell et al. 2005) match to SN IIb templates at a redshift
of | = 04025 This is consistent with the redshift bf= 0«0255 0+0001obtained

from the narrowest lines in our late high signal-to-noise ratio Keck2/ESI spectrum
(Y2.3). Using a at cosmology with ¢4= 70 km s tand < = 03, this redshift
corresponds to a luminosity distance of 111 Mpc. The transient, initially classi ed
as SN IIb was observed to have a smooth initial light-curve decline 2&r days,
which then turned into a slow plateau for anoth&0 days in ground-based optical
data. The great surprise came with the rapid rebrightening of SN 2023aew, which

https://www.wis-tns.org
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started around 2023-04-11 (MJD 60045), wherein the SN rose2Zbynagnitudes

in 10 days. As spectroscopic campaigns began in earnest, Frohmaier et al. (2023)
reported their spectrum taken on 2023-04-20 with SPRAT (Piascik et al. 2014) on
the Liverpool Telescope (Steele et al. 2004) to be consistent with SN 1b templates,
albeit at a slightly higher redshift using SNID (Blondin et al. 2007). Hoogendam
et al. (2023) reported three more spectra taken with SNIFS on the University of
Hawaii 2.2m telescope on 2023-04-23, 2023-04-25, and 2023-04-29, which were
more consistent with late-time SN Ic templates.

Figure 3.1: Light curve of SN 2023aew. The TESS observations cover the rise of
the rst peak and are shown in gray squares, withgigni cance denoted with full
markers and 8 with empty markers. The spectroscopic epochs are marked with
black lines at the top. Also shown for comparison are absolute magrbded

light curves of SNe 1993J (lIb), 2011dh (lIb), 2005bf (Ib-pec), 2007gr (Ic), 2009ip
(lin), iPTF13bvn (Ib), and the type-changing 2017ens (Ic to lin). SNe 1993J and
2011dh are shifted to match their rst detection with the SN 2023aew explosion
epoch. Other comparison SNe are shifted KO0 days to match the start of the
second peak. The overall light curve shape is somewhat similar to that of SN 2009ip
but is broader, with the second peak having similar broadness as SN 2017ens.
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Optical photometry

We obtained forced PSF photometry via the ZTF forced photometry service (Masci
etal. 2019; IRSA 2022; Masci et al. 2023)anA and8bands and via ATLAS forced
photometry service (Tonry etal. 2018; Smith etal. 202@and>bands. Additional
photometry was obtained with the Rainbow camera on P60 and processed with the
automatic image subtraction pipelik®ipe (Fremling et al. 2016). The Gaia-G
band photometry was obtained from the Gaia Alerts sefviddl photometry is
corrected for Milky Way extinction using the Python packagenction (Barbary
2016), the dust extinction law from Fitzpatrick (1999), the Schla y et al. (2011) dust
map,E(  +) = 0.0386 mag, and an,Rof 3.1. All measurements are converted
into ux units for the analysis. We do not account for the host reddening, given that
the transient is at the outskirts of the host galaxy.

TESS photometry

SN 2023aew had serendipitous coverage from TESS observations of Sector 59 and
60 from MJD 59910 to 59962 two months before the rst ZTF detection. The
TESS-Red Iter extends from 5802.57 Ato 11171.45 A with a reference wavelength

of 7697.60 A. Image subtraction and forced photometry at SN 2023aew's location
were carried out according to the methodology in Fausnaugh et al. (2021). The
di erential ux has a cadence of 200 seconds but was binned into 6-hour bins and
converted into Vega magnitudes. These were further converted to the AB system and
corrected for MW extinction following the method in the previous section and using
the TESS-Red reference wavelength. The binned TESS photometry is included in
Table 3.3.

Swift Ultraviolet/Optical telescope photometry

The eld was observed with the Ultraviolet/Optical Telescope (Roming et al. 2005)
(UVOT) aboard th&wiftsatellite (Gehrels et al. 2004) between M-HED076.47 and
60085.44 inF2,<2, F1, D 1, andE The science-ready data were retrieved from
the Swiftarchive!. In December 2023, deep template images were obtained in all
lters to remove the host contamination from the transient photometry. Then all-sky
exposures for a given epoch and Iter were co-added to boost the signal-to-noise

2http://gsaweb.ast.cam.ac.uk/alerts/home

Shttp://svo2.cab.inta-csic.es/theory/fps/index.php?mode=browse&gname=
TESS&asttype=

“https://www.swift.ac.uk/swift_portal.
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ratio usinguvotimsum in HEAsoft® version 6.31.1. Afterwards, the brightness of

the SN was measured with ti8wift tool uvotsource . The source aperture had

a radius of5® while the background region had a signi cantly larger radius. We
measured the host contribution from the December 2023 templates using the same
source and background apertures and subtracted this contribution from the transient
ux measurements. All measurements were calibrated with the latest calibration
les from November 2021 and converted to the AB system following Breeveld et al.
(2011). Table 3.4 summarizes all measurements (not corrected for reddening).

Swift X-ray telescope measurements

While monitoring SN 2023aew with UVOT between M3B0076.47 and 60085.44,
Swiftalso observed the eld with its onboard X-ray telescope XRT between 0.3 and
10 keV in photon-counting mode (Burrows et al. 2005). This data was analyzed
with the online tools of the UKSwiftteanf that use the software package HEASoft
version 6.32 and methods described in Evans et al. (2007) and Evans et al. (2009).

SN 2023aew evaded detection in all epochs. The m&fiatount-rate limit of each
observing blocki8 10 2s (0.3 10 keV). Coadding all data pushes tBfe count-

rate limits tole4 10 3s 1. Alist of the limits from the stacking analysis is shown
in Table 3.5. To convert the count-rate limits into a ux, a power-law spectrum was
assumed with a photon indeef = 2 and a Galactic neutral hydrogen column
density of3«4 10°° cm 2 (HI4PI Collaboration et al. 2016). The co-added count-
rate limit corresponds to an unabsorbed ux¥o65 10 “ergcm?s ! between

0.3 10 keV and luminosity off 78 10*°ergs?®. The ux and luminosity limits

of the individual bins are shown in Table 3.5.

Optical spectroscopy

We obtained a comprehensive spectroscopic follow-up dataset from many facilities
at a variety of spectral resolutions (e.g., Keckl/LRIS 800 140Q P200/DBSP

' 100Q NOT/ALFOSC' 360, P60/SEDM' 100 to study the evolution

of this SN. In total, we have 41 spectra covering epochs from 34 days to 281 days
since the explosion. Table 3.1 lists the facilities, instruments, and data processing
software references. The spectral sequence is listed in Table 3.2 and shown in
Figure 3.2. All the spectra were corrected for Milky Way extinction using the same

Shttps://heasarc.gsfc.nasa.gov/docs/software/heasoft/.
Shttps://www.swift.ac.uk/user_objects.
"The photon index is de ned as the power-law index of the photon ux dengity € / ).
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Table 3.1: Description of spectrographs used for follow-up and the corresponding
data reduction pipelines.

Instrument Telescope Software
SEDM! Palomar 60-inch pySEDRM
ALFOSC® Nordic Optical Telescope  PyNGPypelt
DBSP Palomar 200-inch DBSP_DRP
KAST’ Shane 3-m IRAR
LRIS® Keck1 LPipé?
SPRAT! Liverpool Telescope Pypelt
NIRES"? Keck2 Wilson et al. 2004
ESI3 Keck2 makeé*

1 Spectral Energy Distribution Machine (Blagorodnova et al.
2018).

2 Rigault et al. (2019) and Kim et al. (2022)

3 Andalucia Faint Object Spectrograph and Camera

4 https://github.com/jkrogager/PyNOT

5> Double Beam Spectrograph (Oke et al. 1982)

6 pypeit (Prochaska et al. 2020) based pipeliméti{s://
github.com/finagle29/dbsp_drp )

7 Kast Double Spectrograph (Miller et al. 1987)

8 Tody (1986) and Tody (1993)

9 Low Resolution Imaging Spectrometer (Oke et al. 1995)

10|DL based automatic reduction pipeline (Perley 2019;
https://sites.astro.caltech.edu/~dperley/
programs/Ipipe.html)

11 spectrograph for the Rapid Acquisition of Transients (Piascik
et al. 2014)

12 Near-Infrared Echellette Spectrometer (Wilson et al. 2004)

13 Echellette Spectrograph and Imager (Sheinis et al. 2002)

14 https:/lwwwz2.keck.hawaii.edu/inst/esi/makee.
html

procedure as for the photometry, then scaled to match the synthetic photometry
from the spectra with the contemporaneous host-subtracted®BRd data. The

SN redshift { = 040255 04000]) was obtained from the narrowest lines in our
highest resolution Keck2/ESI spectrum in the absence of a pre-existing host redshift
measurement. The spectra will be made available on WISBRE&Fon et al. 2012).

3.3 Analysis

Light curve

SN 2023aew had a rise of about 2.5 mag over the rst 25 dayd (mag 100d*

) to a rst peak in TESS data, with a peak magnitude of 17.88 mag in TESS-Red
band ( 17+2; see Figure 3.1). It then proceeded to decline with an initial decline

8https://www.wiserep.org/.



Table 3.2: Summary of optical and NIR spectra.

MJD Phase Telescope/lnstrument Int

(day) (sec)

59972 34 P60/SEDM 2250
60044 105 LT/SPRAT 2200
60056 117 P60/SEDM 1800
60057 118 P60/SEDM 1800
60058 119 NOT/ALFOSC 1800
60058 119 P60/SEDM 1800
60058 119 Lick-3m/KAST 1200

60062 123 P60/SEDM 1800
60063 124 Keck2/NIRES 520

60065 126 LT/SPRAT 2200
60071 132 P60/SEDM 1800
60073 134 NOT/ALFOSC 600

60075 136 P60/SEDM 1800
60081 141 P60/SEDM 1800
60085 146 Keck1/LRIS 300

60087 147 P60/SEDM 1800
60103 163 P60/SEDM 1800
60108 168 P60/SEDM 1800
60110 170 Keck1/LRIS 180

60110 170 Keck1/LRIS 1200
60116 176 P60/SEDM 1800
60116 176 P200/DBSP 600
60120 179 NOT/ALFOSC 1800
60120 180 P60/SEDM 1800
60123 183 P60/SEDM 2250
60124 183 P60/SEDM 1800
60126 185 P60/SEDM 1800
60130 189 P60/SEDM 1800
60138 197 P60/SEDM 1800
60143 202 Keck1/LRIS 300

60144 203 NOT/ALFOSC 2400
60146 205 P60/SEDM 2250
60147 206 P60/SEDM 2250
60148 207 Keck1/LRIS 600

60155 214 P60/SEDM 2250
60161 219 NOT/ALFOSC 2400
60168 226 P60/SEDM 2250
60175 233 NOT/ALFOSC 4400
60199 256 NOT/ALFOSC 1100
60206 263 Keck2/ESI 2700

60224 281 Keck1/LRIS 900
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Figure 3.2: Spectral sequence of SN 2023aew from day 34 to day 281. The
black lines are smoothed spectra (using a median Iter), and the colored lines
are original spectra, with di erent colors depicting di erent instruments. Some
important spectral lines are marked with gray dashed lines. In the left panel, the
Balmer lines are visible in the rst spectrum at 34 days, themndgemingly shows

up again in the nebular phase spectra in the third panel.



64

rate of 2.6 mag 100d in the Aband for the next 30 days (rest-frame) and settled
onto a slowly declining plateau with only 0.2 mag 10b@h the Aband between day

60 to 105 reaching a minimum brightness of 18.93 mad 5). After day 105

SN 2023aew suddenly started brightening again and rose at a 16 ofag 100d?

in theAband and reached a second peak brightness of 16.45 rh8e) at day132

after which it started turning over to decline at a rate d¢fmag 100d* (Aband).
Around day 205, the SN developed a smaller bump in the light curve 5 days,
before coming back to its previous decline rate. Our last detection of 21.2 mag in
the8band was obtained on day 315, and the last limit &2.1 mag in theAband

was obtained on day 323. Figure 3.1 also shows the light curves of some peculiar
SESNe from the literature for comparison. The light curves of comparison SNe were
obtained from the Open Supernova Catalog (Guillochon et al. 2017) for SNe 1993J
(van Driel etal. 1993; Benson et al. 1994; Richmond et al. 1994; Barbon et al. 1995;
Richmond et al. 1996), 1998bw (Galama et al. 1998; Sollerman et al. 2000; Patat
et al. 2001; Sollerman et al. 2002), 2005bf (Tominaga et al. 2005; Stritzinger et al.
2018), 2007gr (Valenti et al. 2008b; Bianco et al. 2014; Chen et al. 2014), 2009ip
(Mauerhan et al. 2013; Margutti et al. 2014), 2011dh (Arcavi et al. 2011; Ergon
etal. 2015) and iPTF13bvn (Fremling et al. 2016; Modjaz et al. 2016; Shivvers et al.
2019), and from ATLAS forced photometry service (Tonry et al. 2018; Smith et al.
2020; Shingles et al. 2021) for SN 2017ens (Chen et al. 2018).

Figure 3.3 depictsthé@ AandA 8color evolution of SN 2023aew and the compar-
ison SNe. During the declining phase of the rst peak, the color of SN 2023aew is
red and constant. During the rapid rebrightening, the color gets rapidly bluer, then
slowly turns red again, similar to the comparison SNe.

The UV colors obtained witlswift just after the second peak (see Figure 3.1) do
not seem particularly bluer than other SESNe at those epochs. However, as there
are only a few SESNe observed in UV, and they show a wide variety of behavior
in their UV colors, no inferences can be made with certainty (Brown et al. 2009;
Brown et al. 2015).

Bolometric luminosity

SN 2023aew has good coverage in only the TESS-Red band for the rst 30 days
and then only in théband for the rest of the rst peak duration, after which there

is decent coverage in all ZTF and ATLAS optical bands. However, as there is no
coverage in the UV or the infrared, it is di cult to produce a full bolometric light



65

Figure 3.3:6 AandA 8color curves of SN 2023aew. Shown for comparison
are+ ' color curves of SNe 1993J, 1998bw, 2007gr, and 2009ip 6anécolor
curves of SN 2017ens and iPTF13bvn.

curve.

The TESS-Red band uxes were converted into luminosities by multiplying them
with the e ective Iter width (integrated area underthe TESS-Red Iter transmission
curve; Rodrigo et al. 2012; Rodrigo et al. 2020) and the luminosity distance factor.
This estimate was used as an approximate pseudo-bolometric luminosity.

We usedSuperbol (Nicholl 2018a) with ZTF6A&ands and ATLAS2> bands

to get pseudo-bolometric and bolometric light curv&uperbol interpolates all
bands to thékband epochs, calculates pseudo-bolometric luminosity by integrating
the observed uxes over the available bandpasses, and estimates the bolometric
luminosity by adding blackbody corrections (absorbed UV and NIR) to the pseudo-
bolometric light curve. AdditionallyHAFFETYang et al. 2023) was also used to
obtain another bolometric light curve estimate by applying bolometric corrections
to 6-band data following Lyman et al. (2014).

Figure 3.4 shows both the bolometric luminosity and the pseudo-bolometric lumi-
nosity for SN 2023aew along with luminosities of SNe 1998bw (pseudo-bolometric
light curve from their gure 18, Patat et al. 2001), 2005bf (bolometric light curve



66

Figure 3.4: Bolometric ( lled red circles) and pseudo-bolometric (open red circles)
light curves of SN 2023aew along with some comparison SNe. Gray open circles
denote the pseudo-bolometric luminosity approximation from TESS observations.
Also shown (blue squares) is an alternative estimate of the bolometric light curve
obtained by applying bolometric corrections@doand data following Lyman et al.
(2014). The*®Ni radioactivity power ts to the bolometric and pseudo-bolometric
light curves following the Arnett method are plotted in light-red color for the second
peak and gray color for the rst peak.

from their gure 8, Folatelli et al. 2006), 2007gr (pseudo-bolometric light curve
from their gure 6, Chen et al. 2014), 2009ip (bolometric light curve from their
gure 11, Margutti et al. 2014), and 2017ens (pseudo-bolometric light curve from
their gure 1, Chen et al. 2018). The pseudo-bolometric luminosity of the rst peak
reached a maximum @6 02 10* erg s?, while the second peak reached a
maximum of4e4 06 10*2erg s!. The maximum bolometric luminosity of the
second peak ig2 02 10%ergs?.

The pseudo-bolometric light curve from TESS data was integrated to obtain the
radiated energy output over its duration, and it came out ®®e 06 10%’ erg.

The bolometric light curve was integrated for the rest of the rst peak (until day 100),
which came outto b88 04 10*8erg. Hence, alower limitd#6 05 10*erg

can be placed on the total radiated energy during the rst peak. For the second peak
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(from rebrightening until our last photometry point at 294 days since explosion),
the radiated energy 560 0413 10*erg. Thus, the total energy radiated by
SN 2023aew from the explosion until our last detectiofes6 0418 10*%erg.
Comparison of this radiated energy with other similar events is further discussed in
Y3.4.

Assuming the two peaks are separate SESNe, WeNt power luminosity models
using the Arnett (Arnett 1982; Valenti et al. 2008a) method separately to both peaks.
Forthe rst peak, we use the pseudo-bolometric luminosity from TESS observations
and from Superbol (see above), covering days 0 to 50 since the explosion, to t
the Arnett radioactivity model. We obtain a lower limit on nickel mass =

011 2%22M and ejectamass, ¢ = 2761, M assuming a photospheric velocity

006 B
of 11,800 km s!(see Y3.3).

Next, assuming that the second brightening is also powerétNsydecay,6A&lata
during the rise of the second peak were tted with power laws usiA§FET0 obtain

an explosion epoch, which came outto b&15 days after the explosion epoch from
TESS. Using this explosion epoch as areference, models were tted to the bolometric
and pseudo-bolometric light curves, respectively, which seem to agree well except
around the bump at 210 days from the explosion. The radioactivity power o
requires anickel mas$,j = 14569 222M and an ejectamass.¢j = 852 2:40 M
assuming a photospheric velocity of 6,000 kni(see Figure 3.11). A t to the
pseudo-bolometric luminosity provides a lower limit 'bfy; = 059 %‘%M and

"¢ = 762 3+16M . Clearly, this nickel mass estimate is unreasonably high
compared to what is observed in other SESNe and what is predicted from models,

and thus must be hinting at an additional power source for the second peak.

Also, the radioactivity models for the two SESNe combined cannot explain the
luminosity of the plateau that bridges the two peaks (see Figure 3.4), thus making
the two separate SESNe scenario less likely.

First peak of SN 2023aew

Serendipitous coverage from TESS revealed the explosion epoch, the rise, and the
peak of the rst bump, which were not detected in any other data. The overall light
curve shape of SN 2023aew resembles SN 2009ip but is much broader in both peaks
(see Figure 3.1). Figure 3.1 also compares the rst peak with Type llb SNe 1993J
and 2011dh, which have a faster decline than SN 2023aew and narrower light curves.
The rise time of the rst peak from the explosion epoch to peak is 20 rest-frame
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days, and from half-peak ux to peak uxis9 rest-frame days. The decline time
from peak to half-peak is27 rest-frame days, but is likely a ected by the plateau
that the rst peak develops at 50 days. The half-peak to peak rise and decline times
of the rst peak are compared with a sample of bright supernovae obtained from
the ZTF Sample Exploréi(Perley et al. 2020; Fremling et al. 2020; classi ed since
the start of ZTF and having pre- and post-peak coverage) in Figure 3.5. The rst
peak rise seems consistent with the BTS sample SNe, but the decline time is slightly
higher than for the SESN sample and more towards the SN Il population.

Figure 3.5: Rise time versus decline time (peak to half-peak irAtbend) of the
Bright Transient Survey sample of supernovae (colored points) and broad light-
curve SESNe from Karamehmetoglu et al. (2023) (empty black squares). The rst
peak of SN 2023aew is marked with the smaller black star (rise time from TESS
data), and the second peak is marked with the larger blackAdban(d data).

After the ZTF discovery, an initial spectrum at the rst peak was obtained through
the usual spectroscopic e orts of the Bright Transient Survey which showed a P-

Shttps://sites.astro.caltech.edu/ztf/bts/explorer.php
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Cygni HU pro le of with a velocity of 11,800 km s'. Using the Python version

of template matching supernova classi cation softw&tgerfit (Howell et al.
2005; Goldwasser et al. 2022), a match to the Type llb SN 2001ig was obtained,
and SN 2023aew was classi ed as a SN llb (Y3.1). Panel (a) of Figure 3.6 shows
that this earliest spectrum of SN 2023aevd4 days from explosion) is a good
match with the early time spectra of Type IIb SNe 199328days) and 2011dh &

days). The broad component of Hs similar in velocity to the broad component

of the precursor spectra of Type IIn SN 2009ip; however, any narrow components,
if present, cannot be discerned in our SEDM spectrum. The deviation from 09ip-
like behavior occurs during the second peak, where SN 2023aew transforms into a
SN Ibc and does not show any narrow lines in the spectra.

Second peak of SN 2023aew

For the second peak resulting from the rapid rebrightening, the rise time from half
of the peak luminosity to peak luminosity is7.5 rest-frame days, and the decline
time from the peak to half of the peak luminosity i86.1 rest-frame days. The
light curve width at half-max is 53.5 rest-frame days. These values are higher
than what has typically been observed for normal SESNe (Prentice et al. 2016;
Taddia et al. 2018b). In Figure 3.5, the half-peak to peak rise and decline times
of the second peak of SN 2023aew are compared with the BTS sample and with
the sample of broad light-curve SESNe from Palomar Transient Factory (PTF)
presented in Karamehmetoglu et al. (2023). The second peak of SN 2023aew is
indeed broader than what is the case for most ZTF SESNe and consistent with those
in the broad Karamehmetoglu et al. (2023) sample. Though none of the SESNe in
Karamehmetoglu et al. (2023) had a long precursor-like rst peak as SN 2023aew,
some of them do display similar undulations in the light curve. Karamehmetoglu
et al. (2023) favor ejecta from massive stgrsZ0 25 M ) as the cause behind

the broad light curves, but do not rule out hidden CSM interaction or additional
powering mechanisms.

Figure 3.6 panel (b) compares spectra taken around the second peak maximum of
SN 2023aew to the mean spectra of SNe IIb, SNe Ib, and SNe Ic atpe&days)

as constructed in Liu et al. (2016). The absorption feature at He876appears

to be closer in strength to a SN Ib rather than a SN Ic, with perhaps a weak helium
feature present also at 7065 A. On the other hand, with H&678and 7065 being

weak or absent, the 5876 A feature could be due toD\imstead, making a stronger

case for a spectral similarity to SNe Ic. The presence of trace helium in SNe Ic is
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