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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-field robotic optical surveys has transformed our
view of supernovae (SN). Since the first 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[I.1)).
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Figure 1.1: The supernova classification 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.
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Figure 1.2: Pie charts depicting the fraction of classified supernovae by subtypes
in ZTF’s flux-limited Bright Transient Survey (BTS; Fremling et al.2020). Figure

from Perley et al. (2020)).

SN lIn SN |
14.2 % 58.6
LSN I

3.5 %



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. [2013bj; 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; Gaffet 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 classification bottleneck.
Systematic surveys that target spectroscopic completeness are limited to bright tran-
sients (mpeqr < 18.5 mag; 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-
sification have proven their utility in managing this bottleneck; however, in the
upcoming Rubin (Ivezi¢ 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 classifications from spectra,
requires an astronomer’s input. Moreover, even with the current spectroscopic
data volume, visual analysis of the spectra for classification is a cumbersome and
time-consuming manual task that delays sorting interesting SNe from the typical
ones. This is a big-data classification problem and thus well-suited for artificial
intelligence (AI). Recent advances in deep learning can offer solutions for diverse
astronomical problems and datasets. Leveraging Al for rapid transient classification
and dissemination will allow for the timely addition of confirmed 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 offers 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 AI models are data-
hungry, but the rate of occurrence of transients in a flux-limited survey is not evenly
distributed (see Figure @]), 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 IIn. These include: i) Type [a-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 Ia 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 classification amidst an ever-growing stream of candidates through a
new spectrograph and a deep-learning-based automatic classification tool, enabling

timely spectroscopic follow-up and in-depth study.



1.1 Metamorphing Type Ia: SNe Ia-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 Ia, known as SN [a-CSM, also shows strong interaction with
hydrogen-rich CSM. This class of objects shows a spectral metamorphosis—from
appearing normal Type Ia-91T-like at early times to transforming into Type IIn-like
soon after. SNe Ia-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 Ia (Nugent et al. 2011 Li et al. 2011; Bloom et al. 2011; Brown et al. [2012),

Ia-CSM events provide strong evidence for the SD channel.

Notable examples of Type Ia-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 Ia origin was unclear. PTF11kx (Dilday et al. 2012)) was
the first supernova that showed a clear SN Ia-like evolution for ~ 60 days and then
evolved into resembling SNe 2002ic and 2005gj. Despite strong spectral similarities
with SNe IIn once interaction begins, SNe Ia-CSM appear to differ subtly in some
observational properties, specifically HB and helium line strengths (Silverman et al.
2013b). The only prior sample study, Silverman et al. (2013b)), analyzed a sample of
16 SN Ia-CSM collected from various surveys that does not allow for putting robust
constraints on their rates. In Chapter[2] I present 12 new SNe Ia-CSM discovered by
ZTF collected systematically as part of the Bright Transient Survey. I quantitatively
analyze the differences between the interaction-dominated spectra of SNe Ia-CSM

and SNe IIn 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 stars (> 8 M)

that have lost most or all of their outer envelopes. They include Types IIb (some H), Ib
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(no H, 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 decline (12 < 5 days), often
attributed to shock cooling in extended envelopes or nearby CSM (Nakar et al. 2014
Piro2015; Jin et al. 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)), CSM interaction (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 fine-tuning, complicating the interpretation of these SNe’s
origin. Therefore, models must predict certain specific observable signatures (for
example, changes in the light curve shape, colors, or spectral line profiles) 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 fine-tuning models to

individual objects.

In Chapters[3|andf] I present new observations and analysis of three unusual double-
peaked SESNe discovered by ZTF: SN 2023aew, SN 2021uvy, and SN 2022hgk.
All three SESNe differ in peak luminosities, timescales, and light curve shapes.

For SN 2023aew, I explore all possible powering mechanisms in Chapter In
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Chapter[4] I analyze a sample of 12 published double-peaked SESNe from the ZTF

archive to investigate whether specific light-curve features correlate with particular

powering scenarios and assess their potential as a photometric subclass.

1.3 Instrumentation and Al for optimal classification of SNe

To date, the most efficient among current transient classification 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 (R~ 100)
IFU spectrograph that has classified > 5500 transients on the Transient Name Server
(TNS; 42% of total classifications on TNS since the beginning of ZTF, 2X more 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 classification efforts still suffer

from two bottlenecks.

First, SEDM’s sensitivity limits it to transients brighter than ~19 magnitude (r band).
With another SEDM-like instrument on a larger aperture telescope that has the same
robotic capabilities, the spectroscopic completeness of flux-limited surveys can be
pushed deeper. For my thesis, I 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
(COO) engineering team, I refined and tested the robotic operations software and
troubleshooted the numerous engineering challenges encountered with the telescope
and the instrument. I also established the automatic IFU data reduction pipeline. In
Chapter|[5] I detail the commissioning process and initial performance of SEDM-KP
compared to SEDM.

Second, SN classification is largely a manual task. Traditional classification aids
such as SNID (Blondin et al. 2007), Superfit (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 offers a scalable alternative and
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was first explored for SN classification by Muthukrishna et al. (2019a), in which

the authors presented DASH—a deep-learning multi-type classifier trained using
SNID templates. Fremling et al. (2021) found that DASH did not perform well on
SEDM’s low-resolution data and thus developed SNlascore—a deep-learning classi-
fier specifically tailored to SEDM. With > 90% accuracy and < 0.6% false positive
rate (see Figure[1.3), SNIascore automated half the classification workload for BTS
and enabled robust submissions of classifications to TNS within ~11 minutes of
spectrum acquisition. Alongside BTSbot (Rehemtulla et al. 2024)), it enabled the
first fully automated discovery-to-classification pipeline (Rehemtulla et al. [2023).
While SNe Ia classification benefits from their spectral homogeneity and abundance
in flux-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 II (~72%), dominated by SNe IIP/L (~76% of
Type II), while stripped-envelope SNe (SESNe) include SNe Ibc (~59%), 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
classification for CCSNe, especially for subtypes requiring the resolution of narrow
features (~100kms™).
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Figure 1.3: Left: Histogram of SNlascore values (probability of a sample being
a SN Ia) predicted for true SNe Ia (red) and other transients (blue). For a well-
performing classifier, this distribution should be bimodal with true SNe Ia getting
a higher SNlascore. Right: True positive rate (true SNe Ia that get classified as
SNe Ia) vs. false positive rate (other SNe that get classified as SNe Ia) of SNIascore,
compared with the same for SNID and DASH. SNIascore performs much better than
either SNID or DASH on SEDM data. Figure 4 from Fremling et al. (2021)).

To address this, I developed CCSNscore, a deep learning-based classifier 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
classification. In Chapter [6] I present its performance and limitations on a defined

test sample and the expected performance during real-time implementation.
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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 Ia-CSM, that show
strong narrow hydrogen emission lines, much like SNe IIn but on top of a diluted
Type Ia spectrum. The only previous systematic study of this class (Silverman et
al. 2013Db)) identified 16 SNe Ia-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 classified 12 additional SNe [a-CSM through the systematic Bright
Transient Survey (BTS). Consistent with previous studies, we find these SNe to
have slowly evolving optical light curves with peak absolute magnitudes between
—19.1 and —21, spectra having weak Hp, and large Balmer decrements of ~7. Out
of 10 SNe from our sample observed by NEOWISE, 9 have 30 detections, with
some SNe showing a reduction in red wing of He, indicative of newly formed dust.
We do not find our SN Ia-CSM sample to have a significantly different distribution
of equivalent width of He I 45876 than 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 29371 Gpc =3 yr~! for SNe 1a-CSM which is ~0.02-0.2% of
the SN Ia rate. We also identify 6 ambiguous SNe IIn/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 Ia-CSM objects 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
et al.2007; Chugai2009; 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 IIn 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-deficient CSM in the case of SNe Ibn (Pastorello et al.
2008}, Foley et al.[2007; Chugai 2009) and both hydrogen and helium deficient 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 configurations 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 Ia) which
also interacts strongly with CSM, i.e., SNe [a-CSM. This class poses a challenge
to the progenitor debate of SNe Ia. There is some consensus on there being at
least two major progenitor channels for SNe Ia; 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
Ia (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 Ia with CSM.

Indications of CSM around SNe Ia 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 Ia 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. [2013bJ), but were earlier referred to as “SNe IIna” or “SNe
Ian” due to the strong similarity between their spectra and those of SNe IIn. The
first 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 2005gj (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 first spectrum and

were quite over-luminous compared to normal SNe Ia. The first clear example of
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a thermonuclear SN Ia-CSM was PTF11kx (Dilday et al. 2012; Silverman et al.
2013a). It looked like a luminous SN Ia (99aa-like, Filippenko et al.|1999) at early
phases but started showing interaction at ~60 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
IIn SNe. Both SN [a-CSM and SN IIn spectra share a blue quasi-continuum,
a strong He feature with an intermediate and a narrow component, and often a
broad Ca NIR triplet feature, but they differ with regards to the line strength of
Hp, 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 Ia-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 flux 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 [a-CSM, 16 objects in total, including 6 previously known, 3 re-
discovered (re-classified 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 Ia-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 first discuss the sample selection criteria, the
photometric and spectroscopic data collection in §2, and then the analysis of light-
and color-curves and the bolometric luminosities is done in §3.1. The analysis of

early and late-time spectra and emission line identification is presented in §3.2, and
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analysis of the host galaxies is provided in §3.3. The rates are estimated from the
BTS survey in §3.4. We end with a discussion about the nature of SN [a-CSM
progenitors and a summary in §4 and §5.

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 Ia-CSM in our sample.

Selection Criteria

To carefully curate our sample of SNe [a-CSM, we used the BTS sample and its
publicly available BTS Sample Explorelﬂ website to obtain the list of all classified
Type Ia sub-types during the period 2018-05-01 to 2021-05-01. We then filter out
oddly behaving Type Ia SNe based on their light-curve properties. We used two
criteria: the primary being rest-frame duration considering flux above 20% of peak
flux, and the second being change in magnitude after 30 days from peak (Ams3).
We calculated these two properties from either g or r-band light curves (whichever
had the maximum number of detections) grouped into 3-day bins and used Gaussian
Process Regressiorﬂ to interpolate the light curves where coverage was missing.
For the first filtering, we calculated the mean (¢ =~ 35 days) and standard deviation
(0 = 16 days) of the duration distribution and selected everything that had a duration
greater than u + 30. Given the large sample size (N = 3486), the standard error
on the mean is ~0.5 days. Hence, our duration cut of 3¢ is suitable. This filtering
selected 41 out of 3,486 BTS SNe Ia. Then, from these 41 SNe, we calculated
the mean and standard deviation of the Amsg distribution and removed SNe that
were more than 10~ 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 Amj3g distribution of these 41 long-duration SNe are
0.48 mag and 0.27 mag, respectively, and the standard error on the mean is ~0.04,
making our 1o cut suitable. Finally, we manually inspected the 35 selected SNe Ia to
confirm their classification. Out of the 35 SNe that passed the above filtering criteria,
20 were just normal SNe Ia 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

]https://sites.astro.caltech.edu/ztf/bts/explorer.php.
2Pedlregosa et al. (2011) https://scikit-learn.org/stable/modules/gaussian_
process.html.
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Table 2.1: Properties of the 12 BTS SNe Ia-CSM.

ZTF Name IAU Name z MP™*  Duration! Host Name Host Mag?
(mag)  (days) (my)
ZTF18aaykjei 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
ZTF19aaeoqst SN 2019agi  0.0594 <-18.76 >303 SDSS J162244.06+240113.4 17.82
ZTF19abidbgp SN 2019ibk  0.04016 <-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

ZTF20abmlxrx SN 2020onv ~ 0.095  <-20.36 >154 WISEA J231646.31-231839.9 17.95
ZTF20abgkbfx SN 2020gxz  0.0964  -20.00 166 WISEA J180400.99+740050.0 17.65
ZTF20accmutv SN 2020uem  0.041  <-20.17 >279 WISEA J082423.32-032918.6 15.88
ZTF20aciwcuz SN 2020xtg  0.0612  <-19.60 >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 2020ackp  0.046 -19.62 458 SDSS J154311.45+174843.7 18.41

! Rest frame duration above 20% of r-band peak flux, uncertainty of +2 — 3 days from ZTF cadence.
2 Corrected for Galactic extinction.

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

The remaining 12 long-duration SNe Ia all turned out to be spectroscopically classi-
fied SNe Ia-CSM in BTS, and none of the classified BTS SNe Ia-CSM were missed
in this filtering. No other SNe apart from these stood out in particular, indicating the
classification 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 field edges and was
masked by the automated image subtraction pipeline. Yao et al. (2019) presented
early photometric observations of one SN Ia-CSM in our sample, SN 2018crl. Ta-
ble summarizes the coordinates, redshifts, peak absolute magnitudes, durations,
host galaxy information, and Milky Way extinction for the 12 SNe [a-CSM in our

sample.

Furthermore, we re-checked the classifications of 142 SNe IIn classified in BTS
during the same period as above, in case any SN [a-CSM was masquerading among

them, and found 6 to have ambiguous classifications. These are discussed further in
Appendix [2.7]

Discovery

All SNe Ia-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 filtering, i.e., extra-galactic real transients with peak

magnitudes brighter than 19 mag. These were saved and classified 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 ServeIEI (TNS) during the period 2018-05-01 to 2021-05-
01. Out of the 12 SNe, 6 were first reported to TNS (i.e., discovered) by ZTF
(AMPEL, Nordin et al. 2019; Soumagnac et al.[2018 and BTS), 3 were first reported
by GaiaAlerts (Hodgkin et al. [2021), 2 by ATLAS (Smith et al. 2020), and 1 by
ASAS-SN (Shappee et al. 2014). For classification, 9 were classified 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 classification campaign, as many were difficult 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 Ia-pec templates, some matched
poorly to SN Ia/Ic at early times). SNe 2019agi (classification and spectrum taken
from TNS), 2019rvb, 20200nv, 2020gxz, and 2020uem were classified 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 20191ibk were classified ~2—-3 months
after discovery using spectra at phases of 92, 75, and 103 days, respectively. SNe
2018evt, 2020abfe, and 2020aekp were classified ~4—5 months after discovery
using the spectra at phases of 144, 146, and 132 days, respectively. SN 2020xtg
immediately went behind the sun after its first detection in ZTF; therefore, its first
spectrum (using SEDM) was taken at 91 days since explosion, which was dominated
by strong Ha emission, and thus SN 2020xtg was initially classified as a Type II. 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 Ia-CSM, and therefore its
classification 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 2022) in g, r, and i bands
and also added data from the ATLAS (Tonry et al. 2018}; Smith et al. 2020) forced-
photometry service in ¢ and o bands. The high cadence ZTF partnership survey

Shttps://www.wis-tns.org/.
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in the i 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 field camera (I0:0) on the
Liverpool telescope (LT, Steele et al. 2004). The P60 data was processed with the
automatic image subtraction pipeline FPipe (Fremling et al.[2016) using reference
images from SDSS when available, and otherwise from Pan-STARRS1. The I0:O
data was initially reduced with their standard pipelineﬂ then 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 V band was obtained through their Sky Patro:ﬂ 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 Schlafly et al. (2011)) dust map, and an Ry of 3.1. Then we converted
all measurements into flux units for analysis and considered anything less than a
30 detection an upper limit. There is moderate to good coverage in g, r, ¢, and o
bands for all SNe in our sample. Figure[2.T|shows a multi-paneled figure 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 W1 (3.4 um) and W2 (4.5 um) bands (Wright et al. |2010; Mainzer et al.
2014). We retrieved time-resolved coadded images of the field 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 §2.3]

4https ://telescope.livjm.ac.uk/TelInst/Pipelines/.
>https://asas-sn.osu.edu/.
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Figure 2.1: Optical light curves of the ZTF BTS SN Ia-CSM sample. The SNe la-
CSM have longer durations than the average SN Ia, with some variety, like bumpy
light curves or long plateaus. The one SN marked with an asterisk (SN 2020uem)

has an unconstrained explosion time estimate (~+50d).

The decline rate from

Cobalt decay is marked with a black dashed line, and the light curve decline rates
measured from r-band 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) pySEDM?
ALFOSC? Nordic Optical Telescope IRAF*PyNOT!bypeit
DBSP>  Palomar 200-inch (P200) IRAFSDBSP_DRP’

KAST® Shane 3-m IRAF
LRIS’ Keck-I LPipe!®
SPRAT!'!  Liverpool Telescope Barnsley et al. (2012)
DIS'? APO!3 IRAF

! 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)

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

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

7 pypeit (Prochaska et al. 2020) based pipeline (https://
github.com/finagle29/dbsp_drp) used since Fall 2020

8 Kast Double Spectrograph (Miller et al. |[1987)

? Low Resolution Imaging Spectrometer (Oke et al. |1995)

19IDL based automatic reduction pipelineﬂ (Perley [2019)

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

12 Dual Imaging Spectrograph

13 Astrophysics Research Consortium telescope at the Apache
Point Observatory

ihttps ://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 using extinction 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 Databas (NED).
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 ZTF r-band 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 beyond ~350 days were obtained
but will be presented in Cold et al. (in prep; 34 additional spectra up to ~600 days).

https://ned.ipac.caltech.edu/.


https://github.com/finagle29/dbsp_drp
https://github.com/finagle29/dbsp_drp
https://github.com/jkrogager/PyNOT

20

Table 2.3: Summary of optical spectra.

SN JD Epoch Telescope/Instrument  Int SN JD Epoch Tel./Instr. Int
(=2450000)  (days) (sec) H (=2450000)  (days) (sec)
SN 2018crl 8282 9 APO/DIS 2400 || SN 2020uem 9128 11 P60/SEDM 1800
8288 15 P60/SEDM 2700 9136 18 P60/SEDM 1800
8295 21 P60/SEDM 2700 9170 51 Ekar/AFOSC 1200
8306 31 P60/SEDM 2700 9222 101 Lick-3m/KAST 3600
8373 92 P200/DBSP 600 9252 130 Lick-3m/KAST 2700
(Host) 8627 324 P200/DBSP 900 9263 140 Lick-3m/KAST 2400
SN 2018gkx 8457 75 Keck1/LRIS 300 9291 167 NOT/ALFOSC 900
SN 2018evt 8343 9 NTT/EFOSC2 300 9481 349 P60/SEDM 2160
8465 127 P60/SEDM 1200 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 Keck1/LRIS 1200
8695 39 P60/SEDM 2250 || SN 2020abfe 9189 27 P60/SEDM 2700
8697 41 P60/SEDM 2250 9319 146 Keck1/LRIS 400
8748 90 P60/SEDM 2250 || SN 2020ackp 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 600 9362 151 P60/SEDM 2700
SN 20200nv 9058 23 P60/SEDM 1800 9381 169 NOT/ALFOSC 2400
9062 27 P60/SEDM 1800 9404 191 P60/SEDM 2700
9069 33 P60/SEDM 1800 9425 211 NOT/ALFOSC 1800
9070 34 LT/SPRAT 750 9434 220 P60/SEDM 2700
9073 37 P60/SEDM 1800 9448 233 P60/SEDM 2700
9074 38 NOT/ALFOSC 450 9468 252 P60/SEDM 2700
SN 2020gxz 9076 13 P60/SEDM 2250 9569 348 P60/SEDM 2700
9087 22 P60/SEDM 2250
9092 26 NOT/ALFOSC 1800
9098 32 P60/SEDM 2250
9101 34 NOT/ALFOSC 1200
9107 40 P200/DBSP 900
9112 45 Keck1/LRIS 300
9121 53 P60/SEDM 2250
9141 71 Keck1/LRIS 399

These processed spectra were used for the rest of the analysis as detailed in §2.3]and
will be available on WISeREPF| (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 flux rises above the zero-point baseline (i.e., first light). We used pre-
peak g,r,i-band ZTF photometry and c, o-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 flux epoch, then a
power-law (PL) model was fit using epochs from baseline to 60% of peak brightness
in each band following Miller et al. (2020b). The PL fits converged in at least one

8https://www.wiserep.org/.
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band for six out of twelve BTS SNe Ia-CSM. For the rest, we simply took the middle

point between the first 50~ 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 fits, and the 1o
uncertainties on explosion times are listed in Table[2.4] The unfilled ‘PL fit filters’
column in the table are the SNe for which the PL fit did not converge and averages
were used. For the PL fits, 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 unconstrained (+57

days) as it was behind the sun at the time of explosion.

Although for SN 2019ibk the explosion time is formally constrained with a +3 day
uncertainty, this estimate was derived using only ATLAS o-band data right after
the SN emerges from behind the sun. There is no clear rise observed over a few
epochs, but two non-detections before a 5o detection. It is possible that the actual
peak of this SN occurred earlier while it was behind the sun and the rising o-band
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 from the o-band is to be believed, then
SN 2019ibk would be the most sub-luminous among the SNe Ia-CSM, peaking at
-17.5.

Duration and absolute magnitudes

Figure 2.2 shows the SNe Ia-CSM (colored squares) in our sample in the duration-
luminosity and duration-Ams3q 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.T)) 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 Ia sample is shown
in gray points, and we also show the SNe Ia-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 flux (Afy9) and the y-axis is Ams3g, the two parameters used

in the selection criteria. Most of the SNe Ia-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 [a-CSM, we were able to fit 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 first 5o~ detection and last
upper-limit before the first detection.

IAU Name  PL fit filters t, 1o interval
(MJID) (days)

SN 2018crl g,r,0 58271.83  [-0.48,+0.38]
SN 2018gkx r,o 58371.34 [-0.64,+0.53]
SN 2018evt - 58334.26  [-2.00,+2.00]
SN 2019agi - 58502.48 [-1.51,+1.51]
SN 2019ibk - 58654.61 [-2.99,+2.99]
SN 2019rvb g,r,i,0 58749.16  [-0.79,+0.60]
SN 20200nv 0 59032.75 [-2.49,+1.10]
SN 2020qgxz g,r,0 59063.05 [-0.51,+0.45]
SN 2020uem - 59117.03 [-56.63,+56.63]
SN 2020xtg - 59130.14  [-0.04,+0.04]
SN 2020abfe g,r,0 59159.36  [-2.16,+2.23]
SN 2020aekp - 59204.53  [-5.50,+5.50]

brighter luminosity side, and are even more distinctly separated in the Atyg-Ams3g
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 Ia-CSM are the false positive cases described in §2.1.
Also worth noting is that the duration calculated by taking the flux above half of
peak flux 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 2020aekp (> 500 days light curve)
but Aty and Amsg do.

Light and color curves

We have good pre-peak coverage in ZTF data for 8 of the 12 SNe in our sampleﬂ SN
2018evt was discovered by ASAS-SN on JD 2458341.91 (Nicholls et al. 2018]) and
classified by ePESSTO the next day (Stein et al.[2018a), around 115 days before the
first 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 [a-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 [a-CSM in the peak absolute magnitude
vs. rest-frame duration above half max phase space. The colored points are the BTS
SNe [a-CSM, and the gray points are the rest of the BTS SNe Ia. Also shown with
empty triangles are the SNe [a-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 coverage. Bottom: Change in magnitude 30
days after peak (Am3p) vs. rest-frame duration above 20% of peak-flux for BTS SNe
Ia and SNe Ia-CSM. These criteria were used to filter out potential SNe Ia-CSM
from all SNe Ia and demonstrate that SNe [a-CSM occupy a distinct portion in this
phase space. However, some gray points (not SN [a-CSM) remain on the longer
duration side and are the false positive cases described in §2.1.
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2.0 mag 100d~! in the r band from peak to ~100 days post peak. The median decline
rate is 1.07 mag 100d~!, which is much slower than the decline rates of normal SNe
Ia. 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 from ~0.6—1 mag 100d~! to ~0.2-0.5 mag 100d~!. Three
SNe (2018crl, 2020gxz, and 2020aekp) show a major change in decline rate with
the light curves becoming almost flat, and SN 2020aekp shifts back to a slow
decline from this plateau after ~200 days. In three cases, the decline rate actually
becomes steeper, SN 2018evt goes from 0.52 mag 100d~! to 1.4 mag 100d~!, SN
2020uem goes from 0.52 mag 100d~" to 1.25 mag 100d~" and SN 2020xtg seems to
go from 0.61 mag 100d™" to 1.35mag 100d™" (even though there is only one epoch
at late times to measure this change). The three SNe with fastest initial decline
rates (2 1.5mag 100d~! in the r band) are similar to SN 2002ic (initial decline
of 1.66 mag 100d~" in V) and PTF11kx (initial decline of 3.3 mag 100d~" in R)
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 100d~") and
SN 2005gj (0.88 mag 100d~") (Inserra et al.2016)). From these observations, we can
conclude that SNe Ia-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, difficult to pinpoint
the exact phase when interaction starts from the light curve without modeling. CSM
interaction could be affecting the peak brightness significantly, even in cases where
interaction only appears to dominate after a few weeks (SNe 2018crl, 2020gxz, and
2020aekp). Considering the average peak phase to be ~20 days past explosion from
the light curves and assuming an ejecta velocity of ~20000kms~!, the CSM is
located at ~3.5 x 10'5 cm. This estimate can be refined by considering the phase of
the earliest spectrum that shows interaction signatures (see . At late times, all
the decline rates are slower than that expected from Cobalt decay (0.98 mag 100d~1),
confirming that the power from CSM interaction dominates the light curve behavior

for a long time.

Figure [2.3|shows the g — r color evolution of our sample SNe as a function of phase
(rest-frame days from r-band maximum), comparing them with some famous SNe
[a-CSM (SNe 2005gj, 1997cy, 1999E), and SNe 2012ca (Ia-CSM/IIn), 2010j1 (IIn),
and 1991T (over-luminous Type Ia). The color evolution of normal SNe Ia from

ZTF (Dhawan et al.|[2022) is shown in grey lines. We use g —r colors when available,
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Figure 2.3: Color evolution (g — r) of BTS SNe Ia-CSM from r-band maximum
(plotted in black) compared with SNe 2005gj, 1997cy, 1999E (Ia-CSM), SN 2012ca
(IIn/Ta-CSM), SN 2010j1 (IIn), SN 1991T (SN Ia), and ZTF SNe Ia (gray lines). As
can be seen for up to ~150 days, our SNe Ia-CSM tend to be redder than SNe Ia and
at late times develop a plateau similar to other interacting SNe (IIn/la-CSM).

otherwise, we estimate the g — r color by fitting Planck functions to estimate the
black-body temperatures from the V — R colors. Our SNe [a-CSM show similar
color evolution as the older Type Ia-CSM/IIn interacting SNe, i.e., the g — r color
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
Ia.
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Mid-IR brightness comparison

Out of 12 SNe in our sample, only one observed (SN 2020abfe) did not have
30 detections post-explosion in the unWISE difference 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 Ia-CSM having >30 detections in W1
(3.3 ym) and W2 (4.6 um) bands are shown in Figure[2.4](black and red stars) along
with Spitzer IRAC survey data of SN 2008cg (Ia-CSM, indigo and magenta empty
triangles), SN 2008J (Ia-CSM, indigo and magenta empty squares), and some SNe
IIn (blue and orange crosses) taken from Fox et al. (2011). The most nearby SN
in our sample, SN 2018evt, is among the brightest (~17 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 magnitude of —18.7
mag in the W1 band. The brightness of the BTS SNe [a-CSM is comparable to
other interacting SNe and spans a similar range (—16 to —19). However, SNe IIn
have been detected until even later epochs (up to 1600 days) than SNe Ia-CSM,
probably due to the larger number of SNe IIn at closer distances. SN 2020abfe has
upper limits around ~—18 in W1 band and ~—18.5 in W2 band up to ~300 days post
explosion, shown with upside-down filled triangles. As the mid-IR luminosity can
be fainter than these limits for SNe Ia-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 [a-CSM in mid-IR can be indicative of existing or newly
formed dust. A clear signature of new dust is reduced flux in the red wing of the Her
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 reduction in Ha red
wing is the most pronounced for SN 2018evt.

Bolometric luminosity

As the SN Ia-CSM luminosity is dominated by CSM interaction, their spectra
comprise a pseudo-continuum on the blue side and strong Ha emission on the
red side; hence, a blackbody fit 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

flux 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 Ia-CSM. The
W1 and W2 points are marked with black and red filled stars, respectively. Spitzer
IRAC photometry of SNe IIn (blue and orange crosses) and two SNe [a-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 Ia-CSM are as bright in mid-IR
as other interacting SNe (~—16 to ~—19). The upper limits for SN 2020abfe are
shown in black and red filled upside-down triangles.

the ATLAS and ZTF bands. The individual band light curves are first interpolated
using Gaussian process regression to fill in 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 Ia-CSM sample
in comparison with SN 1991T (Type Ia), SNe 1997cy, 1999E, 2002ic, 2005gj,
2013dn, and PTF11kx (Ia-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 fitting. 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 [a-CSM show a slow evolution in bolometric luminosity, inconsistent

with the decay of *°Co to °Fe. The sample’s overall luminosity decline rates are



28
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 Ia, 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 [a-CSM. We have excluded ZTF20aatxryt
from the sample as we focus on typical SNe [a-CSM interacting with hydrogen-rich
CSM in this study. At late phases (~300 days), the SNe Ia-CSM are approximately
100 times brighter than normal SNe Ia at the same epoch. Therefore, at these late
phases, the luminosity and spectral features of SNe Ia-CSM are entirely dominated
by CSM-interaction with little emergent SN flux. From the pseudo-bolometric light
curves, we place a lower limit on the total radiated energy for SNe [a-CSM to be
0.1-1.5 xlOSOerg. This is well below the thermonuclear budget (Eg;, ~ 107! 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 efficiency to achieve their luminosity.

Spectroscopy

Figure displays the spectral series obtained for the BTS SNe Ia-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 classifica-
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 He in its first spectrum at 8 days since
explosion and assuming a typical ejecta velocity of ~20000 km s~!, this implies that

the CSM interaction start as close as ~1.4 x 10'5 cm.

Figure [2.7) shows the early time (left) and late time (right) spectral behavior of the
BTS SNe [a-CSM together with a few historical SNe for comparison, namely SNe
[a-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 Ia absorption features and [Fe II/III] 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 Ia-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 filter having
more than 10 epochs were interpolated using Gaussian process regression to fill in
the missing epochs, and at each epoch, the fluxes between the bands were linearly
interpolated and integrated over the optical wavelength range spanned by ZTF and
ATLAS filters 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 [a-CSM show underlying SN Ia absorption features
like PTF11kx and SN 2002ic (most are, however, quite diluted and also affected 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 IIn-like early time spectra dominated by blue pseudo-continuum and
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Figure 2.6: Spectral series of all SNe Ia-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 different 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 Ia-CSM look very similar to those of SNe IIn, heavily
dominated by Ha 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
identified and analyzed for SNe 2012ca and 2013dn by Fox et al. (2015).

The blue quasi-continuum blend of iron lines ([Fe III] lines around ~4700 A and
[Fe 1I] around ~5200 A) in the spectra of the BTS SN Ia-CSM sample (see Fig-
ure 2.7|top right panel) is the dominant feature blue-ward of 5500 A but the ratio of
[Fe 111]/[Fe 11] is much weaker compared to for SNe Ia (like SN 1991T). This feature
is more apparent in the SNe [a-CSM like PTF11kx and SN 2002ic that became
interaction-dominated later than for other SNe Ia-CSM such as SNe 1997cy, 1999E,
and SN 2012ca (SN Ia-CSM/IIn, 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 [Fe IIT] along with the detection of blueshifted Carbon and Oxygen lines
(which however, were later argued to be [Fe II] lines by Fox et al. 2015). S13
instead argues in favor of a thermonuclear origin given the presence of this blue
quasi-continuum, despite [Fe III] being weaker. Fox et al. (2015) points out that a
similarly suppressed ratio of [Fe III]/[Fe II] is observed in some SNe Ia, 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 Ia-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 first and second ionization potentials than Fe, the detection of [Ca II] 417291,
7324 would be consistent with this low ionization, which Fox et al. (2015]) confirms
for SNe 2012ca and 2013dn. Indeed, we find clear evidence of [Ca II] emission
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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 IIn (SNe 2005ip and 2009ip), making Fe an
incomplete indicator of the progenitor nature (see detailed discussion in Fox et al.
2015)).

We do not find strong evidence of O I 47774 or [O 1] 21416300, 6364 emission in
our sample, although they might be present at very weak levels in some SNe (e.g.,
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 2008]J. S13 note that the very broad emission around 7400 A can be
due to a blend of [Ca II] 147291, 7324 and [O II] 147319, 7330, however we note
that this broad emission is likely to be from calcium as O II is harder to excite
than O I 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 shows the line profile of He, with the blue side
reflected over the red side at the maximum flux after continuum removal. We do
see evidence of diminished flux in the red wing of Ha at 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 Ia-CSM
in their sample starting at ~75—-100 days, while for the PTF SNe Ia-CSM, they do
not have spectra available post that phase range. For some BTS SNe [a-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 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 identification and

analysis.
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Figure 2.7: Top left: Early-time spectra of BTS SNe [a-CSM with phases between 0
and 30 days since explosion compared to spectra of SNe 2011jb, 2005gj, 1991T, and
PTF11kx (phases in days since discovery). Top right: Late-time spectra of BTS SNe
[a-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: Ha line profiles (post continuum removal) with the blue side
reflected across the peak flux, marked by dashed lines. SNe 2020aekp, 2020abfe,
2020xtg, and 2020uem in the right panel, and SNe 2018crl, 2018gkx, 2018evt,
2019agi, 2019ink, 2019rvb, 20200nv, and 2020gxz in left panel.
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Ha, HB, and He I emission lines

To analyze the He line emission, we first fit the continuum level using the £it_continuum
function of the specutils Python package, where the continuum is estimated by
a cubic function fitted on regions on each side of the line. We remove this contin-
uum level and then fit the Ha line with a broad and a narrow component Gaussian
function using the fit_lines function of specutils, which returns the best fit
Gaussian model and the 10 uncertainty on the model parameters. We generate
1000 sample models within 10 uncertainties of the parameters centered around the
best-fit values and calculate the intensity, flux, and velocity (FWHM) of the broad
and narrow components for each model. Then we take the median and standard
deviation of the intensity, flux, and velocity FWHM distributions to get their final
best value and 10 uncertainty. The equivalent width was also calculated for the Ha
line using the model fit as well as directly from the data, and the difference between
the values derived from the model and data is reported as the error on the EW. All
values are reported in Table For 3 SNe in our sample, we have a series of
intermediate resolution spectra through which we can trace the evolution of the Ha
line with phase. Figure [2.8] shows this trend of the He line parameters (integrated
flux in the top panel and equivalent width in the bottom panel) versus phase for all
SNe in our sample. The unfilled markers represent the narrow emission, while the
filled markers represent the broad emission. For SNe where this analysis could be
done on multiple spectra, we see that the Ha equivalent width generally increases
over time, with some SNe showing fluctuations up to 100 days, possibly due to
interaction of ejecta with multiple CSM shells of varying density. For SN 2018evt,
Yang et al. (2022) analyzed Ha line 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 profile line fitting analysis of the Ha emission line, we found
that the broader component has velocities ranging from ~1000 to ~4000 km s~
(intermediate width) and the narrow component has velocities of about ~200 km s~
to ~1000kms~! (see Figure . The narrow component could only be resolved
down to ~300km s~! limited by the mediocre resolution of the spectrographs used
(KeckI/LRIS R~800, P200/DBSP R~1000, NOT/ALFOSC has R~360). 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 (Chugai
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et al.[1994).

The luminosities of the Ha line measured from the BTS SNe Ia-CSM lie in the range
2.5-37x10%*0 erg s~! which are comparable to the values from S13 who reported most
of their SNe in the 1-10x10%*° erg s~! range except one object that had a luminosity
of 39x10* erg s~!. From the broad He luminosity, we did a simple estimate of the
mass-loss rate assuming spherically symmetric CSM deposited by a stationary wind
p o« r~2 having velocity v,, (Chugai |1991}; Salamanca et al. 1998). The mass-loss
rate M can be related to the broad Ha luminosity Lg’a"“d as (Salamanca et al.|1998,
their Eq. 2) _

1 M 5

7€t - vy

where v, is the shock velocity (obtained from the broad component velocity of

Broad __
LHoz -

the Ha line). We used a value of 100kms~! considering previous high resolution
spectral studies of SNe [a-CSM (Kotak et al. 2005; Aldering et al. 2006; Dilday
et al.2012)) for v,, as we cannot fully resolve the narrow component and a maximum
value of 0.1 for the efficiency factor €y, (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 explosion (t,, = %‘Vt, where ¢ is the phase of the spectra). For
most SNe in the sample, the mass-loss rates lie between 0.001-0.02 My yr™!, except
for SN 2019rvb, which has ~0.07 M, 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 x 107 Mg yr™!) but are comparable to previous estimates (calculated through
multiple methods) for SNe Ia-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 Ia-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 fit to a flat density profile rather than a stationary wind
(Chugai et al. [2004b). An asymmetric or clumpy CSM might be the norm for SNe
Ia-CSM (and some SNe IIn) rather than the exception.

The same analysis as for the He line was also carried out for H3 and He 1415876 with
a one-component Gaussian fit. For cases where a Gaussian model could not fit the
data, we integrate the flux value in a 100 A region centered at 5876 A for He 1. The
Na ID absorption lines are also prevalent in some spectra and blend with the He I

line, resulting in positive EWs for some SNe. The cumulative distributions of Hf
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Figure 2.8: Integrated fluxes and equivalent widths of Ha emission line with respect
to SN phases for the BTS SN [a-CSM sample. Broad component values are shown
with filled markers and narrow component values with unfilled markers. SN 2018evt
Ha luminosities and EWs presented in Yang et al. (2022) are also shown in gray
circles.
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Table 2.5: Summary of He line properties obtained from two-component Gaussian

fitting.
SN Name | Phase Broad Flux Narrow Flux Total Flux Broad Velocity | Narrow Velocity
(days) | (107"ergs™'em™2) | (10" ergs™' cm™2) | (107"%ergs™' cm™2) | FWHM (kms~') | FWHM (kms~!)

SN 2018crl 92 135.4+10.0 32.8+2.0 168.2+12.0 4137+312 <214
SN 2018gkx 75 9.9+0.7 3.9+0.2 13.7+£0.9 2640+398 < 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+1.1 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 2724214
SN 2019rvb 26 22.0+3.0 10.4+1.0 32.5+4.1 23214298 374+216
SN 20200nv 38 32.8+5.2 33.3+2.0 66.1+7.2 2714+879 <834
SN 2020qgxz 26 76.6+6.2 13.8+1.7 90.4+7.9 11294+1106 < 836
SN 2020qgxz 34 55.1+5.0 10.8+1.8 65.9+6.8 8252+1039 1070845
SN 2020qgxz 40 12.9+1.7 7.6+0.5 20.5+2.2 2049+284 245+215
SN 2020qgxz 45 20.7+1.6 9.1+0.4 29.8+2.1 3429+419 < 375
SN 2020qgxz 71 39.1+1.3 10.4+0.4 49.5+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 | 130 552.9+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 77.4+1.4 257.2+5.4 5377+382 1170+375
SN 2020xtg 340 129.2+4.2 52.1+1.6 181.3+£5.8 42424382 1258+376
SN 2020xtg 448 131.7+7.7 96.3+£3.2 228.0+10.9 44524395 1566+377
SN 2020abfe | 146 33.6x1.1 3.0+0.3 36.6x1.4 4411+389 <376
SN 2020aekp | 132 149.5+4.0 33.0£1.0 182.5+5.0 7728+846 < 833
SN 2020aekp | 169 231.0+4.5 32313 263.3+5.8 6775+839 < 834
SN 2020aekp | 211 251.0+£9.5 58.6+3.4 309.6+12.8 74224852 1342+836

and He I equivalent widths are shown in the top and bottom panels of Figure

respectively.

The HB median EW measured from the BTS SN [a-CSM sample is 7.1 A, close
to the S13 value of ~6 A and quite weak compared to what S13 measured for SNe
IIn (~13 A). The overall cumulative distribution of HB EW is also comparable to
the S13 SNe Ia-CSM rather than to the S13 SNe IIn. For the He T 15876 line, the
median EW measured for our BTS SN Ia-CSM sample, considering only significant
emission features, is 2.4 A . This is close to the value of ~2 A reported in S13,
and again significantly different from their SN IIn value of ~6 A (~4 A with upper
limits), however the overall distribution seems to be closer to the S13 SNe IIn (but
still weaker) rather than to the S13 SNe Ia-CSM. This indicates that perhaps He 1 is
not as good a discriminant between the populations compared to HS. Among the
most He-rich SNe in our sample are SNe 2019ibk, 2020uem, 2020xtg, 2020aekp,
and 2018evt, and these SNe also have the higher Ha equivalent widths in the sample.

Figure 2.12|plots the cumulative distribution of the Balmer decrements (?LH;’) mea-

sured for our sample SNe. The higher Balmer decrement values (>15) have large
errors associated with them because of the low SNR of the spectra from which they

were derived, particularly near the HB line. Consistent with the results of S13, the
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SNe Ia-CSM from this sample also have a high median Balmer decrement value of
~T7 (~5 in S13), indicating that the emission line mechanism is probably collisional
excitation or self-absorption rather than recombination, from which the expected
Balmer decrement value is ~3. In the case of SNe Ia-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 the Ha line which results in the HS
transition decaying as Pae + He (Xu et al. |1992). For some individual SNe where
multiple spectra are available, the Balmer decrement is observed to first increase

and later decrease with phase.

Host galaxies

We retrieved science-ready co-added images from the Galaxy 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 2014)]

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 Prospecto@ (Johnson 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 shows the log of star formation rate (SFR) as a function of stellar mass
for hosts of BTS SNe [a-CSM. We also use a Galaxy-zoo (Lintott et al. [2011)
sample of elliptical and spiral galaxies (randomly sampled in the redshift range
z = 0.015 - 0.05), and BTS SN Ia hosts as comparison samples collected by and
used for comparison in Irani et al. (2022). We find the SN Ia-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.

1Ohttp://unwise.me
Mhttps://github.com/bd-j/prospector version 0.3
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calculated from intermediate resolution spectra of the BTS SN Ia-CSM sample (grey
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Host galaxies of 10 out of 12 SNe have w2 — w3 measurements available which are
all > 1 mag, putting them in late-type category (Irani et al.|[2022), 1 (SN 2019rvb)
does not have W3 measurement but has NUV — PS1, ~ 1 mag again putting it
towards late-type and 1 (SN 2020abfe) does not have any of the above information
available except the PS1, band magnitude of 20.766, which is the faintest host galaxy
(absolute SDSS r-band magnitude of —17.4) in our BTS SN [a-CSM sample. As
noted in S13, the SN [a-CSM hosts of their sample had generally low luminosities
(-19.1 < M, < —17.6) except MW-like spiral hosts. Our BTS SN Ia-CSM host
luminosities lie in the range of —21.8 < M, < —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 Ia-CSM rate:

| & 1
R=—
r ; (4%Dfnax,i)fskyfextfrecfcl,i

where T is the duration of the survey, N is the number of transients that pass the
quality cut, D,y 1s the distance out to which the i'" transient with peak absolute
magnitude M; can be detected above the survey magnitude limit my;,, (=19 mag
for BTS SNe Ia-CSM) at peak light without any extinction, fy, is the average
active survey coverage as a fraction of full sky, f.,; is average reduction in effective
survey volume due to Galactic extinction, f,.. is the average recovery efficiency for
a detectable transient within the survey coverage area, and f;; is the classification

efficiency dependent on apparent magnitude.

The duration of the survey in which these 12 SNe [a-CSM were detected is from
2018-05-01 to 2021-05-01, i.e., T = 3 years. We calculate fy, during this time
period by averaging the sky area coverage of the public MSIP survey considering
3-day cadence for ZTF Phase I (2018-05-01 to 2020-10-31) and 2-day cadence for
ZTF Phase II (since 2020-11-01), which turns out to be 12505 deg” for Phase I and
14831 deg? for Phase II, giving a mean fsky = 0.32. We use the same value of 0.82
for f,.s as calculated in Perley et al. (2020), given there has not been any change in

the number and positions of ZTF fields.

To estimate f,..., we consider SNe [a-CSM brighter than —18.5 peak absolute
magnitude and brighter than 18 apparent magnitude (a total of 5) of which 4 pass
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the quality cut, giving an f,.. of 0.8. We take classification completeness of 0.75
at 19 mag, 0.9 at 18.5mag, and 1 at 17.2 mag, and linearly interpolate in between

these values to get f./;.

Then using Hy = 70kms~' Mpc~!, ignoring cosmological effects{l—_z] as in Perley
et al. (2020) and applying a uniform K-correction (K = 2.5xlogo(1 + z)), we get
a rate of 29.3573733 Gpc™ yr™! for SNe Ia-CSM. We also calculate a SN Ia rate of
2.88‘:%32 x 10* Gpc=3 yr~! from SNe Ia observed in the same period following the
same method, which is close to the value of 2.35x10* Gpc™3 yr~! calculated in Perley
et al. (2020). This puts SNe [a-CSM to be 0.02-0.2% of SNe Ia. However, this
rate estimate should be considered a lower limit given various caveats in the correct
identification of SNe Ia-CSM (see discussion §2.4). If the ambiguous classification

cases outlined in Appendix are considered to be SN [a-CSM and included in

+135.8

+1358 Gpe™ yr~!, which is

the rate calculation, we obtain a rate upper limit of 97.7
0.07-0.8% of SNe Ia.

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 Ia-CSM presented in this paper in
addition to 4 other SNe Ia-CSM not in this paper (see Appendix [2.7] for details) for
their search but did not find any robust 5o precursor detections. This non-detection
was concluded to be due to the small sample size of SNe Ia-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 difficult to detect them.

The same search was carried out here for our larger sample by taking the ZTF forced
photometry multi-band (g, r,7) light 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 Ia-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 Ia-CSM
progenitors at about ~1 year before the SN. We did not find any robust So- precursor
detections. The upper limits for the precursor rates in different 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
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colored shaded regions correspond to different ZTF bands (r-red, g-green, i-grey).
The solid lines depict the upper limits on the fraction of the time a precursor of the
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non-detections. A precursor of —15 magnitude could occur as frequently as ~10%
of the time given the ZTF non-detections. A continuous search for the precursors as
more SNe [a-CSM are found and classified, and their sample size increases, could
yield a detection if the precursors are as frequent and bright as for SNe IIn. 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 significant energy (~10% 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 Ia-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 Ia-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 Ia-CSM. It remains to be seen
how many SNe Ia 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 be < 5.1%
between 0 and 500 days after discovery by searching for late-time UV excess in
GALEX data of 1080 SNe Ia. 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 Ia-CSM being intrinsically rare, delayed
interaction SNe [a-CSM are even rarer and only constitute about a quarter of all SNe
Ia-CSM. This delayed interaction behaviour could also be an effect 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 Ia-CSM class.

Implications for progenitor based on observed mass loss

From Figure the estimated mass-loss rates from a simple spherical treatment
of the CSM and a stationary wind lie between ~1073 to 10~! Mg, yr~! over a period
of less than ~60 years before explosion. That gives a total mass loss of ~0.1 to
~1Mg. Dilday et al. (2012) estimated ~5 Mg of CSM around PTF11kx while
Graham et al. (2017) revised it to be ~0.06 M. Light curve modeling of SN 1997cy
and SN 2002ic by Chugai et al. (2004b) resulted in ~5 Mg estimates for both SNe.
Inserra et al. (2016) also fit analytical models to some SNe [a-CSM and found the
CSM mass to lie between 0.4 and 4.4 M. From Figure [2.5] the pseudo-bolometric
luminosities of our SNe Ia-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 Ia-CSM should also be several solar masses.
A WD+AGB star system has typically been suggested for historical SNe Ia-CSM
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to explain this massive CSM. The WD could either gain mass through Roche Lobe
overflow (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 WD+MS systems for their common
envelope wind (CEW) model and find ~1 Mg CSM around SNe [a-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 Ia-CSM have been few and far between.
Dilday et al. (2010) found 1 interacting SN Ia (SN 2005gj) in a sample of 79
SNe Ia at z < 0.15 in the SDSS-II SN survey, giving a rate of ~1%. After
the PTF11kx discovery in the Palomar Transient Factory (PTF) survey, the SN
[a-CSM rate was estimated to be ~0.1% (1 in 1000 classified SNe Ia; Dilday et
al. |2012)) but without spectroscopic completeness determination. S13 identified
7 more SNe [a-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 first being
possible thermonuclear SNe that are enshrouded so completely by CSM interaction
that they are misclassified as SNe IIn in the absence of good early time data. In
the BTS SN IIn sample, we found 6 SNe IIn to have ambiguous classifications,
which could possibly be SNe Ia-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 second issue with the rates is if there is indeed a continuum of delayed interaction
SNe Ia-CSM like PTF11kx, interaction in SNe Ia may present itself hundreds of
days later at magnitudes fainter than ZTF’s limit (~20.5), resulting in those SNe
not being counted when they may be sharing the same progenitor as the rest of the
interacting SNe [a-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 narrow He in its spectrum or bright



48
mid-IR flux (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 Mpre+ Mywp = 2Mg and M,,,, = 4Mg)
through population synthesis and found it to be 0.002 per 1000 M, stars formed.
Assuming ~1-2 SNe Ia occur per 1000 Mg, 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 Ia-CSM like objects
could arise in the 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 (10-100kms™"). 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 Ia from CONe WD in Common
envelope evolution with a Main Sequence (MS) companion will show SN Ia-CSM-
like properties. Meng et al. (2019) also gives the ratio of SNe Ia from CONe WDs
to normal SNe Ia from CO WDs to be between 1/9 and 1/5 (considering normal
SNe Ia only come from CO WD + MS systems). Combining that with the estimate
that roughly 10-20% of all SNe Ia may come from the SD scenario (Hayden et al.
2010; Bianco et al. 2011), SNe [a-CSM from CONe WD according to the CEW
model should be 0.28% to 1.6% of all SNe Ia. A spin-down before the explosion
of the WD (Justham 201 1; D1 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 (tcpep < 10* yr) from SN in planetary nebula
rates and SN Ia-CSM observed rates to be roughly constant rather than having a
t~! 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 Ia-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 [a-CSM identified 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 Hg is found to be significantly weaker in SNe [a-CSM compared
with SNe IIn, and consequently, the Balmer decrements are ubiquitously higher in
SNe I[a-CSM. The brightness of SNe Ia-CSM in mid-IR is comparable to SNe IIn,
and observations of reduced flux in the red side of the He 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 [a-CSM lie towards late-type galaxies with recent
star formation. Unlike SNe IIn, no precursors were found within ~1000 days before
explosion for SNe Ia-CSM, which could be an observational bias (less number of
SNe [a-CSM compared to SNe IIn). We provide a robust rate estimate of 0.02—
0.2% of all SNe Ia for SNe Ia-CSM on account of the BTS survey being unbiased
and spectroscopically highly complete. The simple mass-loss rate estimates from
the broad Ha luminosity of ~107> Mg 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 II continues, we are identifying more and more SNe [a-CSM (interacting
with hydrogen-rich and helium-rich CSM) and looking further to the future, if ZTF
continues for a Phase III 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 configuration and mass.
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2.7 Appendix A: Ambiguous SN Ia-CSM/IIn in BTS

To identify potential SNe Ia-CSM hiding in the SN IIn sample classified by BTS,
we rechecked all SNe IIn classifications (total 142) using SuperNova [Dentification
(SNID; Blondin et al. 2007) software. SNe IIn spectra were processed through
SNID, and any SN having > 3 matches to a SN Ia-CSM in the top 10 matches were

manually checked. The SNe having ambiguous classifications 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 classified as a Type IIn by
BTS at z = 0.06. It peaked at apparent magnitude 17.1 in the » band (~—20.1) and
then developed a weaker but broader bump. The spectra showed very weak Hp,
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barely any He 115876, n0 O 147774 or [O I] lines but showed some iron group lines,
Ca NIR emission and [Ca II]. SNID best matches were to SNe 1997cy and 2005g;j.
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 Ia-CSM classification.
From these observations, SN 2019smj is most likely a Type Ia-CSM, but given the

lack of confirmation, 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 classified initially as a Type IIP by BTS but later spectra revealed it to
be a Type IIn at z = 0.128. It peaked at an apparent magnitude of 17.5 in the r band
(—20.2) and showed a minor bump before the main peak in the light curve. The
spectra showed weak HfB and He 1 45876, no O 1 17774 or [O I] lines. SNID best
matches were to SNe 2002ic and 2005gj, along with SNe Ia-norm/91T. The earliest
spectra with good SNR from P200/DBSP had one match to SN 2005gj but could
not provide a robust Ia-CSM classification. From these observations, SN 2018dfa
1s most likely a Type [a-CSM, but given the lack of confirmation, 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 classified as a Type IIn by BTS at z = 0.1. It peaked at apparent
magnitude of ~18 in the r band (~—20.5). 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 weak Hf, no clear He I emission but possibly Si II
A5958 emission (which is unlike any other SN Ia-CSM). SNID top matches were to
SN 2005gj, but visually did not look entirely convincing, and some matches were
also to Type IIn. We conclude SN 2019vpk does not have enough data for a robust
[a-CSM classification.

SN 2019wma

Discovered by ZTF and reported to TNS by ALeRCE on 2019-12-13 13:35:26.000,
SN 2019wma was classified as a Type IIn by BTS at z = 0.088. It peaked at an
apparent magnitude of ~18.5 in the r band (~—19.5). The spectra obtained were
either from P60/SEDM or LT/SPRAT, hence of low resolution and showed weak Hj3
and He I emission. SNID top matches to the earliest SEDM spectrum were to SN
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2005gj 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 [a-CSM classification

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 classified as a Type IIn by BTS at z = 0.02388. It peaked at an
apparent magnitude of 18.2 in the r band (—17). Most early spectra were too noisy
for classification but matched SN 2005gj. A good SNR P200/DBSP spectrum
showed narrow P-Cygni Her with absorption minimum at ~2500 km s~! but overall
matched to a Type II SN. From these observations, we could not determine a robust

classification 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 2018ctj
was classified as a Type IIn by BTS at z = 0.0378. It peaked at an apparent
magnitude of 18.4 in the r band (—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 classified

as Type IIn 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 luminous (-17.4 mag) and long
(~100 days) unusual first peak (possibly precursor). SN 2023aew was classified
as a Type IIb supernova during the first 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 first peak, but vanish during the second peak’s photospheric phase, before
Ha resurfaces again during the nebular phase. The nebular lines ([O I], [Ca II],
Mg I], Ha) 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 find it to be broader than normal SESNe as well as requiring a very high °Ni
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
first 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 final explosions of massive stars
(= 8 M), and stripped-envelope SNe (SESNe) represent CC in stars that have lost
most—or all—of their envelopes prior to explosion. This includes Type IIb 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 radioactive >°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 different powering mechanisms
were suggested in each of these cases for explaining the second LC bump.

In this paper, we present the 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 first 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 §3.2] we present the discovery and the ob-
servations of our SN, as well as details about the data reductions and calibrations.
Section §3.3| presents an analysis of the photometric and spectroscopic data as well
as comparisons to a number of similar SNe from the literature. In §3.4] 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, §3.5| 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 (TN by ALeRCE (Forster
et al. 2021; Munoz-Arancibia et al. [2023). This first ZTF detection magnitude
was 18.05 in the r band at the J2000.0 coordinates & = 17740™51.395%, § =
+66°12'22762. 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 in G-Gaia band two days before the
ZTF discovery (i.e., at MJID 59965.284). The last 30 upper limit is ~200 days
before first detection in ATLAS o band and ~500 days before first detection in ZTF
r band. 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 59936.18 + 1.4
days by fitting a power law to an 8-hour binned TESS-Red band light curve (details
in §3.2] Fausnaugh et al. 2021)). Therefore, all phases throughout this paper will be

reported with respect to this explosion epoch estimate.

The transient was spectroscopically classified as a SN IIb 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 its superfit (Howell et al. 2005)) match to SN IIb templates at a redshift
of z = 0.025. This is consistent with the redshift of z = 0.0255 + 0.0001 obtained
from the narrowest lines in our late high signal-to-noise ratio Keck2/ESI spectrum
(§2.3). Using a flat cosmology with Hy = 70 km s~'and ,, = 0.3, this redshift
corresponds to a luminosity distance of 111 Mpc. The transient, initially classified
as SN IIb was observed to have a smooth initial light-curve decline for ~25 days,
which then turned into a slow plateau for another ~50 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 rose by ~2 magnitudes

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 Ib 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.
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Figure 3.1: Light curve of SN 2023aew. The TESS observations cover the rise of
the first peak and are shown in gray squares, with 5o significance denoted with full
markers and 30~ with empty markers. The spectroscopic epochs are marked with
black lines at the top. Also shown for comparison are absolute magnitude r-band
light curves of SNe 1993] (1Ib), 2011dh (IIb), 2005bf (Ib-pec), 2007gr (Ic), 2009ip
(IIn), iPTF13bvn (Ib), and the type-changing 2017ens (Ic to IIn). SNe 1993J and
2011dh are shifted to match their first detection with the SN 2023aew explosion
epoch. Other comparison SNe are shifted by ~100 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.



59

Optical photometry

We obtained forced PSF photometry via the ZTF forced photometry service (Masci
etal.2019; IRSA 2022 Masci et al. 2023)) in g, r, and i bands and via ATLAS forced
photometry service (Tonry et al. 2018}, Smith et al. 2020) in ¢ and o bands. Additional
photometry was obtained with the Rainbow camera on P60 and processed with the
automatic image subtraction pipeline FPipe (Fremling et al. 2016). The Gaia-G
band photometry was obtained from the Gaia Alerts serviceﬂ All photometry is
corrected for Milky Way extinction using the Python package extinction (Barbary
2016)), the dust extinction law from Fitzpatrick (1999), the Schlafly et al. (201 1) dust
map, E(B — V) = 0.0386 mag, and an Ry of 3.1. All measurements are converted
into flux 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 first ZTF detection. The
TESS—Re filter extends from 5802.57 A to 11171.45 A with areference 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
differential flux 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 3.3l

Swift Ultraviolet/Optical telescope photometry

The field was observed with the Ultraviolet/Optical Telescope (Roming et al.[2005)
(UVOT) aboard the Swift satellite (Gehrels et al. 2004) between MJD=60076.47 and
60085.44 in w2, m2, wl, u, b, and v. The science-ready data were retrieved from
the Swift archiveﬂ In December 2023, deep template images were obtained in all
filters to remove the host contamination from the transient photometry. Then all-sky

exposures for a given epoch and filter were co-added to boost the signal-to-noise

Zhttp://gsaweb.ast.cam.ac.uk/alerts/home.

3http://svo2.cab.inta-csic.es/theory/fps/index.php?mode=browse&gname=
TESS&asttype=.

Yhttps://www.swift.ac.uk/swift_portal.
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ratio using uvotimsum in HEAsofﬂ version 6.31.1. Afterwards, the brightness of
the SN was measured with the Swift tool uvotsource. The source aperture had
a radius of 5”, while the background region had a significantly 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
flux measurements. All measurements were calibrated with the latest calibration
files from November 2021 and converted to the AB system following Breeveld et al.

(2011). Table summarizes all measurements (not corrected for reddening).

Swift X-ray telescope measurements

While monitoring SN 2023aew with UVOT between MJD=60076.47 and 60085.44,
Swift also observed the field 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 UK Swift tearrﬁ 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 median 30~ count-rate limit of each
observing block is 8 x 1073 s~! (0.3-10 keV). Coadding all data pushes the 30" count-
rate limits to 1.4 x 1073 s™1. A list of the limits from the stacking analysis is shown
in Table[3.5] To convert the count-rate limits into a flux, a power-law spectrum was
assumed with a photon inde of I' = 2 and a Galactic neutral hydrogen column
density of 3.4 x 10%° cm™2 (HI4PI Collaboration et al. 2016). The co-added count-
rate limit corresponds to an unabsorbed flux of < 5.5 x 107'* ergcm™2 s~! between
0.3-10 keV and luminosity of < 7.8 x 10’ ergs~!. The flux and luminosity limits
of the individual bins are shown in Table

Optical spectroscopy

We obtained a comprehensive spectroscopic follow-up dataset from many facilities
at a variety of spectral resolutions (e.g., Keckl/LRIS R ~ 800-1400, P200/DBSP
R ~ 1000, NOT/ALFOSC R ~ 360, P60/SEDM R ~ 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

>https://heasarc.gsfc.nasa.gov/docs/software/heasoft/.
Ohttps://www.swift.ac.uk/user_objects.
"The photon index is defined as the power-law index of the photon flux density (N (E) o« E7T).


https://heasarc.gsfc.nasa.gov/docs/software/heasoft/
https://www.swift.ac.uk/user_objects/
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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 pySEDM?
ALFOSC?  Nordic Optical Telescope ~ PyNOT#PypeIt
DBSP? Palomar 200-inch DBSP_DRP®
KAST’ Shane 3-m IRAF®
LRIS’ Keckl LPipe!?
SPRAT!! Liverpool Telescope PypeIt
NIRES!? Keck2 Wilson et al. {2004
ESI!? Keck2 makee'*

I 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

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

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

6 pypeit (Prochaska et al. 2020) based pipeline (https://
github.com/finagle29/dbsp_drp)

7 Kast Double Spectrograph (Miller et al.|1987)

8 Tody (1986) and Tody (1993)

? Low Resolution Imaging Spectrometer (Oke et al.|1995)

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

' 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)

4https://www2.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 ZTF r-band data. The
SN redshift (z = 0.0255 + 0.0001) 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 WISeREPﬂ (Yaron et al. 2012).

3.3 Analysis

Light curve

SN 2023aew had a rise of about 2.5 mag over the first 25 days (~11 mag 100d~"
) to a first 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/.


https://github.com/jkrogager/PyNOT
https://github.com/finagle29/dbsp_drp
https://github.com/finagle29/dbsp_drp
https://sites.astro.caltech.edu/~dperley/programs/lpipe.html)
https://sites.astro.caltech.edu/~dperley/programs/lpipe.html)
https://www2.keck.hawaii.edu/inst/esi/makee.html
https://www2.keck.hawaii.edu/inst/esi/makee.html

Table 3.2: Summary of optical and NIR spectra.

MJD Phase Telescope/Instrument 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 filter), and the colored lines
are original spectra, with different colors depicting different instruments. Some
important spectral lines are marked with gray dashed lines. In the left panel, the
Balmer lines are visible in the first spectrum at 34 days, then Ha seemingly shows
up again in the nebular phase spectra in the third panel.
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rate of 2.6 mag 100d~" in the r band for the next 30 days (rest-frame) and settled
onto a slowly declining plateau with only 0.2 mag 100d~" in the r band between day
60 to 105, reaching a minimum brightness of 18.93 mag (-16.5). After day 105,
SN 2023aew suddenly started brightening again and rose at a rate of 13.5 mag 100d~"
in the r band and reached a second peak brightness of 16.45 mag (—18.8) at day 132
after which it started turning over to decline at a rate of ~4 mag 100d~! (+ band).
Around day ~205, the SN developed a smaller bump in the light curve for ~25 days,
before coming back to its previous decline rate. Our last detection of 21.2 mag in
the i band was obtained on day 315, and the last limit of > 22.1 mag in the » band
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 et al.|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. [2008bj; 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|depicts the g —r and r —i color evolution of SN 2023aew and the compar-
ison SNe. During the declining phase of the first 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 with Swift just after the second peak (see Figure 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 first 30 days
and then only in the r band for the rest of the first 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 difficult to produce a full bolometric light
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Figure 3.3: g —r and r — i color curves of SN 2023aew. Shown for comparison
are V — R color curves of SNe 1993J, 1998bw, 2007gr, and 2009ip, and g — r color
curves of SN 2017ens and iPTF13bvn.

curve.

The TESS-Red band fluxes were converted into luminosities by multiplying them
with the effective filter width (integrated area under the TESS-Red filter 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 used Superbol (Nicholl 2018a) with ZTF gri bands and ATLAS co bands
to get pseudo-bolometric and bolometric light curves. Superbol interpolates all
bands to the r-band epochs, calculates pseudo-bolometric luminosity by integrating
the observed fluxes over the available bandpasses, and estimates the bolometric
luminosity by adding blackbody corrections (absorbed UV and NIR) to the pseudo-
bolometric light curve. Additionally, HAFFET (Yang et al. 2023) was also used to
obtain another bolometric light curve estimate by applying bolometric corrections

to g-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 figure 18, Patat et al. 2001), 2005bf (bolometric light curve
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Figure 3.4: Bolometric (filled 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 to g-band data following Lyman et al.
(2014). The °Ni radioactivity power fits 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 first peak.

from their figure 8, Folatelli et al. 2006), 2007gr (pseudo-bolometric light curve
from their figure 6, Chen et al. [2014), 2009ip (bolometric light curve from their
figure 11, Margutti et al. 2014), and 2017ens (pseudo-bolometric light curve from
their figure 1, Chen et al.|2018)). The pseudo-bolometric luminosity of the first peak
reached a maximum of 6.6 + 0.2 x 10*! erg s~!, while the second peak reached a
maximum of 4.4 + 0.6 x 10*? erg s~!. The maximum bolometric luminosity of the

second peak is 1.2 + 0.2 x 10* erg s~!

The pseudo-bolometric light curve from TESS data was integrated to obtain the
radiated energy output over its duration, and it came out to be 8.0 + 0.6 x 10%7 erg.
The bolometric light curve was integrated for the rest of the first peak (until day 100),
which came out to be 8.8+ 0.4 x 10*8 erg. Hence, a lower limit of 9.6+0.5x 10*® erg
can be placed on the total radiated energy during the first peak. For the second peak
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(from rebrightening until our last photometry point at 294 days since explosion),
the radiated energy is 5.60 + 0.13 x 10* erg. Thus, the total energy radiated by

049

SN 2023aew from the explosion until our last detection is 6.56 + 0.18 x 10™ erg.

Comparison of this radiated energy with other similar events is further discussed in

Assuming the two peaks are separate SESNe, we fit *°Ni power luminosity models
using the Arnett (Arnett/1982; Valenti et al. 2008a) method separately to both peaks.
For the first peak, we use the pseudo-bolometric luminosity from TESS observations
and from Superbol (see above), covering days O to 50 since the explosion, to fit
the Arnett radioactivity model. We obtain a lower limit on nickel mass, My; =

0.1 lt%'.%% M, and ejecta mass, Mej = 27.6‘1'119.0 M, assuming a photospheric velocity

of 11,800 km s~ (see §3.3).

Next, assuming that the second brightening is also powered by °Ni decay, gri data
during the rise of the second peak were fitted with power laws using HAFFET to obtain
an “‘explosion” epoch, which came out to be ~115 days after the explosion epoch from
TESS. Using this explosion epoch as a reference, models were fitted 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 fit to Ly
requires a nickel mass, My = 1.59f%% M;, and an ejecta mass, Mej = 8.52+2.40 Mg
assuming a photospheric velocity of 6,000 km s~!(see Figure . A fit to the
pseudo-bolometric luminosity provides a lower limit of My; = 0.59’:%731; Mg and
M = 7.62 +3.16 M. 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 first 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 first peak with Type IIb SNe 1993]J
and 201 1dh, which have a faster decline than SN 2023aew and narrower light curves.

The rise time of the first peak from the explosion epoch to peak is 20 rest-frame
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days, and from half-peak flux to peak flux is ~9 rest-frame days. The decline time
from peak to half-peak is ~27 rest-frame days, but is likely affected by the plateau
that the first peak develops at 50 days. The half-peak to peak rise and decline times
of the first peak are compared with a sample of bright supernovae obtained from
the ZTF Sample Explorelﬂ (Perley et al.|[2020; Fremling et al. 2020; classified since
the start of ZTF and having pre- and post-peak coverage) in Figure [3.5] The first
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 II population.

SN la = SNIb o SN2023aew O Broad PTF SESNe
SN Il = SN Ibc

102 r

Decline time (d)
-
=
)
DM—

101:_ ) -“ '”'ﬁ}' II‘ .., . ®
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Figure 3.5: Rise time versus decline time (peak to half-peak in the r band) of the
Bright Transient Survey sample of supernovae (colored points) and broad light-
curve SESNe from Karamehmetoglu et al. (2023)) (empty black squares). The first
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 black star (r band data).

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

9https ://sites.astro.caltech.edu/ztf/bts/explorer.php.
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Cygni Ha profile of with a velocity of ~11,800 km s~!. Using the Python version
of template matching supernova classification software Superfit (Howell et al.
2005; Goldwasser et al. 2022), a match to the Type IIb SN 2001ig was obtained,
and SN 2023aew was classified as a SN IIb (§3.1I). Panel (a) of Figure [3.6] shows
that this earliest spectrum of SN 2023aew (+34 days from explosion) is a good
match with the early time spectra of Type IIb SNe 1993J (+28 days) and 201 1dh (+5
days). The broad component of Ha is 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 is ~17.5 rest-frame days, and the decline
time from the peak to half of the peak luminosity is ~36.1 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 first peak as SN 2023aew,
some of them do display similar undulations in the light curve. Karamehmetoglu
et al. (2023) favor ejecta from massive stars (> 20 — 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 at peak (0 + 2 days)
as constructed in Liu et al. (2016). The absorption feature at He T 15876 appears
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 He 1 116678 and 7065 being
weak or absent, the 5876 A feature could be due to Na ID instead, making a stronger

case for a spectral similarity to SNe Ic. The presence of trace helium in SNe Ic is
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Figure 3.6: SN 2023aew spectral comparison at different phases compared to mean
spectra of SNe IIb, SNe Ib, and SNe Ic from Liu et al. (2016).

also highly debated (Branch et al.[2002; Elmhamdi et al. 2006), however, Liu et al.
suggests that for a true SN Ib classification either the 5876 A line should
be strongly identified before maximum or all three He I lines (5876, 6678, 7065
A) should be present post maximum and at < 40 days. Considering the phase of
SN 2023aew to be near maximum (and second brightening to be the main peak) and
given that the 5876 A line is clearly present, we suggest that SN 2023aew resembles
more a SN Ib at this phase. There is an absorption line around ~6200 A that matches
the Ha absorption from the earliest spectrum, however, the corresponding emission
peak is blueshifted from the He rest wavelength and redshifted from Si II 46355.
Several studies (Matheson et al. Branch et al. 2002; Elmhamdi et al.
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Figure 3.7: A near-infrared spectrum of SN 2023aew obtained with Keck2/NIRES,
smoothened using a median filter of kernel size of 9 pixels (in black). Tentative line
identifications are marked with blue dashed lines.

Yoon et al. 2010; Liu et al. 2016; Parrent et al. 2016)) have indicated the presence of
trace hydrogen in SNe Ib and that the origin of similar features around 6000-6400 A
in SNe Ib could be blueshifted emission of Ha (their §3.1, Gal-Yam 2017)).

Figure[3.6|panel (c) compares post-second peak decline spectra of SN 2023aew with
Liu et al. (2016) SESN mean spectra at 20 + 2 days past maximum. The spectral
evolution of SN 2023aew is slow, but at this stage it has started developing [O I]
16300 and strong Ca IT NIR emission. Absorption near He T 45876 is strong but
likely Na ID at this stage, and the other He I lines are much weaker compared to the
SN Ib mean spectrum. The overall spectra at this stage appear more similar to the
SN Ic than to the SN Ib template, which is also supported by SNID matches to SN
Ic templates (Hoogendam et al. 2023).

A near-infrared spectrum was also obtained with Keck2/NIRES covering a wave-
length range from 1.0-2.4 pum, but unfortunately, the data has a poor signal-to-noise
ratio. Figure shows the NIR spectrum along with some possible line identifica-
tions. The Paschen series is marked, as well as He T around 1.085 um. Paa fallsin a
no-coverage zone, and Paf3 and Pao¢ fall in high noise regions, hence are not clearly
discernible in the spectrum. The feature near 1.1 um could be either Pay or He 1,

but the helium line at 2.2 ym is not detected.
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Nebular spectra and emergence of Ha

Figure panel (d) compares spectra taken around the late-time bump at ~200
days from explosion to nebular spectra of SESNe 1993J (IIb; Barbon et al. [1995;
Matheson et al. 2000), 2011dh (IIb; Ergon et al. 2015; Yaron et al. 2012), 2005bf
(Ib-pec; Shivvers et al. [2019) and 2007gr (Ic; Shivvers et al. 2019) obtained from
the Open SN catalog. The strongest features present at this stage are Ca II NIR,
[Ca 1] 217292, 7324, O 147774, [O 1] 1416300, 6364, Na ID 15890 and an emission
feature centered around He. [N II] 116548, 6583 is also a major contributor of flux
around the Ha wavelength at the nebular phases in the low mass end of SESNe (low
mass Type IIb, Jerkstrand et al.[2015), but is almost absent for the high mass SESNe.
The same is reflected in the spectra of comparison SESNe in Figure [3.6| panel (d),
with SN 2011dh (IIb) having the most flux in the [N II] line and SN 2007gr (Ic)
barely having any. However, SN 2023aew seems to have a larger flux in that line
compared to the others, possibly due to the contribution from Ha. Hf is almost

non-existent, but is also similarly weak in the day 208 spectrum of SN 1993J.

To further explore the nature of SN 2023aew, flux ratios of nebular diagnostic lines
are compared with the analysis of SESNe presented in Fang et al. (2019) and Fang
et al. (2022). The line fluxes of [O I] 116300, 6364, [Ca II] A17292,7324 and
[N II}J/Ha complex, and the width of the [O I] line are calculated for SN 2023aew
following similar procedures as in Fang et al. (2019) and Fang et al. (2022). Fig-
ure [3.8] top panel plots the correlation of the [O I]J/[Ca II] ratio versus the [O I]
width for SN 2023aew along with data obtained from figure 7a of Fang et al. (2022).
Figure [3.8] bottom panel plots the line ratio of [N IIJ/[O I] versus the line ratio
of [O 1]J/[Ca 1] for SN 2023aew along with data obtained from figure 3 of Fang
et al. (2019). The [O I] fluxes were calculated by fitting and subtracting a pseudo-
continuum to the oxygen-nitrogen complex, then fitting and subtracting a Gaussian
profile centered at 6563 A to remove the [N TIJ/Ha contribution, and finally inte-
grating the remaining flux in the complex over a suitable wavelength range. The
[N 11] fluxes were similarly calculated by subtracting a Gaussian profile fit centered
at 6300 A to remove the [O I] contribution after continuum removal. The [Ca II]
fluxes were calculated after subtracting a pseudo-continuum and integrating over the
line. The uncertainties were calculated using the Monte-Carlo method as described
in Appendix In both panels, the measurements for SN 2023aew are marked

with purple stars having decreasing transparency with increasing phase.

Fang et al. (2022)) discerned that oxygen-rich ejecta expand faster, and the SESN
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Figure 3.8: Upper panel: SN 2023aew in the logarithmic phase-space of [O I]
width versus [O I]/[Ca 1] flux ratio for SESNe published in Fang et al. (2022,
their fig. 7a). Lower panel: Ln/Lo versus Lo/Lc, for SESNe published in Fang
et al. (2019, their fig. 3). ‘clIb’ and ‘ellb’ refer to compact and extended SNe IIb,
respectively. Values for SN 2023aew are shown in purple stars and derived from
late-time spectra (phases ranging from 200 to 281 days from explosion) with the
transparency decreasing with increasing phase. The SN nebular spectra used in
Fang et al. (2019) range from 150 to 300 days after the peak, while for SN 2023aew
they range from 75 to 150 days after the second peak. SN 2023aew consistently
shows higher values on the [N II]/[O I] axis, which suggest the presence of Ha
contaminating (or rather dominating) the [N II] lines at these phases.
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subtype distribution showed that SNe IIb/Ib are more steeply correlated than SNe
Ic/Ic-BL (see their figure 7a and top panel of our figure [3.8). SN 2023aew has
a logio([O IJ/[Ca 11]) ~0.1, before the correlation curve in Figure [3.§] (top panel)
starts to flatten, but has slower velocities, again more towards the phase space that
SNe IIb/Ib occupy. The luminosity ratio of [N II}/[O I] in Figure [3.8[(bottom panel)
is considerably higher than the corresponding values Fang et al. (2019) measured
for SESNe at that Ly/L¢,, once again suggesting the presence of hydrogen in the

nebular phase.
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Figure 3.9: Line profiles of nebular [O I], [Ca II], Mg 1], and Ha/[N II] complex
from 207 days to 281 days. Dashed vertical lines mark the rest wavelengths and dot-
ted vertical lines mark the blueshifted (~1500 km s~!) components. The blueshifted
component in all lines appears to be increasing in strength with phase.

Further arguments for the 6500 A feature consisting mostly of hydrogen are found
when comparing to Barmentloo et al. (2024, in preparation). In this work, the
authors compare [N II] emission from a set of nebular model spectra to a sample
of observed SESNe. They find that up until ~200-250 days post-explosion, the
contribution of [N II] in this region is below 50% for all progenitor models, with the
feature being almost non-existent for Mpesn 2 4.5 M. Perhaps more importantly,
it is found that the line widths for the [N II] feature in their sample have a lower
limit FWHM of 170 A, with the median around ~200-220 A. Performing the same
analysis for SN 2023aew, we find FWHM values between 115 — 135 A. This means
that if the feature were mostly [N II], SN 2023aew would be a significant outlier (as
when comparing with Fang et al. 2022). Finally, calculating the fy;;) diagnostic
from Barmentloo et al. (2024) for our spectral series, the resulting values would
indicate a Mpesn < 3 Mg, which does not match with any of our earlier estimates.

All in all, the above findings suggest that any presence of [N II] could only be very
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minor, with the majority of the emission in this region due to other elements, most

probably hydrogen.

A final inference that can be derived from the nebular spectra comes from the line
profiles of [O I] 2116300, 6364, [Ca IT] 117292, 7324 and Mg 1] 14571. Figure[3.9]
shows the nebular line profiles with dashed vertical lines marking the rest line wave-
lengths and dotted vertical lines marking blueshifted (by 1500 km s~!) wavelengths.
The [O 1] profile clearly has blueshifted components for both the 6300 and 6364 A
lines, creating a double-peaked profile. [Ca II] also has hints of double-peaked
structure with peaks blueshifted by 1500 km s~!, though not as clear as for [O I].
The Mg I] peak is redshifted at earlier epochs, but a blueshifted component seems to
develop at later times. The blueshifted peak in all three lines seems to get stronger
with time. The double-peaked shape can also be discerned in O 1 47774 and in
the Ha/[N 1I] complex for some epochs. Double-peaked structure in [O I] lines
has been observed in nebular spectra of many SESNe (Modjaz et al. 2006; Modjaz
2007; Maeda et al. 2007; Modjaz et al. 2008)), and in most cases, the two peaks are
symmetric around the rest wavelength (for example see Modjaz et al. 2008, their
figure 2). SN 2005bf (Folatelli et al. 2006; Maeda et al. 2007), a peculiar Type
Ib SN, was an exception with a highly blueshifted (~2000 km s~!) trough, similar
to what is seen here for SN 2023aew. An aspherical explosion in the shape of a
torus could give rise to a double-peaked feature in the case of optically thin ejecta
at nebular times, but does not explain the blueshift. For SN 2005bf, a unipolar blob
of low mass, accelerated by a pulsar kick, was suggested by Maeda et al. (2007).
On the other hand, less extreme blueshifts can be explained by residual opacity
effects as described in Taubenberger et al. (2009). More recently, Fang et al. (2023))
analyzed a sample of nebular spectra of SESNe and found that roughly half of the
SESNe had either a double-peaked [O I] or [Ca II], but none had double-peaked
structure in both lines. Fang et al. (2023)) theorize an axisymmetric model for their
observations, where the oxygen-burning ash (Ca-rich region) is distributed in bipolar
bubbles with unburnt oxygen outside it, and depending on the viewing angle, leads
to a double-peaked profile in one of the lines. However, applying this prescription
to SN 2023aew 1is difficult due to the structure present in the calcium line and the
blueshifted trough. More advanced 3D models are just beginning to be explored,
e.g., van Baal et al. 2023,
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3.4 Discussion

Two distinct supernovae or a single peculiar one?

To determine whether the light curve of SN 2023aew is due to a single transient or
potentially due to two separate events, like two SNe that just happened to explode
very close in time and space (along the line-of-sight), we imaged SN 2023aew with
WaSP (Wafer-Scale Imager for Prime) on the Palomar 200-inch telescope (P200)
in g, r, and i bands 144 days after explosion, right around the second peak. The
exposure time used per band was 300 seconds, which corresponds to a 5o~ limiting
magnitude of ~22.5 mag for WaSP in good seeing conditions. The SN was observed
at an average seeing of 1.4”. On the same night, a confirmed sibling SN Ia pair,
SN 2023egs, with peaks separated by ~20 days and on-sky separation of ~1.6” was
also observed with WaSP. The first SN Ia of this pair was ~50 days past maximum
at the time of observation and thus would be at least 3 magnitudes fainter than peak
(18.4 mag) if it were a normal SN Ia (Phillips et al.[2017), making it >21 mag. The
second SN was ~19 mag at the time of observation, and both SNe Ia in SN 2023egs
were clearly detected in the WaSP image. Considering the initial decline of the
first peak of SN 2023aew (2.6 mag 100d~" ), the “first” SN in SN 2023aew at 144
days from explosion would be ~21.1 mag, while the second SN was ~16.7 mag and
thus both would still be separately detected in WaSP data if they were ~2” apart.
Upon analyzing the WaSP observations of SN 2023aew, there did not seem to be

two sources present at the location of SN 2023aew within the seeing limit.

Graham et al. (2022b) analyzed sibling SNe (SNe sharing the same host galaxy) in
the ZTF Bright Transient Survey sample of 2 years and found 5 sibling pairs (10
SNe) brighter than 18.5 mag, corresponding to a rate of only ~1% of total SNe in
BTS in that same period. Out of these, only two were SESNe, i.e., about one per
year. The lowest on-sky separation of these siblings was 3.7”. Thus, the chances
of SN 2023aew being a SESN sibling pair with coincident location (< 2”) and also

exploding within ~115 days (4 months) of each other are extremely small.

Post-facto statistics are difficult, but another crude estimate of the rarity of SN 2023aew
being a sibling pair might be calculated as follows. Assuming a SN rate of 1 per
100 years per galaxy, the Poisson probability of two SNe exploding within half a
year is P; ~ 1 x 107. As SN 2023aew is roughly 7 kpc from the center of its
host, the probability of the siblings occurring at that radius also needs to be taken
into account. This probability can be estimated by taking the radial distribution of

CCSNe in a galaxy from Wang et al. (1997, their fig. 2), then calculating the ratio of
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the integrated distribution over a radius span of 6-8 kpc with integrated distribution
over the galaxy span (assuming ~20 kpc), which comes out to be P, ~ 0.14. From
the P200/WaSP image, the on-sky separation is known to be within 2”, which trans-
lates to ~1 kpc at the distance of SN 2023aew. Thus, the fraction of volume of the
6-8 kpc disc that the siblings are expected in would be at most P3 ~ 0.01. The exact
off-centre distance to the host is, of course, not important, but the fact that the SN
exploded in the outskirts of a resolved galaxy where the star formation rate is limited
makes the probability for two unrelated SNe much more unlikely. Thus, the total
probability of two SESNe exploding within half a year in the same galaxy at ~7 kpc
from the galaxy center and within 2 on-sky separation is P ~ 1.7x 1078 per galaxy.
Next, the maximum distance out to which SN 2023aew (Mfg:k ~ —18.7) would be
detected and classified by the BTS survey (flux limit of 18.5 mag) is ~275 Mpc.
Taking the density of galaxies in this volume (assuming MW-like) to be ~0.006
Mpc~3, assuming a uniform distribution and accounting for the fact that ZTF can
only observe ~0.75 of the sky, the number of galaxies ZTF will observe in 275 Mpc
volume is ~392000. Multiplying that by the per galaxy probability, the expected
number of siblings like SN 2023aew is ~0.007, and hence the Poisson probability
of detecting one event is 0.7%. Even more unlikely is that both of these events
are SESNe, and in particular, the unusual properties of the second peak in terms
of lower-than-average line velocities and broader-than-average and more luminous
peak make it very unlikely that the events are not linked. We also do not know of
any mechanism that would make one SN trigger the other in a common system on

such short timescales.

Rebrightening or precursor?

The usual interpretation for supernova rebrightening is that it is caused by interaction
with a CSM shell ejected during the final moments of the progenitor. This is most
frequently observed in SNe IIn, where the light curves have multiple undulations and
late-time emission; see, for example, Nyholm et al. (2017). SN 2021qqp (Hiramatsu
et al. 2023) had a long, slow-rising precursor before the first peak as well as a late-
time brightening after about a year, with both first and second peaks showing spectral
similarity. Late-time emission due to CSM interaction has also been observed in
spectrally normal SESNe that develop narrow emission lines and secondary light-
curve plateaus or peaks, some examples being SNe 2017ens (Chen et al. [2018)
and 2019oys (Sollerman et al. 2020). In the case of SN 2023aew, the second peak
is spectrally different (Ibc-like) from the first (IIb-like), unlike SN 2021qqp, and
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even though the SN light curve shows undulations, it does not evolve into having
interaction-dominated spectra with narrow lines like SNe 2017ens and 20190ys.
Hydrogen is present during the first peak but not during the second one, and then
comes back again in the nebular phase but has broader velocities than strongly
interacting SNe IIn. If CSM interaction is indeed the cause of the rebrightening,
the corresponding spectral signs are hidden. The horned and blueshifted [O I] and
[Ca II] emission line profiles (see Figure [3.9) which could arise due to asymmetric
gas distribution (SN 2005bf; Tominaga et al. 2005; Maeda et al. 2007; Modjaz et al.
2008)) also hint at unusual geometry that could possibly hide the spectral signatures
of interaction. Sollerman et al. (2020) presented two interacting SESNe, one where
the dramatic light curve transformation was accompanied by spectral interaction
signatures, while the second only depicted slight undulations. Hence, it is less
likely for such a dramatic rebrightening not to be associated with transformation

into an interacting SN.

Other suggested causes of double peaks include double-peaked nickel distribution in
the ejecta (SN 2005bf; Tominaga et al. 2005) and delayed magnetar energy injection
(Maeda et al. [2007). However, the timescales from both of these scenarios are not
consistent with the evolution of SN 2023aew (Kasen et al. 2016; Orellana et al.
2022).

Another possibility is the first peak being a precursor emission (Ofek et al. 2014;
Strotjohann et al. 2021b)) similar to SN 2009ip (Mauerhan et al. 2013; Pastorello
et al. 2013 Margutti et al. |2014). Pre-cursors have also been seen in hydrogen-
deficient SNe (Brennan et al. 2024). Figure [3.10| upper panel compares the light
curves of SN 2023aew (circles) and SN 2009ip (dashed lines), and many similarities
are apparent. While SN 2023aew has a more luminous and longer precursor than
SN 2009ip, the following main peak is also more luminous and broader, and both
SNe show undulations in their declining light curves. The main peak rise time is
also similar in both SNe. However, the SN 2023aew precursor is much redder than
the SN 2009ip precursor (see Figure [3.3). SN 2009ip also showed clear narrow,
intermediate, and broad velocity features in the Ha emission line, and thus it was
evident that circumstellar material was present and interacting with the SN ejecta;
it was a clear Type IIn SN. However, for SN 2023aew, given that the only spectrum
taken during the precursor event is from P60/SEDM, only the broad velocity feature
can be resolved (11,800 km s~!), which is similar to the broad velocity seen in
SN 2009ip.
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If we assume for a moment that SN 2023aew is similar to a 09ip-like event, with
the first peak being due to an eruption (a precursor) and the second peak the actual
supernova explosion. The longer and much more energetic precursor outburst could
be generating energy when the SN ejecta later run into this material to power
the second peak in addition to radioactive *Ni. An eruption mechanism could
be considered for the precursor following the models in Matsumoto et al. (2022),
wherein the precursor light curve is recombination-driven, similar to Type IIP SNe.
Though not observed in the first peak of SN 2023aew, perhaps due to inadequate
spectral resolution, we assume a similar narrow line velocity as for SN 2009ip

(~1,500 km s~!) in the following calculations.

Matsumoto et al. (2022)) found that their semi-analytical models largely follow
the Popov (1993) analytical scalings (eqs. 19,20 Matsumoto et al. 2022). For
SN 2023aew, the “precursor” plateau duration () is 80 days (which is a lower limit
considering possible interruption by the following SN explosion), and the precursor
radiated energy is Ep ~ 1.0 X 10% erg which gives a precursor plateau luminosity
(Ly = %) of 1.5 x 10*? ergs~!. Then, using the inverted Popov equations and an
ejecta speed of ve; ~ 1500 km s~!, we estimate an ejecta mass of M ~ 0.61 Mg
and an initial radius of Ry = 9774 R, for the precursor; both values are comparable
to the SNe analyzed in Matsumoto et al. (2022). Then again from Matsumoto et al.
(2022, eqgs. 27, 28), we obtain an outer radius of the precursor ejecta Rcsy ~ 1% 109
cm, and density of the precursor ejecta pcsm ~ 2.6 X 10712 g cm™3, which is a more
extended and less dense CSM than for SN 2009ip (see fig. 8, Matsumoto et al.
2022). Such a CSM, coupled with asymmetric geometry (signatures of which are
present in the form of double-peaked nebular lines), could potentially result in a
SN-CSM interaction without narrow lines in the optical spectra. Estimating the
luminosity from shock heating using Matsumoto et al. (2022, their eq. 29), we
get Ly, ~ 2 x 10* ergs™! assuming a radiative efficiency of 0.1 and vgy = 6000
km s~!, which broadly agrees with the observed main peak luminosity. We discuss
the possible mechanisms that can cause such eruptive mass loss as well as other

possible progenitor scenarios in §3.4]

Interestingly enough, there is a recent analogue of SN 2023aew, in terms of the
precursor-like ZTF light curve (there is no TESS data to constrain the explosion in
this case). SN 2023plg was discovered by ZTF and reported to TNS by ALeRCE
on 2023-08-14 with a reported apparent magnitude of 18.7. The ZTF light curve of
SN 2023plg tracks closely that of SN 2023aew, both being very red during the initial
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decline, then brightening suddenly and maintaining a broad second peak. During
the second peak, SN 2023plg was classified as a SN Ib on TNS by ePESSTO, but no
spectroscopic data are available for the first peak. Close examination of more spectra
suggests weak He I lines similar to what we see in SN 2023aew. The comparison is
shown in Figure [3.10] with light curves in the upper panel and Keck1/LRIS spectra
of both SNe in the lower panel. SN 2023plg is being followed up for future studies.
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Figure 3.10: Comparison of SN 2023aew with the canonical precursor Type IIn
SN 2009ip, but also with the analogous SESN SN 2023plg, showing both a similar
luminous, long-lived declining precursor and a bright second peak. Light curves
shifted to match the rise of the main peak. SN 2023plg also exhibits a Type Ibc SN
spectrum.
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Origin of SN 2023aew

In this section, we discuss several scenarios that might explain the peculiar nature
of SN 2023aew. We list several possibilities but leave a more detailed assessment

and modeling of each scenario for a future study.

The precursor activities observed in SNe are often associated with mass ejection
from their progenitors shortly before their explosions. One possible scenario to
explain SN 2023aew is a mass ejection forming the precursor (first peak), followed
by a SN explosion that shapes the major (second) light-curve peak. In the case
of SN 2023aew, a hydrogen feature was observed during the precursor, which
weakens during the following brighter phase. Thus, the pre-SN mass ejection may
have resulted in the ejection of all the remaining hydrogen-rich envelope in the
progenitor, and the following SN became a hydrogen-poor stripped envelope SN.
Thus, the progenitor might have been similar to those of Type IIb SNe, retaining a
small amount of hydrogen-rich envelope. Several stripped-envelope SNe are known
to have a nearby hydrogen-rich CSM (e.g., SN 2014C, Milisavljevic et al. 2015}
SN 2017ens, Chen et al. 2018]). SN 2023aew could be an extreme case of a similar
kind where the final ejection of the hydrogen-rich envelope occurred immediately
before the explosion, forming the precursor, and the following SN is observed as

hydrogen-poor.

There are several suggested mechanisms that can trigger the mass ejection shortly
before the explosions of massive stars. For example, an explosive nuclear shell
burning may occur in the final stages of massive star evolution, triggering a strong
mass ejection, (e.g., Woosley et al. 2015). Mass ejection may also be triggered by an
acoustic wave initiated by the strong convective motion in the core of massive stars
shortly before explosion, (e.g., Quataert et al. 2012; Fuller et al. 2018)). However,
in both cases, the predicted energy that can be released is lower than the precursor
energy estimated in SN 2023aew (see, e.g., Matsumoto et al.2022; Wu et al. 2021}
Leung et al. |2021)). If the progenitor is in a close binary system with a compact
companion, the accretion onto the companion may help provide additional energy

to form the bright precursor (Tsuna et al. 2024).

Close passage of a massive star in an eccentric binary system could also result in
precursor outbursts and was suggested for nCar (Damineli et al. 1997) by Soker
(2001)), Soker (2004), Kashi et al. (2010), and Smith (2011). Soker et al. (2013a)
explored a merger-burst model (non-terminal) for SN 2009ip where the precursor

outbursts were explained by close periastron passages of the massive stars, and
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non-spherical CSM (torus-like) is naturally expected from these encounters.

Another possibility is a pulsational pair-instability SN (Woosley et al. 2007)). Pul-
sational instability SNe are transients caused by a partial mass ejection of very
massive stars triggered by the pair instability. A pulsational mass loss forming the
precursor phase can occur several months before the final collapse of the massive
stars. The final collapse may result in a SN explosion forming the major light curve
peak as observed in SN 2023aew. For example, some pulsational pair-instability
SN models presented in Woosley (2017) have a similar luminosity to the precur-
sor of SN 2023aew. It is possible that the progenitor of SN 2023aew experienced
pulsational pair-instability mass ejection followed by a SN explosion. Although the
progenitors of pulsational pair-instability SNe are expected to be massive (> 30 Mo,
e.g., Renzo et al. 2020), a SN explosion with an ejecta mass of around 10 M, could

be achieved if a part of the progenitor forms a black hole.

The “precursor” of SN 2023aew is as bright as a typical Type II SN. Thus, it is
possible that the precursor itself is already a SN event, and the second peak is
instead caused by a delayed energy injection at the center. If the hydrogen-rich
layers in the ejecta are thin enough, the second peak caused by the delayed energy
injection could be observed as a hydrogen-poor event. The delayed energy injection
may be caused by a fallback accretion disk towards the central compact remnant
(e.g., Moriya et al. 2019b; Chen et al. [2024). Depending on the initial angular
momentum, the formation of the accretion disk that can provide the central energy
injection could be delayed. The delayed energy input may also be caused by a

delayed phase transition of neutron stars to quark stars (Ouyed et al. 2013)).

3.5 Summary and conclusions

In summary, SN 2023aew shows an unprecedented double-bumped light curve with
two bright peaks separated by as much as 112 days. The light curve shares some
similarities with the light curves of 09ip-like SNe with their long-lived precursors,
but SN 2023aew is spectrally a stripped-envelope supernova during its main peak.
SN 2023aew has a luminous 100-day-long precursor, which has a 20-day rise and a
spectrum similar to Type ITb SNe with a velocity of ~11,800 kms~!. Such a precursor
is predicted by semi-analytical eruption models of Matsumoto et al. (2022) for 09ip-
like SNe. After 100 days, SN 2023aew brightens rapidly to —18.8 magnitude
and exhibits a broader than typical (for SESNe) main peak with undulations in

its decline. The bolometric light curves, when fitted with the Arnett model for
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radioactivity power, result in unreasonably high *°Ni masses, indicating the need for
an additional powering source to explain the luminosity and broadness. During the
main peak phase, the SN is spectrally similar to a SN Ibc, although with weaker He 1
features and hydrogen, which emerges again in the nebular phase. Photospheric and
nebular phase line strengths are more similar to those of SNe Ib than to SNe Ic.
Line strength of the nebular Ha/[N II] complex is much higher and the line width is
much smaller than expected for a normal hydrogen-free SN Ibc, strengthening the
case for hydrogen being present in the late spectra. Additionally, the nebular lines
([O 1, [Ca 11]], Mg I] and Ha) show double-peaked or “horned” profiles with one
peak at rest wavelength and the other blueshifted by ~1500 km s~!, indicating a

non-spherical geometry.

We explored the possibility of SN 2023aew being two coincident SNe in the same
host galaxy and found this to be highly unlikely. We then discussed the possible
origins of SN 2023aew. Although the first peak has properties consistent with a
SESN (SN IIb), the dramatic rebrightening would require either a strong delayed
interaction with CSM (but no signs of this interaction are seen in the spectra) or a
very delayed energy injection by a central engine. The first peak could instead be
an eruptive precursor to the SN explosion (second peak), additionally powering the
second peak through shock interaction, but with spectral signatures of interaction
hidden due to asymmetric geometry. Ultimately, the powering mechanism(s) of this
double-bumped supernova remain elusive. In any case, SN 2023aew and similar
SNe provide a unique opportunity to study the final throes of a dying stripped
massive star, and we encourage further studies with detailed theoretical modeling

of the data to understand its progenitor scenario.
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Figure 3.11: Absorption velocity and pseudo-equivalent width (pEW) evolution
with phase for He I 15876, Ha and O 1 47774. Shown for comparison are running
weighted averages of velocities and pEWs for SNe IIb, Ib, and Ic with error bars of
1000 km s~'and 10 A respectively from Liu et al. (2016).
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Fritz (Walt et al. 2019; Duev et al. [2019; Coughlin et al. 2023) (a dynamic

collaborative platform for time-domain astronomy) was used in this work.

3.7 Appendix A: Photospheric phase line strengths and velocities

In an attempt to quantitatively compare spectral features of SN 2023aew with dif-
ferent SESN subtypes, the evolution of the absorption velocity and the pseudo-
equivalent width (pEW) with phase were measured, and these are plotted for
SN 2023aew along with mean values of these quantities for Type IIb, Ib, and Ic
SNe as obtained from Liu et al. (2016). Running means of the absorption velocity
and pEW during the photospheric phase (—20 to 60 days) for He I 415876 and He
for a sample of SNe IIb and Ib, and for O I 47774 for SNe Ib and Ic are shown
in Figure with values for SN 2023aew (assuming the 5876 A feature is from
helium) marked in purple stars. An average error of 1000 km s~!for velocities and



86

10 A for pEW is shown instead of the exact errors from Liu et al. (2016). Similar
to Liu et al. (2016)), absorption velocities were estimated by fitting a smooth curve
to the line absorption to find the minimum flux. For the pEWs, a local (pseudo-
)continuum was estimated by fitting a low-order polynomial curve to points around
maxima on either side of the absorption line, which was then used to estimate the
equivalent width. To estimate the uncertainty on the velocity and pEW, a median
filter was applied to each spectrum, and the smoothed spectrum was subtracted from
the original to get residuals, then the standard deviation of these residuals was taken
as the flux uncertainty at each wavelength bin of the spectrum. Assuming the flux
uncertainty as the 10~ noise, which obeys a Gaussian distribution centered around
the smoothened spectrum, 10000 samples were drawn to generate synthetic spectra,
and the line parameters were calculated on these spectra, the standard deviations
of which were taken as the 1o errors. The phases plotted for SN 2023aew (Fig-
ure [3.11) are not with respect to the explosion epoch but with respect to the second

peak maximum (132 days from explosion) to match with the Liu et al. (2016)) data.

Looking at the He 115876 and the He-“feature” (as marked in Figure[3.6)) absorption
velocities with respect to phase in the upper left and middle panels of Figure [3.11]
SN 2023aew has lower velocities at all phases than both SNe Ib and IIb. The helium
velocity is roughly constant with phase at 5000 km s~!. The trend observed in pEW
(lower left and middle panels in Figure [3.11)) is more indicative of SN 2023aew
being similar to SNe Ib rather than to SNe IIb for both lines. The Ha strength is
slightly more than visible in a SN Ib but much lower than for an average SN IIb,
making SN 2023aew an intermediate, somewhat peculiar object between the two
classes in this regard. The helium pEW is higher in SNe Ib before maximum and
thereafter similar in both SNe Ib and IIb (Fremling et al. 2018} Liu et al. [2016),
and SN 2023aew aligns more closely with SNe Ib in Figure [3.11] Looking at the
rightmost upper and lower panels, both the O I 47774 velocity and pEW are more
similar to those of SNe Ib than to SNe Ic at all epochs. Even though SN template
matching programs estimate SN 2023aew to be a Type Ic at these epochs, the oxygen
line strength for this SN is closer to those seen in SNe IIb/Ib, and velocities are slower

than for a typical SN Ic.

3.8 Appendix B: Note added in proofs
At the submission of this paper, another investigation of the same object was sub-
mitted to arXiv. Kangas et al. (2024) also presents a comprehensive observational

campaign on SN 2023aew, and although we do not agree on all details in the analy-
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sis, there is overall agreement that this is an enigmatic, unique object for which it is

very difficult to determine the powering mechanism of the two peaks.

3.9 Appendix C: Photometry tables

Table 3.3: Log of TESS-Red band observations of 30 significance (full table
available online).

MJD Brightness
(mag)

59941.177 19.78 £ 0.15

Table 3.4: Log of UVOT observations of 30 significance (full table available online).

MID Filter = Brightness
(mag)

60076.47 uvw2 20.96 +£0.24

Table 3.5: Log of XRT observations.

MID Countrate  F (0.3 — 10 keV) L (0.3 -10keV)
(1073 s (107 BergsT'em™?) (10* ergs™' em™?)

Individual epochs

60076.47 £ 0.01 <55 <2.10 < 0.30
60077.67 +0.33 <22.0 < 841 <1.20
60079.71 £ 0.27 <44 < 1.67 <0.24
60081.85 + 0.04 <54 < 2.08 < 0.30
60083.61 £0.60 < 10.5 <4.01 < 0.57
60085.34 £0.14 <164 <6.25 < 0.89
Stacking
60080.97 £ 4.51 <14 < 0.55 < 0.08

The time of reference is MID=60076.465219. The time reports the
mid-time of the observation, and its error indicates the extent of the time
bin.
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Table 3.6: Log of optical photometry of 5o significance (full table available online).

MID Filter Telescope Brightness
(mag)

59969.51 g P48:ZTF  19.1 £0.05
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In recent years, a class of stripped-envelope supernovae (SESNe) has emerged that
show two distinct peaks in their light curves, where the first peak cannot be attributed
to shock cooling emission. Such peculiar supernovae are often studied individually,
explained by invoking some combination of powering mechanisms. However, they
have seldom been discussed in the broader context of double-peaked SESNe. In
this paper, we attempt to form a picture of the landscape of double-peaked SESNe
and their powering mechanisms by adding two more objects—SN 2021uvy and
SN 2022hgk. SN 2021uvy is a broad and luminous SN Ib with an unusually long rise
of the first peak and constant color evolution with rising photospheric temperature
during the second peak. Although its first peak is similar to that of SN 2019stc,
the properties of SN 2021uvy differ during the second peak, making it unique
among double-peaked objects. SN 2022hgk, on the other hand, shows striking
photometric similarity to SN 2019cad and spectroscopic similarity to SN 2005bf,
both of which have been suggested to be powered by a double-nickel distribution in
their ejecta. We analyze their light curves and colors, compare them with a sample
of other double-peaked published supernovae for which we have additional data, and
analyze the light curve parameters of the sample. We observe a correlation (p-value
~0.025) between the peak absolute magnitudes of the first and second peaks. The
sample shows variety in the photometric and spectroscopic properties, and thus
no single definitive powering mechanism applies to the whole sample. However,
sub-groups of similarity exist that can be explained by mechanisms like the double-
nickel distribution, magnetar central engine, interaction, and fallback accretion. We
also map out the duration between the peaks (Ar%!) vs the difference between peak
absolute magnitudes (AM?!) as a phase-space that could potentially delineate the

most promising powering mechanisms for the double-peaked SESNe.

4.1 Introduction

The number of observed stripped-envelope supernovae (SESNe) showing two dis-
tinct light-curve peaks has been increasing in recent years with the advent of wide-
field dynamic all-sky surveys. This emerging class of SESNe does not seem to form
a homogeneous group, instead, there might be subgroups of objects that share obser-
vational similarities and powering mechanisms. A common subgroup is SESNe that
show a fast initial decline (71> < 5 days) and then develop a second (i.e. the main)
peak that appears like a normal SESN. Such a rapidly declining first peak is often as-
sociated with the shock-cooling phase from the extended envelope of the progenitor

(Nakar et al. 2014; Piro 2015} Piro et al.|2021)) or very nearby circumstellar material
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(CSM, e.g., Jin et al. 2021; Khatami et al. 2024), and is commonly observed in
Type IIb SNe (Morales-Garoffolo et al. 2015}, Pellegrino et al. 2023; Crawford et al.
20235) but also some Type Ibc SNe (Taddia et al. 2016} Das et al. |[2024). SESNe
with early shock-cooling peaks also appear to show a strong correlation between the
first and second peak absolute magnitudes, likely because both peak luminosities

are related to the explosion energy (see fig. 1 of Das et al. 2024).

However, the rest of the double-peaked SESNe show large heterogeneity in light
curve shapes, luminosities, and spectral properties, sometimes varying between
the two peaks of the same supernova. Such objects have often been studied in-
dividually and compared to a few similar, previously known SNe, and various
combinations of powering mechanisms have been invoked. The commonly used
powering mechanisms include (see §4.4] for specific examples, references and dis-
cussion): i) double-nickel distribution, ii) delayed magnetar energy injection, iii)
interaction with circumstellar material (CSM), iv) energy injection due to fallback
accretion, v) eruptive precursor powering the initial peak, and vi) pulsational pair-
instability eruptions. For a few SNe, tell-tale signs of the powering mechanism are
present in the observations, such as narrow emission lines in the optical spectra
(indicating CSM interaction). However, for many double-peaked SESNe, a number
of these scenarios, or combinations thereof, can reasonably fit the light curve data
well. More seldom have these supernovae been analyzed as a photometric class,
but doing so might reveal pockets of homogeneity in this dispersed group of objects
that perhaps correlate to a particular powering mechanism. Several of the invoked
powering mechanisms also have their own limitations on the brightness of the peaks
they can produce, the duration between the two peaks, or other observables that can
help differentiate between the mechanisms (see §4.4)).

Gathering more observations of such peculiar supernovae can be particularly im-
portant given the rarity of the objects themselves and the exceptional nature of some
of the proposed models. Collecting a larger sample also improves our ability to
group these objects systematically based on light-curve similarity. In this paper,
we present an extensive analysis of SN 2021uvy—a bright, slowly evolving double-
peaked SN Ib, and SN 2022hgk—a moderate luminosity and duration double-peaked
SN Ib, which we have followed as part of the Zwicky Transient Facility (ZTF) sur-
vey and were previously mentioned in the sample study by Das et al. (2024). We
compare these two supernovae with a sample of clearly double-peaked, published
SNe Ibc, mainly from the ZTF archive (see §4.3)). For this double-peaked SESNe
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sample, we estimate several light-curve parameters and attempt to infer whether
any phase space mapped out by these parameters can be useful for discerning the

possible powering mechanisms of these objects.

This paper is organized as follows. In §¢4.2] we present the observations of the two
SNe and data processing methods. In we compare the light curves, colors,
bolometric luminosities, and spectra of the two SNe with other similar double-
peaked SESNe from the literature. We define a sample of clearly double-peaked
SESNe from the ZTF archive in §4.3] analyze their light curve parameters in §4.4]
and discuss the landscape of powering mechanisms for this sample in §4.4] Finally,

we summarize our results in §4.3]

4.2 Observations
Discovery
SN 2021uvy

SN 2021uvy (a.k.a. ZTF21abmlldj) is located at J2000.0 coordinates @ = 00"293(.88¢
and 6 = +12°06"21”701 in a faint host galaxy (SDSS r band 22.2 mag). The redshift
is determined to be z = 0.0944 from one of our intermediate resolution spectra at late
times (§4.2). SN 2021uvy was first detected in the ZTF survey (Bellm et al. 2019;
Graham et al.|2019; Dekany et al. 2020) data on 2021 August 4 (MJD 59403.424) at
a host-subtracted magnitude of 20.64 in the ZTF r band and was reported (Fremling
2021) to the Transient Name Server (TN by the Bright Transient Survey (BTS;
Fremling et al. 2020; Perley et al. 2020; Rehemtulla et al. [2024) team. The SN
was caught at an early stage and has good photometric coverage before and during
the rise. It was initially reported as a superluminous supernova (SLSN) candidate
(Lunnan et al.[2021)) and initially classified as a SLSN-I at z ~ 0.255 (Poidevin et al.
2021) based on the top SNID (Blondin et al. 2007) match of a spectrum obtained
on 2021 August 13 with SPRAT (Piascik et al. 2014} on the Liverpool Telescope
(LT; Steele et al.|[2004). It was reclassified as SN Ibc at z = 0.1 (Ridley et al. 2021])
by the ePESSTO team (Smartt et al. 2015; Chen 2019) using a higher resolution
spectrum obtained also on 2021 August 13 with EFOSC2 (Buzzoni et al.|1984) on
ESO’s New Technology Telescope, which removed its superluminous candidacy.
Finally, it was classified as a SN Ib-pec (peculiar) by the BTS team (Chu et al.
2021) based on a spectrum obtained with the LRIS (Oke et al. [1995; Perley 2019)
spectrograph on the Keck-I telescope on 2021 September 9. SN 2021uvy was inter-

Uhttps://www.wis-tns.org
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esting as a luminous Type Ib supernova with an unusually long ~50 days rise to the
peak (Mll) i & —19.8). It became even more peculiar when it brightened again after
declining for ~25 days post-peak. The rise of the second peak was also slow (~30
days) and attained a similar luminosity as the first peak (M; . & —19.3). We obtained
follow-up optical imaging and spectroscopic observations until the SN faded below

apparent magnitude m, = 22.7.

SN 2022hgk

SN 2022hgk (a.k.a. ZTF22aaezyos) is located at J2000.0 coordinates & = 14710"23.70°
and 6 = +44°14’01”21 in the host galaxy SDSS J141023.70+441401.8. The red-
shift is determined to be z = 0.0335 from a host-galaxy spectrum obtained after
the SN faded. SN 2022hgk was first detected in ZTF data on 2022 April 6 (MJD
59675.344) at a host-subtracted r-band magnitude of 20.76 and reported to TNS
(Fremling 2022). The transient remained fainter than 19 magnitude for the next
~25 days and, thus, was not assigned for follow-up under the BTS survey criteria.
Spectroscopic follow-up was triggered only once the transient started brightening
again and developed a second peak, and SN 2022hgk was subsequently classified
as a SN Ib by the BTS team (Perley et al. 2022a)) based on a spectrum obtained
with the SEDM spectrograph (Ben-Ami et al. [2012; Blagorodnova et al. 2018) on
the Palomar 60-inch telescope on 2022 May 20. We continued follow-up optical
imaging and spectroscopy until the SN faded below 21 magnitude.

Optical photometry

For both of these SNe, we obtained forced point-spread function photometry from
the ZTF forced photometry service (Masci et al. 2019; Masci et al. 2023) in g, r,
and i bands and from the ATLAS forced photometry service (Tonry et al. 2018;
Smith et al. 2020) in ¢ and o bands. Additional optical photometry was obtained
with the Rainbow camera on the Palomar 60-inch telescope (Cenko et al. 2006), the
Optical wide-field camera (I0:0) on LT, ALFOSC on the Nordic Optical Telescope
(NOT), and the imaging camera on the Katzman Automatic Imaging Telescope
(KAIT) at Lick Observatory. The data from P60 and KAIT were processed with
the automatic image subtraction pipeline FPipe (Fremling et al. 2016). The data
from LT was processed with custom image subtraction and analysis software (K.
Hinds and K. Taggart et al., in prep.), and the photometry was measured using PSF
fitting techniques from Fremling et al. (2016). The data from NOT was reduced
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Figure 4.1: Light (top) and color (bottom) curves of SN 2021uvy (left) and
SN 2022hgk (right). The 50 detections are shown with solid markers and 3o
upper limits with transparent markers. All photometry is corrected for MW ex-
tinction. Absolute magnitudes are K-corrected (by adding —2.5/ogo(1 + z)) and
obtained using Planck Collaboration et al. (2020) cosmology. The °Co decay rate
(radioactive power) is shown with a dotted gray line. The spectral phases are marked
on the top axis with red vertical lines. The explosion epochs are shown with gray
dashed lines.

with PyNOTE] data reduction pipeline, image subtraction to remove host contribution
was performed with HOTPANTS version 5.11 (Becker 2015) using a pre-supernova
r band image from the DESI Legacy Imaging Surveys (LS; Dey et al. [2019), and
the aperture photometry was calibrated against a set of stars from the DESI Legacy

Imaging Surveys.

All photometry presented in this paper is corrected for Milky Way extinction using
the Python package extinction (Barbary 2016)), the dust extinction law from Fitz-
patrick (1999), the Schlafly et al. (2011) dust map, E(B — V) = 0.067 mag for
SN 2021uvy, E(B — V) = 0.005 mag for SN 2022hgk, and Ry = 3.1 for both SNe.
All measurements are converted into flux units for the analysis. The luminosity
distances (and in turn, distance moduli and absolute magnitudes) are calculated us-
ing the cosmology parameters from Planck Collaboration et al. (2020) (Hy = 67.7,

Q,, =0.31, Q = 1). The absolute magnitudes are calculated using a distance modu-

Zhttps://github.com/jkrogager/PyNOT
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lus (DM) of 38.254 for SN 2021uvy and 35.879 for SN 2022hgk and are K-corrected.

Given the absence of Na ID narrow absorption in spectra of both SNe and the faint
host galaxy of SN 2021uvy, we do not account for any host reddening. The optical
photometry data are included in Appendix [4.7)and shown in Figure 4.1]

Swift Ultraviolet/Optical telescope photometry

The field of SN 2022hgk was observed with the Ultraviolet/Optical Telescope
(Roming et al. 2005) (UVOT) aboard the Swift satellite (Gehrels et al. 2004) between
MIJD = 59720.72 and 59732.38 in bands w2, m2, wl, u, b, and v. We retrieved
science-ready data from the Swift archiv The all-sky exposures for a given epoch
and filter were co-added to boost the signal-to-noise ratio using uvotimsum in
HEAsof(| version 6.31.1. We measured the brightness of the SN with the Swift
tool uvotsource, setting the source aperture radius of 5” and a significantly larger
background region. All measurements were calibrated with the latest calibration
files and converted to the AB system following Breeveld et al. (2011). The UV
photometry (not corrected for reddening and not host-subtracted) is included in
Appendix Since the UV photometry is not corrected for host contribution, we
do not use it to construct the bolometric light curves.

Optical spectroscopy
We obtained spectroscopic follow-up for SN 2021uvy between 2021 August 16 and
2023 July 23 and for SN 2022hgk between 2022 May 8 and 2022 July 27 with the

following instruments:

 Spectral Energy Distribution Machine (SEDM, R ~ 100, Blagorodnova et al.
2018]) on P60, data processed using pysedm (Rigault et al. 2019; Kim et al.
2022).

* Low Resolution Imaging Spectrometer (LRIS, R ~ 80071400, Oke et al. 1995))
on the Keck-I telescope, data processed using LPipe (Perley [2019).

* Double Beam Spectrograph (DBSP, R ~ 1000, Oke et al.|1982) on the Palomar
200-inch telescope (P200), data processed using DBSP-DRP (Roberson et al.
2022; Prochaska et al. [2020).

3https://www.swift.ac.uk/swift_portal
Yhttps://heasarc.gsfc.nasa.gov/docs/software/heasoft/
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Figure 4.2: Spectral sequences of SN 2021uvy (left and center) covering epochs from
—15 to 384 rest-frame days since its first peak and of SN 2022hgk (right) covering
epochs from 17 to 95 rest-frame days since its first peak. Some characteristic
spectral lines are marked with vertical gray dashed lines. Spectra are smoothed with
a median filter of window size 5.

* Alhambra Faint Object Spectrograph and Camera (ALFOSC, R ~ 360), on
the Nordic Optical Telescope (NOT), data processed using PypeIt (Prochaska

et al. [2020).

» Spectrograph for the Rapid Acquisition of Transients (SPRAT, R ~ 360,
Piascik et al. on the Liverpool Telescope (LT, Steele et al.[2004). Data
processed using a custom Python pipeline utilizing the packages Astropy
(Astropy Collaboration et al. [2022b), NumPy (Harris et al. 2020), SciPy
(Virtanen et al.[2020), and Matplotlib (Hunter 2007b).

We present 23 spectra of SN 2021uvy in this paper (22 from the ZTF group, 1 from
TNS, Ridley et al. covering epochs from —15 to 384 rest-frame days from
its first peak in the r band and 14 spectra of SN 2022hgk covering epochs from 17
to 95 rest-frame days from its first peak in the r band. The spectral sequences are
listed in Appendix [4.8]and shown in Figure[.2] We also present spectra obtained as
part of the ZTF follow-up campaigns of double-peaked SESNe in our sample (see
§4.3] for details) that have not been published previously in Appendix (4.8 namely
SN 2020acct (11 spectra, —1 to 149 rest-frame days), SN 2021pkd (4 spectra, —7 to
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7 days), and SN 2023plg (22 spectra, 70 to 147 days). All spectra were corrected for

Milky Way extinction using the same procedure as the photometry, then calibrated
using contemporaneous host-subtracted ZTF data in the r band. All spectra will be
made available on WISeREP (Yaron et al.|[2012).

4.3 Analysis
The double-peaked SESN sample
Table 4.1: Sample of published double-peaked SESNe in the ZTF archive.

IAU Name ZTF Name Redshift Type EB-V)uw E(B—V)host Reference
(mag) (mag)

SN 2018ijp  ZTFl18aceqrrs  0.0848 Ic 0.03 0.0 Tartaglia et al. (2021)
SN 2019cad  ZTF19aamsetj 0.02751 Ic 0.02 0.5% Gutiérrez et al. (2021)
SN 20190ys  ZTF19abucwzt  0.0162 Ib 0.09 0.0 Sollerman et al. (2020)
SN 2019stc ~ ZTF19acbonaa  0.1178  Ic/SLSN-I 0.08 0.18° Gomez et al. (2021)
SN 2020acct ZTF20acwobku 0.0347 Ibc 0.03 0.0 Angus et al. (2024)
SN 2021pkd  ZTF2labfjlxb  0.0398 Ib 0.04 0.0 Soraisam et al. (2022)
SN 2021uvy ZTF2labmlldj  0.0944 Ib 0.07 0.0 Das et al. (2024)
SN 2022hgk  ZTF22aaezyos  0.0335 Ib 0.01 0.0 Das et al. (2024)
SN 2022jli  ZTF22aapubuy  0.0055 Ic 0.04 0.25¢ Chen et al. (2024)
SN 2022xxtf  ZTF22abnvurz  0.0034 Ic-BL 0.04 0.8¢ Kuncarayakti et al. (2023)
SN 2023aew ZTF23aaawbsc 0.025 Ibc 0.04 0.0 Kangas et al. (2024)°
SN 2023plg  ZTF23aaxuvkn  0.027 Ibc 0.06 0.0 Sharma et al. (2024)

2 From Gutiérrez et al. (2021)

b From Chen et al. (2023a)

¢ From Chen et al. (2024)

4 From Kuncarayakti et al. (2023)
¢ Also Sharma et al. (2024)

To collect the sample of previously published double-peaked SESNe in ZTF, we
looked at ZTF light curves of all unambiguously classified SESNe (Type Ib, Ic, Ic-
BL, Ib/c, Ib-pec) in the ZTF archive (a total of 501 objects). We obtained the light
curves from Fritz (Walt et al. 2019; Coughlin et al. 2023) and interpolated them
using Gaussian process regression. We then used scipy.signal.find_peaks
functionality to search for prominent peaks in the r-band light curves (and g-band
light curves in cases where r-band data was not available). We visually vetted
the light curves that were identified to have >1 peak (46 out of 501) and rejected
objects that: 1) had incorrect identification of multiple peaks due to missing coverage
(and consequently incorrect interpolation), i) had more than two bumps/peaks (for
example, SN 2021efd identified as a bumpy SN in Soraisam et al. 2022), or iii) had
non-prominent bumps and plateaus. We also rejected one object that fits the double-
peak criteria but has not yet been published. SN 2022jli did not get filtered out with
this methodology, as its first peak was not covered in ZTF, but we added it to our
sample since it is a known peculiar double-peaked supernova. The resulting sample
(12 SNe) is summarized in Table 4.1] and includes SNe 2021uvy and 2022hgk. We
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note that SN 2019stc is classified as a luminous SN Ic in Gomez et al. (2021)), but if
host extinction is considered, it reaches superluminous status and is classified as a
SLSN-Iin Chen et al. (2023a). Thus, the observed fraction of clearly double-peaked
Type Ibc SNe is ~2.5% of all Type Ibc SNe. In the following sections, we compare
the photometric and spectroscopic properties of our two key objects, SNe 2021uvy

and 2022hgk, with supernovae from this collected sample.

Light curves

We fit the rise of SN 2021uvy in ZTF data with an exponential curve to constrain the
explosion epoch, as the rise time is unusually long, but for SN 2022hgk, we fit the rise
with a power-law curve. We converted the r, g, and i-band magnitudes into linear
flux densities (in wJ), then used the Markov Chain Monte Carlo (MCMC) technique

with the following equation to fit the exponential rise in the bands separately:

(texp—t)

f=fmax(1—e ) 4.1

where f is the flux in pJy, £,y is the explosion epoch, f,qy is the maximum flux, and
t. 1s the characteristic rise-time. We then calculate the mean and standard deviation
of the best-fit values of 7,,, obtained from the three ZTF bands to get the final
explosion epoch at MJD 59398.21 +2.50 for SN 2021uvy and MJD 59673.80 +4.60
for SN 2022hgk.

Figure[d.T|shows the light- (top panel) and color- (bottom panel) curves of SN 202 1uvy
(left) and SN 2022hgk (right). Both objects show very conspicuous double-peaked
light curves, which is highly unusual for SESNe. There are also obvious differ-
ences in luminosities and timescales. SN 2021uvy’s first peak is broad and has a
very slow rise of 52 rest-frame days from explosion to a peak absolute magnitude
of Mll) g = —19.8 in the r band. It then declines for 25 rest-frame days at a rate
of 0.030 + 0.002magd~"! in the r band, faster than the radioactive Co-decay rate
(~ 0.0l magd™'). After a clear minimum at around MJD 59480, SN 2021uvy
brightens again for ~28 rest-frame days to an absolute magnitude of Mﬁk’r =-19.3
(slightly fainter than the first peak), then slowly declines at a rate of 0.011 + 0.001

magd~!, very close to the decay rate of *°Co, shown by the gray dotted line in
Figure {.1] (left).

On the other hand, SN 2022hgk is nearly two magnitudes fainter at maximum lumi-
nosity than SN 2021uvy, and has an overall shorter duration and a more luminous
second peak compared to the first peak, unlike SN 2021uvy. SN 2022hgk has a first

rise time of ~16 rest-frame days from explosion to a peak absolute magnitude of



99

M; xr = —106.6, after which it slightly declines for only ~7 rest-frame days before
brightening again to a peak absolute magnitude of M; k= 17.9. The peak-to-peak
duration (Atzl, more details in in the r band for SN 2022hgk is ~22 rest-frame
days compared to ~66 days for SN 2021uvy. The final decline of SN 2022hgk
proceeds at a rate of 0.078 + 0.002 mag d~! in the  band until around MJD 59750,
after which the decline appears to become slower and similar to the Co decay rate.

In Figure 4.3 we show the absolute r-band light curves of our double-peaked
sample, along with the r-band light curves of peculiar double-peaked SNe like
SN 2005bf (Type Ib; Anupama et al. 2005} Folatelli et al.[2006; Maeda et al. 2007
and PTF11mnb (Type Ic; Taddia et al. [2018a). We obtained the light curves of
SNe in our sample following §4.2] and binned them into 3-day bins. The absolute
magnitudes of all SNe shown were calculated using the same cosmology (see §4.2)),
and host-galaxy extinction was taken into account wherever available. The light
curves have been shifted horizontally to align their first peaks and shifted vertically

for clarity.

Table 4.2: Light curve parameters of our double-peaked SESN sample. The rise and
fade times are calculated between peak flux and half-of-peak flux. The superscripts
‘1’ and ‘2’ denote the first and second peak parameters, respectively. The rise times,
fade times, and duration between the two peaks (Ar?!) are reported in rest-frame
days.

SN Band ’im,]/z Mlljk MJD})k tlfade,l/Z tfi.\'e,l/Z M127k MJDik tzfade,l/Z At AM?!
(days) (mag) (days) (days) (mag) (days) (days)  (mag)
2018ijp r 8.1:0.3 —19.16+0.13 58438 >9.2 > 18.4 —18.67+0.08 58481 33.7+1.0 39.6 0.49
2019cad r >78 —17.87+0.09 58567 > 7.8 7.7+0.2 —19.17+0.03 58593 13.2+0.5 253 -1.30
20190ys r - —16.35:0.05 58723 22709 111.6:1.4 —15.74+0.02 58982 277.5:12.7 2549 >0.6
2019stc r 34.0+0.7 -20.52:0.05 58799 29.3:1.0 > 20.6 —19.60+0.06 58876 > 17.0 68.9 0.92
2020acct r >29 —18.06+0.03 59196 6.6+:0.4 3.9+0.1 —17.21+0.01 59253 13.7+0.4 55.1 0.85
2021pkd r 12.0£0.6 —-17.84:0.06 59394 > 6.7 > 10.6 —-17.80+0.05 59414 > 12.5 19.2 0.04
2021uvy g 22.6+1.0 -19.80+0.09 59455 10.8:0.9 43.9:+0.1 —-19.24:0.02 59531 56.1+0.6 69.4 0.56
r 25.6+1.9 -19.77:0.08 59455  20.0:0.7 >41.1 -19.37+0.01 59528 55.6+0.4 66.7 0.40
2022hgk g 5.5+04 -16.44+0.05 59684 11.9:0.4 6.4+0.4 —17.63+0.02 59712 10.7+0.3 27.1 —1.20
r 11.8:0.7 -16.61+0.13 59691 >5.8 7.7+0.1 -17.92+0.01 59713 14.8:0.5 213 -1.31
2022jli g -16.37+0.01 59708 > 179 12.6+0.7  —16.54+0.04 59750 73.0+3.9 418 >-02
2022xxf r >80  -18.47:0.01 59880 >24.9 339+2.1  -18.66+0.02 59950 9.00.1 69.8 -0.19
2023aew r 11.7+0.1* —17.28+0.01 59959  34.6+0.5 19.5+0.1 —18.84+0.01 60075 32.2+0.1 1132 -1.50
2023plg r —16.83+0.02 60170 >22.1 7.8+0.1 —-18.30£0.02 60249 23.1+0.6 769 >-15

# Derived from TESS-Red band data

Immediately, we can deduce from Figure d.3]that there is significant diversity across
the sample, but also sub-groups that share some light curve properties. The slow
rise, peak luminosity, and first decline of SN 202 1uvy are similar to what is seen for
SN 2019stc, a luminous SESN (Gomez et al. 2021} Chen et al.[2023al). Gomez et al.
(2022)) mentions that the first peaks of both SNe 2019stc and 2021uvy fit well to a

combined magnetar central engine and *®Ni radioactive decay power model, but have
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Figure 4.3: Light curves (r-band) of our sample of double-peaked SESNe, shifted
vertically for clarity and with their first peaks aligned. Also shown for comparison
are SN 2005bf and PTF11mnb (dashdot lines). All absolute magnitudes have been
calculated using the same cosmology.
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weaker magnetar engines than typical SLSNe. They posit that this could explain the
SLSNe-like light curve but normal SESNe-like spectra of SN 2019stc. However,
this combined model does not account for the rebrightening and cannot explain
the second peaks of these two SNe. SN 2022hgk’s r-band light curve and color
curve are remarkably similar to those of SN 2019cad, also considered analogous to
SN 2005bf and PTF11mnb. The luminosities and timescales of the two peaks of this
group of objects, especially the initial rise before the first peak, which is >10 days
from the explosion, fit the double-nickel distribution scenario (Folatelli et al. 2006;
Bersten et al. 2013 Orellana et al. 2022) well. The final declines of these objects
have some variation, with PTF11mnb and SN 2022hgk possibly showing a bump
toward the end. The group of SESNe with confirmed CSM interaction signatures
(SN 2018ijp—hydrogen-rich dense shell, SN 20190ys—hydrogen-rich CSM and
high-ionization coronal lines, SN 2020acct—narrow emission lines during first
peak, and SN 2022xxf—Ilate-time narrow emission lines) are shown with crosses
in Figure 4.3] and display the most variety in their light curve evolution, with
some having ultra-long durations than others. The accretion-powered SN 2022jli is
entirely unique, showing periodic undulations in its long decline. SN 2023aew and
2023plg both have widely separated peaks with a plateau connecting the two peaks
and appear unlike any of the other SNe in the sample. Finally, SN 2021pkd does
not share a strong similarity with any of the other SNe.

Table {.2] shows the light-curve parameters (luminosities at both peaks, rise and
decline times in different filters measured from peak flux to half of the peak flux) for
the double-peaked SESN sample. These parameters were all consistently estimated
from interpolated ZTF light curves of the listed SNe when available (TESS-Red
band data from Sharma et al. 2024 was used for the first-peak of SN 2023aew,
and ASAS-SN g-band data from Chen et al. |2024] was used for the first-peak of
SN 2022jli). The interpolation was performed using Gaussian process regression
with the help of the HAFFET Python package (Yang et al.|[2023). We are collecting
all these parameters in order to map out the landscape of double-peaked SESNe in
terms of observable properties, and the ranges and distributions of these properties
might later be valuable to constrain the viable powering mechanisms for their light
curves. The grouping seen in Figure {4.3] is also apparent from this table, with
some groups (e.g., SNe 2019stc, 2021uvy) having long rest-frame duration between
the two peaks (Ar?!) and a fainter second peak (AM?! = Mﬁk -M ; ¢ > 0), while
others (e.g., SNe 2019cad, 2022hgk) having shorter Ar?>! and brighter second peak
(AM?' < 0). SNe 2023aew and 2023plg sit independently in this phase space, with
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a longer duration like the first group and a brighter second peak like the second.

Bolometric luminosities

We used Superbol (Nicholl 2018b) to calculate the pseudo-bolometric luminos-
ity and bolometric luminosity for SN 2021uvy using its ZTF gri data and for
SN 2022hgk using its ZTF gri and ATLAS co data. The other bands are first
interpolated to r-band epochs, and then the pseudo-bolometric luminosity is calcu-
lated by integrating the fluxes over the bandpasses at each epoch. The bolometric
luminosity is estimated from the pseudo-bolometric luminosity by adding black-
body corrections (absorbed UV and near-infrared). Figure[d.4]shows the bolometric
luminosity (top panel), estimated blackbody temperature (second panel), estimated
blackbody radius (third panel), and g — r color (bottom panel) for SNe 2019cad,
2019stc, 2021uvy, and 2022hgk, along with the regular Type Ic-BL SN 1998bw,
and a slow-evolving single-peaked SLSN-I PS1-14bj (chosen for comparison as it
also shows no color evolution during its decline). The data for SN 1998bw was
obtained with Superbol using its UBVRI light curves (Galama et al. 1998; Patat
etal.2001; Sollerman et al.[2002)). For SN 2019cad, only bolometric luminosity has
been presented in Gutiérrez et al. (2021) and not temperature or radius; therefore,
we use the groiz light curves from Gutiérrez et al. (2021]) and Superbol to calculate
the shown data (we did not correct for host-extinction due to its high uncertainty).
The data for SN 2019stc were obtained from Gomez et al. (2021, their fig. 5) (they
did not correct for host-extinction, although it is estimated in Chen et al. (2023a)
for SN 2019stc), and the data for PS1-14bj were obtained from Lunnan et al. (2016,
their figs. 7 and 8).

Figure 4.4] shows that the first peaks of SN 2019stc and SN 2021uvy follow each
other closely in bolometric luminosity, blackbody temperature, radius, and color.
From the explosion until the end of the first decline (minima between the two peaks),
both SNe show a consistent decrease in temperature (from ~10000 K to ~5000 K),
an increase in radius, getting bluer during the rise and becoming redder during the
first decline (which is typical of stripped-envelope supernovae powered by *°Ni, see
SN 1998bw in gray). The similarity between SN 2019stc and SN 2021uvy stops
at this point. For SN 2019stc, the temperature plateaus (like for SN 1998bw), and
the radius follows the second brightening bump. However, for SN 2021uvy, the
temperature starts rising rapidly along with no color evolution (like for PS1-14by),
staying around g — r = 0 mag until very late times (indicating some new energy

injection). At the same time, its radius declines at a similar rate as for PS1-14bj and
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Figure 4.4: Evolution of the bolometric luminosity (top), blackbody tempera-
ture (second), blackbody radius (third), and g — r color (bottom) with time of
SN 2021uvy (black circles) and SN 2022hgk (blue squares). Shown for comparison
are SN 2019cad (red), SN 2019stc (magenta), PS1-14bj (green), and SN 1998bw
(gray). SN 2021uvy and SN 2019stc show similar evolution during their first light-
curve peaks but diverge in behavior during the second peaks. SN 2021uvy develops
a gradual rise in temperature during the second peak, similar to PS1-14bj, which
also correlates with the lack of color evolution for both these SNe. The properties
of SN 2022hgk closely resemble those of SN 2019cad.
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SN 1998bw. This might indicate that the powering mechanisms of the second peaks
of SN 2019stc and SN 2021uvy are different. For SN 2019stc, both radioactive decay
and delayed magnetar engine are disfavored according to Gomez et al. (2021)), and
an aspherical CSM, which could result in a lack of narrow lines, was instead favored
for the second peak by those authors. We roughly estimate the *°Ni mass (My;)
and ejecta mass (M, ;) assuming that the first peaks of SNe 2019stc and 2021uvy
are powered by radioactivity using the analytical expressions from Khatami et al.
(2019). This gives M2 ~ 1.9Mo, My, " ~ 2.3Mo, M2 ~ 10 Mo,
and Mezj(_)wuvy
SESNe (and inconsistent with neutrino-driven core-collapse models), and thus make

~ 17 Mg, which, as expected, are much too large compared to typical

radioactivity as the only powering mechanism unfeasible.

Table 4.3: Peak bolometric and pseudo-bolometric luminosities and estimated radi-
ated energies in the two peaks of our double-peaked SESN sample. The superscripts
‘1’ and ‘2’ denote the first and second peaks, respectively. SN 2021uvy has ~32x
more energy radiated than SN 2022hgk.

SN Lightcurve L, L E! E? total
(1043erg s7) (1043erg s7h (1050erg) (lOSOerg) (10506rg)

2018ijp Bolometric ~1.5 ~ 0.6 ~0.3 ~0.7 ~ 1.1
2019cad Bolometric 0.13+0.02 0.59+0.07 0.008+0.001 0.114+0.005 0.139 +0.006
20190ys Bolometric >0.12 0.10+0.39 > 0.03 0.405 +0.296 0.436 +0.294

2019stc Bolometric ~3.7 ~ 1.4 ~1.82 ~0.52 ~2.38

2020acct Bolometric 0.96+0.06 0.35+0.01 ~0.07 ~0.04 ~0.15
2021pkd Bolometric 0.85+1.13 0.34+0.09 0.092+0.018 0.059 +0.007 0.154 +0.019
2021uvy Pseudo-bolometric 1.08 £0.03  0.72+0.04 0.371 £0.004 0.764 £0.015 1.160 +£0.016
Bolometric 3.88+0.77 230+£0.76 1.070+0.037 2.244+0.181 3.367+0.183
2022hgk Pseudo-bolometric  0.05+0.01 0.14+0.01 0.007 £0.001 0.037 £0.001 0.045 +0.001
Bolometric 0.18+0.05 0.35+0.10 0.021 £0.001 0.095+0.006 0.117+0.006

2022jli  Pseudo-bolometric ~03 ~0.4 ~0.05 ~0.29 ~0.35

2022xxf Bolometric ~0.9 ~ 1.3 ~0.22 ~0.42 ~0.67
2023aew Bolometric 0.07+0.00 1.20£0.20 0.096 +£0.005 0.560+0.013 0.656 +0.018
2023plg Bolometric > 0.19 0.67 £ 0.04 > 0.04 0.218 +£0.004 0.258 + 0.008

On the other hand, SN 2022hgk’s bolometric light curve almost exactly matches that
of SN 2019cad (if not corrected for host extinction), except towards the very end,
when SN 2022hgk shows a little bump before fading completely. The temperature
mirrors the luminosity and decreases sharply during the first decline (same as
SNe 1998bw, 2019cad, 2019stc, 2021uvy), shows a small rise during the second
brightening (like SN 2019cad, SN 2021uvy), decreases again during the second
decline (like SN 2019cad), and rises at the very end (coincident with the final
luminosity bump). SN 2022hgk’s radius only shows a rise and a decline, peaking
around the second (and brightest) luminosity maximum. SN 2022hgk’s g — r color

becomes progressively redder during the second decline, as expected, and has a
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similar evolution to the g — r color of SN 2019cad.

In Table we have collected bolometric (and in some cases pseudo-bolometric
when the bolometric estimate is not provided) luminosities at the two light-curve
peaks and the estimated total radiated energies (E,,4) to crudely compare the en-
ergetics across the sample. We integrate bolometric light curves of SNe 2019cad,
20190ys, 2021pkd, 2021uvy, 2022hgk, and 2023plg obtained using Superbol and
ZTF light curves to estimate the radiated energies and use the Monte-Carlo method
to estimate the uncertainties on radiated energies as follows. We sample 1000 ran-
dom points per epoch from a normal distribution that has the epoch luminosity as
the mean and the uncertainty on the luminosity as the o-. We integrate the sampled
light curves over the rest-frame days and take the mean and standard deviation of
the resulting energy estimates. For SN 2023aew, we list the values reported in
Sharma et al. (2024) that have been estimated using the same process described
above. For SNe 2018ijp, 2019stc, 2020acct, 2022jli, and 2022xxf we integrate the
bolometric (or pseudo-bolometric) light curves obtained from Tartaglia et al. (2021,
their fig. 2), Gomez et al. (2021, their fig. 5), Angus et al. (2024} their fig. 9), Chen
et al. (2024, fig.4), and Kuncarayakti et al. (2023, their fig. A.1) respectively. We
simply consider points from the first detection to the local minimum between the
two peaks for calculating the energy radiated in the first peak and from the local
minimum to the last detection for calculating the energy radiated in the second peak.
This provides the simplest lower limits for the radiated energies, as we are not fitting

any specific powering mechanisms to the light curves.

Spectral comparison

Figure .5|compares the spectra obtained near the first (left panel) and second (right
panel) peaks of SNe 2021uvy and 2022hgk with the most similar double-peaked
SESNe from the sample. The first-peak spectra of SN 2021uvy have normal SESN
features and look similar to those of SN 2019stc and PS1-14bj. SN 2021uvy shows
He T 15876 signatures from the pre-peak epochs (Figure left) which classifies
it as a Type Ib. From the absorption minima of O I 47774 in the day 10 spectrum,
we estimate an ejecta velocity of ~8000km s~!, which is also consistent with the
He T absorption minimum. The lines of Ca II 113934, 3969, Mg I] 14571, and
O 1 A7774 appear to be of similar strength in these three SNe. The Fe II complex
between 5000 A and 5600 A has more flux on the blue side and appears broader
in SN 2021uvy than for SN 2019stc and PS1-14bj. SN 2021uvy and PS1-14bj
also appear to have a slightly bluer continuum than SN 2019stc past the first peak.
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Figure 4.5: Left: First-peak spectra of SN 2021uvy (black) compared with those
of SNe 2019stc (magenta), 2020acct (brown), and PS1-14bj (green), with phases
reported with respect to the first peak. Similar to normal SESNe, the first-peak
spectra of SNe 2019stc, 2021uvy and PS1-14bj are dominated by Ca II, Mg I], Fe 1I
and O I. SN 2020acct, on the other hand, shows signs of CSM interaction at this
phase. Right: Second-peak spectra of SNe 2021uvy (black) and 2022hgk (blue)
compared with those of SNe 2005bf (purple), 2019cad (red), 2019stc (magenta),
2020acct (brown), and PS1-14bj (green), with phases reported with respect to
the second peak (except for PS1-14bj). SN 2022hgk shows a close spectroscopic
resemblance to the peculiar Type Ib SN 2005bf around their main (second) peaks. All
spectra are smoothed with a median filter of window size 5 (except for SN 2020acct).

Overall, SN 2021uvy’s first peak exhibits Type Ib nature spectrally but with a slow-
evolving SLSN-like light curve that hints towards a mixed powering mechanism
(radioactivity + magnetar) as suggested by Gomez et al. (2021) and Gomez et al.
(2022).

Other double-peaked SESNe that exhibit normal SESN spectra during the first
peak include SNe 2019cad, 2022jli, and 2022xxf. However, SN 2022jli evolved
into having accretion-powered second peak (Chen et al. 2024), and SN 2022xxf
developed subtle H/He-free signs of CSM interaction (Kuncarayakti et al. [2023).
SN 2023aew changed its type from SN II during the first peak to SN Ic during
its second peak and then to having hydrogen reappear during the nebular phase,
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which could be due to hidden CSM interaction with a complex geometry (Sharma
et al. 2024). SN 2020acct showed some early flash-ionization features, a sign of
brief CSM interaction during the first peak (Angus et al.2024), confirming its power
source. This is to say that the sample of double-peaked SESNe show as much variety
in their spectral nature as they do in their light curves and intermediate resolution
spectra taken at crucial epochs in the light-curve evolution (early rise, peak, minima
between peaks, second peak, and nebular) are necessary to enable the identification
of the powering mechanism. Unfortunately, for SN 2022hgk, no first-peak spectra
were taken as it remained below the threshold for triggering follow-up as part of the

BTS survey.
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Figure 4.6: Top: Comparison of nebular spectra of SN 2021uvy (black) with
SNe 2019stc (magenta), 2020acct (brown), 2022xxf (cornflowerblue) and 2023aew
(gold). Bottom: Comparison of nebular spectra of SN 2022hgk (blue) with
SNe 2005bf (purple) and 2019cad (red). All spectral phases are reported with
respect to the first peak.

Looking at the right panel of Figure[4.5] around the second peak, the broad features
of SNe 2019cad, 2019stc, 2020acct, and 2021uvy are similar and post-peak SESN-
like but redder than PS1-14bj. The Ca NIR bumps also become prominent in
SNe 2019cad, 2020acct, and 2021uvy. SN 2021luvy also has emission around
7300 A which could possibly be [Ca II] + [O II], which is unusual for typical SESNe
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in photospheric phase, but has been observed in SNe 2019stc, 2020acct, 2023aew,
and also 2018ibb (Schulze et al. 2024a)) as noted in Angus et al. (2024). Angus et al.
(2024) also noted the striking similarity of the second-peak spectra of SNe 2020acct
and 2023aew. SN 2022hgk shows strong He I lines at this epoch (~10000km s~ 1)
and a blue continuum. The SN 2022hgk spectrum at 7 days after the second peak
closely resembles SN 2005bf’s spectrum at 5 days past the second peak (Shivvers
et al. 2019), with both showing He I lines and a lack of O I A7774. None of these

SNe show obvious signs of interaction in their second peak spectra.

Figure[d.6|shows nebular (and near-nebular) spectra of some double-peaked SESNe,
with the common nebular lines marked and some tentative line identifications. The
phases shown are from the estimated time of the explosion. The final spectra
available of SNe 2019stc and 2020acct are shown in the top panel and though they
are not fully nebular, we can see [O I] 116300, 6364 and [Ca II] A117292,7324
starting to appear. The spectra of SNe 2022xxy, 2023aew, and 2021uvy in the
top panel have slight differences that could allude to their origin. Narrow lines
become discernible in the nebular spectra of SN 2022xxf, revealing the H/He-free
CSM interaction. SN 2023aew shows strong emission at the location of Ha, which
appears to be too strong to be the [N II] nebular emission seen in many Type IIb/Ib
(Sharma et al. [2024; Barmentloo et al. 2024) and instead could be re-emerged He,
revealing the hidden CSM powering the supernova. However, the [Ca II]/[O 1]
flux ratio in these SNe (2021uvy ~1.18, 2022xxf ~1.16, 2023aew ~0.8, 2022hgk
~0.92, 2005bf ~0.90) are similar, indicating similar oxygen core masses and in
turn similar progenitors. SN 2021uvy shows strong emission lines around ~4000 A
which could be Ca I H&K lines but appear to be redshifted. The [Ca II] line in
SN 2021uvy maintains a Gaussian profile with time, but [O I] seems to become
flat-topped (similar to the case of Type Ib iPTF13bvn; Kuncarayakti et al. [2015)),
especially in the 384-day spectrum. This could be due to some asphericity in the
ejecta (clumps or torus-like oxygen distribution as suggested in Taubenberger et al.

2009)), or it could be due to absorption in the interior (Milisavljevic et al.[2010).

The bottom panel of Figure[d.6|compares SNe 2019cad and 2022hgk with SN 2005bf.
The 46, 58, and 69-day spectra of SNe 2022hgk, 2005bf, and 2019cad, respectively,
show hints of nebular emission lines but are not fully nebular. SN 2019cad dif-
fers from the other two SNe and shows stronger O I emission. SN 2022hgk at 46
days matches SN 2005bf at 58 days, maintaining the spectral similarities since their
peaks. The 231-day spectrum of SN 2005bf shows its characteristic blueshifted
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nebular lines, but the 94-day spectrum of SN 2022hgk does not, which is where
SN 2022hgk finally differs from SN 2005bf. The blue continuum in SN 2022hgk at

this phase is likely contamination from the host galaxy.

4.4 Discussion

Trends in the double-peaked light curve properties
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Figure 4.7: Left: Peak absolute magnitudes of the second peak vs. the first peak
for the double-peaked SESN sample, and the shock-cooling powered double-peaked
SESNe presented in Das et al. (2024). There appears to be a correlation between
the peak magnitudes, which is strongest for the Das et al. (2024) SESNe (p-value
< 1077) but also significant for our double-peaked SESN sample (p-value = 0.005).
Right: Magnitude difference vs. rest-frame duration between the two peaks. Again,
the potentially double-nickel powered SESNe form a tight group in this phase space.

The left panel of Figure shows the r-band (g-band for SN 2022jli) absolute
magnitudes of the second peak against those of the first peak (M[% L VS M; .)- the right
panel depicts the difference between the peak magnitudes against rest-frame duration
between the peaks (AM?! vs At?!) for the double-peaked SESN sample discussed
in this paper and for the sample of double-peaked Type Ibc SNe presented in Das
et al. (2024). There appears to be a correlation between the absolute magnitudes of
the first and second peaks (p-value = 0.005). The absolute magnitude correlation
was observed by Das et al. (2024) for double-peaked SESNe that have the first
peak attributed to cooling after the shock passes the extended envelope (or nearby

CSM) of the progenitor. The mechanism behind such a correlation remains unclear.
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One possibility that Das et al. (2024)) put forth is that SESNe with shock-cooling

first peaks have He-star progenitors that shed their envelopes in binary interactions
shortly before exploding. For such progenitors, the first peak depends on the
progenitor radius and the second peak on the *°Ni mass. In both panels of Figure
SNe 2005bf, PTF11mnb, 2019cad, and 2022hgk (all potentially powered by double-
nickel distributions, marked with circles) seem to form a group and lie in the same
phase-space as the SESNe with shock-cooling peaks. The correlation in shock-
cooling powered and double-nickel powered cases could also stem from both peaks
being positively correlated with the explosion energy. SESNe with at least one of
the peaks potentially powered by CSM interaction (marked with crosses) and the
accretion-powered SN 2022jli (marked with a star) follow the correlation in the left
panel but do not seem to form a group. Finally, SNe 2019stc and 2021uvy form a
close duo in all panels.

It is apparent from Figure that the location these supernovae occupy in the
. . . 2 1 21 _ p421
different phase spaces created by the light curve properties (Mp k —Mp oAM= =Ar=,
etc.) can help unveil the possible powering mechanisms, especially for models that

have quantifiable restrictions on these light curve properties.

Powering Mechanisms

The double-peaked stripped-envelope supernovae discussed so far exemplify the
uncertainty about the powering mechanism of the light curves of this class. Normal
SNe Ibc can be relatively well explained as being powered by the decay of radioactive
Ni that diffuses out of the initially optically thick ejecta. This self-contained
explanation follows the simple model by Arnett 1982, It should be mentioned,
however, that even this picture has been questioned in the literature. The ejecta
masses deduced from some light curve analysis studies indicate values lower than
anticipated from massive single stars (e.g., Taddia et al. 2015; Prentice et al. 2019)
and the Y°Ni masses are too high to be explained by contemporary neutrino-driven
core collapse models (Sollerman et al. [2022), spurring discussion on the need for
other powering mechanisms even for the normal objects (e.g., Rodriguez et al. 2024;
Karamehmetoglu et al. 2023)). Analysis of the relationship between nebular line flux
ratios ([Ca II]/[O I]) and ejecta masses estimated from light curve modeling (with
Arnett|1982) of SESNe also revealed no connection between the two, meaning both
low and high ejecta mass objects have similar progenitors, implying the presence of
other powering mechanisms responsible for the light-curve behavior (Prentice et al.

2022). Studying the rarer family of double-peaked objects has provided a plethora
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of suggestions, including the most common scenarios for powering the emission of
supernovae. Often, different mechanisms or a combination thereof are invoked to
explain each peak in such supernovae, although some modeling studies exist that try
to explain the double-peaked light curve with a single mechanism. In the following
sections, we briefly discuss the suggested powering mechanisms and attempt to form

a picture of their diversity.

Double-Nickel distribution

An early suggestion for double-peaked SESNe was the notion of double nickel
distributions. A jet-like structure that brings some radioactive material closer to the
surface was proposed for the double-peaked peculiar Type Ib SN 2005bf (Folatelli
et al. [2006), which would produce an early light curve peak before the central Ni
power diffuses out on a longer time scale. SN 2019cad (analog of SN 2005bf) was
proposed to have such a structure (Gutiérrez et al. |2021}; Taddia et al. [2018a, see
also PTF11mnb), and the scenario was further explored e.g., Orellana et al. 2022,
This mechanism fits well given SN 2022hgk’s striking photometric similarity with
SN 2019cad and spectral similarity with SN 2005bf. It is clear from these models,
however, that they have limited ability to match light-curve peaks that are well
separated (large Ar?! and in turn delayed second peak that would be inconsistent
with radioactive power diffusion timescale, like SNe 2019stc, 2020acct, 2021uvy,
2023aew), or with high luminosities (that require unreasonable nickel mass like
SN 2019stc and SN 2021uvy), or that have more than two peaks, and the model is
thus not generic enough to explain the full double peaked sample of SESNe.

Magnetar

The magnetar model has become popular for long-lived transients where the Arnett
model yields unphysical 3*Ni masses, and is often invoked for peculiar SESNe
(like SN 2005bf; Maeda et al. 2007), luminous SNe (Gomez et al. 2022) and
superluminous supernovae SLSNe, e.g., Chen et al. 2023b. The model offers a
lot of flexibility in terms of rise times, peak luminosities, and duration—but does
not naturally allow for double-peaked light curves or undulations. Chugai et al.
(2022)) opposed the CSM-interaction scenario for the second peak of the luminous
SN 2019stc as put forth in Gomez et al. (2021), and instead suggested a magnetar
engine by invoking a less-understood dipole-field enhancement to allow for the

second peak. Other similar suggestions, like magnetar flare activity, have been
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proposed in the context of wiggly light curves of SLSNe (Dong et al. 2023; Zhu
et al.2024)), and Moriya et al. (2022) suggested that variations in the thermal energy
injection from magnetar spin-down cause the light-curve bumps. However, Chugai
etal. (2022) only explains a single bump and does not identify any specific smoking-
gun observables that could support the model. Moriya et al. (2022), on the other
hand, predicts an increase in photospheric temperature coincident with the bumps
and notes that SN 2019stc does not show such an increase. The only supernova in
our sample that shows an increase in photospheric temperature for the second peak
is SN 2021uvy, and therefore, could be an example of the magnetar thermal energy
injection scenario. However, our temperature measurements only use gri bands,
but UV data is required for a more accurate temperature estimate, and thus, this
observation of temperature rise is tentative. The temperature rise in SN 2021uvy
also appears to last throughout the entire duration of the second peak, implying that
the increase in thermal energy injection would also need to be maintained for >100

days.

CSM

While some double-peaked SESNe have shown strong signs of interaction after
the first peak that completely transform their spectra—for example, hydrogen-rich
CSM interaction in SNe 2018ijp (Tartaglia et al. 2021) and 20190ys (Sollerman
et al. 2020); others have shown much more subtle but revealing signs of CSM
interaction. One example of such a case is SN 2022xxf (Kuncarayakti et al. |[2023)),
where the evidence for CSM interaction became obvious only at later times when
narrow emission lines became more apparent in the optical spectra. The CSM must,
in this case, be poor in both hydrogen and helium, which makes the configuration
highly unusual (a detached CSM model was suggested for SN 2022xxf by Takei
et al. 2024). The analytical modeling by Chiba et al. (2024) explicitly mentions
the possibility of modeling both of the peaks in the light curves of SNe 2005bf and
2022xxf using a flat density profile for the CSM. However, the model comes with
the caveat that the duration between the two peaks (Ar>') can be at most < 100 days,
otherwise, the ejecta mass requirements become unphysical. Another caveat is that
if the two peaks are too temporally separated (large Az?!), the breakout luminosity
(first peak) cannot be comparable to the luminosity of the second peak and thus
the model has difficulty in explaining cases where first peak is brighter than the
second peak (e.g., SN 2019stc). Khatami et al. (2024) explore different theoretical
scenarios enabling a large variety of light curves from the CSM interaction powering
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only, including double-peaked light curves which in their modeling occur when the
shock breaks out just outside the CSM edge (so that there is no continued interaction
phase, see Khatami et al. 2024, their fig. 3) and the CSM is “heavy” (CSM mass >
ejecta mass, making the shock cooling phase more prominent). However, spectral
signatures of such heavy CSM might be difficult to hide, thus making this scenario
less likely for SESNe without any narrow line signatures. In the case of SN 2023aew
(Kangas et al. 2024; Sharma et al. 2024)), the Ha P-Cygni feature seen during the
first peak vanished at the time of the second peak and appeared again at later times,
and the nebular lines showed a “horned” structure. These features, combined with
the double-peaked light curve with large Ar>!, could be evidence that an aspherical
or clumpy CSM powers the second peak of the supernova along with radioactive
nickel decay, with the first peak being an eruptive precursor. SN 2023plg (Sharma
et al. [2024) follows the light-curve behavior of SN 2023aew, and its second peak
spectra share strong similarities with SN 2023aew’s second peak spectra (Sharma

et al. 2024, their fig. 10), and could share the same powering mechanism.

Accretion

Another potential powering mechanism is accretion onto a compact object, where
an accretion disk might form and efficiently convert energy to radiation. SN 2022jli
(Chen et al. 2024)—the double-peaked SESN showing periodic undulations in its
light curve during the second decline, was potentially powered by such a scenario.
Chen et al. 2024|advocated that the first peak might have been powered by a normal
radioactive decay, whereas the second peak would be powered by mass accretion
from the companion onto the newly formed compact object remnant. The second
peak of this supernova was instead suggested to be powered by a magnetar ( by
Cartier et al. 2024, In general, the different powering scenarios mentioned in these
sections have been combined in a variety of different ways to explain double-peaked
SESNe.

Pulsational Pair Instability mechanism

Finally, we mention the suggestion put forward by Angus et al. 2024 for SN 2020acct,
that the double-peaked light curve could have been powered by CSM interaction with
a configuration from a pulsational pair instability supernova (PPISN; Barkat et al.
1967} Rakavy et al.|1967). PPI events cause extreme mass loss, and thus their ejecta

CSM interactions can be quite luminous. The timing of the different events can
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vary depending on the specific evolution of the system and therefore provide models
that can fit multiple well-separated peaks, explain precursors, and also bumpy light
curves (Woosley 2017; Leung et al.|2019). However, clear identification of PPISNe
is difficult as other powering mechanisms (and their combinations) could also fit the
observations of peculiar multi-peaked SNe, and the surrounding CSM could also
come from various mass-loss mechanisms (LBV eruptions, winds, etc.). The unique
properties of SN 2020acct—hydrogen-poor interaction signatures during the first
peak and a second peak showing terminal explosion SESN-like properties, together
with an unfeasible nickel fraction (fy; ~ 0.91) from fitting radioactive decay power
to the second peak, made it a possible PPISN candidate (Angus et al.[2024).

4.5 Summary

In this paper, we have presented optical photometry and spectroscopy of two double-
peaked stripped envelope supernovae discovered by the Zwicky Transient Facility.
We discuss the comprehensive dataset in conjunction with a sample of previously
reported, clearly double-peaked stripped-envelope supernovae from the ZTF archive,
and for several of these, we also provide previously unpublished data. With data
from one homogeneous survey, we can quantify some of the key properties of
the double-peaked light curves, analyze correlations between these properties, and
contextualize them with some of the common powering mechanisms that we review

from the literature.

SN 2021uvy is a luminous and slowly evolving Type Ib supernova with both peaks
reaching roughly the same brightness. Although it shows many similarities to
SN 2019stc, with both having their first peaks fitting a combination of radioactive
nickel power and magnetar central engine input, their second peaks diverge signifi-
cantly in behavior. SN 2021uvy shows a lack of color evolution during the second
decline and a rise in photospheric temperature, which is a prediction in the case of

variable thermal energy injection from magnetar spin-down (Moriya et al. 2022).

SN 2022hgk, on the other hand, is an average-luminosity Type Ib supernova with
a much brighter second peak. Its light curve is very similar to the light curve of
SN 2019cad, which is considered an analog of SN 2005bf (and also to PTF11mnb).
The spectra of SN 2022hgk, however, show a significant similarity with those of
SN 2005bf (strong helium absorption features) rather than with those of SN 2019cad.
Overall, these four supernovae (SNe 2005bf, PTF11mnb, 2019cad, and 2022hgk)
have similar light-curve parameters and form a tight group in the phase space of
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absolute peak magnitudes of the second peak vs. that of the first peak and in
the magnitude difference between the peaks vs. the duration between the peaks.
The double-nickel distribution powering mechanism might well fit this group of

supernovae (see e.g., Orellana et al. 2022).

With a sample of double-peaked SESNe coming together (being ~2.5% of all
Type Ibc SNe), it becomes clear that this is a phenomenon that requires a more
holistic approach. There have been good arguments in the literature as to why some
of these events should not be just random alignments of two distinct SNe, or even
two separate stars exploding in a binary system, and with the expanding sample,
such probability estimates gain more weight. At the same time, fine-tuned models
to explain individual and very rare systems become less probable once it is realized
that more of these systems exist. Upcoming facilities like the Rubin Observatory
will increase the sample size of double-peaked and multi-peaked SESNe and also
provide more light curve properties to help uncover their powering mechanisms with
the depth of the Legacy Survey of Space and Time (LSST; Ivezi€ et al. 2019).
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4.7 Appendix A: Photometry Data

Table 4.4: Log of optical photometry of SN 2021uvy and SN 2022hgk of >50
significance (full table available online).

IAU Name MID Filter Telescope  Brightness
(mag)

SN 2021uvy 59401.44 r P48:ZTF 20.85 +£0.24

SN 2022hgk  59672.32 g P48:ZTF  21.58 £0.22

Table 4.5: Log of UVOT observations of SN 2022hgk of >3 significance (full
table available online).

MID Filter Brightness
(mag)

59720.72  uvw2 19.677 = 0.075

4.8 Appendix B: Spectroscopy Data
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Table 4.6: Summary of optical spectra of SNe 2021uvy, 2022hgk, and 2020acct.
We report phases (in rest-frame days) calculated with respect to both the first peak
of the light curve and the estimated explosion epoch (inside parentheses).

IAU Name  MJD Phase Telescope Exposure || TAU Name  MJD Phase Telescope Exposure
(day) /Instrument (s) (day) /Instrument (s)

SN 2020acct 59195  -1(1) P60/SEDM 2700 SN 2022hgk 59708 17 (33) LT/SPRAT 600
59253  55(58) P200/DBSP 450 59709 18 (34) P60/SEDM 2700

59254 56 (59) P60/SEDM 2700 59710  19(35) NOT/ALFOSC 3600

59255 57(60) NOT/ALFOSC 1350 59713 22(38) P60/SEDM 2700

59256 58(61) P60/SEDM 2700 59718 27 (43) P60/SEDM 2700

59260 62 (65) NOT/ALFOSC 900 59719 28 (44) P60/SEDM 2700

59260 62 (65) P60/SEDM 2700 59721 30(46) NOT/ALFOSC 1800

59263 64 (67) Keck1/LRIS 1275 59722 31(47) P200/DBSP 1200

59277 78 (81) NOT/ALFOSC 1800 59730  39(55) P60/SEDM 2700

59311 112(114)  Keckl/LRIS 2312 59732 40(56) NOT/ALFOSC 2400

59350 149 (152)  Keckl/LRIS 2705 59734 43 (59) P60/SEDM 2700

59738 46 (62) P200/DBSP 1500

SN 2021pkd 59386 -7 (12) P60/SEDM 2700 59739 47 (63) P200/DBSP 900
59389  -4(15) P60/SEDM 2700 59788 95(111)  Keckl/LRIS 900

59391 -3(17) P60/SEDM 2700
59401 7 (26) Keck1/LRIS 300 SN 2023plg 60242 70 (70) P60/SEDM 2700

60246 74 (74) LT/SPRAT 750
SN 2021uvy 59439 —-15(38) NTT/EFOSC2 900 60246 74 (74) P60/SEDM 2160
59442 —12 (40) P60/SEDM 2700 60249 77 (77) P60/SEDM 2160
59454 -1(51) P60/SEDM 2700 60254 82 (82) P60/SEDM 2160
59455  0(52) LT/SPRAT 750 60256 84 (84) Keck1/LRIS 300
59458  2(55) P200/DBSP 600 60259 87 (87) P60/SEDM 2160
59467 10 (62) Keck1/LRIS 600 60269 97 (97) P60/SEDM 2700
59467 11 (63) P60/SEDM 2700 60274 102 (102)  P60/SEDM 2700
59470 13 (66) P200/DBSP 900 60275 102 (102) NOT/ALFOSC 2400
59491 33 (85) Keck1/LRIS 600 60280 107 (107)  P60/SEDM 2760
59498 39 (91) P60/SEDM 2700 60281 108 (108)  P60/SEDM 2760
59502 43 (95) P60/SEDM 2700 60281 108 (108)  P200/DBSP 1200
59509 49 (101) P60/SEDM 2700 60282 109 (109)  P60/SEDM 3624
59517 57 (109) P60/SEDM 2700 60283 110(110)  P60/SEDM 396
59524 63 (115) P200/DBSP 900 60285 112(112)  P60/SEDM 2700
59536 74 (126) P60/SEDM 2700 60285 112(112)  P60/SEDM 3840
59547 84 (136) P60/SEDM 2700 60286 113 (113) NOT/ALFOSC 2400
59561 97 (149) P60/SEDM 2700 60288 115(115)  P60/SEDM 2700
59585 118 (171)  P60/SEDM 2700 60296 123 (123)  P60/SEDM 2700
59587 120 (172) NOT/ALFOSC 2700 60299 126 (126) NOT/ALFOSC 1200
59600 132 (185)  P60/SEDM 2700 60321 147 (147) NOT/ALFOSC 2400
59615 146 (198)  Keckl/LRIS 300
59815 328 (380)  Keckl/LRIS 1800

59875 384 (436)  Keckl/LRIS 2700
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Abstract

The discovery of optical transients is at an all-time high because of the current time
domain surveys and will be unprecedented once the Vera C. Rubin Observatory
is operational. However, discovery does not mean confirmation of the transient,
for which spectroscopic data is required. As spectroscopic resources are limited,
there is a severe “follow-up drought” in the classification completeness, limiting
the depth to which systematic samples can be collected. This problem has been
tackled for bright transients by the Spectral Energy Distribution Machine (SEDM)
on the Palomar 60-inch telescope and other dedicated classification efforts, with
the SEDM being the top classifier on the Transient Name Server (TNS). Here we
present SEDM-KP, an upgraded version of SEDM mounted on the Kitt Peak 2.1-m
telescope. The ultra-low spectral resolution (R~100) IFU spectrograph channel
is combined with an EMCCD guide camera capable of fast-cadenced imaging in
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Sloan ugriz bands. The telescope and instrument robotic operations are optimized
for observing efficiency and include completely automated data reduction pipelines.
SEDM-KP spectrograph has an efficiency of ~40% in the redder wavelengths,
which is over ~2x that of SEDM, and has better efficiency than SEDM over the
whole wavelength range. Its imaging capabilities are on par with the Kitt Peak
EMCCD Demonstrator (KPED), reaching a depth of ~23 magnitude in r band in
a 300-s exposure for single-frame observations, and achieving > 1 Hz frame rates
for rapid read-out mode observations. SEDM-KP will be used for spectroscopic
classification, follow-up imaging of rare and fast transients, and rapid imaging of

periodic sources discovered by ZTF and the Rubin Observatory.

5.1 Introduction

Time-domain astronomy (TDA) is undergoing a big-data revolution. Current all-
sky optical surveys (like the Zwicky Transient Facility, a.k.a. ZTF) are already
discovering transients by the thousands (Bellm et al. 2019; Graham et al. 2019;
Dekany et al. 2020; Tonry et al. 2018; Shappee et al.|[2014; Chambers et al. [2016).
With the upcoming Vera C. Rubin observatory equipped with a 10-deg® field-of-
view camera capable of reaching deep limiting magnitudes (i.e., r = 24.7 mag) in
just 30s and its dynamic all-sky survey—the Legacy Survey of Space and Time
(LSST), the field is at the precipice of an explosion in the number of transients
(Ivezi¢ et al. |2019). With ZTF’s fast cadence and LSST’s depth, probes on the
hour-to-day timescale for faint transients will be possible. However, discovery does
not mean identification, and identification does not mean understanding. Some of
these explosive events can be observed across the electromagnetic spectrum as well
as through their gravitational waves (GW; Abbott et al. 2017) and neutrino emission
(Stein et al. 2021)). Thus, multiwavelength and multimessenger classification and

characterization are necessary for maximizing science in this TDA era.

A quick initial classification of the discovered transients is essential to determine
whether follow-up by larger telescopes (a scarce resource) is warranted. Some of
the interesting transient classes fade on fast timescales (Andreoni et al. [2021) like
gamma-ray burst (GRB) afterglows (van Paradijs et al. 2000; Cenko et al. 2013;
Ho et al. 2020), fast blue optical transients (FBOT; Ho et al. 2019} Ho et al. [2023)),
and electromagnetic counterparts of gravitational wave sources (EMGW; Abbott
et al. 2017}, Kasliwal et al. [2017), which makes fast-turnaround follow-up of their
candidates necessary. Supernovae (SN) that last for their typical timescales (a couple

of months) could also benefit from early spectroscopic follow-up as some SN types
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show early signatures of interaction (Miller et al. 2020a; Bruch et al. [2023)) and
multiple peaks (Kuncarayakti et al. 2023 Das et al. 2024; Sharma et al. 2024).
Classifying large systematically collected samples to a high degree of spectroscopic
completeness (Fremling et al. |[2020) also allows for the discovery of rare transients
(Gal-Yam et al. 2021} Perley et al.|2022b; Kool et al. 2022; Goobar et al. 2023; Chen
et al. 2024)), putting constraints on the observable rates of a variety of transients
(Perley et al. 2020; Chen et al. [2023b}; De et al. 2020b; Sharma et al. [2023), and
creates large datasets for training machine/deep learning models (Fremling et al.
20215 Sharma et al. |2025)).

ZTF’s workhorse classification instrument—the Spectral Energy Distribution Ma-
chine (SEDM; Ben-Ami et al. 2012; Blagorodnova et al. |2018) is a fully robotic
ultra-low spectral resolution (R~100) spectrograph optimized for supernova classi-
fication and has been efficiently doing its job since 2018. It is the top classifier on
the Transient Name Server (TNS) and has classified more than twice the number
of transients than the next best instrument (Kulkarni 2020). SEDM has exempli-
fied the power of dedicated classification instruments on 1-2m class telescopes
towards removing the follow-up bottleneck. This chapter presents the successfully
commissioned SEDM-KP—an ultra-low resolution integral-field unit spectrograph
with a fast framing imaging camera on a 2-m class robotic telescope. The system
has a large field-of-view and is equipped with an Electron Multiplying CCD (EM-
CCD), whose exquisite cadenced (seconds) imaging is optimally suited for variable
star and near-Earth asteroid science. The facility will be dedicated to classifying
transients, vetting variable stars, and re-acquisition of near-earth asteroids. The
proposed program will benefit not only the research groups part of the team (Uni-
versity of Minnesota, Northwestern University, Space Telescope Science Institute,
University of Maryland / Goddard Space Flight Center, Caltech) but also the global

astronomical community via public classifications as part of its core program.

The chapter is organized as follows. In §5.2] we provide an overview of the in-
strument; in §5.3] we describe the robotic operations code and the nightly observ-
ing routine; in §5.4] we detail the photometric and spectroscopic data reduction
pipelines; in §5.5] we discuss the performance of the telescope and the instrument.

We summarize the results and discuss future work in §5.6]
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Figure 5.1: A schematic of the KP84 telescope showing where the instrument and
electronics are mounted. Image Credit: Coughlin et al. (2019).

5.2 Instrument overview

The Kitt Peak 84-inch (2.1-m) telescope (henceforth KP84) has a Ritchey-Chrétien
design with the instrument mounted at the Cassegrain focus (f/7.6). Figure [5.1]
shows a schematic of the telescope. A central obscuration of 34-inch diameter
from the secondary results in the total collecting area being ~29,800 cm?, a factor
of two more than P60. Figure [5.2] shows SEDM-KP mounted on the telescope.
The standoff mount structure for SEDM-KP is mounted on the primary cell and
235.7 mm in height, and provides a rigid mounting surface for the instrument. The
telescope focus position is 160.03 mm inside the instrument from the bottom face
of the mounting plate that attaches the instrument to the standoff structure (= 0.4 m
from the primary cell). The adjacent electronics rack houses the control computer,
power units, cables, and network power switch. Unlike SEDM, which has the guide
camera sticking out of the spectrograph plane in a T-shape, SEDM-KP is designed
to have both cameras in the same plane inside a sealed container, resulting in a
more compact design (40 X 31.5 X 11.51n.) and reduced dust contaminatiorﬂ The
instrument, mounting plate, and standoff structure together weigh ~253 kg, and the
electronics rack ~44 kg.

"No ash or dust was found inside the instrument after inspection post-2022 Contreras wildfire.



Figure 5.2: Left: A picture of SEDM on the Palomar 60-inch telescope. Right: A
picture of SEDM-KP on the Kitt Peak 84-inch telescope. Note that the imaging/guide
camera in SEDM is located out of the plane of the instrument, but in SEDM-KP is
located inside the instrument in the same plane.

Figure [5.3] shows a schematic of the SEDM-KP instrument. Light enters the in-
strument through a small covered window of 2.53in. radius. A central circular
field-of-view (FoV) is picked off and sent to the spectrograph (IFU) channel while
the rest goes to the imaging (EMCCD) channel, resulting in a central shadow of ~1’
radius in the EMCCD images (see Figure [5.8).

The imaging channel beam is reflected through a fold mirror to the relay optics,
which then goes through the filter wheel and is imaged on the EMCCD. The Finger
Lakes Instruments (FLI) filter wheel is equipped with Sloan u, g, r, i, and 7 filters,
a clear filter, and a dark filter. In the IFU channel, the light beam goes through an
expander lens that scales the 2.36 mm field width to 20 mm for the micro-lens array
(MLA). The beam is then folded and sent to the MLA, which splits the field into
smaller hexagonal pupil images of a corner-to-corner size of 0.72”(a.k.a. spatial
pixel or spaxel, see Figure [5.4). The light then goes through a collimator and
onto a spectral triple-prism. As is the case for SEDM, the triple-prism ensures a
constant resolution R~100 throughout the wavelength range of 330 nm to 1000 nm
(see Figure[5.5)). The dispersed micro-pupil beams go through CCD optics assembly
and are imaged on the IFU camera. The dispersion length of the traces imaged on
the CCD is ~300 pix. The FoV of the imaging camera (EMCCD) is 6’x6’, and the
FoV of the IFU CCD is 25”x25".

Both the IFU CCD and the EMCCD are mounted on linear motion stages manufac-
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Figure 5.3: A schematic of the SEDM-KP design, showing the spectrograph channel
and the imaging channel components. The light window is located under the pick-off
assembly (inside the yellow circle). Image Credit: Lauren Fahey (Caltech Optical
Observatories).

tured by Newport; the IFU stage is moved to focus the dispersed traces, while the
EMCCD stage is moved to adjust focus in different filters. The secondary mirror
is moved to focus point sources on the focal plane. To make the [IFU and EMCCD
channels parfocal, we pointed to a bright star, focused the star in the [IFU CCD by
measuring the full-width at half-maximum (FWHM) of the bright star in the IFU
CCD as a function of the secondary mirror focus, set the secondary mirror position
at the obtained best focus position, and then focused the field in the EMCCD for
different filters by moving the EMCCD linear motion stage.

The IFU CCD is an Andor iKon-L-936 camera with 2048 x 2048 pixels, 13.5 um
pixel size, and a read noise of ~6e~ at 1 MHz read-out speed (which is our standard
operating mode for this CCD). The EMCCD is an Andor iXon Ultra 888 camera with
1024 x 1024 pixels, 13.5 um pixel size, read noise of ~6e™ in the conventional CCD
(a.k.a. single-frame) mode, and read noise of < le~ with electron multiplication in
the EMCCD (a.k.a. rapid read-out) mode. Both cameras can be thermo-electrically
cooled and can easily reach —75°C with the help of a chiller. The IFU CCD
has a dark current of ~0.02 e~ /pix/sec, and the EMCCD has a dark current of
~0.0002 e~/ pix/sec at this temperature. A list of specifications for both CCDs can
be found in Table 5.1l
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Figure 5.4: Left: A picture of the multi-lenslet array. Right: The geometry of the
hexagonal micro-pupil images on the IFU CCD plane. Each micro-pupil image
is 0.72”across, with 0.62”distance between centers of adjacent hexagons. Image
Credit: Jason Fucik (Caltech Optical Observatories).
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Figure 5.5: Comparison of the simulated resolutions as a function of wavelength for
SEDM (blue) and SEDM-KP (black). SEDM-KP has a higher than SEDM resolution
for A < 5000 Aand lower than SEDM resolution for 4 > 5000 A. Simulated data
generated by Jason Fucik (Caltech Optical Observatories).
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Table 5.1: Specifications of the EMCCD and the IFU CCD.

Parameter EMCCD Specification IFU Specification
Camera iXon Ultra 888 iKon 1-936
Active pixels 1024 x 1024 2048 x 2048
Pixel size 13.5 um 13.5 um
Digitization 16-bit 16-bit
Read-out rate 1, 0.1 MHz (Conv. mode) 5,3,1,0.05 MHz
30, 20, 10, 1 MHz (EM mode)
Dark current (—75°C) ~0.0002 e~/ pix/sec ~0.02 e™ / pix/sec
Read noise ~6e~ (Conv. mode, 1 MHz) ~6e” (1 MHz)
<le™ (with EM gain) ~3e” (0.05 MHz)
FoV 6'x6’ 25"%25"”

Also, for calibration, there are three arc lamps (Xenon, Mercury, and Cadmium)
mounted on the side of the secondary ring of the telescope for the purpose of
wavelength calibration, and several white light lamps mounted on the front of the

secondary ring for taking dome flat images.

5.3 Operations

Robotic operations software (ROS)

The control software for SEDM-KP (henceforth ROS) is derived from the control
software of Robo-AO (Riddle et al.[2012; Jensen-Clem et al. 2018]), KPED (Coughlin
et al. 2019), and ZTF (Dekany et al. 2020), with added functionalities for the
spectrograph channel, and is written in C + +. ROS contains control modules for
components of the telescope and instrument system (telescope, weather, cameras,
filter wheel, linear motion stages, power, data, target queue) that interface with the
respective hardware. The telescope and weather modules interface with the existing
KP 2.1-m telescope control software (TCS), which controls the telescope, the dome,
and reads weather station data. The camera module has code that uses the Andor
Software Development Kit (SDK), the filter wheel module uses FLI's SDK, and the
motion stage control module uses Newport’s SDK. The power module interacts with
the network power switch and controls the power to all instrument components, as
well as the calibration lamps and the chiller. The data modules manage the images
read out by the cameras and save them as FITS files, put the appropriate headers
containing all the relevant image information in the FITS files, and manage the
syncing of collected data to the analysis and storage computer. The queue module

handles querying the target queue made by the Fritz (Walt et al.|[2019; Coughlin
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et al. |2023)) scheduler and updating the status of observations. Finally, the robot
module calls all of the subsystems to execute the nightly observing routine. The
telemetry from the several subsystems of ROS is constantly updated in real time and
displayed on a monitoring webpage. All user-controlled parameters are placed in
configuration files and can be updated while ROS is running if needed. ROS also
has an error manager module to detect and resolve known errors during operations

so that the system runs smoothly without intervention.

Nightly observing routine

During the afternoon, ROS creates a backup of and syncs the logs and data from the
previous night to the analysis computer. The night start and end (or science start and
end) times are configurable parameters controlled by the altitude of the Sun (degrees
below horizon) and set to —9°(halfway between civil and nautical twilight). ROS
activates 2 hours before the night start time and initializes all subsystems. Once
the system is initialized, the calibration loop is executed, in which a set of standard
calibration images defined in the configuration file (bias and dome flat images for
both cameras, dark images for EMCCD in various modes, and arc lamp images for
IFU CCD) are taken one after the other. Once the calibration routine is complete,
the telescope is stowed to zenith, and the dome is opened to stabilize its inside

temperature with the outside temperature.

When the night starts, ROS runs an autofocus routine to obtain the best focus position
for the secondary. In the autofocus routine, several test images are taken on both
sides of the initial guess for the best focus position (the number of test images and
focus position step size are configurable parameters in the configuration file). Then,
on each image, ROS runs SExtractor (Bertin et al. 1996) to identify the bright
point sources (stars), measure their FWHMs, and obtain the median FWHM. This
provides the median FWHMs at the tested focus positions. The median FWHM is
expected to be a quadratic function of the focus position (see Figure[S.6 left). We fit
a quadratic curve to this data and find the position corresponding to its minimum to
get the best focus position. It is crucial to start with a good initial guess for the best
focus position, otherwise, the routine fails to sample both sides of the quadratic curve
and ends up extrapolating. The best focus position also has a linear dependence on
the dome temperature and fluctuates across nights and sometimes even during the
night. From multiple autofocus loops conducted over many nights, we estimated
this temperature dependence (see Figure[5.6] right). ROS uses this knowledge to set

the initial guess for the best focus position, making sure that the autofocus routine
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does not fail.
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Figure 5.6: Left: Example of an autofocus loop routine showing the quadratic
dependence of FWHM on telescope secondary focus position. Right: Plot showing
best focus position as a function of dome temperature. The dark points are from
good-quality quadratic fits on autofocus loops, gray points are from poor-quality
quadratic fits (extrapolated, poor seeing, etc.). The linear relation is used to set the
initial central position for autofocus loops.

After the autofocus routine, ROS begins queue observing by querying targets from

the Fritz scheduler and observes them one after the other until the night ends. ROS

executes the following steps for every queue target:

1.

Centering: To get the target inside the field-of-view (at a designated location
in the EMCCD FoV and the IFU CCD FoV for imaging and spectroscopy
targets, respectively), ROS points to the requested target position, takes an
image, solves the field using Astrometry.net (Lang et al. 2010), determines
the coordinate offsets needed to center the target, and applies the offsets. This
process is done iteratively up to 5 times and fails if ROS cannot get the target

within 5”of the designated position, which happens rarely.

Science exposure and guiding: Once the target is centered, ROS sets up the
relevant observation parameters (filter, exposure time, exposure mode, FITS
file name, etc.) and starts the science exposure. For spectroscopy targets,
ROS also starts the guiding loop and sets up the EMCCD camera to take 1-s
images in rapid read-out mode continuously while the IFU CCD exposure is
in progress. Inside the guiding loop, ROS keeps track of the centroid positions
of the detected stars in the guide images with respect to their centroid position
in the first guide image and keeps calculating and applying the guiding offsets.

We found the guide accuracy to be within +0.2".
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3. Housekeeping: A few minutes before the exposure finishes, ROS queries
for the next target from the scheduler to minimize overhead time. Once the
science exposure is finished, ROS writes the image into a FITS file with all the
necessary header information. It also sends the observation status (completed,

failed, or skipped) to Fritz.

At the end of the night (science end time), ROS finishes up by taking any missing
calibrations, shuts down the telescope and the instrument subsystems, and waits for

the next night to begin.

Scheduler

All of the follow-up requests for SEDM-KP are assigned through and handled by
Fritz. Users submit the transient targets and provide the observation parameters
for SEDM-KP requests through a form on the transient’s Fritz source page. Then,
using an API query, Fritz can be asked to generate a schedule for the night
dynamically. Fritz employs the astroplan Python package to make this schedule
that takes into account various constraints (e.g., telescope hour angle and altitude
limits, minimum on-sky separation from the moon, and maximum airmass of the

target).

To interface between Fritz and ROS, we developed two Python scripts that ROS can
call to request the next queue target (get_observation) and mark the observation
status of the current target (observation_status). The get_observation script
queries the Fritz scheduler API endpoint, selects the first target in the schedule,
checks that this target satisfies all constraints and will stay within the safe limits for
the telescope during the exposure (if not it skips to the next target in the schedule),
and saves the information of the target in a text file for ROS to read. This script also
ensures that a spectroscopic standard star observation for the purpose of flux cali-
bration is taken at the beginning and end of the night. The observation_status
script receives the status of the current observation and posts it to Fritz via its
API service. We also developed another housekeeping Python script that runs every
morning and resets the Fritz status of follow-up requests marked as skipped or
failed during the previous night; this way, users only have to reset their requests

when the observation window of the assigned requests has passed.
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Figure 5.7: Top left: Spectral traces from micro-pupils on the IFU CCD for a
dome flat image. The extracted trace boundaries are shown in red. Top right: The
hexagonal grid formed by micro-pupil images on the IFU CCD plane, each micro-
pupil image forms a spatial pixel or a “spaxel”. The bright target (in this case, a
standard star) is clearly visible in the image, and the dotted area is used for PSF
modeling. Bottom: Example of a wavelength solution for one spaxel using the arc
lamps (Xe, Hg, Cd). The solution curve maps the pixels along the length of the
trace to wavelengths.

5.4 Data Processing Software

Spectroscopic data reduction

SEDM-KP is built upon SEDM'’s legacy, so the automatic data reduction pipelines
built for SEDM were also adapted for SEDM-KP. We modified pysedm (Rigault et
al. and the wrapper script that calls pysedm to reduce data in real time to work
on SEDM-KP’s [FU CCD images. The wrapper script processes the calibration files
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to create master bias, flat, and arc lamps (Xe, Hg, Cd), subtracts the master bias, and
removes cosmic rays from all images. Then pysedm identifies and extracts all the
spaxel traces (dispersed light for each spaxel) from the master flat (see Figure
top left), maps their centroids onto a hexagonal grid (see Figure [5.7] top right), and
creates a flat “cube” to be used for flat fielding the IFU data. From the master arcs,
pysedm creates the wavelength solution for each spaxel by matching the observed
line intensities with expected line intensities and generating the pixel to wavelength
mapping (see Figure bottom). Then, for each object image, pysedm creates a
flat-corrected “cube”. To extract flux from all the spaxels that the observed target
occupies, a point-spread function (PSF) is fit to the spatial axis of the cube at the
target’s estimated position. This position of the observed target in the hexagonal grid
is automatically deduced from the known positional mapping between the EMCCD
and the IFU CCD. After the PSF fitting, the traces of all the spaxels inside the
PSF are summed up to get an uncalibrated spectrum of the target. This spectrum
is flux-calibrated using the standard star observations to get the final science-ready

spectrum.

The wrapper script then runs transient classification programs, like SuperNova
IDentification (SNID; Blondin et al. |2007), SuperFit (NGSF; Goldwasser et al.
2022), SNIascore (Fremling et al. 2021)), and CCSNscore (Sharma et al. [2025)),
creates a summary report graphic for each spectrum, and uploads the spectra, the

classification program results, and the summary graphic to Fritz.

Photometric data reduction

The SEDM-KP photometric data reduction is implemented within the framework of
MIRAR (Stein et al. 2025)—a Modular Image Reduction and Analysis Resourceﬂ A
flow chart of the various photometric data processing steps (bias subtraction, dark
and flat correction, astrometric calibration, registration and stacking, photometric
calibration, and aperture and PSF photometry) that are executed using MIRAR on
SEDM-KP data are shown in Figure @ For transients, MIRAR also implements
template image subtraction based on the ZOGY algorithm (Zackay et al. 2016) to

extract background-subtracted (a.k.a. differenced) photometry.

2https ://github.com/winter-telescope/mirar.


https://github.com/winter-telescope/mirar
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Figure 5.8: Flow chart of all the photometric data reduction steps that are executed
using the MIRAR framework for SEDM-KP data. Image Credit: Saarah Hall (CIERA,
Northwestern University).

5.5 Performance

KP84 Telescope

The commissioning of SEDM-KP started in June 2022. In the KPED era, the KP84
telescope was remotely operable but not fully robotic. Therefore, the primary task for
the commissioning period was to test and refine robotic operations. Unfortunately,
Kitt Peak National Observatory (KPNO) was severely affected by the Contreras

Fire in June 2022, and our commissioning plans were halted. Once the KPNO
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infrastructure was repaired and KP84 was in operating condition by February 2023,
we resumed SEDM-KP commissioning. However, our progress suffered multiple
setbacks as mechanical and electrical issues with the old telescope and the dome (a

consequence of fluctuating power supply following the fire) started surfacing.

We recorded motor current data for the hour angle (HA) and Declination (DEC) axes
of the telescope during slewing and tracking operations and found that the telescope
had oscillations (stick-slip) and a bumpy response in both axes (see Figure[5.9] left).
We identified the likely cause of this behavior as a slight imbalance of the telescope
and the fact that KP84 had not been serviced in many years (cleaning of hardened
grease from the gears, re-lubrication, and other maintenance tasks that should be
performed once every six months). After we fine-tuned the balance of the telescope,
lubricated the axes gears, and tuned the preload current to an optimal value, the
performance of the telescope showed a significant improvement (see Figure [5.9]
right).
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Figure 5.9: Motor current data collected for diagnosing the KP84 mechanical
issues. Top panels: DEC axis motor current as a function of DEC encoder position
during a long slew from North — South (blue) and South — North (orange) limits.
Bottom panels: HA axis motor current as a function of time while the telescope
is tracking. On the left are plots before servicing and tuning of the telescope
mechanics, which show clear stick-slip oscillations. On the right are plots after the
servicing, which show a much-improved performance of the telescope axes during
slewing and tracking. Data collected with the help of Dan McKenna (COO).

The second major setback we faced was the failure of the dome drive and rotation
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mechanism. Due to the heat from the fire, the dome structure had morphed such that
there was no clearance left between the rotating and non-rotating structure in an area
of the dome, which resulted in the overloading of the dome drive current that led
to frequent switching off of the thermal overload protectors (hampering our remote
testing capabilities during 2023). By the time this issue was correctly diagnosed, it
led to a complete dome drive failure that prevented us from operating the telescope
at all for nearly 5 months from mid-October 2023 to mid-March 2024.

After the dome drive was repaired, we started fully robotic operations without any
observer intervention in April 2024 and had a brief period of stable operations
for a month. That is when the HA encoder instability started to show up, where,
due to faulty electrical connections and a failing HA encoder, the telescope started
to “runaway”, i.e., make uncommanded moves unpredictably. During one of these
runaway episodes, the safety limit switches failed to stop a rapid uncommanded slew,
and the telescope declination ended up below the horizon by the time the telescope
drive power cut off. This resulted in the primary mirror moving off its support
slightly. Fortunately, we were able to recover the telescope from that position. The
mirrors were sent for testing and re-aluminization, electrical connections were fixed,
limit switches were repaired, and extra safety switches were installed. However, this
recovery process took a whole year. KP84 is now back in operation in April 2025,

but does not have the safety approval for allowing remote operations yet.

The raw pointing accuracy of KP84 currently is +5’. This is because a new pointing
model could not be implemented while the telescope and dome mechanical issues
were ongoing. The tracking accuracy is similar to what was reported in Coughlin

etal. (2019) (9.6”hour™! in right ascension). The guiding accuracy is within +0.2”.

EMCCD Imager

Figure [5.10] (left) shows a quiver plot depicting the astrometric solution uncertain-
ties in our observations of a short orbital period binary white dwarf system—SDSS
J065133.33+284423.37 in rapid read-out mode (without EM gain) with frame ex-
posure time of 10s and total exposure time of 900 s, which contained 72 reference
catalog-matched (with Pan-STARRS 1) sources. The astrometric uncertainties are
consistent with what was found for KPED (Coughlin et al. 2019, their fig. 5) and
within +1”, with most being within £0.5”. This implies that our astrometric solu-
tion is good in most of the field, but there are some distortions towards the edges.

Figure [5.10] (right) depicts the photometric calibration quality of the same field.
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Figure 5.10: Left: Quiver plot showing astrometric solution uncertainties in RA
and DEC derived from a field containing 72 reference catalog-matched stars. Right:
Zero-point as a function of PS1 g — r color for the same field in a g-band image.
There is a negligible effect of color-term on our ZP fitting. Image Credit: Saarah
Hall (CIERA, Northwestern University).

The difference between the Pan-STARRS 1 (PS1) catalog magnitude of the stars
and SEDM-KP instrumental magnitude (zero-point) is plotted against the PS1 g —r
color, and as can be seen from the figure, the color-term effect in zero-point calcu-
lation is negligible. Figure[5.11]shows a false-color (gri bands) image of the Crab
Nebula (M1) obtained with SEDM-KP to qualitatively depict the performance of
the imager. The central obscuration area has been masked in this image.

IFU Spectrograph

During the commissioning phase in 2023, we noticed a poor quality of wavelength
solutions for the SEDM-KP IFU data. Upon investigation of the arc lamp images,
we found that at the IFU motion stage position that gives the maximum counts in
arc lines (a.k.a. the best focus position), all the arc lines had a diffused halo (or
excess in the tails of the PSF) around them (see Figure top left). This excess
in the tail turned out to be caused by a birefringent material in the IFU optical path,
which was focusing half of the unpolarized light at one position and the other half
at a slightly farther position, resulting in poor FWHM of the traces. This effect
caused some overlap in the adjacent traces, which resulted in large uncertainties in
the wavelength solution (see nMAD value in Figure [5.12] bottom left), as well as
reduced instrument throughput (a.k.a. efficiency). This uncertainty (nMAD) ideally
should be < 20 A (which it is for SEDM on P60). After the birefringent component
was replaced, we saw an immediate improvement in the sharpness of the images
(see Figure[5.12] top right) as well as the separation between adjacent traces (2-px
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Figure 5.11: A false color image of Crab Nebula (M1) created using gri-band
images taken with SEDM-KP. Image Credit: Mitchell Karmen (STScl).

wide). The wavelength solution also improved vastly (see Figure[5.12] bottom right)
with < 20 A uncertainty in the top half of the FoV (the high uncertainties towards
the top and bottom edges is due to a slight misalignment of the tri-prism and will be

corrected for in the future).

Figure [5.13] shows the instrument throughput or efficiency over time after key up-
grades and compares it with SEDM on P60. The efficiency is calculated by com-
paring the expected (reference) standard star flux with the observed standard star
flux. The reference standard star energy flux (in ergs~' cm=2 A~') is first converted

"'em=2 A~1). The observed photon flux is extracted from the

to photon flux (in e~ s~
uncalibrated cube and has the units of e~ s~! A~! (the native wavelength sampling
as a function of wavelength is accounted for in this process). Finally, the observed
photon flux is divided by the reference photon flux, resulting in the effective area
of the instrument (in cm?) as a function of wavelength. To obtain the efficiency,
the instrument’s effective area is divided by the telescope’s effective area, typically

accounting for the telescope reﬂectanceﬂ However, to show the effect on efficiency

3For more details, see https://sites.astro.caltech.edu/sedm/Efficiency.html.


https://sites.astro.caltech.edu/sedm/Efficiency.html
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Figure 5.12: Left panels: A zoomed-in snapshot of the cadmium arc lamp calibration
image (top) showing the halo effect around bright Cd lines caused by the birefringent
component in the spectrograph optical path, and the corresponding wavelength
solution uncertainties map (bottom). Right panels: The same images after the
birefringent component was replaced. The Cd snapshot looks much sharper, with
a darker background due to less scattered light and a clear 2-pix space between
adjacent traces. The wavelength solution is improved and < 20 A for the upper half
spaxels but has higher uncertainties in the lower half due to minor misalignment of
the tri-prism.

before and after aluminization, we do not divide the efficiency by the telescope’s
reflectance in Figure [5.13] The initial SEDM-KP efficiency (in red curve) has the
expected improvement in throughput (~10% higher) over that of SEDM (light-blue
dashed curve) in the redder wavelengths but is lower (~5% difference) in the bluer
wavelengths. This is caused by the KP84 mirror not being re-aluminized in over 5
years and the throughput loss due to birefringence. After birefringence correction
(the green curve), SEDM-KP’s efficiency increases from ~25% to ~30% in the
redder wavelengths and by a bit lower in the bluer wavelengths. The blue dashed
curve shows SEDM (P60) efficiency after a camera upgrade, and although there is

an increase in the efficiency from its previous value (light blue) in the redder bands,
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Figure 5.13: Evolution of SEDM and SEDM-KP’s efficiency over time after key
upgrades. SEDM-KP’s final efficiency is 1.6x higher in the redder bands and 4x
higher in the bluer bands compared to its initial efficiency and 2x higher than that of
SEDM in redder bands. The efficiency number includes the effect of the telescope’s
primary and secondary mirror reflectances.

it is still ~10% lower than SEDM-KP’s (green). Finally, after re-aluminization,
SEDM-KP efficiency in redder bands (black curve) is ~1.6x more than its initial

efficiency (red curve), and in bluer bands is ~4Xx more than its initial efficiency.

Figure [5.14] shows an example of the summary report page that is created from
pysedm data reduction quality metrics. The top left panel shows the position of
the target in the hexagonal grid space. The remaining top panels show the PSF
centroid as a function of wavelength and the PSF model subtraction residuals. The
rightmost panels (middle and bottom) show the flexure correction. The extracted
flux-calibrated spectrum flux and its uncertainty are shown in the bottom left panel.
As evident from the booming P-Cygni Ha line, the target in this summary report

figure is a Type II supernova.

In Figure [5.15] we show some of the data collected during the brief period of

stable operations in April 2024, after the birefringent component in the instrument
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Figure 5.14: Example of a summary report page generated by pysedm for each
observation taken. The plot shows PSF modeling quality, flexure correction fits, and
the extracted spectrum (with uncertainties on the fluxes). This particular example
is of a Type II supernova.

was replaced and before the catastrophic runaway incident. We obtained follow-up
spectra of several bright supernovae from TNS (all Type II SNe). As is evident from
the figure, the key identifying spectral features of SNe can be discerned from SEDM-

KP spectra, making it suitable for its intended goal as a classification instrument.

Figure[5.16] shows the comparison of a SEDM spectrum and a SEDM-KP spectrum
of the same supernova (SN 2024cld, Type II) taken around the same phase (1-
day apart). The SEDM observation was exposed for 2160 s while the SEDM-KP
observation was exposed for 900 s (0.42x lower). As KP84 has ~2x more effective
telescope area than that of P60, ~0.5x reduction in exposure time for SEDM-KP
should yield roughly the same signal-to-noise ratio (SNR) as SEDM. We can see
that with ~0.4x lower exposure time on SEDM-KP (blue), we obtain a better SNR
than the concurrent SEDM spectrum (orange), especially in the redder wavelengths

(as expected from the efficiency curve in Figure [5.13).
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Figure 5.15: Spectra of some bright Type II SNe from TNS collected with SEDM-
KP, with wavelengths transformed to the rest-frame, and with the hydrogen Balmer
series marked with vertical dotted lines.

5.6 Summary

In this chapter, we presented SEDM-KP mounted on the Kitt Peak 84-inch telescope—
an ultra-low resolution fully-robotic spectrograph with a similar but upgraded design
as the SED-Machine on the Palomar 60-inch telescope. Motivated by the success
of SEDM in dominating the classification of transients from the Zwicky Transient
Facility, SEDM-KP was built to push the classification completeness deeper, and
for fast-turnaround follow-up of critical fast-fading transients like GRB afterglows,
fast blue optical transients, and electromagnetic counterparts of gravitational wave
sources. Although faced with numerous unanticipated challenges (COVID delay, a
wildfire, multiple critical telescope mechanical failures), we managed to complete
the robotization of KP84 and SEDM-KP operations and collect scientific data, and
demonstrated the superior performance of SEDM-KP over its predecessor SEDM.
Table [5.2]lists the timeline of the project with the key milestones and setbacks.

There are still upgrades in progress to enable smooth robotic operations of the



141

le-15

1.5+
T
<t 1.0
h
= 0.5
9]
T 0.0f
(V)]
g -0.5}
X -1.0f
o SEDM-KP: SN 2024cld

-1.5¢ SEDM: SN 2024cld
4000 5000 6000 7000 8000 9000

Wavelength (Angstroms)

Figure 5.16: Comparison of a SEDM (2160s exposure time) and a SEDM-KP
(900 s exposure time) spectrum of the same supernova (SN 2024cld) taken around
similar phase. Given that the KP84 effective area is 2x that of P60 and the SEDM-
KP exposure time here is 0.42% that of SEDM, both spectra should have roughly
the same SNR, but we see that SEDM-KP has a much better SNR than SEDM,
especially in the redder bands.

instrument: complete replacement of the dome drive system with one having full
remote capabilities (including resetting the thermal overload switches remotely if
needed), motor and encoder upgrades for both of the telescope drives, creating a
new pointing model for the telescope after the upgrades, and fixing the misalignment
of tri-prism in the instrument to improve wavelength solution over the whole field-
of-view. Then, SEDM-KP, together with SEDM, will vastly expand the number of
transient classifications. Such dedicated facilities will become more valuable in the

upcoming Rubin era.

Table 5.2: Timeline of the project.

Date Event Comment

January, 2020 Design review Began fabrication immediately,
aimed to commission in October,
2020.

March, 2020 COVID pandemic Project paused .

Continued on the next page
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Table 5.2: Timeline (continued)

Date

Event

Comment

December, 2020

March, 2021

June 5-8, 2022

June 15, 2022

September, 2022

September 19—
30, 2022

October 18, 2022

October—
December,

2022

December, 2022

KP84 lease approved

Fabrication begins

Installation

Contreras fire

Day visits allowed

Multiple in-person trips

Power restored

Multiple in-person trips

Internet restored

Caltech tenancy extended till De-
cember, 2025.

Delays due to COVID and supply
chain issues.

Mounted the instrument with a stop-
gap prism (triprism delivery delayed
by vendor), obtained first light.
Ready for remote operations and
commissioning of the robotic sys-
tem.

KPNO evacuated, extensive damage
to power and internet infrastructure
from fire, road damage from fire and
rock slides, damage to residences.
All science buildings were kept safe
with great effort.

Began recovery planning.

Post-fire cleaning, swapped stop-
gap prism with the triprism.

KPNO line power restored but was
unstable, causing UPS failure.
Began testing and development of
robotic operations. Multiple minor
setbacks—oil pump failure, mirror
cover failure, etc.

Remote access possible but not al-

lowed without a working UPS.

Continued on the next page
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Table 5.2: Timeline (continued)

Date

Event

Comment

January, 2023

February, 2023
March, 2023
March—

September,
2023

October, 2023

June, 2023—
March, 2024

June, 2023—
March, 2024

Observed
lash” bug

the ‘“back-

UPS replaced

All robotic subsystems
implemented
Dome drive overloading

failures

Complete dome drive

failure

Discovered the birefrin-

gence issue

Telescope runaways

Troubleshooting revealed that the
backlash was a software bug, but
also the poor performance of the
telescope mechanics. Serviced the
telescope to improve the perfor-
mance.

The new UPS failed after some
months.

Spectrograph observations began.

With regular operations, the dome
rotation drive started failing more
frequently (because of the structural
issues discovered later). ROS error
management was updated to work
around the mechanical issues.

The dome rotation drive failed com-
pletely, took 5 months to repair, and
the dome was operational again in
mid-March 2024.

Birefringence in spectrograph opti-
cal path, causing poor instrument fo-
cus and throughput. Substitute op-
tical components manufactured and
replaced in April, 2024.

Runaways (uncommanded tele-
scope moves) started happening of-
ten for unknown reasons, but limit

switches kept the telescope safe.

Continued on the next page
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Table 5.2: Timeline (continued)

Date

Event

Comment

April, 2024

April 29, 2024

December, 2024

March, 2025

April, 2025

Robotization complete

Catastrophic runaway

Recovery

Operations resume

DLO oscillations

Despite the challenges, we took
the operations from semi-robotic
to fully robotic, and trained multi-
ple students to monitor the robotic
nightly operations.

Limit switch failure during a run-
away resulted in the telescope mov-
ing to an unsafe position and point-
ing below the horizon. The primary
mirror fell into the earthquake pro-
tection clips.

NOIRLab managed the recovery ef-
fort. KP84 was stowed safely, the
primary mirror was removed for in-
spection and re-aluminization, and
was remounted in September, 2024.
SEDM-KP team was requested for
assistance with balancing and col-
limation. ~ SEDM-KP team was
also charged with investigating the
runaways and the limit switches.
We found bad electrical connections
causing interference with the en-
coders and repaired them.

Only in-person observing allowed
until the telescope’s safety is en-
sured.

The catastrophic runaway resulted
in damage to the declination axis,
which is causing limit oscillations
in the system. Repair ongoing (May,
2025).
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Abstract

Supernovae (SNe) come in various flavors and are classified into different types based
on emission and absorption lines in their spectra. SN candidates are now abundant
with the advent of large systematic sky surveys like the Zwicky Transient Facility
(ZTF), however, the identification bottleneck lies in their spectroscopic confirmation

and classification. Fully robotic telescopes with dedicated spectrographs optimized
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for SN follow-up have eased the burden of data acquisition. However, the task
of classifying the spectra still largely rests with the astronomers. Automating
this classification step reduces human effort and can make the SN type available
sooner to the public. For this purpose, we have developed a deep-learning based
program for classifying core-collapse supernovae (CCSNe) with ultra-low resolution
spectra from the SED-Machine spectrograph on the Palomar 60-inch telescope. The
program consists of hierarchical classification task layers, with each layer composed
of multiple binary classifiers running in parallel to produce a reliable classification.
The binary classifiers utilize RNN and CNN architecture and are designed to take
multiple inputs to supplement spectra with g- and r-band photometry from ZTF. On
non-host-contaminated and good quality SEDM spectra (“gold” test set) of CCSNe,
CCSNscore is ~94% accurate in distinguishing between hydrogen-rich (Type II) and
hydrogen-poor (Type Ibc) CCSNe. With light curve input, CCSNscore classifies
~83% of the gold set with high confidence (score > 0.8 and score-error < 0.05), with
~98% accuracy. Based on SNIascore’s and CCSNscore’s real-time performance on
bright transients (m,; < 18.5) and our reporting criteria, we expect ~0.5% (~4)

true SNe Ia to be misclassified as SNe Ibc and ~6% (~17) of true CCSNe to be

misclassified between Type II and Type Ibc annually on the Transient Name Server.

6.1 Introduction

Wide-field optical transient surveys are already finding supernova (SN) candidates
in record numbers (Shappee et al. 2014, ASAS-SN; Chambers et al. 2016, PS1;
Tonry et al. 2018, ATLAS; Bellm et al. 2019; Graham et al. 2019; Dekany et al.
2020, ZTF), which will increase tenfold in the era of the Rubin Observatory (Ivezié
et al. 2019). A supernova candidate becoming a secure SN identification involves
many steps. Taking the example of ZTF, the transient ‘alerts’ from ZTF (Patter-
son et al. 2019) are filtered by alert management frameworks (e.g. Fritz (Walt
et al. 2019; Coughlin et al. 2023), AMPEL (Nordin et al. 2019), etc.) to obtain
potential SN candidates from the slurry of transients, variable stars, moving solar
system objects, and bogus artifacts. These candidates are visually inspected for
spectroscopic follow-up candidates; however, this step can be automated depending
on survey needs as demonstrated in Rehemtulla et al. (2024) (BTSbot). Finally,
the selected candidates are assigned to various telescope facilities to obtain secure
spectroscopic classifications, but as follow-up resources are limited, this step be-
comes the primary bottleneck. Still, dedicated SN classification instruments and
programs (e.g., Ben-Ami et al.|2012}; Blagorodnova et al. 2018, SEDM; Smartt et al.
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2015, ePESSTO; Howell 2019, The Global Supernova Project) take spectra of a

few thousand SNe per year, which are then analyzed by astronomers, assigned a
classification, and then sent to the Transient Name Server (TNS[]). Some programs
exist that are meant to support astronomers in the manual SN classification task,
such as SuperNova IDentification software (SNID; Blondin et al. 2007), Superfit
(Howell et al. 2005), NGSF (Goldwasser et al. [2022), Gelato (Harutyunyan et al.
2008), all based on either template cross-correlation techniques (Tonry et al. [1979)
or minimization algorithms. These programs often require user input (initial guesses
for redshift, age, restriction of parameter search ranges, etc.) to obtain correct clas-
sifications. Still, they can be less effective because of host contamination (in SNID)
or poor signal-to-noise ratio (SNR). Moreover, template-matching techniques are
slow to run on thousands of spectra, suffer from type-attractor issues if one kind
of template dominates the template bank, and are less accurate when automated
(Kim et al. 2024). With the advent of deep learning techniques and the dedicated
influx of spectral data, sophisticated deep learning-based models can be trained to
automatically and reliably classify the most common SN types. Muthukrishna et al.
(2019a)) presented DASH (Deep Learning for the Automated Spectral Classification
of Supernovae and their Hosts), trained on the SNID template dataset (which con-
tains intermediate resolution spectra) and tested on the OzDES (Yuan et al. 2015;
Childress et al.[2017) dataset, also from intermediate resolution (R~1400) spectro-
graphs. Though DASH showed promising performance on the OzDES test set and
is easy to install and use, it did not perform well on ultra-low resolution spectra
(R~100) when tested in Fremling et al. (2021)) and Kim et al. (2024)).

Thus, SNlascore (Fremling et al. |2021)—a deep-learning based binary classifier
was developed specifically for classifying SNe Ia using the spectra taken by SED-
Machine (Ben-Ami et al. 2012; Blagorodnova et al. [2018; Rigault et al. 2019;
Kim et al. [2022), an ultra-low resolution (R~100) IFU spectrograph operating in
the optical wavelength range (3800 A-9150 A) on the fully robotic Palomar 60-in
telescope (P60; Cenko et al. 2006). The need for SNlascore was motivated by
the ZTF Bright Transient Survey (BTS; Fremling et al. 2020; Perley et al. 2020;
Rehemtulla et al. 2024)); a flux-limited survey to spectroscopically classify bright
transients (mp,.qx < 18.5) detected by ZTF with >90% completeness. With SEDM’s
resolution on the moderate aperture of P60, it is uniquely suited for bright transient
classification and thus became the main workhorse instrument for BTS, as well

as the top classifier on TNS. SNlascore was optimized to classify SNe Ia with

lhttps://www.wis-tns.org/.
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more than 90% accuracy at less than 0.6% false positive rate (FPR), and with
this performance, automated half of the manual classification workload for BTS.
SNlascore has allowed BTS to send robust SN Ia classifications to the TNS within
~11 minutes of acquisition. Together, BTSbot and SNIascore enabled the first fully
automatic end-to-end discovery and classification of an optical transient (Rehemtulla
et al.[2023)).

As (normal) SNe Ia are quite homogeneous in their spectral and photometric prop-
erties, it is a binary classification problem suited for deep learning. Also, SNe Ia
are the most abundant type of supernova identified in flux-limited surveys like BTS,
thus providing a large sample sufficient for training deep learning models. Core-
collapse (CC) supernovae, however, are more heterogeneous, with some CCSNe
even transitioning to a different spectral type over time or developing late-time in-
teraction signatures (Milisavljevic et al. 2015; Chen et al. 2018; Sollerman et al.
2020; Sharma et al. [2024; Kangas et al. 2024). In BTS (Perley et al. [2020), the
most abundant class among CCSNe is the hydrogen-rich Type II SNe (~72%), fol-
lowed by the hydrogen-poor Type I or stripped-envelope SNe (SESNe). Within the
hydrogen-rich Type 1II class, the most common (~76%) are the spectroscopically
“normal” subtypes (SNe IIP/L) showing strong P-Cygni Balmer line profiles, with
the rest (SNe IIb, IIn, and SLSN-II) contributing ~24% combined. Within the Type I
SESNe, SNe Ibc consitute ~59%, SNe Ic-BL make up ~19%, SLSN-I are ~13%
and the rest are the rare SNe Ibn and SNe Icn (SN subtype fractions referenced
from Perley et al. 2020). This is a highly unbalanced dataset with the rarer subtypes
only having a handful of examples, not nearly enough for training a deep-learning
model. The problem is compounded by varying levels of noise in the spectra and
the classification being inherently difficult for some subtypes with ultra-low resolu-
tion spectra (for example, the ‘n’ in IIn and Ibn refers to ‘narrow’ spectral lines of
~100km s, impossible to resolve with a resolution of R~100). For these reasons,
developing a high-performing and reliable automated spectral classifier for CCSNe

using just the SEDM data is challenging.

This work attempts to face this challenge and presents a deep learning-based
program—CCSNscore, designed specifically for CCSN classification, trained with
SEDM spectral data, Open SN Catalog (Guillochon et al. 2017) spectral data, and
ZTF photometry. The data preparation and preprocessing are described in §6.2]
the application structure and model architecture are described in §6.3] the training

and optimization process is outlined in and the performance on the test set is
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detailed in §6.5] We explore the limitations and caveats of this tool in §6.7} The
CCSNscore software, trained models presented in this paper, and the metadata of
training and test datasets are available on the GitHub repository of

6.2 Dataset
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Figure 6.1: Distribution of properties of the training and test sets (gold and bronze).
The first row contains pie charts depicting the highly imbalanced distribution of
samples by CCSN subtype. The next four rows depict the property distribution for
hydrogen-rich (Type II in blue) and hydrogen-poor (Type Ibc in red) SN samples
separately, with the second row showing spectral phase distribution, the third row
showing the distribution of the number of spectra per unique SN, the fourth row
showing redshift distribution of the unique SNe and the fifth row showing the peak
apparent magnitude distribution of unique SNe. The mean values of all distributions
are marked with dotted vertical lines.
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Initially, we started our study with the SEDM spectra of BTS transients used in
Fremling et al. (2021) for SNIascore that are not SNe Ia (‘non-Ia’) and collected
between March 2018 and August 2020. We kept the BTS sample spectra published
in Fremling et al. (2020) in the test set, along with the spectra of a few peculiar
CCSNe, and put the rest in the training set. We made sure that all spectra belonging
to a transient were present in only one of the sets. We updated the dataset a few
times as more spectra were collected through BTS, until March 2024. We also
added optical spectra from the Open SN Catalog and resampled them to match
the resolution of the SEDM spectra. Because we wanted to test the performance
primarily on SEDM data, we put all of the Open SN Catalog spectra of SNe that had
an unambiguous and non-peculiar classification in the training set. Then, we split
the newer SEDM spectra of ZTF transients into training and test sets such that the
final ratio of test samples to training samples per major subtype would be between
10% to 30%. We put most of the stripped-envelope SNe with ambiguous subtype
(Type Ib/c) in the test set.

There are 8563 unique spectra in our training set, of which 3015 are SEDM spectra
of 1222 unique ZTF transients and 5548 are Open SN Catalog spectra of 1546
unique transients. The training data consists of a broad range of spectral quality,
from poor to great SNR (excluding extremely noisy cases), various levels of host
galaxy contamination, and various strengths of the emission and absorption features
(including completely featureless spectra), so that the models can learn to expect
all kinds of observed data and do not overfit on only good quality of data. The
test data, containing 1535 SEDM spectra, also shows this wide variety of spectral
quality. To assess the model performance on good vs. bad (unclassifiable or difficult
to classify) quality spectra, we split the test data into “gold” and “bronze” categories
semi-automatically through a combination of parameter thresholding and visual
inspection. The classifiability of a spectrum depends not just on the noise and SNR
but also on the presence of broad supernova features (or similarity to SNe), which
SNID encapsulates well. We found that the number of “good”” SNID matches with an
la p > 4 (referred to as numSNID henceforth) serves well as a discriminator for
gold vs. bronze split. We found numSNID > 20 appropriate for crudely separating
spectra with clear supernova features and decent SNR. Next, we visually inspected
all Type Ibc (hydrogen-poor) spectra in the test sample to identify spectra with severe
host contamination. If the host galaxy has strong typical narrow emission lines (He,

O I1I), they show up as blended emission lines in SEDM spectra due to the ultra-low

2rlap is a SNID parameter indicating the goodness of a template fit.
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resolution and appear just like the features of a SN II or SN IIn in SEDM spectra,
making automatic identification of the host-contaminated Type Ibc SNe extremely
difficult. We keep all of the visually identified host-contaminated samples in the
bronze set. Finally, the gold (bronze) test set has a total of 780 (755) SEDM spectra
of 431 (369) unique ZTF transients. The split comes out to be nearly 50%.

The properties of the (non-augmented) training and test set samples are shown in
Figure [6.1] From the subtype distribution plots in Figure [6.1] (top row), it is im-
mediately obvious that there is a significant imbalance between the subsamples of
the hydrogen-rich (Type II) and the hydrogen-poor (Type Ibc) SNe. To correct this
imbalance, we augment the data with fake spectra for each subtype by randomly
choosing pairs of samples (of that subtype) around similar ages, transforming their
wavelengths to rest-frame (deredshifting), and taking their weighted average (ran-
dom weights). The number of fake samples to create per subtype can be chosen
during the data preprocessing step. The fake samples are added to the real data
to balance the distribution of training samples across categories for a given classi-
fication task. The second row of Figure [6.1] shows the spectral phase (days from
maximum brightness at the time of spectral observation) distribution. The time of
maximum brightness is not always equal to the peak brightness of the SN, as photo-
metric coverage is sparse for many SNe in the dataset, often missing the rise and the
peak. The mean (sigma-clipped) of the H-rich SNe phase distribution is around the
maximum brightness, while it is after the maximum brightness for the H-poor SNe
phase distribution for all three sets (training, gold test, bronze test). The standard
deviation of the H-rich distribution is also higher than the H-poor distribution for all
three sets, which reflects the naturally longer duration of H-rich SNe, resulting in
more follow-up observations. The third row of Figure|6.1|depicts the distribution of
the number of spectra per unique supernova, the mean of which is centered around
2-3 spectra per SN. The training set has more SNe with thorough spectral series
data (>10 spectra) owing to the dataset from the Open SN Catalog. The test sets,
being exclusively SEDM, only have < 10 SNe per set that have >10 spectra, not
significant to affect the performance. These multiple spectra also probe various
levels of noise, effects of varying sky background, and age of the SNe, and thus in
a way are unique to the models. The fourth and fifth rows show the redshift and
peak apparent magnitude distributions of the unique SNe. The redshifts are of the
host galaxy of the SNe when available through the NED database or derived from
the SNe classification spectra. The peak apparent magnitude distribution shown in

the last row of Figure [6.1]is highly dependent on the photometric coverage quality
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as mentioned earlier. The peak magnitudes were obtained from the BTS sample
explorer page when available or derived from the interpolated light curves. The
distributions center around 18 mag, and for the test data drop sharply around 19
mag, as that is the maximum depth attainable by SEDM for reasonable exposure

times.

To further help with the classification task, we added the capability to use ZTF g- and
r-band light curves (Masci et al. 2019) as additional input channels. The light curves
can be supplied as fixed-length flux arrays where the fluxes are taken from the first
detection of the transient in ZTF to a set number of days (200 days past first detection
by default). The fixed length of arrays is a requirement of the model architecture.
Both the SEDM spectra and ZTF light curves were queried from the dynamic user
interfaces, the GROWTH Marshal (Kasliwal et al. 2019) and Fritz (Walt et al.
2019; Coughlin et al. 2023)). No light curve information is currently supplied with
the Open SN catalog spectra. We also added another method of providing the light
curves by transforming them into “6m — 6t” phase space (Mahabal et al. 2017). The
om — o0t representation takes all pairs of light curve points and maps them to a 2D
space with the y-axis being the magnitude difference and the x-axis being the time
difference (in days) between the two points. This 2D space can potentially capture
the different rise and decline rates of various subtypes. The program offers optional
usage of these additional channels for training. Further details on data preprocessing
are described in the sections below. Figure[6.2]shows examples of input data samples
for the various subtypes. A data “sample” in this study refers to one spectrum with
its corresponding g, r light curves, and their 6m — ot representations. Note that
there can be multiple spectra of the same supernova, but each spectrum is counted
as an individual sample. We have split the Type IIb class into ‘IIb-H’ (spectra at
phases in which Ha P-Cygni dominates) and ‘IIb-noH’ (spectra at phases when the
Ha feature has weakened and turned towards the nebular phase) to put in the H-rich
and H-poor classes. Except for the IIn and IIb-noH examples, all shown examples
are representative of spectra taken near peak-light and are good quality, not host-
contaminated SEDM spectra that show strong and clear SN features. However, as
mentioned earlier, the training samples span a wide range of SNR and SN feature

strengths.
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Figure 6.2: Training data samples representing the various transient types (rows).
The first column shows the raw (red) and processed (black) normalized spectra, the
second column shows the raw and GP-interpolated r- and g-band normalized light
curves, and the third and fourth columns show dm — 6t representations of the r- and
g-band GP-interpolated light curves, respectively.
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Preprocessing

Optical spectra

All spectra are deredshifted using the redshifts obtained from the GROWTH Marshal
and Fritz for ZTF transients and the Open SN Catalog for the rest. Though SEDM
spectra cover the wavelength range between 3700 A and 9200 A the bluest part of
the spectra have been observed to be noisy. Therefore, we restrict the deredshifted
wavelength range from 4200 A to 9200 A and interpolate the fluxes with a cubic
spline function to get fluxes at a fixed space wavelength array of 256 points (to
match the sampling across SEDM and Open SN catalog spectra) in the mentioned
wavelength range. This flux array is then median filtered, normalized, and any ‘nan’
values are converted to zero. We do not divide the spectra by the continuum, as the

continuum also contains information relevant to supernova classification.

1D light curves

We take the 50 detections from the ZTF g- and r-band light curves and fit them
using Gaussian process (GP) regression with brightness as the dependent variable
(in magnitudes) and phase from the first detection as the independent variable (in
days). Interpolation is necessary as the cadence of the light curves is not constant
and there are gaps in the data due to weather, sun occultation, and instrument
downtime. We use a combination of a radial basis function (RBF, also known as
“squared-exponential”’) kernel with length scale bounds between (20,200) days, and
a White Kernel to characterize the noise. We interpolate magnitudes and magnitude
errors between the first and last detection in 1-day bins. Since all the input samples
to the model need to be of fixed length, we pad the interpolated light curves with
zeros if they are shorter than 200 days, and truncate if they are longer. These
fixed-length magnitudes and magnitude error arrays are then converted to linear
fluxes (ergs™' cm™2 A~!) and normalized. The light curves are not redshifted or K-
corrected to limit preprocessing steps, especially the ones that rely on prior redshift
being available. The final input that goes to the model is a stacked array with fluxes

at the 0/ index and flux errors at the 1’ index, with a shape of (200,2) per sample.

om — ot light curves

From the interpolated light curves, we compute the magnitude and time (in days)
difference for all pairs of light curve points and create a 2D histogram with fixed but

non-uniform bin sizes in magnitude and phase space. The bin intervals are decided
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based on the magnitude ranges that our transients span and their typical duration
timescales. The magnitude bin edges are [—4.5, -3, -2.5, -2, —1.5, —1.25, —0.75,
-0.5, -0.3, -0.2, -0.1, -0.05, 0, 0.05, 0.1, 0.2, 0.3, 0.5, 0.75, 1.25, 1.5, 2, 2.5, 3,
4.5] mags, and the phase bin edges are [0, 5, 7, 0.25, 0.5,0.75, 1, 2, 3, 6, 9, 12,
15, 24, 33, 48, 63, 72, 96, 126, 153, 180, 216, 255, 300] days. The shape of these
2D histogram inputs is (24,24) per sample. Examples of dm — ot histograms for the

SN subtypes are shown in Figure [6.2]

Simulated data for augmentation

The number of synthetic samples to create per subtype is specified during the
preprocessing step. For a given subtype, we create two subsets from its training
samples depending on the phase of the spectrum. The first subset (early-time
phase) contains spectra taken before the light curve maximum, and the second
subset (photospheric phase) has spectra taken after the light curve maximum till
the SN becomes nebular. We use the early-time subset to create 30% of the total
synthetic samples and the photospheric subset for the remaining 70%. To make
a synthetic sample, we randomly choose pairs of samples from a subset without
replacements and take the weighted average of their rest-frame (deredshifted) spectra
with randomly chosen weights to generate the synthetic spectrum. We also set the
synthetic sample’s redshift to the weighted average of the pair’s redshifts. Then,
we pick one of the light curves from the pair, scale its flux to the new luminosity
distance (redshift), and use it to generate the synthetic 1D interpolated light curves

and their m — ot representations for the synthetic sample.

6.3 Parallel binary classifiers

We used Keras (Chollet et al. 2015) Python library on top of TensorFlow (Martin
Abadi et al. |2015) framework for this study. We initially started with a single
multiclass model to classify all CCSN subtypes, similar to what is done in DASH
(Muthukrishna et al. 2019a). During early training and validation, although the
overall model accuracy was poor (~50 %), we recognized that the H-rich subtypes
(Type II) formed a group, better separated from the H-poor subtypes (Type Ibc)
group. Thus, we decided to make an application divided into two hierarchical layers
based on the current core-collapse SN classification scheme and use parallel binary
classifiers (also known as the One vs. Rest strategy) in each layer instead of a single
multiclass model. Our application’s layer 1 has two binary classifiers, one trained

for hydrogen-rich (H-rich) SNe and the second for hydrogen-poor (H-poor) SNe.
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Figure 6.3: Multi-channel network architecture of CCSNscore. We found two
bidirectional LSTM layers optimal for the spectrum channel, and three LSTM layers
optimal for the light curve channels.

Though this could have been a single binary classifier task, we train two parallel
classifiers for an added layer of robustness. Layer 2a has three binary classifiers for
three major subtypes of H-rich SNe (II-—normal Type II spectra, IIb-H—IIb spectra
with hydrogen present, [In—narrow lines from interaction), and layer 2b also has
three models for major subtypes of H-poor SNe (Ib, Ic, Ic-BL). In total, we have

eight binary classification tasks.

The number of samples in the training and test sets for each layer is outlined in
Table[6.1} The number inside brackets in the ‘training samples’ column in Table[6.]
is the real number of training samples of that class, and the number outside brackets is
the total training samples, including the augmented data. The number of augmented
samples added to each class is such that the total number of samples is roughly
balanced across all classes in that layer, making the training samples of the sub-
layers 2a and 2b not add up to the respective layer 1 numbers. The gold vs. bronze

test set evaluation is only done for layer 1.
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Table 6.1: Total number of samples in the training and test sets per binary classifier.
The total number of training samples (including augmented data) per class is listed
outside brackets in the second column, while the real number of training samples is
listed inside brackets. The number of samples in the gold test set is listed outside
brackets in the third column, while the number of samples in the bronze set is listed
inside brackets for Layer 1. The amount of augmented data added to each classifier
in a layer is such that the samples per class are roughly balanced.

Classifier # Training # Test samples
samples
Total (real) Gold (bronze)
Layer 1
H-rich 8478 (6025) 627 (536)
H-poor 8869 (2538) 153 (219)
Layer 2a
II 6027 (4713) 911
IIb-H 5500 (471) 80
IIn 5999 (841) 172
Layer 2b
Ib 1761 (760) 110
Ic 1775 (774) 142
Ic-BL 1844 (343) 103

The architecture of a single binary classifier model that we arrived at after the
optimization process described in Section [6.4]is shown in Figure [6.3] The models
can be trained with up to five input channels, one for 1D optical spectra (the only
required channel), two for 1D ZTF light curves (LC; r and g bands), and two for the
om — ot representations of the 1D light curves. The multiple inputs are processed
through separate network paths concatenated at the end, and the output is passed
through a final dense layer with a sigmoid activation function to generate the final
output probabilities. We experimented with several configurations by varying the
kind of neural network layers in the channels and the number of layers per channel

to arrive at the base architecture and then optimized its hyperparameters.

6.4 Optimization and training
For the first step of the optimization process, we kept the number of NN layers
constant (two per channel) and trained several models varying just the NN layer

type. For spectra and 1D light curves, we decided to test 1D convolutional neural
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networks (CNN) and recurrent neural networks (RNN), specifically Gated Recurrent
Unit (GRU), Long Short-Term Memory (LSTM), and bi-directional LSTM among
the RNN layer types. For 6m — 6t we decided to use 2D CNN layers. We used a 10%
dropout rateE] in between NN layers to tackle overfitting of the data. These initial
models were compiled with the Adam optimizer (initial learning rate, [r = 0.001)
and BinaryCrossentropy loss. The models were trained on H-rich and H-poor
classification tasks with a batch sizef_f] of 32, a validation splitﬂ of 33%, and an
early stopping criterieﬁ (patience value of 7 on validation loss). Validation accuracy
and precision were used to decide the best model. We found that bi-LSTM layers
performed best for the spectral channel and LSTM layers performed best for the
1D light curve channel, as they captured the connections present within these serial
data. We then optimized the number of NN layers in each channel by varying them
in one channel at a time between 1 to 4 NN layers, keeping the other channels
and dropouts unchanged. The models were compiled, trained, and evaluated in the
same manner as before, and the optimal number of NN layers found per channel
are shown in Figure [6.3] Next, with the help of kerastuner, we trained a grid
of models varying the hyperparameter values within the ranges listed in Table [6.2]
to find the best-performing values. This tuning was done separately for H-rich and
H-poor binary classifiers (all input channels used), and both classifiers settled to the
same optimal hyperparameters. We applied further manual tuning to arrive at the
final hyperparameter values shown in Figure[6.3] Our best-performing model favors
high dropout rates similar to SNIascore. We found that the initial learning rate of
the Adam optimizer, /r = 0.001, and a mini-batch size of 64 performed well across

all the binary classifiers.

For the final training of the binary classifiers, we set the training-validation split
to 0.33, set training epochs to 100, and set an early stopping criterion with a
patience value of 7 on the validation loss metric. For balanced training of the binary
classifiers in case one class has more samples than the other, we take all samples
of the smaller class and choose an equal number of samples from the larger class
for the first round of training. Then, we repeat the training by redrawing samples
from the larger class without substitution until enough samples are left in the larger

class or the training has been repeated three times. After all the binary classifiers

3Percentage of nodes intentionally dropped from the neural network to prevent overfitting.

4The number of samples used in one training pass of the network.

SPercentage of training data to be used for validation.

A conditional criteria to stop the training of a model early if the loss does not decrease for a
certain number (patience value) of epochs.
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Table 6.2: Hyperparameter ranges for tuning binary classifiers with kerastuner.

Layers Range Step
(units) (units)
biLSTM 4-24 4
LSTM 4-24 4
Conv 2D (1) 16-64 16
Conv 2D (2) 8-32 8
Dense 8—64 8
Dropout 0.1-0.9 0.2

have been trained and saved, we predict the final classifications on the test sets.
We generate 100 predictions per sample with dropout enabled in the trained model
(Monte Carlo Dropout technique) and calculate the mean and standard deviation
of the 100 predicted probabilities to get the final predicted probability and the
uncertainty on it. This is done for each sample to get predictions from each binary
classifier. We use the following scheme to get the final classifications based on
the probabilities given by the parallel classifiers. The classifier that provides the
maximum probability is chosen as the final class (and the max probability as the
final score) if the difference between the highest and the second highest probabilities
is more than the sum of their uncertainties. The remaining samples are assigned an

‘ambiguous’ classification and a score of zero.

We also train sets of models for different input channel combinations (input cases)
for each binary classification task to compare the contribution of the light curve
input in different forms. The input cases are as follows: ‘only spectra’, ‘spectra +
1D LC’, ‘spectra + ém — 6t’, and ‘spectra + 1D LC + 6m — 6¢’ (all channels). The

results of this comparison are presented in §6.5]

6.5 Performance

Layer 1: H-rich vs. H-poor

Figures [6.4] and [6.5] show the performance of the layer 1 classification task, i.e., H-
rich vs. H-poor. Figure [6.4a) shows results for the “only spectra” input case models
and Figure [0.4b] for the “all channels” input case models. The left panel in both
subfigures shows the distribution of probabilities predicted for the gold (filled bars)
and bronze (not filled bars) test sets, with blue bars denoting samples that belong
to the class (positive) and red bars for samples that do not (negative). For any
good binary classifier, this distribution should be highly bimodal, with the positive
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Figure 6.4: Performance of layer 1 binary classifiers on gold and bronze test sets.
Left: Distribution of binary classifier predicted probabilities for positive class (blue)
vs. negative class (red) for H-rich and H-poor classifiers. The gold test set distri-
bution is depicted as filled bars, and the bronze set distribution as empty steps.
Right: ROC curve from the two layer-1 binary classifiers (blue and red), with SNID
(purple) and DASH (teal) for comparison. The gold set curves are depicted with
solid lines and the bronze set curves with dotted lines. The black vertical dashed
line marks a 2% false positive rate.
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class getting the highest probability scores and the negative class getting the lowest.
Models of both input cases show such bimodal distributions, but the distribution is
less sharp for the “only spectra” input case than for the “all channels” case. Thus,
adding the light curve inputs to model training results in generally higher predicted
probabilities for the positive class and lower predicted probabilities for the negative
class. However, it also increases the predicted probabilities of the false positive

cases.

The right panel in both subfigures of Figure[6.4]shows the receiver operating charac-
teristic (ROC) curve for the two layer 1 classifiers (in blue and red lines) on the gold
and bronze test sets, along with the SNID (purple lines) and DASH (teal lines) ROC
curves for comparison. A ROC curve depicts the true positive rate (TPR) vs. false
positive rate (FPR) at all classification thresholds, which for our binary classifiers
and DASH are the predicted probabilities, while for SNID are the rlap scores (see
Appendix A for the method used to construct SNID ROC curves). The SNID and
DASH ROC curves are calculated considering H-rich as the positive class. Our best
classifiers achieve >90% TPR compared to SNID’s ~75% TPR at a FPR of 10% and
DASH’s ~65% TPR at a FPR of ~6% on the gold set. Similar behavior is observed
for the bronze set, with our best classifier achieving 30-60% TPR versus SNID’s
and DASH’s ~10% TPR at a FPR of 10%.

The addition of light curve inputs (both 1D LC and 6m—4t together) ends up reducing
the performance of both classifiers on the gold set but improves the performance on
the bronze set, especially for the H-rich case with its area-under-the-curve (AUC)
being larger for the model trained on all channels (see solid and dashed lines in right
panels of Figures[6.4band [6.4a|respectively). This indicates that perhaps additional
input is more suitable when the spectrum is of lesser quality, but can lead to more
inaccuracies and model confusion otherwise. This could be due to how the multi-
input channels are concatenated in the CCSNscore architecture (see Figure [6.3)),

with the spectral channel getting less weight as more channels are added.

For directly sending classifications to TNS without human intervention, a model
with extremely low FPR is preferred, similar to SNIascore (Fremling et al. [2021)).
If 2% FPR can be risked, ~80—-90% of both H-rich and H-poor gold quality SNe
can be sent to TNS using the best-performing models. For SNID, this fraction
is only ~10%. However, programs like SNID, as well as Superfit (Howell et al.
2005) and Gelato (Harutyunyan et al. 2008)), were always meant to assist with

the classification process and thus perform best with manual user inputs, often
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CMs constructed using all of the test samples’ classifications. The ‘Ambi’ column
contains samples for which H-rich and H-poor classifiers assigned probabilities within
their uncertainties. The overall classification accuracy for the gold set is highest in the
‘only spectra’ case (without light curve addition), while for the bronze set is highest
in the ‘spectra + 1D LCs’ case. The utility of light curve input is reflected better in
Figure [6.5b| when probability cuts are applied.
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set that qualifies for these cuts is printed under each confusion matrix. More bronze
quality data gets reliable predictions when light curve inputs are used.

Figure 6.5: Results from the layer 1 (H-rich vs. H-poor) models. The four columns
of confusion matrices (CM) are for the four input cases—*‘only spectra’, ‘spectra +
1D LC’, ‘spectra + 6m — ¢6t’, and ‘spectra + 1D LC + om — 6¢’. The top row of
CMs in each subfigure is for the gold test set, and the bottom row of CMs is for the
bronze test set.
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providing more information than just the classification (for example, age, fairly
accurate redshift, similarity to historical SNe, host galaxy characteristics, etc.).
A more appropriate comparison can be made with DASH (Muthukrishna et al.
2019a), which also employs deep learning for automated classification purposes. In
Muthukrishna et al. (2019a), DASH’s performance was tested on 212 spectra from
OzDES ATELSs released between 2015 and 2017, out of which 81% were SNe Ia,
and DASH provided correct classifications for 93% of the 212 SNe. However, the
same performance of DASH could not be attained on the SEDM spectra as tested
in Fremling et al. (2021). Kim et al. (2024) compared the performance of SNID,
NGSF (Goldwasser et al. 2022), and DASH on ~4600 SEDM spectra and found
the automatic accuracy for the five-class classification task (Ia, II, Ibc, SLSN, and
notSN) to be ~63% (SNID), ~75% (NGSF), and ~62% (DASH). Particularly for
CCSNe, DASH achieved only ~29% TPR at ~3% FPR for Type Il and ~79% TPR at
~32% FPR for Type Ibc, which is not suitable for reporting classifications to TNS.
We see the same with DASH’s performance on our test sets, which is ~35% TPR
for the gold set and ~4% TPR for the bronze set at a 2% FPR.

Figure [6.5] displays the confusion matrices (CMs) for the gold and bronze test sets
derived from the predictions of our layer 1 models (the four input cases). We present
the CM data in ‘number of samples’ instead of percentages to emphasize the number
of misclassifications. The top row of CMs in both sub-figures (6.5a) & [6.5b) are for
the gold set and the bottom row of CMs are for the bronze set. The four columns of
matrices are for the four input cases (from left to right, ‘only spectra’, ‘spectra + 1D
LC’, ‘spectra + om — t’, and ‘spectra + 1D LC + ém — 6¢’). The ‘accuracy’ metric
is printed under each CM. Henceforth, ‘only spectra’, ‘spectra + 1D LC’, ‘spectra +
om — ot’, and ‘spectra + 1D LC + 6m — 6t input cases will be referred to as cases
‘S’, ‘S, ‘SD’, and ‘SLD’ respectively.

Figure[6.5a shows the CMs constructed by including all samples of test sets without
applying any quality cut on the predicted probabilities. As mentioned earlier in §6.4]
the classifier that assigns the highest probability is chosen as the class for a test sample
if the difference between the highest and the second highest probability is more than
the sum of their uncertainties, otherwise, the test sample gets an ‘ambiguous’ tag.
These ambiguous cases occupy the third column in the CMs of Figure [6.5a] When
spectral quality is good (gold set), the case S model performs better than other
input cases, has the lowest number of false and ambiguous predictions, and the

highest accuracy of 93.5% (see Figure[6.5a). When spectral quality is poor (bronze
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set), all cases perform similarly with case SL having slightly higher accuracy. The
true usefulness of the light curve input can be seen in Figure [6.5b] which shows
the CMs constructed from the subset of the test sets filtered by cuts on predicted
probability (P) and their uncertainties (P,;,.) determined heuristically to obtain
the most confident classifications. The threshold cuts are P > 0.8, P, < 0.05
for the gold set, and P > 0.9, P,, < 0.05 for the bronze set (slightly stricter).
The filtered subset fraction is printed under each matrix in Figure [6.5b] A high
probability threshold reduces false positives and increases accuracy, but discards
the test samples that do not pass the threshold cuts. From Figure[6.5b] we note that a
higher fraction of bronze test samples pass the cuts in cases SL, SD, and SLD while
maintaining high accuracies. For gold test samples, this holds for case SL which
has 82.8% confident classifications compared to 79.4% in case S. This increase in
high-confidence classifications also slightly increases false positives and negatives,
which for the gold set reduces the accuracy in case SL to 98% from 98.7% in case S.
But for the bronze set the overall accuracy in case SLD still increases. Thus, multi-
input channel models that can ingest auxiliary information relevant to classification

are better suited for lesser-quality spectral data.

A caveat with our models is that they were trained on spectra that had been dered-
shifted (transformed from observed wavelengths to rest-frame wavelengths), and
thus would require redshift information for real-time application. To analyze the ef-
fect of redshifting, we trained binary classifiers for H-rich and H-poor classes using
only the spectral channel and redshifted spectra. We found that the classification
accuracy for the whole set (gold + bronze) is ~85.9%, the same as the perfor-
mance of models trained on deredshifted spectra. This is expected as bi-directional
LSTM layers are capable of capturing dependencies in sequences in both directions

simultaneously.

Another caveat with our models is that they were trained using the full duration of
light curves but for real-time application, only epochs up until the spectral phase will
be available (mostly early-time or pre-peak phase). Thus the real-time performance
of the models using light curve input will be different than presented. Hence, we
plan on using the Case S models for real-time TNS reporting until the performance

of partial light curve input is characterized.

Table [6.3] further lists the following metrics that quantify the performance of our

layer 1 models:
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TP+TN
Accuracy =
TP+ FN+FP+TN
. . TP
Precision (or Purity) = ———
TP+ FP
TP
TPR (or Recall) = ——— (6.1)
TP+ FN
FPR = — L __
FP+TN
2 x Precision X Recall
Flscore =

Precision + Recall

where TP stands for true positives, F'P for false positives, FN for false negatives,
and TN for true negatives. Ambiguous cases were counted as F'N for the TPR
calculation and TN for the FPR calculation.

Table 6.3: Performance metrics of the layer 1 task models on the gold and bronze
test sets. The total accuracy in the final row shows the combined performance on
the gold and bronze sets.

Only Spectra  Spectra + 1D LCs  Spectra + 6m — 6t All channels

Case S Case SL Case SD Case SLD
H-rich H- H-rich H- H-rich H- H-rich H-
poor poor poor poor

Flscore 96.5% 90.3% 95.7% 88.5% 91.9% 78.4%  93.6%  80.3%
Precision 99.0% 89.7% 99.3% 86.8%  96.7% 81.1% 96.8% 83.7%
Gold TPR 94.1% 90.8% 92.3% 90.2% 87.6% 75.8% 90.6% 77.1%
FPR 3.9% 2.6% 2.6% 3.3% 12.4% 4.3% 124%  3.7%

Accuracy 93.5% 91.9% 85.3% 87.9%

Flscore 86.1% 69.7% 87.7%  70.1% 85.4% 63.6% 86.9%  70.8%
Precision 87.2% 85.4% 88.7%  84.5% 88.2% 87.9% 89.7%  90.7%
Bronze TPR 85.1% 589% 86.8%  59.8%  82.6% 49.8% 84.3% 58.0%
FPR 30.6% 4.1%  26.9% 4.5%  26.9% 2.8%  23.7%  2.4%

Accuracy 77.5% 78.9% 73.1% 76.7%

Total  Accuracy 85.6% 85.5% 79.3% 82.4%

Layer 1 misclassifications

From Figure @], there are 3, 2, 10, and 6 samples of the H-poor class from the
gold set that get misclassified as H-rich even with confidence cuts in cases S, SL,
SD, and SLD respectively. There are 14 unique misclassified samples out of these
21, with some common samples among cases, and the misclassifications share some
similarities. The misclassifications in cases S and SL have weak H-poor spectral

line features with a strong blue continuum, making them look similar to early-time
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H-rich spectra. Out of the 10 misclassifications in case SD, 2 are the same as case S,
and the remaining 8 have either long declining or peculiar light curves (unlike
regular Type Ibc SNe) possibly influencing the incorrect decision. Finally, of the 6
case SLD misclassifications, 3 are common with case SD, and the remaining 3 are

cases that completely lack g-band coverage.

Similarly, 5, 11, 15, and 8 gold samples of the H-rich class are misclassified as H-
poorin cases S, SL, SD, and SLD respectively. Out of the 5 case S misclassifications,
3 are nebular spectra, 1 does not show Ha emission, and 1 seems to be a genuine
mistake. Out of the 11 case SL misclassifications, 7 are nebular spectra from the
same supernova, SN 2023rky—a Type IIL (that have a similar light curve shape
to H-poor SNe), 1 does not show strong Ha emission, and the remaining 3 are
genuine mistakes. Nine of 15 Case SD misclassifications are also from SN 2023rky,
2 do not show Ha emission and 4 are genuine mistakes. For case SLD, 6 out of 8
misclassifications are from SN 2023rky and the remaining 2 are genuine mistakes.
There are 20 unique misclassified samples across all cases (39 total) from 12 unique

SNe, and 9 samples belong to just one SN.

Considering the bronze set, there are many H-poor SNe misclassified as H-rich
(Figure [6.5a)), most of which are because of host contamination. For example, 56
out of the 67 bronze set misclassifications in case S are due to host contamination.
The host-contamination cases are inherently difficult to classify with SEDM spectra
even with the help of SNID or NGSF, and thus often require intervention at the
level of raw data reduction. Another observation can be made from Figure for
the ambiguous cases. The bronze set has more ambiguous classifications for all the
input cases, with more H-rich SNe classified as ambiguous (likely due to a higher

occurrence of blue featureless spectra).

Layer 2: Sub-typing of H-rich and H-poor SNe

The performance of CCSNscore’s layer 2a and layer 2b models which are trained
for classification into subtypes of Type II and Type Ibc respectively are presented
in Figure 6.6l The confusion matrices are created with the full set instead of
splitting into gold and bronze sets as the rarer subsets already have limited samples.
Looking at the effect of light curve input on classification accuracy, layer 2a (SN
IT subtypes; Figure [6.6a) seems to benefit marginally from the light curve input
(particularly ém — 6t). While cases SL, SD, and SLD have fewer Type 1Ib-H and
Type IIn samples misclassified as normal Type II, they also have more normal Type II
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Only spectra Spectra + 1D LCs Spectra + dm-6t LCs All channels
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Figure 6.6: Confusion matrices for the whole test set derived from the layer 2 models.
The four columns in subfigures are for the four input cases—‘only spectra’, ‘spectra
+ 1D LC’, ‘spectra + 6m — 6t’°, and ‘spectra + 1D LC + dm — 6¢’. These confusion
matrices were constructed considering all of the test samples’ classifications.

misclassified as the ‘IIn” or ambiguous.

The opposite effect of light curve addition is seen for layer 2b (SN Ibc subtypes;
Figure @ Cases SL, SD, and SLD have lower accuracies than in case S, with
case SD performing the worst. As SESN light curve properties do not differ much
among the subtypes, perhaps the extra input information lends to confusion in the
models. On the other hand, SN II light curve properties of normal Type II, IIb, and
IIn at least show some variety, thus making the extra input marginally useful. From
Figure[6.6b] the case S accuracy is the highest at 41.7%, but many misclassifications
are among Ic and Ic-BL samples. If Ic and Ic-BL samples are considered just one
class (Ic) and accuracy is measured for a Type Ib vs. Type Ic classification, case S
accuracy gets bumped up to 58.7% including ambiguous samples. If ambiguous
samples are not considered, 72% of the total samples get a non-ambiguous (Ib or
Ic) classification out of which 81.7% are correct. Though this might not be robust
enough for fully automated classification, the subtype predictions from CCSNscore
can be provided as additional information with the TNS reports.
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6.6 Real-time implementation

CCSNscore will be integrated into the current SEDM pipeline which already runs
SNID and SNIascore. It will be used in conjunction with SNIascore to infer the
classification for real-time application. The following scenarios are possible based
on figure 4 of Fremling et al. (2021). First, ~85% of true SNe Ia and ~0.5% of
true CCSNe are likely to pass SNIascore > 0.6 cut, which has generally been
robust enough for automated SN Ia classification reporting. Since CCSNscore has
not been trained on SN Ia data, its performance on real SNe Ia is unreliable, and
thus using CCSNscore prediction in this scenario will not help recover the 0.5%
true CCSNe. Therefore, CCSNscore predictions will not be considered where
SNlascore > 0.6. Next, ~12% true SNe Ia and ~9.5% true CCSNe are likely to
get0.1 < SNlascore < 0.6. In this scenario, a H-rich classification by CCSNscore
can mean host-contamination in the spectrum (which should not be sent to TNS),
a bad classification, or a true SN II. A H-poor classification by CCSNscore does
not provide any distinguishing information as SNe Ia are also hydrogen-poor. We
will flag these cases for visual inspection and not report them automatically. In
total, ~10% of true CCSNe will not meet automatic classification criteria during
real-time operations. Finally, ~90% true CCSNe and ~3% true SNe Ia will likely
pass the SNIascore < 0.1 cut. The 3% SN Ia false negatives will comprise
difficult cases of host contamination, peculiar SNe Ia, or bad classifications. From
preliminary analysis, we found that with the strict threshold cuts on CCSN score and
numSNID that we apply for TNS reporting (described below), most of these SN Ia
false negatives get filtered out and the number of true SNe Ia misclassified as CCSNe
that might get sent to TNS goes down to ~0.5%. From the BTS survey, ~800 SNe
with m; < 18.5 are expected to be classified as SNe Ia annually, which translates
to ~24 SNe la getting a SNIascore < 0.1 and only ~4 SNe Ia per year passing the
further TNS reporting criteria, which is a small number objectively. Therefore, we
will use this criteria (SNIascore < 0.1) to filter out potential CCSNe from SNe la
and CCSNscore, and numSNID quality criteria will be used to determine their
automatic reporting eligibility. Note that these numbers may change over time based
on the real-time performance of the classifiers, so we will adjust the thresholds later
on if needed’|

As the performance of models that include light curve input on only early-time light

curve data has not been characterized, we will use the layer 1 ‘only spectra’ model

"The current TNS reporting criteria cuts are posted on the CCSNscore GitHub page and will be
updated there if any changes are made.


https://github.com/Yashvi-Sharma/CCSNscore/tree/main/data
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predictions for TNS reporting for now while we further analyze the light curve input
performance. Therefore, the CCSNscore and CCSNscore,,. are the prediction
probability and uncertainty on prediction probability, respectively, obtained from
the ‘only spectra’ model for H-rich (Type II) vs. H-poor (Type Ibc) task. The TNS

reporting criteria will be as follows:

1. For numSNID > 30: CCSNscore > 0.8 and CCSNscore,,,. < 0.05
2. For 20 < numSNID < 30: CCSNscore > 0.9 and CCSNScore,,. < 0.05

3. For numSNID < 20: CCSNscore > 0.95 and CCSNscore, ;. < 0.05

The number of samples that pass the above three criteria in our full test set (1535
samples) are 634, 49, and 275, respectively (62.4% of the full test set). Out of these,
598, 48, and 255 are correct classifications, which corresponds to a ~94% accuracy
rate and 6% misclassifications. Among the SESNe in the full test set, 174, 13, and
59 pass the three TNS reporting criteria respectively, which corresponds to ~66%
of the total SESNe (372). Again from the BTS survey, ~81 SNe with m,; < 18.5
are expected to be classified as SESNe annually, and therefore ~66% of them or
~53 will pass the TNS reporting criteria. Therefore, the ~4 SNe Ia that are expected
to be falsely reported to TNS as SESNe annually will make up ~7.5% of the total
reported SESNe classifications. Improving the SN Ia automatic classifiers can help

reduce these false positives in the future.

A breakdown of the true positive rate by phase and true type is shown in Table [6.4]
for the samples that pass the TNS criteria. We do not see a significant difference
with phase for Type II samples under any criteria. However, Type Ibc samples under
numSNID > 30 have a higher true positive rate and precision for earlier phases
(phase<10 days), while for numSNID < 20, the true positive rate and precision are
higher for the later phases. This indicates that the difficult cases have a better chance
of successful classification with post-peak spectra. We plan on further testing and
revising this selection scheme over the next few months before actually starting

real-time TNS reporting.

6.7 Discussion and Summary
In this work, we have presented a new deep-learning based software for the automated

classification of core-collapse supernovae from their ultra-low resolution spectra
(from SEDM) called CCSNscore. CCSNscore consists of hierarchical classification
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Table 6.4: Performance of the layer 1 ‘only spectra’ model predictions on the test
samples that pass the TNS reporting criteria. The true positive rate and precision
values are reported separately by phase (<10 days or >10 days) and the true type
(ITand Ibc). The number of samples that pass the different TNS criteria is shown in
brackets in the first column.

True class: Type I Type Ibc
< > < >
Phase: 10d  10d | 10d  10d

1. TPR 99.7% 97.5% | 83.2% 80.3%
(634) Precision | 94.0% 92.8% | 98.9% 92.4%
2. TPR 100% 100% | 87.5% 100%
(49)  Precision | 96.4% 100% | 100% 100%
3. TPR 96.4% 95.7% | 78.4% 81.8%
(275)  Precision | 95.3% 91.8% | 82.8% 90.0%

tasks, with its layer 1 meant for classification between Type II (or H-rich) and Type
Ibc (or H-poor) SNe, layer 2a meant for classification between subtypes of Type 11
(I1, 1Ib, IIn), and layer 2b meant for classification between subtypes of Type Ibc (Ib,
Ic, Ic-BL). CCSNscore can be trained with up to five input channels, the spectral
channel for SEDM spectra being the required input, and the ZTF g- and r-band 1D
light curves and their respective 6m — ¢t representations as four additional inputs.
We trained four different models for four input cases (‘only spectra’, ‘spectra + 1D
LC’, ‘spectra + 6m —6t’, and ‘spectra + 1D LC + dm — 6t’) and quantified the benefit

of light curves to the classification process. We list our main results below:

* CCSNscore’s layer 1 performance with just spectral data input is quite ro-
bust for real-time TNS reporting of the classifications when strict score and
uncertainty cuts are applied. Adding light curve input boosts the number of
samples with high scores while maintaining accuracy, which can be useful
for difficult classification cases. With just spectra, only 79.4% (54.2%) of the
gold (bronze) test set pass the threshold cuts, out of which 98.7% (87%) are
accurate. Comparatively, with spectra and 1D light curves, 82.8% (57.4%) of
the gold (bronze) test set pass the threshold cuts, out of which 98% (93.5%)

are accurate.

* CCSNscore also provides subtype predictions from its layer 2 models, which

can assist astronomers with manual classifications. The light curve input
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marginally improves accuracy over the ‘only spectra’ case in the Type 1I
subtyping task. On the other hand, given that SN Ib and Ic light curves are
very similar, the light curve input actually reduces the classification accuracy

for the Type Ibc subtyping task.

* RNN architecture seems optimal for ultra-low resolution spectral sequences,
as found in this study and in Fremling et al. (2021). The biLSTM layers are

also capable of deducing classification without needing redshift correction.

* CCSNscore misclassifies H-poor SNe as H-rich more frequently than it does
the other way around because of host-contamination cases, thus making H-
poor predictions more reliable until host-contamination is dealt with at the data
processing level. The misclassified true H-rich samples come from multiple
spectra of a few unique SNe. The misclassified true H-poor samples come
less often from multiple spectra of a few unique SNe but often share similar

characteristics (weak features, strong host lines, etc.).

* We will use SNIascore to filter out likely SNe Ia and select potential CCSNe
candidates by applying a threshold cut of SNIlascore < 0.1. Then, we
will apply threshold cuts on numSNID, CCSNscore, and CCSNscore, ;.
to determine eligible candidates for reporting to TNS as described in §6.6
Based on the BTS statistics on bright transients (m,; < 18.5) and expected
SNIascore and CCSNscore performance, we expect ~0.5% (~4) of true SNe la
to be misclassified as SNe Ibc on TNS annually. For the classification of
CCSNe into Type II or Type Ibc, we expect ~62% of the total real-time true
CCSNe spectra to qualify for TNS reporting, out of which we expect ~94%

correct classifications and ~6% misclassifications.

Kim et al. (2024) suggests that the effect of instrument resolution might not be
significant for SEDM spectra when it comes to classification by SNID, NGSF,
and DASH, as all three programs appropriately preprocess the input (including
smoothing and binning) to compare to the templates. But still, DASH’s performance
on SEDM spectra does not compare to models trained specifically using SEDM
spectra like SNIascore and CCSNscore. This arises from the fact that deep learning
models can be sensitive to the data they are trained with and do not generalize well
until trained with an extremely large quantity of data. Kim et al. (2024) also note
that a two-category classification task has more accurate results than a five-category
task, as CCSNe are more difficult to classify than SNe Ia, and CCSNe need more
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than just spectral information to be classified robustly. CCSNscore addresses the

above issues by

1. increasing the training data by including spectra from the Open Supernova

Catalog, smoothed to match the varying resolutions to the SEDM training set,

2. splitting the classification tasks into hierarchical layers, which are based on
the traditional supernova classification scheme, and training parallel binary

classifiers instead of a single multi-class classifier,

3. using a model architecture that can ingest multiple types of inputs, and using

photometry data as an additional input.

The dominant source of CCSNscore’s misclassifications is host contamination,
which is difficult to eliminate from the final processed spectra. SEDM'’s resolu-
tion augments the issue by blending the strong host lines around He, making them
appear like SN II or SN IIn He features. There are efforts to separate the SN light
from its host galaxy at the data reduction level for SEDM through careful contour
separation (Kim et al. 2022)) and hyperspectral scene modeling of the host galaxy
(Lezmy et al. [2022)), which could greatly improve CCSNscore’s automatic typing

accuracy.

Another possible method to improve the fidelity of CCSNscore could be changing the
way photometric input is supplied and modeled. A well-performing photometric
supernova classifier architecture from the literature that has already been tested
independently (Charnock et al. |2017; Pasquet et al. 2019; Moller et al. 2020;
Burhanudin et al. [2022; Allam et al. [2023)) could be added as an additional input
channel. Moreover, models that can predict the classification using only early-time
photometric data and host-galaxy information will be the most useful as additional
channels to CCSNscore (Muthukrishna et al. 2019b; Qu et al. 2022)).

CCSNscore is a small step towards handling the increased load of transient spectro-
scopic data, which will become more important for future photometric and spectro-
scopic surveys. Currently, CCSNscore is only capable of providing a robust broad
Type (Il vs. Ibc) and a prediction for a subtype (less accurately), but does not
provide other crucial information that can be deduced from spectra (redshift and
phase). Future work for CCSNscore could focus on attempting redshift prediction
using a similar model structure and exploring auxiliary inputs that can aid in such a
task.
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6.9 Appendix A: SNID ROC curve

To construct the SNID ROC curve of Figure we ran SNID on our gold and
bronze test sets with the following settings. We set lapmin = 0.1, rlapmin = 0,
set ‘Ia’ and ‘notSN’ as template types to avoid (as we wanted to obtain only CCSN
predictions), set maximum redshift zmax = 0.2, and ran SNID with interactive and
plotting disabled on all spectra. The top SNID match of each sample was set as the
automatically predicted classification from SNID. For the subset of spectra that did
not get any template matches with the above settings, we gradually increased zmax
to 0.5 until all samples had at least one match. The predicted classifications were
then labeled as H-rich or H-poor based on the SNID assigned type, and the rlap
scores were used to measure the confidence in those predictions. Then to calculate
the ROC curve, we used rlap thresholds in the range 0-25 with a step of 1, and
at each threshold, we calculated the true positive rate and the false positive rate,

considering H-rich as the true positive class.
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Chapter 7

SUMMARY

In this final chapter, I summarize the advances made in this thesis and highlight the

prospects in the context of the upcoming Vera Rubin Observatory.

7.1 Probing the extent of CSM in SNe Ia

In Chapter [2] I present a systematic sample of 12 new SNe Ia-CSM from the ZTF
Bright Transient Survey, nearly doubling the current sample size. These events show
some distinct spectral features that can be used to distinguish them from normal
SNe IIn, such as larger Balmer decrements and weaker HB strength. SNe Ia-CSM
show strong mid-IR emissions and signs of new dust formation. Their host galaxies
tend to be late-type with ongoing star formation. No pre-explosion precursors were
found. I estimate that SNe [a-CSM make up 0.02—-0.2% of all SNe Ia, which is
consistent with the theoretical rate from the common-envelope wind (CEW) model
of Han et al. (2006).

Future surveys like the Legacy Survey of Space and Time (LSST) of the Rubin
Observatory will be key to refining rates and understanding the progenitors of this
class. With its unprecedented depth of ~24 mag, Rubin will be able to put strong
constraints on the precursors to SNe Ia-CSM. Rubin will also probe faint late-time
excess emission in SNe Ia, and thus constrain the number of SNe Ia that have delayed
CSM interaction of any degree. Furthermore, JWST can probe the formation of new

dust in these objects.

7.2 Building systematic samples of double-peaked SESNe

In Chapter 3| I analyze the observations of SN 2023aew—a unique double-peaked
light curve with a bright precursor and a broad main peak with some undulations.
Spectral evolution suggests the precursor showing at least broad velocity hydrogen,
which disappears during the main peak that looks like typical stripped-envelope
spectra, and reappears in late phases. The horned structure of prominent nebular
lines of [O 1], Mg I], [Ca II], and the emission around Ha suggests asphericity,
possibly hidden CSM powering the SN. This event offers rare insight into the final
stages of massive star evolution, warranting further theoretical investigations into

the mechanisms of eruptive mass loss and asymmetric and clumpy CSM geometries
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powering supernovae.

In Chapter @, I analyze a systematic sample of clearly double-peaked Type Ibc
SNe in ZTF (including SN 2023aew) with two particular SNe in the forefront: SN
2021uvy—a slow-evolving and luminous spectroscopically normal Type Ib, and SN
2022hgk—a typically luminous and spectroscopically normal Type Ib. SN 2021uvy
shows a rise in photospheric temperature and a constant color evolution during the
second peak, which indicates renewed energy injection, and matches the models put
forth by Moriya et al. (2022); while SN2022hgk fits within a group consistent with
being powered by a double-nickel distribution (Orellana et al. 2022). I quantify key
light curve properties of this double-peaked sample and find a correlation between
the absolute magnitudes and luminosities of the two peaks. The growing sample
highlights the need for double-peaked SESNe to be studied as a sample.

The ongoing CATS150 survey of ZTF—a volume-limited survey of the local uni-
verse to 150 Mpc will collect a comprehensive sample of core-collapse SNe that
will be followed up by the Next Generation Palomar Spectrograph on the Palomar
200-inch telescope. CATS150 will create a systematic sample of these double/multi-
peaked SESNe, which will help constrain the observed rates of such objects. The
higher cadence ZTF survey will catch the fast-duration peaks and bumps, while

Rubin will provide the depth to detect any precursor and postcursor bumps.

7.3 SEDM-KP, a new supernova classifier on the horizon

In Chapter[3] I present SEDM-KP, a fully robotic, ultra-low-resolution spectrograph
on the Kitt Peak 84-inch (KP84) telescope, designed as an upgraded counterpart to
the SEDM on the Palomar 60-inch (P60) telescope. With twice the effective area of
the telescope as P60 and nearly twice the instrument efficiency as SEDM, SEDM-KP
can classify fainter transients. The fully robotic operations enable rapid follow-up
of fast-fading events, and the EMCCD imager enables fast cadence photometry.
Despite challenges, including COVID delay, wildfire, and telescope mechanical
failures, robotic operations were successfully established, and early science data
were collected. Ongoing upgrades will optimize performance, positioning SEDM-
KP as a key asset in the Rubin/LSST era.

7.4 Future of Al in supernova classification

In Chapter [6] I present CCSNscore (see Figure [7.1)), a deep-learning classifier
for core-collapse supernovae using ultra-low-resolution SEDM spectra, with multi-
modal capabilities to use ZTF light curves. Its hierarchical architecture distinguishes
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between Type II and Ibc SNe with ~94% accuracy for real-time classification. Per-
formance is currently best for broad-type classification, though subtype accuracy
varies, particularly due to host-galaxy contamination in SEDM spectra. CCSNscore
improves over other Al tools like DASH by being trained specifically on SEDM
data. Future upgrades include better host-light separation and integration of more

sophisticated photometric classifiers to improve accuracy and early-time classifica-

tion.
— ) / - ~. \..
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Figure 7.1: A schematic of CCSNscore’s workflow. Though it primarily uses SEDM
spectra, CCSNscore’s multi-modal architecture allows for the use of ZTF g and r-
band light curves in inference. Additional spectral quality criteria have also been
implemented to determine if a spectrum is of good quality (good SNR, SN-like
features) to generate reliable predictions.

CCSNscore employs a recurrent neural network architecture (Lipton et al. 2015),
which is optimal in this case, given the ~few thousand samples of CCSNe in
the training set. More advanced deep-learning techniques like the Transformer
architecture that employs attention mechanisms (Vaswani et al. 2023) can be used
to build models that capture features at different scales in large supernova spectral

datasets, improving multiclass classification.

Together, these developments lay the groundwork for systematic observations and
intelligent automation to work in concert to unlock the full potential of Rubin and

beyond.
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