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Abstract

Astronomy has seen a massive increase in the discovery and classification of astrophysical
transients, which are fleeting celestial events such as supernovae, flaring black holes, and
tidal disruption events. The proliferation of sky surveys has produced an unprecedented
data deluge, transforming how the astronomical community approaches research in the
digital era. I have worked on various types of transients and how they shape their
environment, or vice versa. The first 4 chapters discuss unique transients which provided
special insight into the physical mechanisms governing their formation and evolution. Next,
I take an in-depth look at how and why white dwarf stars explode as Type la supernovae.
Finally, I present an overview of the Spectroscopic Classification of Transients (SCAT)
survey. SCAT is a spectrophotometric transient survey designed to study the myriad of
transient phenomena discovered by photometric sky surveys. I conclude by summarizing
the current status of the survey, describing the data reduction pipeline, and highlighting

preliminary results.
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Chapter 1

The Transient Universe

The term ‘astrophysical transients’ refers to a broad class of events that are brief ( -
1 year), usually singular, events that occur throughout the Universe. Historically, humans
have observed several transients since the dawn of written history. Some particularly well-
documented examples are the East Asian recordings of “guest stars” in A.D. 1006 and 1054,
and later the European observations of “guest stars” in 1572 by Tycho Brahe and in 1604
by Kepler.

These discoveries challenged the prominent theories of life and theology in their time,
as the appearance of new “stars” challenged the divine immutability of the heavens.
However, it took another three centuries to understand the true nature of these fleeting
celestial objects as stellar explosions (see, e.g., Baade 1938; Zwicky 1938). Since these
initial observations and speculations, we have developed an entire classification scheme to
categorize these events. Supernovae (SNe) of type I are deficient of hydrogen, whereas Type
IT SNe show prominent H emission lines (e.g., Harkness & Wheeler 1990; Filippenko 1997).
Over two dozen SN subtypes have been added to the classification scheme over the years
depending on the presence of various elements (e.g., see Taubenberger 2017 for a description
of SNe Ia subtypes). More recently, the discovery of non-SN transients has further expanded
the classification scheme. These events, such as tidal disruption events (TDEs; e.g., Holoien

et al. 2019), kilonovae (KNe; e.g., Shappee et al. 2017), and cataclysmic variables (CVs;
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e.g., Darnley et al. 2016), highlight the myriad of ways explosive phenomena shape the

Universe.

Understanding the physical processes governing transients is important for nearly every
field in astronomy. For example, SNe synthesize the majority of heavy elements present
in the Universe. In turn, metallicity plays an important role in planet formation efficiency
(e.g., Santos et al. 2001), determining stellar lifetimes (e.g., Zoccali et al. 2003), and
producing the organic compounds necessary for life (e.g., Oberg et al. 2021). Transients
also contribute to the energy budget for a given galaxy (e.g., Dalla Vecchia & Schaye
2008), including our own Milky Way, as each explosion or eruption injects photons and/or
mass into the interstellar medium (ISM). For example, Tomisaka et al. (1981) show that
clustered star-formation leads to clustered SNe which, in turn, spawns a new generation of
stars. Thus, theoretical models of everything from large-scale structure to ISM flows must

take into account the effects of transient phenomena.

These strides in our understanding of the time-domain Universe are attributable, at least
in part, to the proliferation of photometric sky surveys. Early SN searches targeted specific
galaxies due to difficulties in data acquisition, storage, and analysis (e.g., Zwicky 1965;
Hamuy et al. 1993), but the digital era has allowed modern programs to scan the sky at
unprecedented depth, cadence, and coverage. Some surveys, such as the All-Sky Automated
Survey for SuperNovae (ASAS-SN; Shappee et al. 2014) and the Asteroid Terrestrial-impact
Last Alert System (ATLAS; Tonry et al. 2018), cover the entire sky to moderate depth.
Complementary surveys, including the Panoramic Survey Telescope and Rapid Response
System (Pan-STARRS; Chambers et al. 2016) and the upcoming Vera Rubin Observatory
(VRO; Ivezi¢ et al. 2019), obtain deeper observations for select portions of the sky. These
sky surveys have made transient discoveries commonplace with nearly 22;000 reported to

the Transient Name Server in the 2021 calendar year.

Astronomy has matured to the point where understanding the higher-order complexities
of the Universe is necessary. We know, to some degree of accuracy, which stars explode

to produce the myriad of observed SNe. However, this is only the beginning. Knowing



the frequency of each SN (sub-)type is required for informing galaxy simulations. These
simulations, in turn, predict stellar metallicity as a function of galactic radius and age. These
quantities influence the efficacy of planet formation and the likelihood that life beyond Earth
exists in the Universe. Thus, understanding how and why certain objects in the Universe
undergo explosive or eruptive phenomena is not idealistic but necessary in the modern era.

Finally, the future of transient astronomy is bright. Photometric sky surveys have
heralded a new era for understanding transient phenomena, and this will only increase as
the Large Synoptic Survey Telescope (LSST) comes online in the next few years. LSST alone
is expected to find & 10° transients per year, outpacing all transient discoveries to-date.
However, this deluge will require a distinct shift in how we approach astronomy research,
especially in the time-domain. There is not, and likely never will be, enough telescope
time to follow-up every transient discovered, nor should the community strive for this goal.
Instead, we must prioritize the objects that maximize the information delivered.

This dissertation is organized as follows. Ch 2 describes the discovery and early
characterization of the new Galactic low-mass X-ray binary (LMXB) ASASSN-18ey. Ch.
3 analyzes the host-galaxy of the first-ever repeating partial TDE, ASASSN-14ko. Ch. 4
presents late-time optical and near-infrared spectroscopy of the peculiar, double-peaked
SN Ta 2019yvq and discusses the viability of various progenitor systems and explosion
scenarios. Ch. b5 constrain the progenitor systems of SNe Ia using a statistical sample
of nebular spectra. Ch. 6 and 7 focus on the bright and nearby SN Ia 2011fe and place
direct constraints on the burning density and symmetry. Finally, in Ch. 8, I outline the
SCAT survey, the motivations and instrumentation, and an initial description of the data

reduction pipeline.
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Chapter 2
ASASSN-18ey: The Rise of a New Black Hole

X-Ray Binary

2.1 Introduction

Low-mass X-ray binaries (LMXBs) consist of compact objects, either a neutron star
(NS) or a black hole (BH), accreting material from a donor star with a typical mass of
Mdonor - 1 M . The compact object is surrounded by an accretion disk fed by a donor
star undergoing Roche Lobe overflow (RLOF). Observationally, LMXBs can be classified as
either transient/outbursting sources or persistent /non-outbursting sources, with the caveat
that transient LMXBs can go undetected for years or decades while in quiescence since their
X-ray luminosity is low (Lx ~ 10%2 ergs 1). During an outburst, these systems increase by
several orders of magnitude in both X-ray and optical luminosity, routinely leading to their
discovery. Conversely, persistent X-ray binaries have higher continuous X-ray luminosities
(Lx  10% 3 ergs 1), and the majority of these sources have been discovered by all-sky
X-ray surveys.

Transient LMXBs can be grouped into one of three categories based on their X-ray
spectral state: high/soft/thermal, low/hard and very high/steep power law (see Remillard
& McClintock 2006, for an overview of BH LMXB X-ray properties). The high/soft state
is dominated by thermal disk emission, with little to no power law component. Conversely,

the low/hard state is dominated by the power law emission, contributing & 80% of the
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observed flux. Finally, the very high state is characterized by a steep power law (I > 2)
and usually dominates the X-ray spectra when BH LMXBs approach the Eddington limit.
Throughout a single outburst, a LMXB usually experiences at least two of these states as

the accretion rate onto the compact object evolves with time.

These transient LMXB outbursts are likely driven by thermal and viscous instabilities
in the accretion disk (Dubus et al. 2001; Lasota 2001). Both NS and BH LMXBs can be
transient sources, although their outbursts are quantitatively different (see Done et al. 2007
for a review). NS LMXBs generally host smaller accretion disks than their BH counterparts
due to tidal truncation by the donor and the lower mass of the compact object. The smaller
accretion disk is less likely to be unstable for a given donor star, and even when unstable,
these smaller disks result in lower amplitude outbursts than those seen in BH LMXBs
(Done et al. 2007). BH LMXBs can exhibit optical outbursts of & 5 mags (Corral-Santana
et al. 2016), and go years between consecutive outbursts (e.g., Russell et al. 2018). These
outbursting LMXBs are well-described by the classical disk instability model (DIM) with

modifications to account for self-irradiation (DIM+irradiation, Dubus et al. 2001).

ASASSN-18ey was discovered by the All-Sky Automated Survey for SuperNovae (ASAS-
SN, see Shappee et al. 2014 and Kochanek et al. 2017 for details on cameras, filters,
and zero-points) on UT 2018-03-06.58 (MJD 58184.079861) at RA = 18"20M2139 Dec. =
407 11°%07%3 (J2000) with a V-band magnitude of 14.88. It was publicly released within
hours of discovery.! The source was undetected (V > 16:7 mag) on UT 2018-03-02.59,
roughly 4 days prior. Because of its coincidence with a G = 17:8 mag Gaia source (ID
4477902563164690816, Gaia Collaboration et al. 2016), ASASSN-18ey was initially labeled
as a cataclysmic variable (CV) candidate. Then, six days later on 2018-03-11, the Monitor
of All-sky X-ray Image (MAXI, Matsuoka et al. 2009) Gas Slit Camera (GSC, Mihara
et al. 2011) nova alert system detected a bright X-ray transient at the same location (MAXI
J1820+070, 32 9 mCrab, 4 10 keV, Kawamuro et al. 2018; Denisenko 2018).

Lhttp://www.astronomy.ohio-state.edu/asassn/transients.html
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Figure 2.1 Pre-outburst light curve of ASASSN-18ey from ASAS-SN and ATLAS. Green
diamonds represent ASAS-SN V -band, blue squares ATLAS c-band, and orange squares
ATLAS o-band observations.  There are obvious correlations between observations
conducted in different filters, indicating much of the variability is intrinsic to ASASSN-
18ey and not nightly scatter. Fluxes are not corrected for interstellar extinction.

Several teams carried out follow-up observations after the MAXI transient alert due to
the intrinsic brightness and unknown nature of ASASSN-18ey. Follow-up X-ray observations
of ASASSN-18ey were conducted with NICER (Uttley et al. 2018; Homan et al. 2018a,b),
INTEGRAL (Bozzo et al. 2018; Mereminskiy et al. 2018; Kuulkers et al. 2018), and
XRT/BAT (Kennea et al. 2018; Del Santo & Segreto 2018; Buisson et al. 2018). The
first suggestion of ASASSN-18ey being a BH LMXB and the detection of a possible state
transition were posted by Baglio et al. (2018) and Homan et al. (2018c), respectively. Optical
spectra showed signatures typically associated with LMXBs in outburst including He I and
He II in emission combined with an evolving H emission profile (Bahramian et al. 2018;
Garnavich & Littlefield 2018; Floers et al. 2018; Munoz-Darias et al. 2018). Subsequent
optical observations revealed an optical period of  3:4 hr (Richmond 2018), correlations
between X-ray and optical brightness (Paice et al. 2018; Yu et al. 2018b; Townsend et al.

2018), linear polarization (Berdyugin et al. 2018), and
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(sub-)second flaring (Littlefield 2018; Sako et al. 2018; Gandhi et al. 2018; Yu et al. 2018b,a;
Zampieri et al. 2018; Fiori et al. 2018). These rapid photometric variations were confirmed in
the near-infrared by Casella et al. (2018), and a large IR excess compared to archival 2MASS
data was noted by Mandal et al. (2018) and Yamanaka et al. (2018). Radio observations
may have detected a forming jet and its ensuing quenching (Bright et al. 2018a; Trushkin
et al. 2018a; Tetarenko et al. 2018a; Trushkin et al. 2018b; Polisensky et al. 2018; Broderick
et al. 2018a; Bright et al. 2018b; Tetarenko et al. 2018b; Broderick et al. 2018b).

Using the Gaia DR2 parallax (Gaia Collaboration et al. 2016, 2018; Luri et al. 2018)
and Bailer-Jones et al. (2018) distance priors, ASASSN-18ey is located at a distance of
d= 3:06+(1)§gg kpc, with a total reddening of E(B V) = 0:197 mag (Schlafly & Finkbeiner
2011), corresponding to Ay = 0:614 mag assuming Ry = 3:1. We discuss pre-outburst data
in 82.2, analyze the rising light curves in 82.3, and qualitatively examine the pre- and post-
maximum spectra in §2.4. Finally, in §2.5, we discuss our conclusion that ASASSN-18ey is

likely a new BH LMXB in outburst.

2.2 Quiescence

Using archival photometry, we place limits on the maximum mass of the donor star in
ASASSN-18ey. We obtain grizy magnitudes from the Pan-STARRS (PS) Stack Object
Catalog? (SOC, Chambers et al. 2016; Flewelling et al. 2016) and compare them to absolute
magnitudes from the PARSEC2 (Marigo et al. 2017) stellar isochrones. There are two entries
in the PS SOC for ASASSN-18ey, so we take the entry with the brighter r-band magnitude,
although they are comparable in all filters. The source does not appear extended or blended
in the PS catalog, and there are no other sources within several arc-seconds, so we consider
the possibility of source confusion negligible. Using the Gaia distance and PS magnitudes,
we find a constraint on the donor star mass of Mgonor - 1M . Even at the 3 upper limit

on the distance d ” 7:7 kpc, the donor star is still constrained to be a main sequence star

2http://archive.stsci.edu/panstarrs/stackobject/search.php
3http://stev.oapd.inaf.it/cgi-bin/cmd
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with Mgonor - 1:6 M . As such, we can confidently rule out high-mass X-ray binaries
(HMXBs, Mgonor & 10 M ) as potential candidates for ASASSN-18ey, although this was

already unlikely because HMXBs rarely experience outbursts (Done et al. 2007).

ASAS-SN and the Asteroid Terrestrial-impact Last Alert System (ATLAS, Tonry et al.
2018) observed the location of ASASSN-18ey 403 and 707 times since January 2015 and
September 2015, respectively. ASAS-SN observes in V and g while ATLAS observes in
orange (0) and cyan (c) filters. There is a bright (V  13:5 mag) star roughly 18Y0 from
ASASSN-18ey that contaminates both the ASAS-SN and ATLAS photometry in quiescence.
During outburst, ASASSN-18ey is bright enough that blending is not an issue. Thus, for

the pre-outburst light curve we focus on changes in flux as shown in Figure 2.1.

ASASSN-18ey has not had any comparable optical outbursts in the last  3:5 years.
The longest interval between any two consecutive ASAS-SN or ATLAS observations is 90
days, far shorter than the current outburst which has now surpassed 150 days. Assuming a
conservative ASAS-SN detection limit of 5 10 12 erg/cm?/s, we rule out outbursts with

& 10% of the amplitude of the current outburst since January 2015.

The source shows noticeable variability in the pre-outburst light curve. We compute the

fractional variability amplitude f (Vaughan et al. 2003) for each filter:

fv =0:51; f,=0:27; and f;=0:25 (mag) (2.1)

much of which we attribute to intrinsic variability in ASASSN-18ey, especially given the
correlations between filters. We inspected the periodograms for each light curve, but found
no strong correlated peaks between them. However, cross-correlating the light curves where
observations in multiple filters are available shows the variability is correlated, with the

correlation coefficient r  0:3  0:6, depending on the MJD range and filter choices.

Photometric variability, even in quiescence, is expected for BH LMXB systems, and is

sometimes attributed to a jet (e.g. Russell et al. 2018). Some BH LMXBs have shown

1

flux increases in the optical and NIR on the order of 0:05 mag yr * as they approach
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Figure 2.2 Light curves of ASASSN-18ey from discovery until 150 days later in the
optical, UV and X-rays. ASAS-SN photometry is plotted as diamonds, Swift as circles,
and ATLAS as squares. XRT and BAT X-ray light curves are scaled for visual clarity. Top
Left: Rising light curve of ASASSN-18ey from ASAS-SN and Swift, including power-law
fits and derived values of tp.01 (see text). Top Right: The hard X-ray re-brightening event at

120 days after discovery. The optical and UV data imply a rising disk temperature (see
Figure 2.3) even though the hard X-rays have diminished and the soft X-rays are declining,
indicating a delayed response between X-ray production and the subsequent re-processing
into optical/UV emission (faint lines meant to guide the eye). The X-ray flux scales are not
the same as in the lower panel. Bottom: Full light curve of ASASSN-18ey from ASAS-SN,
ATLAS, and Swift. At this scale, the Swift XRT fluxes at > 120 days are off the top
of the plot, as indicated by the upwards arrows. The green line indicates the discovery of
ASASSN-18ey and the cyan line marks the MAXI X-ray detection (Kawamuro et al. 2018).
Colored ticks along the x-axes indicate spectral epochs shown in Figure 2.4.

an outburst (e.g. Bernardini et al. 2016; Russell et al. 2018). However, the ASAS-SN and

ATLAS light curves are consistent with no systematic brightening since 2015.

There is a 214 X-ray detection by the ROentgen SATellite (ROSAT, Pfeffermann

et al. 1987) taken on MJD 48136, almost 3 decades prior to the current outburst. The

373s ROSAT observation has a count rate of (4:42 3:16) 10 2 counts per second. Using

the power law index and ny derived in §2.3, this corresponds to an un-absorbed flux of

1

g1

10 12 cm

(2:71 1:93) erg 2inthe 0:3 2keV energy range (Ly 1oy 103 ergs 1).

If real, this implies an unusually high mass transfer rate from the donor, indicating the star

15



has likely evolved o the main sequence. Archival photometry excludes most giant stars
but subgiant stars are still possible considerations. There is also a 6 second slew-mode
XMM-Newton observation of this location, but it provides weaker limits than the ROSAT

observation.

2.3 Outburst and Photometric Evolution

In Figure 2.2 we present ASAS-SN (lters: V, g), ATLAS (lters: o, ¢) and Swift Gamma-
ray Burst Mission (Swift , Gehrels et al. 2004) UltraViolet and Optical Telescope (UVOT,
Iters: v, b, u, W1, M2, W2; Roming et al. 2005), X-ray Telescope (XRT, 03 10 keV ;
Burrows et al. 2005) and the Burst Alert Telescope (BAT, 15 50 keV Barthelmy et al. 2005)
observations covering from discovery until 150 days after discovery Swift Pls: Kennea,
Motta, Paice, Tanaka, Altamirano, Sanchez, Yan, Markwardt, Yu, Sivako, Knigge). As
each UVOT epoch contained 2 observations in each Iter, we rst combined the two images
in each Iter using the HEAsoft software task uvotimsum, and then extracted counts from
the combined images in a 189 radius region using the software taskuvotsource , with a
sky region of 409 radius used to estimate and subtract the sky background. Aperture
corrections were applied to the UVOT count rates before converting into magnitudes and
uxes based on the most recent UVOT calibration (Poole et al. 2008; Breeveld et al.
2010). The brightness of ASASSN-18ey caused sever8wift b -band observations to be
saturated, as well some saturated images in other bands, which we exclude for the entirety
of our analysis. The BAT data was retrieved through the BAT Transient Monitor 4 (Krimm

et al. 2013) and the XRT data was retrieved through the UK Swift Science Data Centré&
(Evans et al. 2007, 2009). These tools automatically handle processing steps such as source
extraction and background subtraction, and mitigate potential issues such as detector pile-

up for bright sources.

“https://swift.gsfc.nasa.gov/results/transients/
Shitp://www.swift.ac.uk/user _objects/

16



We t the 54 XRT spectra simultaneously using XSPEC, assuming an absorbed power-
law model to derive the column density along the line-of-sight Ny = 1:05 10*'cm 2, and a
photon index of =1 :4, which we use in converting count rates to uxes with WebPIMMSS.
This methodology neglects the changing spectral forms of ASASSN-18ey as it undergoes
the outburst, however, for our purposes, this is a su cient treatment. This column density
implies a reddening of E(B V) ' 0:18, consistent with the estimate reported in 8.1
from Schlay & Finkbeiner (2011). All photometry was converted to ux units (erg/cm 2/s)
for comparison with the X-ray data and corrected for interstellar extinction/absorption.
Quiescent optical uxes, derived from the PS SOC magnitudes using conversions in Tonry
et al. (2012) and Tonry et al. (2018), were added to the ASAS-SN and ATLAS di erential

ux measurements to more accurately represent the true optical ux from ASASSN-18ey.

2.3.1 Rising Light Curve

The optical rises of BH LMXBs prior to the corresponding X-ray detection are generally
poorly constrained, although there are a few occurrences (e.g., Orosz et al. 1997; Jain et al.
2001; Zurita et al. 2006). Similarly, ASASSN-18ey was discovered in the optical, allowing

us to study its pre-X-ray transient evolution. To characterize the rising light curves we use

a power law,
t to ©
P @t)=A 0 2.2
0= A T (22)
where F is the normalized ux in Iter , to. is the time zero point, t is the time of

the observations, andf A; B g are coe cients. For the rising V-band light curve, only the
ASAS-SN observations are used, as th8wift v -band is both bluer and narrower than the
Johnson-CousinsV lters used by ASAS-SN. Since the functional form we adopt is not
physically motivated and there is quiescent ux in the optical, we report the time tg.g1 at

which the light curve for each Iter/energy range reaches 1% of the peak ux rather than tg.

Shitps://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl

17



This time is closer to the data being t and is therefore less sensitive to the exact functional

form we assume.

The power-law ts to the rising ASAS-SN V-band, Swift XRT, and Swift BAT light
curves are shown in the top left panel of Figure 2.2, along with the derived values of
to.o1. We use a bootstrap-resampling technique to estimate errors for the t parameters
since the sampling of the rising light curve is sparse. The ASAS-SN/ -band observation
at 14 days after discovery is excluded from the tting because it signi cantly reduces
the quality of the t without a ecting the estimate of to.01,v appreciatively. For the
ASAS-SN V-band light curve, we nd A = (5:85 207) 10 3, B =1:74 0:11, and
toorv = 3:56 0:57 days. For the XRT light curve, we nd A =(5:79 7:18) 10 &,
B =5:82 0:35, and tg.o1.xgr = 3:80 0:77 days. For the BAT light curve, we nd
A=(1:42 1:10) 10 3,B =2:62 0:25, andtgorpar =3:64 0:78 days. Thus, we nd

a lag between the start of the optical and BAT hard X-ray outbursts of 7:20 0:97 days.

We t quadratic functions to determine the time of maximum, tmnax, in days relative to
discovery for the ASAS-SNV -band, XRT and BAT light curves. We then use the derived
tmax to calculate the ux at peak, which we use in normalizing the rising light curves.
We nd tmax = 16:86 0:73 d for BAT, 18:06 3:99 d for XRT, and 26:20 1:52 d for
ASAS-SN V-band. Combining these with our derivedtg.g1 values, we nd total rise times
trise = tmax toop Of 1322 1:07 d, 1426 4:07 d, and 2976 1:63 days for the BAT,
XRT, and ASAS-SN V-band, respectively. While the optical rise begins rst, the optical
luminosity takes 16:54 1.95 days longer to peak than the hard X-rays.

This week-long delay between the optical and X-ray ux increases is expected from disk
instability models and can constrain where in the disk the outburst began (Dubus et al.
2001). The outburst starts in the V-band at radius R(V) and simultaneously propagates
both inwards and outwards until reaching the inner regions of the disk, producing X-rays.
The di erence between the beginning of the optical and X-ray emission corresponds to the
viscous timescaletyisc = tv x = toorv  to.o1ear , and constrains the location in the disk

at which the outburst begins. We adopt the scaling relation of Bernardini et al. (2016),
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using the same parameter ranges for the hot disk viscosity parameter (2 [0:1 0:2]),
mid-plane disk temperature (Ts 2 [3 5] 10* K), and assumed radius of the X-ray disk
(R(X) =5 10® cm). The BH mass is currently unconstrained, but the dependence
is weak (tvis / P Mgy=10M ), so we assumeMgy 8M for simplicity. Taking
tyis 2 [6:1 8:1]days tvis 1 ),we nd R(V)=[0:8 2:5] 10°cm =[0:01 0:04]R . This
is consistent with the range found for V404 Cyg by Bernardini et al. (2016) and matches
theoretical predictions for DIM+irradiation models for BH LMXB outbursts (Dubus et al.

2001).

2.3.2 Temperature and Photosphere Evolution

We compute the e ective blackbody (BB) luminosity, temperature and radius as a function

of time for epochs with at least 3Swift Iters. An accretion disk is not usually well modeled

by a simple BB, the spectral energy distribution in the observed photometry is well t by

a blackbody model, suggesting that a narrow range of temperatures dominate the peak of
the emission. These BB parameters are presented in Figure 2.3 and errors derived using
MCMC. The overall temperature of the disk is consistent with the ionization temperature of
hydrogen, as expected for an outburst driven by thermal and viscous instability (Dubus et al.
2001). The BB evolution show the photosphere to be cooling and expanding as ASASSN-
18ey approaches its peak optical luminosity, consistent with an outward-propagating heating
front moving through the disk.

Unfortunately, the Swift data has a gap from 35 70 days after discovery where
we cannot constrain the BB evolution. During this gap the e ective temperature of the re-
processing disk increases and the photosphere recedes but we cannot constrain how quickly
this change occurred.

We now have a rough picture of the structure and evolution of ASASSN-18ey as it
undergoes the outburst. The initially hot and small emission region cools and expands as
ASASSN-18ey reaches peak optical brightness 30 days after discovery. Post peak, the

photosphere shrinks and becomes hotter before starting another cooling phase. It is worth
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Figure 2.3 Luminosity (top), radius, and temperature (bottom) evolution of ASASSN-18ey
from blackbody ts to the Swift photometry. Spectral epochs are shown along the bottom
axis, color-coded according to the spectra in Figure 2.4.
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Figure 2.4 Spectroscopic evolution of ASASSN-18ey. Left: Pre-maximum spectra of
ASASSN-18ey (colored) and at 135 days (black). The colors correspond to those used for
the colored ticks along bottom axes of Figures 2.2 and 2.3Left Inset: The region around H
showing the broad, asymmetrical emission line that presents the rst evidence of a double-
peaked pro le in the UH88 spectrum taken on 2018-03-18.Right Panels: Seven late-time
(135 137 days) spectra of ASASSN-18ey zoomed into the region around H(top) and the
Bowen blend (bottom) showing the evolving double-peaked pro les. Numbers correspond
to hours after the rst late-time spectrum.
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noting that this secondary cooling phase is dissimilar to the original, as the size of the
emission region remains small. At the end of the linear X-ray decay, when ASASSN-18ey
has settled into a quasi-static \plateau", the photosphere has reverted to a temperature
and size similar to those before the peak. By 120 days after peak, ASASSN-18ey has
started rising in temperature, consistent with the rise in UV brightness, even as the hard
X-rays turn o and the soft X-rays diminish, indicating a delayed response between X-ray

production and the response of the re-processing disk.

2.4 Spectral Evolution

In Figure 2.4 we show the spectroscopic evolution of ASASSN-18ey from 8 to 137 days
after discovery. We present two early-time SOAR/Goodman spectra (Clemens et al. 2004)
acquired roughly 8 days after discovery on MJD 58192.4 taken with two separate gratings: a
600 s low-resolution spectrum spanning 3700 7000A and a 1200 s high-resolution spectrum
spanning 5500 6800A. These spectra were reduced using standargaf routines. We also
obtained one early time (MJD 58195.6) and seven late-time (MJD 58319.3-58321.6) spectra
with the University of Hawaii 88" (UH88) telescope and the SuperNova Integral Field
Spectrograph (SNIFS, Lantz et al. 2004). Each spectrum was reduced with an automated
pipeline and spans 3300 9700A excluding the dichroic crossover ( 4800 5500A). Finally,
we supplement our spectroscopic time series with a publicly available ePESSTO (Floers
et al. 2018; Smartt et al. 2015) spectrum taken near peak.

The spectra exhibit largely featureless continua except for the Balmer lines and the
Bowen blend, a forest of Clll and N IIl lines between 4630 4660A created by high-
energy irradiation of the companion star (McClintock et al. 1975). A striking feature of
the spectroscopic evolution is the development of a double-peaked Hpro le (inset, Figure
2.4) between 8 and 11 days after discovery. Another noteworthy feature in the SNIFS pre-
maximum spectrum is the appearance of a single-peaked emission line in the Bowen blend

region, which becomes double-peaked 9 days later.
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Figure 2.5 Evolution of ASASSN-18ey in the X-ray vs. optical luminosity diagram along
with various categories of X-ray binaries taken from Russell et al. (2006) for comparison.
ASASSN-18ey coincides with the region occupied by BH LMXBs throughout the outburst.
The gray triangle indicates the rough position of ASASSN-18ey assuming the pre-outburst
ROSAT X-ray detection and optical brightness derived from PS g-band photometry. The
black square indicates the correlated uncertainty due to the distance. The ux measurement
uncertainties during outburst are negligible on this scale, and se&2.5 for an explanation of
the quiescent uncertainties.
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Finally, we highlight the short-time-scale variations of H and the Bowen blend in the
late time spectra of ASASSN-18ey (right panels, Figure 2.4). The seven spectra, taken
over 2.5 days spanning 135-137 days after discovery, exhibit shifting line proles. Even
consecutive exposures separated by 30 minutes show qualitative shifts in the H and

Bowen blend, likely corresponding to the orbital motion of the system.

2.5 A New Black-Hole X-ray Binary

Figure 2.5 shows the location of ASASSN-18ey on th&x Lo diagram from Russell
et al. (2006). Due to the high cadence optical and X-ray observations throughout the
outburst, we can track the temporal evolution of ASASSN-18ey. Throughout the outburst,
ASASSN-18ey resides in a region occupied by BH LMXBs in the hard state. Although the
pre-outburst ROSAT detection has low signi cance, the inferred X-ray luminosity and the
optical luminosity agree with BH LMXBs in quiescence (Figure 2.5, gray triangle). The
uncertainties on the quiescent X-ray ux are propagated from the low signi cance detection,
with an additional contribution from di erent assumptions about the photon index of BH
LMXBs in quiescence from Remillard & McClintock (2006). The optical uncertainties
stem from choosing di erent Iters from the archival PS SOC photometry to calculate the

guiescent luminosity (see82.2).

ASASSN-18ey is almost certainly a new BH LMXB. The pre-outburst optical light curve

is intrinsically variable, consistent with an unstable accretion system. The quiescent X-ray
and optical uxes preclude HMXBs, persistent NS LMXBs, and all giant companions. An
outburstof V 6 mags matches known BH LMXB outbursts (Corral-Santana et al. 2016)
and precludes most non-BH systems where the accretion disks are less likely to be unstable
and thus less likely to experience an outburst (Done et al. 2007). The peak of the soft and
hard X-ray light curves precedes the UV, which in turn precede the optical peaks, providing
further evidence of an accretion disk that is re-processing the accretion-generated X-rays

and increasing in temperature. Veledina et al. (2018) conducted polarimetric observations
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of ASASSN-18ey in outburst, nding only a minimal amount of polarized ux ( < 1%),
consistent with the majority of optical ux stemming from the disk. The temperature of
the disk ( 10* K) and 7 day delay between the optical and X-ray rise are consistent
with an outburst driven by H ionization instability. The spectra show typical characteristics
of LMXBs in outburst, such as variable H and Bowen blend proles. The evolution
of ASASSN-18ey on theLx Lopt diagram during the outburst further strengthens the
classi cation as a new black-hole X-ray binary, as it resides in a region dominated by BH
LMXBs for the entirety of the outburst.

Once the system has returned to quiescence and the mass of the BH is determined, we
can uset,;s to constrain, rather than assume, the temperature and viscosity of the hot disk
at the beginning of the outburst. This demonstrates the benet of catching BH LMXBs
outbursts on the rise. ASASSN-18ey has the potential to be the best-studied BH LMXB
outburst to-date, with more than 40 Astronomer's Telegrams and > 360000 observations
from 50 observers reported on the AAVSO Light Curve Generatof as of 2018 October 1
(Kafka 2018).
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Chapter 3
The Dual AGN Host-Galaxy of ASASSN-14ko

3.1 Introduction

Galaxy mergers are a natural consequence of Cold Dark Matter ( CDM) cosmology (see
Somerville & Daw 2015 and references therein). Most or all galaxies host supermassive black
holes (SMBHSs) at their centers (e.g., Kormendy & Ho 2013) leading to SMBH interactions
and mergers through cosmic time (e.g., Begelman et al. 1980). Merging galaxies present an
ideal location for nding multiple SMBH systems (e.g., Menou et al. 2001; Cuadra et al.
2009; Khan et al. 2012) and for understanding both their evolution and their e ect on the
surrounding stellar environment (e.g., Kormendy & Ho 2013). Galactic mergers stir gas
and dust (e.g., Springel 2000), increasing the likelihood of \feeding" SMBHs with gas and
increasing the prevalence of Active Galactic Nuclei (AGN) in these systems (e.g., Hopkins
et al. 2006; Treister et al. 2012; Goulding et al. 2018).

AGN are thought to play an important role in galaxy evolution (see Kormendy &
Ho 2013, for a review). The hard radiation spectrum photoionizes the surrounding gas,
producing distinctive emission-line ratios (e.g., Veilleux & Osterbrock 1987) and regulating
accretion onto the SMBH (e.g., Ciotti & Ostriker 2007; Park & Ricotti 2012). The
accretion also drives out ows and/or jets into the host-galaxy (e.g., Silk & Rees 1998;

Ciotti & Ostriker 2001; Harrison et al. 2014; Nardini & Zubovas 2018) which interact with
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the galactic interstellar medium (ISM) and regulate star-formation (SF) (e.g., Hopkins

et al. 2006; Dubois et al. 2012; Zubovas et al. 2013).

Merging galaxies provide a unique avenue for understanding AGN formation, especially
the formation of multiple AGN systems (e.g., Fu etal. 2011; Comerford et al. 2015; Gakanyi
et al. 2016; Liu et al. 2019; Bentez et al. 2019; Kollatschny et al. 2020). Systematic searches
nd higher AGN occurrence rates in merging systems than in the general eld population
(e.g., Surace et al. 1998; Schmitt 2001; Ellison et al. 2011; Gao et al. 2020; Secrest et al.
2020), although the results can depend on the AGN selection process (e.g., Ellison et al.

2015).

Interestingly, merging galaxies may also provide a new location for enhanced production
rates of tidal disruption events (TDESs). Binary SMBHSs are thought to increase the galactic
TDE rate by up to an order of magnitude, usually through three-body interactions (e.g.,
Ivanov et al. 2005; Chen et al. 2009; Wegg & Nate Bode 2011; Liu & Chen 2013; Li et al.
2019). Several TDE candidates have been discovered in merging systems (e.g., Tadhunter
et al. 2017; Mattila et al. 2018; Kool et al. 2020), although dust obscuration complicates
occurrence rate analyses. A similar enhancement of TDE production has been observed
in post-starburst or \E+A" galaxies (e.g., Arcavi et al. 2014; Prieto et al. 2016; French
et al. 2016, 2020) which also exhibit signs of galactic mergers (e.g., Zabludo et al. 1996;
Pawlik et al. 2018; Chen et al. 2019). The increase in AGN and TDE rates is consistent
with galactic mergers augmenting nuclear densities and modifying stellar dynamics in these
systems, re lling the SMBH loss cone(s) (e.g., Merritt & Milosavljeve 2005; Khan et al.
2011; Kelley et al. 2017) and boosting the chances of stellar and gaseous interactions with
the SMBH(s) (e.g., Mihos & Hernquist 1996; Van Wassenhove et al. 2014; Capelo et al.
2017).

Here we explore ESO 253 G003 with Multi-Unit Spectroscopic Explorer (MUSE; Bacon
et al. 2010) integral- eld unit (IFU) spectroscopy. ESO 253 G003 exhibits many features
of a late-stage merger including two nuclei and kpc-scale tidal arms. The brighter nucleus

hosts a known AGN (\eron-Cetty & \eron 2010) at z = 0:04249 0:00008 (Aguero et al.
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1996) and the fainter, secondary nucleus has been observed in infrared (IR) imaging (Videla

etal. 2013) 1% (1.4 kpc) away from the brighter nucleus (Asmus et al. 2014).

Recently, Payne et al. (2020) reported that ASASSN-14ko, a nuclear transient in
ESO 253 G003 discovered by the All-Sky Automated Survey for SuperNovae (ASAS-SN;
Shappee et al. 2014; Kochanek et al. 2017), exhibits periodic outbursts with a negative
period derivative. Payne et al. (2020) considered three scenarios to explain the recurrent
ares and negative period derivative: a SMBH binary, a bound star interacting with the
SMBH disk, and a partial TDE, which we summarize briey here. A SMBH binary was
disfavored because the predicted period derivative from gravitational wave emission is an
order of magnitude smaller than the observed period derivative. The bound star scenario
struggles to reproduce the stability of the are amplitudes, shapes, and durations without
ne-tuning the stellar orbit and inclination of the accretion disk to our line-of-sight. A
repeating partial TDE can, for a period of time, produce periodic, self-similar ares with a
period derivative consistent with the observed value without introducing new discrepancies.

Thus, Payne et al. (2020) favored the repeating partial TDE interpretation.

Using the MUSE data, we nd that (1) the broad emission lines in the brighter nucleus
cannot be explained with a circular disk model, and (2) the fainter nucleus also hosts an
AGN. After outlining our data acquisition, reduction, and analysis methods in §3.2, this
paper takes a \small to large" approach. We rst analyze spectra of the nuclei in §3.3,
placing the nuclei on emission-line diagnostic diagrams and modeling the asymmetric broad
emission-line pro les. Next, we analyze various galaxy-wide properties irg3.4, including
the gas kinematics and emission-line ratios. In83.5 we discuss models of the broad-line
emission in the brighter nucleus to constrain the properties of ASASSN-14ko. Finally, in
83.6, we summarize our ndings. Throughout our analysis we use the standard cosmological
parameters ofHp = 70 km s I Mpc ! and ., = 0:3 resulting in a luminosity distance of

188 Mpc and a projected scale of 0:85 kpc="°
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Figure 3.1 Broad-band (left; blue=4800 5500 A, green=6600 7300 A, red=8400
9100A) and emission-line (right, blue=[O 111] 5007, green=H , red=SDSSi-band) images
constructed from the MUSE datacube. The 18%mage scale corresponds to a projected scale
of 8.5 kpc at the distance of the galaxy. The green circle in the lower left corner represents
the 0°8 image FWHM measured using the bright star to the north-east of the galaxy. The
dashed red square in the left panel marks the inset shown in Fig. 3.2.

3.2 Data and Methods

3.2.1 MUSE Observations

Our MUSE observations of ESO 253 G003 were obtained on 2015-12-02 as part of the
All-weather MUse Supernova Integral- eld of Nearby Galaxies (AMUSING; Galbany et al.
2016; lopez-Cola et al. 2020) survey. Galbany et al. (2016) describe the observing strategy
and data reduction. The MUSE observations were conducted 45 days after the previous
ASASSN-14ko outburst (phase 0:4 for a period of 114 days) when the nucleus was at the
quiescent optical ux level (Payne et al. 2020).

The MUSE eld-of-view (FoV) covers 19 1°( 51 kpc 51 kpc at the distance of
ESO 253 G003) with a spatial sampling of 82 02 ( 0:17 kpc  0:17 kpc) per spaxel.
Using the bright star to the north-east of ESO 253 G003, we measure a spatial Full-Width
at Half Maximum (FWHM) of 0 °8 (4 spaxels = 0.68 kpc) for the point spread function
(PSF). The spectra cover 4750 9300A (rest wavelength 4560 8920A) with a spectral

sampling of 1.25A and a resolution of R=1750/3750 at the blue/red end of the spectrum.
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Figure 3.2 Zoom-in of the nuclear region of ESO 253G003 (the red box in the left
panel of Fig. 3.1) constructed using a spectral region free from strong emission lines
( =5100 6100A). The dotted red lines are 10 logarithmically-spaced surface brightness
contours. Green X's mark the centers of each nucleus computed from tting two-dimensional
Gaussian pro les and the green dashed circles represent the spectral extraction apertures
used in §83.3. The orange diamonds mark the locations of the MIR point sources (Asmus
et al. 2014) with a small coordinate shift applied (see§3.3).
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3.2.2 Telluric Corrections

The oxygen \B band" telluric feature at  6880A falls atop the [N 1I] 6583 emission line
at the redshift of ESO 253 GO003. To prevent biased measurements of the [N] 6583
emission line parameters, we apply small corrections to the @ absorption regions.
The atmospheric molecular absorption spectrum is retrieved from the ESO Sky Model
Calculator! for Paranal using the parameters for the time of the MUSE observations such as
airmass and seasonal value for the precipitable water vapor. We t the molecular absorption
template to the O, \A band" ( 7590 77000 to determine the scaling between the
template and the observations. For each spaxel in the MUSE datacube with an @ A-
band signal-to-noise (S/N) ratio of 3, we t the O > A-band absorption feature with the
template scaled by a constant value and then correct the @ B-band region with the scaled
template.

The derived scale factors for each spaxel are near unity (86+%§8é, median 1 ), as
expected for a molecular absorption spectrum tailored for the observing location. We use
the known [N II] intensity ratio (3, Storey & Zeippen 2000) as an independent check on
our corrections. Before applying the corrections, the [NII] intensity ratio was 2:1"%;3 for
spaxels with 5 detections for both [N1I] 6548 and [NII] 6583. After applying our
corrections, the [N 1] intensity ratio rises to 2:7°%:3, within 1 of the expected value,
albeit with non-negligible scatter. Any residual issues in the correction are a subdominant

source of error as we use the scaled [N] 6548 ux for our later calculations in §3.3 and

§3.4.

3.2.3 Photometric Calibration

A major bene t of IFU observations is reliable ux calibration without needing to account

for slit losses. We use the bright star to the north-east of the galaxy to estimate the
absolute ux scale. The star is in the Gaia DR2 catalog (ID 4799083000694906368, Gaia
Collaboration et al. 2016, 2018) and we provide the photometry in Table 3.1. TheGaia

 https://www.eso.org/observing/etc/bin/gen/form?INS.MODE=swspectr+INS.NAME=SKYCALC
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Table 3.1 Gaia photometry and synthetic photometry from the MUSE datacube for the
photometric calibration star to the north-east of ESO 253 G003. Gaia Iter magnitudes
(G, Bp, Rp) are converted to conventional lters covered by the MUSE wavelength range
(V, r, R, i) using the derived photometric relations (Riello et al. 2018; Evans et al. 2018).
All photometry has been corrected for line-of-sight reddeninge(B V) = 0:04 (Schlay
& Finkbeiner 2011). Columns: (1) Filter name, (2) E ective wavelength of the lIter, (3)
Gaia lter magnitude, (4) MUSE synthetic Iter magnitude, and (5) Multiplicative scale
factor (see83.2.3).

Filter e Gaia MUSE m Scale
[A] [mag] [mag] [mag]
G 5836 1907 0:.01
Bp 5021 1956 0:.08
Rp 7589 1803 0:03
\% 5446 1941 0:.05 2007 0:01 0:66 005 1.84
r 6203 1907 0:07 1954 0:.01 0:47 0.07 154
R 6696 1881 0:05 1922 0:.01 0:41 005 1.46

7673 183 0:10 1889 001 026 010 1.27

lters extend beyond the MUSE wavelength range, so we convert theGaia photometry
to conventional lters using known photometric relations (Riello et al. 2018; Evans et al.
2018). We extracted the stellar spectrum and computed synthetic magnitudes for Johnson
V, JohnsonR, SDSSr, and SDSSi using lter transmission curves retrieved from the SVO
Filter Pro le Service (Rodrigo et al. 2012).

Comparing the Gaia and MUSE magnitudes, we notice a wavelength-dependent o set
between the predicted and observed magnitudes. We use the magnitude di erences to
compute a multiplicative scale factor for each Iter and use a linear t to the e ective
wavelengths and scale factors to place the MUSE datacube on an absolute ux scale.
We conservatively estimate a 10% uncertainty in the absolute ux scale based on the

uncertainties in the calculated magnitude di erences.

3.2.4 Line Fitting Procedure

We initially attempted to t stellar population synthesis (SPS) models to the observed
spectra (e.g., STARLIGHT; Fernandes et al. 2003). However, strong emission lines

contaminate the H and H regions and the MUSE wavelength range does not cover the
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Figure 3.3 Spatial locations of the extracted spectra used irg3.3 and §83.4 superimposed on
a map of the H line ux.

higher-order Balmer lines (e.g., H, H ) which are usually a better tracer of recent star-
formation (e.g., Dressler et al. 1999). Additionally, the continuum emission is too weak
to place useful constraints on the stellar absorption features. For these reasons, we choose
not to t SPS models to the observed spectra with the caveat that this introduces a low-
level systematic uncertainty to all line ux measurements. We include an additional 10%
uncertainty in quadrature when measuring emission-line uxes. Instead of SPS models, we
use low-order polynomials to estimate the spectral continuum, minimizing the normalized
Median Absolute Deviation (hnMAD) to prevent strong emission lines from a ecting the

derived continuum level.

To measure the emission line properties we t emission-line templates to the continuum-
subtracted 1D spectra. Each template has a single velocity shift;, (relative to the systemic

velocity), a velocity width vewnm , and includes Gaussian pro les for the following emission
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Figure 3.4 Spectra of the NE (top) and SW (bottom) nuclei. Major emission and absorption
features are marked by colored vertical lines. Hatched regions mark the ©telluric bands.

lines typical for AGN and active galaxies: H ,H ,[O1ll] 49595007, [OlI] 630Q6363,
[N1] 65486583, and [SII] 67166731. The ux amplitudes and velocity parameters
are t simultaneously for each spectrum and uncertainties are estimated from the covariance

matrix.

The nuclear region is more complicated, as there are broad emission-line components and
asymmetric line proles. Therefore, we use multiple emission-line templates when tting
the nuclear spectra. To reduce the number of degrees of freedom in the multi-template
tting process, we x the [O 1I1] 49595007 ux ratio to 2.99 (Storey & Zeippen 2000;
Dimitrijevt et al. 2007) for all templates. The [N 11] 6548 6583 lines also have a known
ux ratio of 3 (Storey & Zeippen 2000), but since this region is contaminated by @
absorption no constraint is applied. For spectra with broad-line components, we t the
isolated emission lines rst ([O 111], [O 1], and [S11]) to measure the velocity shift and width
for each template. The velocity parameters are then held xed while ttingthe H and H

+ [N 1] uxes.

50



3.3 The Nuclei

Fig. 3.1 shows the broad-band (left) and emission-line (right) images for ESO 253G003
with tidal features to the south-east and north-west of the galaxy center. Fig. 3.2 provides
a close-up view of the nuclear region constructed using spectral regions free from strong
emission lines. We nd two nuclei separated by 1°% =1:4 0:1 kpc, consistent with the
IR imaging (Videla et al. 2013; Asmus et al. 2014), which we refer to as the 'NE' and "SW'
nuclei throughout the remainder of this paper. The NE nucleus is unresolved and roughly
circular with an axial ratio of 1. However, the fainter SW nucleus is resolved along the
major axis with a FWHM of 1°8  0°4 but unresolved along the minor axis implying an
axial ratio of & 1:4.

The mid-IR (MIR) locations of both nuclei (Asmus et al. 2014) are also included in Fig.
3.2. Thereisasmall ( 192) o set between the MUSE and MIR coordinates for the brighter
NE nucleus. This is likely due to uncertainties in the absolute astrometric solution between
the two images as neither the MUSE nor the MIR image are calibrated to sub-arcsecond
precision. Therefore, we shift the MIR coordinates so that the NE nucleus is aligned to the
MUSE image in Fig. 3.2. This results in the MIR coordinates for the SW nucleus agreeing
within 0°8. The remaining discrepancy is attributed to the extended nature of the SW

nucleus at optical wavelengths.

3.3.1 Spectra Overview

Fig. 3.3 shows the spectrum extraction locations for the nuclei relative to the host galaxy
along with the non-nuclear regions analyzed in83.4 with all spectra extracted with an
aperture diameter equal to the spatial FWHM (098). Fig. 3.4 shows the spectra for both
NE and SW nuclei with prominent absoprtion and emission features labeled. The nuclei
share many emission lines including strong permitted emission from H and He and forbidden
emission lines from [OllI], [O 1], [N 1], [N 1], and [S1I], as is typical of AGN and active

galaxies (e.g., Ho et al. 1995). Notable emission lines include [Afl], which is a reliable
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Figure 3.5 A velocity-space comparison of the emission line pro les for the NE (red) and
SW (blue) nuclei, including Hell 4686 (top), [O11I] 5007 (middle), and H (bottom).
The vertical dotted black lines in each panel span 1000 km s ! and serve as a common

reference between panels.

52



Figure 3.6 Portion of the spectrum for the SW nucleus from Fig 3.4 covering the
two prominent [Fe VII] lines. Red arrows indicate the rest wavelength locations for
[Fevil] 5720 and [FeVil] 6086 emission lines and black arrows mark other spectral
features typical of galaxies and AGN. The [FeVIl] 6086 line is detected at high signi cance,
but the [Fe Vvil] 5720 line is stronger and narrower than expected (based on the
[Fe ViI] 6086 line) so we consider the detection of [F&ll] 5720 tentative.

metallicity tracer (e.g., Arellano-Qrdova et al. 2020; Kojima et al. 2020), and He Il 4686,
which can be used as an AGN diagnostic line (Shirazi & Brinchmann 2012). Notable
absorption lines include the Nal doublet and all three components of the [Call] NIR

triplet.

While the nuclei share many of the same spectral features, the velocity parameters of the
emission lines di er signi cantly. Fig. 3.5 compares the line proles for H , [O1lI] 5007,
and Hell 4686 between the two nuclei. The NE nucleus exhibits strong broad-line emission
forH , H , and He| 5876A. There are two broad-line emission components, each with
VEWHM 2500 km s ! and separated by 3000 km s 1. The SW nucleus has no evident
broad-line emission component but the velocity widths for the emission lines are of order

700 km s 1, too broad for emission from HIl regions.

Of particular interest is the detection of the coronal [Fe VIl] line in the SW nucleus,
as shown in Fig. 3.6. The presence of coronal lines imply an abundance of high-energy
photons as the& 100 eV ionization potentials (e.g., Penston et al. 1984) require a hard

radiation spectrum typically associated with AGN (e.g., Prieto & Viegas 2000; Goulding
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Figure 3.7 Spatial map of the continuum-subtracted [FevIl] 6086 line ux. Blue, red, and
purple contours represent ux levels of (6 10;20) 10 ¥ ergs ! cm 2 and the dotted green
circle signi es the spatial FWHM.

& Alexander 2009). [FeVIl] is also observed in the NE nucleus, but the presence of broad

emission lines already provides robust evidence for an AGN in the brighter nucleus.

The detection of [Fe VIl ] provides tentative evidence for the presence of an AGN in the
SW nucleus. However, the AGN in the NE nucleus also produces high-energy photons which
could photoionize gas in the SW nucleus similar to ionization cones seen in other systems
(e.g., Wilson et al. 1993). To test this hypothesis, Fig. 3.7 shows the spatial distribution
of the continuum-subtracted [FeVII] 6086 line ux. If the [Fe VII] 6086 emission in the
SW nucleus is produced by photons originating from the NE nucleus, we would expect
the [Fe VIl ] emission to be extended along the axis connecting the nuclei. Instead, we nd

similar results to the continuum image in Fig. 3.2: the NE nucleus is a point-source whereas
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Figure 3.8 Emission-line decomposition for the SW nucleus. All emission lines are t
simultaneously with the [O 111] line ratio xed (see 83.2.4).

the SW nucleus is slightly extended to the north-west and consistent with a point-source

at 2 .

It is possible that the gas densities are too low to produce [F&I1I] 6086 between the
nuclei in Fig. 3.7. However, coronal lines are typically detected within 200 pc of the AGN
(e.g., Prieto et al. 2005; Mudller-Sanchez et al. 2011; Gravity Collaboration et al. 2021)
whereas the NE and SW nuclei are separated by 1.4 kpc. Additionally, the observed
VEWHM 400 km s * for [Fe VII] 6086 is consistent with coronal-line velocities observed
in individual AGN (e.g., Rodrguez-Ardila et al. 2011; Cerqueira-Campos et al. 2021).
Therefore, we nd compelling evidence that the SW nucleus hosts an AGN. Future adaptive-
optics (AO) assisted IFU spectroscopy, especially in the NIR, will place direct constraints
on the spatial extent of the coronal-line emission for both nuclei (e.g., Mazzalay et al.

2013).
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3.3.2 Emission-Line Diagnostics

As discussed in83.2.4, we t the spectra of the NE and SW nuclei with multiple emission-
line templates. Fig. 3.8 shows that the SW spectrum is well- t by two emission templates.
A single emission template fails to adequately t the complex line proles (e.g., H , [OI])
whereas using three templates only leads to marginal improvement. The NE spectrum,
shown in Fig. 3.9, is more complicated. Utilizing only one or two emission templates fails
to tthe [O 1lI] pro les and other forbidden emission lines simultaneously, as the asymmetric
blue wing of the [O 111] pro le (see Fig. 3.5) \pulls" the templates away from the line center
for [SII], [O 1], and H . We nd that three emission templates are needed to adequately
t the forbidden emission lines, although the broadest template (NE-3, v, 650 km s 1,
Vewhm 1300 km s 1) contributes almost zero ux for the [O 1] and [SI1] emission lines.
In addition to the three templates, the NE H line exhibits a complex, double-peaked broad
emission pro le (Fig. 3.5, bottom panel). The blue- and red-shifted broad-line components
are each approximated with a Gaussian pro le, denoted “broadl' and "broad?2' in Fig. 3.9.
After tting each of the emission components for the NE and SW nuclei, we attempt
to discern the ionizing source for each nucleus by placing the emission-line ratios on the
classical BPT diagrams (Baldwin et al. 1981; Veilleux & Osterbrock 1987; Kewley et al.
2001; Kau mann et al. 2003). The BPT classi cation scheme includes star-formation (SF,
sometimes denoted as HI), AGN, composite (a combination of SF and AGN ionization),
and Low lonization Narrow Emission-line Regions (LINERS). The ionization mechanism
for LINERSs is still debated, with proposed ionization sources including shocks from merger-
induced tidal forces (e.g., Monreal-lbero et al. 2010; Rich et al. 2011), dusty/obscured AGN
(e.g., Groves et al. 2004; Gonalez-Martn et al. 2009), old stellar populations (Sarzi et al.
2005), starburst-driven shocks (e.g., Olsson et al. 2007), AGN-driven shocks (e.g., Cheung
et al. 2016; Molina et al. 2018), or some combination of these processes (Kewley et al.
2006; Davies et al. 2014; D'Agostino et al. 2019). We choose not to analyze each template
separately as this implicitly assumes the underlying gas velocity distribution. Instead, we

sum the ux from all the templates for each line measurement.
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Figure 3.9 Emission-line decomposition for the NE nucleus. The left and middle panels are
scaled by a multiplicative factor given in the lower left for visual clarity. The hatched region
marks wavelength regimes contaminated by telluric absorption and are excluded from the
tting process.

Fig. 3.10 shows the line ratios for both nuclei as well as line ratios for the other regions
in the galaxy (Fig. 3.3) which are discussed ing3.4. Based on the emission line ratios, the
SW nucleus is consistent with AGN photoionization in all three BPT diagrams whereas the
NE nucleus falls along the AGN/SF boundary. In addition to the classical BPT diagrams,
the nuclei also occupy parameter spaces associated with AGN in theWy vs. [NIIJ/H "
(WHAN) diagram (Cid Fernandes et al. 2011) and the Hell 4686 classi cation diagram
(Shirazi & Brinchmann 2012).

Finally, we note that the AGN designation for both nuclei is independent of our choice
to analyze the templates collectively. The NE nucleus has broad-line emission components
which is robust evidence for an AGN regardless of the emission-line ratios (e.g., Stern &
Laor 2013). If the SW-1 and SW-2 templates are analyzed separately, the SW-2 template is
consistent with AGN photoionization in the emission-line diagnostic diagrams, and exhibits

line widths of 700 km s 1. Conversely, the narrower rwum 90 km s 1) SW-1 template
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Figure 3.10 Emission-line diagnostic diagrams for the nuclei (circles) and selected regions
within the galaxy (diamonds) compared to SDSS galaxies from the MPA-JHU catalog (black
points, York et al. 2000; Brinchmann et al. 2004). H is undetected in the Tidal Arm
spectrum so we place a lower limit on logy([O 111]/H ) signi ed by the upwards triangle.
The red classi cation lines are taken from Kewley et al. (2001) and Kau mann et al. (2003).

has a mixture of SF and LINER classi cations. Thus, both nuclei have spectral signatures

of AGN regardless of the spectral analysis method.

3.3.3 Modeling the NE Broad-line Emission

The pro les of the broad Balmer lines from the NE nucleus appear double-peaked (Fig.
3.5) which is usually interpreted as emission from a relativistic accretion disk around the
SMBH (e.g., Chen & Halpern 1989; Eracleous et al. 2009). Although the pro les of lines
from the surface of an axisymmetric disk are asymmetric because of relativistic e ects, a
wider variety of prole asymmetries is possible if the disks are non-axisymmetric (e.g., if
the streamlines are elliptical or if spiral structure is present in a circular disk). To test if
the broad-line components in the NE spectrum can be interpreted as arising from a disk,
we t disk models to the observed broad-line components. Due to the complexity of the
narrow-line emission, only the broad-line emission is included in the modeling process and

the models do not account for the narrow emission-line components.
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We rst attempted to t a circular disk model (Chen & Halpern 1989) to the broad-line
emission components in the NE spectrum. However, Fig. 3.11 shows that a circular disk
produces a double-peaked broad-line pro le with only mild asymmetries. The resulting H
residuals have a blue-shifted ux excess out tov, 2500 km s 1, far higher than the
blue-shifted wings of the [Olll] pro les which only extend to v, 2000 km s 1. Instead,
the asymmetry of the broad-line pro le leads to a disk model that is non-axisymmetric with
two con gurations providing adequate results: an elliptical disk (Fig. 3.12) or a circular disk

with a spiral arm (Fig. 3.13) model.

The elliptical disk model, as described in Eracleous et al. (1995), consists of nested
ellipses with their major axes aligned and a xed eccentricity e. The line-emitting portion
of the disk extends between inner and outer pericenter distances; and ~ (measured in
units of the gravitational radius ry GM =, where M is the mass of the SMBH). The
normal to the disk makes an anglei with the line of sight (the inclination angle) and the
major axis of the disk makes an anglé o with the projection of the line of sight in the disk
plane (measured counter-clockwise, between apocenter direction and the direction of the
observer, as shown in the top panel of Fig. 3.12). The line emissivity of the disk follows a
power law with radius of the form / r 9, to describe photoionization of the surface layers
by energetic photons from the vicinity of the black hole. The local pro le of the emission line
is taken to be a Gaussian of velocity dispersion to describe the e ects of electron scattering
and/or local turbulent motions. This model has been used to describe emission-line pro les
observed in the spectra of TDEs (e.g., Holoien et al. 2019, and references therein). It may
be appropriate in this case, if a transient disk is being formed out of the debris released by
the tidal disruption of a star (i.e., the interpretation favored by Payne et al. 2020). In this
scenario, the line pro le can vary as the structure of the accretion ow changes (see Holoien

et al. 2019, and references therein).

The spiral arm model, described in Gilbert et al. (1999) and Storchi-Bergmann et al.
(2003), has a 1-arm spiral emissivity pattern superimposed on the axisymmetric emissivity

pattern of a circular disk. In this model, the axis of the underlying disk makes an anglei
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with the line of sight, the line emitting portion of the disk lies between radii ; and > (in
units of rg), and has an axisymmetric emissivity of the form / r 9. The local line pro le
is a Gaussian of velocity dispersion . Atop the disk is a 1-arm logarithmic spiral pattern
that extends between radii sp1 and sp2 (in units of rg) with an angular width  and a
pitch angle p (the angle between the spiral arm and the outer rim of the disk;p < O for a
trailing spiral). The azimuth of the spiral arm, extrapolated to the outer radius of the disk,
is' o. The spiral pattern is brighter than the underlying disk by a factor A. The spiral arm
model has been used to describe the variability of AGN line pro les more generally (e.g.,
Lewis et al. 2010; Schimoia et al. 2017). Spiral patterns can grow and precess on timescales
comparable to a few dynamical times (e.g., Adams et al. 1989; Shu et al. 1990), causing
the line pro le to vary accordingly.

After removing the continuum we t each of the models to the H pro le. The best-t
for each model is determined by visual inspection and we do not attempt an exhaustive
search of the parameter space, as this level of detailed modeling is beyond the scope of the
present work. However, we show that the disk geometry must be non-axisymmetric if the

double-peaked pro les arise from the same emission source.

3.4 Galaxy-wide Properties

Considering the unigue nature of ASASSN-14ko and our discovery of a second AGN in the
system, we next investigate the surrounding galactic environment. The spectral extraction
locations, labeled G1-G4 and Tidal Arm for clarity, are shown in Fig. 3.3 and coincide with
regions of strong line emission in Fig. 3.1. As described i83.2.4, each 1D spectrum is t
with a single emission line template after tting and subtracting a low-order polynomial
continuum. The gas kinematics are derived from single-spaxel spectra but we extract
speci ¢ regions for the BPT analysis to increase the S/N ratio when measuring emission-
line parameters. Table 3.2 provides the best-tv; and vewum Values for each non-nuclear

location.
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Figure 3.11 Best-t broad-line emission pro le (top) and corresponding residual spectrum
(bottom) for a circular relativistic disk. The narrow emission components are not included
in the tting process due to their complexity and are present in the residual spectrum
(bottom panel). The circular disk model does not adequately reproduce the asymmetry of
the broad-line emission pro le, resulting in a blue-shifted tail in the narrow component of

the H line.
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Table 3.2 Velocity shift v, and velocity width vewum Vvalues for each of the non-nuclear
regions marked in Fig. 3.3.

Location Vy VEWHM
[km/s]  [km/s]
Gl 44 1 154 1
G2 94 1 136 1
G3 40 2 291 4
G4 31 3 247 6
Tidal Arm | 42 3 217 6

Similar to our analysis of the nuclei, we attempt to discern the ionization source for each
location by placing the spectra on the classical BPT diagrams in Fig. 3.10. The line ratios
for the non-nuclear locations occupy various regions in the diagnostic diagrams suggesting
a combination of ionizing mechanisms, as expected for a late-stage merger (e.g., Rich et al.

2015).

Fig. 3.14 shows the derived gas kinematics. There is no clear overarching structure in
the gas velocity map which would indicate coherent rotation and could be used to infer
a dynamical galaxy mass. Instead, there are two potential large-scale out ows near the
nuclei (OF-1 and OF-2) and a patchwork of coherent features across the galaxy. OF-1 and
OF-2 overlap with the nuclei suggesting an out ow origin but the gas velocities are only a
few hundred km s ! so gravitational motions cannot be excluded. Future high-resolution
spectroscopy covering the Nd doublet would provide another avenue for studying out ows
and bulk gas motions in this system (e.g., Heckman et al. 2000; Rupke et al. 2002; Martin
2005).

After tting the initial velocity maps, we discovered several spaxels with above average
VEwHMm N a region south/south-east of both nuclei (Fig. 3.14, inset). Upon closer inspection,
these spaxels exhibited clear multi-component emission features for all major emission
lines, including [O11I], [N 1I], H , and [SII], so we re-t the spaxels with two emission-
line templates. Fig. 3.15 shows the results, with the blue-shifted component tracing the
large blue-shifted structure seen in Fig. 3.14 (OF-1) whereas the red-shifted component

reveals a coherent source to the east of the nuclei. The source is marginally resolved with a
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Figure 3.12 Elliptical-disk model for the double-peaked broad emission lines in the NE
nucleus including geometric diagram (top) and the corresponding emission-line pro le
(bottom). The dashed line in the top panel shows the major axis of the elliptical streamlines.
The parameters of the elliptical-disk model are provided in the lower panel and the notation
is explained in Section 3.3.3 of the text.
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Figure 3.13 Spiral-arm model for the double-peaked broad-line emission prole in the
NE nucleus including geometric diagram (top) and the corresponding emission-line pro le
(bottom). The spiral arm location is marked by a dotted red line in the top panel. The
parameters for the spiral-arm model are provided in the lower panel and the notation is
explained in Section 3.3.3 of the text.
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spatial FWHM of 192 0°2 although the derived spatial FWHM is consistent with a point

source at 2 .

Fig. 3.16 shows the extracted spectrum which is well-t by three components, two
moderately narrow components (SB-1 and SB-2VrwHm 350 km s 1), which are traced
by the two-template tting procedure in Fig. 3.15, and one broader, blue-shifted component
(SB-3) with Vewnm 750 km s 1. Of these three emission-line templates, SB-2 is the only
red-shifted template and has no similar template in either of the NE or SW nuclei. Thus, we
consider this a distinct emission source and consistent with a \superbubble”. Additionally,
the SB-2 template exhibits LINER characteristics in the logo([O I]/H ) diagnostic diagram
consistent with shock-excited emission (e.g., Koo & McKee 1992; Lipari et al. 2009).
The logo([N 11/H ) and log;o([S1]/H ) classi cation diagrams are not utilized due to
the overlapping emission pro les at these locations and the subsequent uncertainty in the

measured line uxes.

3.5 Implications for ASASSN-14ko

Our spatial and spectral analysis of the nuclei and surrounding environment provide new
insights into the intriguing nuclear transient ASASSN-14ko (Payne et al. 2020) which is
located in the NE nucleus (Payne et al. 2021). Although we present strong evidence for a
second AGN in the system, the SW nucleus has no in uence on the evolution of ASASSN-
14ko as the light travel time between the nuclei is greater than the period of ASASSN-14ko
and the sphere of in uence of any SMBH is several orders of magnitude smaller than the
projected separation of  1:4 kpc. In this section, we consider several hypotheses for
ASASSN-14ko in the context of our new observations.

Our models of the asymmetric, double-peaked broad-line emission in the NE nucleus
indicate that a circular relativistic disk cannot reproduce the observed emission pro le
(Fig. 3.11) and an non-axisymmetric disk is required. Two models, an elliptical disk (Fig.

3.12) and a spiral arm superimposed on a circular disk (Fig. 3.13), produce gqualitatively
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good results. However, they di er signi cantly in the spatial extent of the broad-line region
(BLR): RgLr  5000rg for the elliptical disk compared to RgLr 1500rg for the spiral
arm + circular disk model.

Di erentiating between these models is non-trivial, but each model will have an
associated variability timescale. The elliptical disk will precess due to relativistic e ects

with a period of (Eracleous et al. 1995)

1+e

WMS 27 years (3.1)

Pprecess = 1040

where e is the disk eccentricity, Mg is the black hole mass in units of 18 M , and 3 is
the disk pericenter distance (1 in §3.3.3) in units of 1000r4. Using the parameters of the
best-t elliptical-disk model in Fig. 3.12, e=0:4 and 3 = 0:56, and a black hole mass of
M =107 108 M derived by Payne et al. (2020), the associated precession timescale is
70 700 years.
The spiral arm model will evolve more rapidly, with the variability timescale proportional
to the pattern speed of the disk. A lower limit on the variability timescale for the spiral

arm is the dynamical timescale (Storchi-Bergmann et al. 2003; Lewis et al. 2010)

dyn = 200Mg 57 days; (3.2)

whereMg and 3 are the same as in Eq. 3.1. FoM =108M and 3= 0:8 (corresponding
to the middle of the disk in Fig. 3.13), the dynamical timescale is gyn 140 days,
remarkably close to the period of ASASSN-14ko ( 114 days). This scenario matches
the partial TDE or bound star interpretations for ASASSN-14ko as each passage of the star
would disturb the disk, producing a spiral arm that propagates through the disk and creates
the observed asymmetries in the broad emission-line pro les. Even using the outermost edge
of the disk, the dynamical timescale is of order 1 year and still 2 orders of magnitude
smaller than the elliptical disk precession period, providing an avenue for distinguishing

between these models with future spectroscopic observations.
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We searched for disparities between our MUSE spectrum and the spectra of ASASSN-
14ko presented by Payne et al. (2020). The spectra show di erences in the shapes and
strengths of the emission line pro les. However, we could not reliably remove contamination
from the SW nucleus due to ambiguities in the observing setups for the archival spectra
(e.g., slitwidth, slit position angle, and atmospheric seeing). Therefore, we reserve a spectral

comparison for future work and reiterate the usefulness of IFU observations for this system.

There is the possibility that the observed broad emission line pro les do not originate
from a relativistic disk, in which case the variability timescales discussed above do not
apply. Instead, the broad emission-line pro les could stem from separate emission sources
such as a binary SMBH system (e.g., Gaskell 1983; Boroson & Lauer 2009; Zheng et al.
2016), where each SMBH hosts an accretion disk and produces one of the broad line pro les,
or a biconical out ow (e.g., Zheng et al. 1990, 1991) where the two lobes of the out ow
produce the blue- and red-shifted broad-line proles. We nd these scenarios unlikely, as
both theories have repeatedly failed observational tests in other systems (see, e.g., Dietrich
et al. 1998; Fausnaugh et al. 2017; Runnoe et al. 2017; Doan et al. 2020), but our current

data cannot eliminate them from consideration.

3.6 Conclusion

We analyze MUSE data of ESO 253 G003 which exhibits many signatures of a late-stage
merger, including a prominent tidal arm and two nuclei. This galaxy also hosts the periodic
nuclear transient ASASSN-14ko (Payne et al. 2020), motivating a better understanding of
its environment. By combining galaxy-wide properties with an in-depth analysis of the

nuclei emission characteristics, we provide several important insights into the environment

and characteristics of the merger.

The spectra of the two nuclei have notable di erences in their velocity pro les (Fig.
3.5). The NE nucleus, which hosts the periodic nuclear transient ASASSN-14ko (Payne

et al. 2021), exhibits asymmetric, double-peaked broad emission lines for Hwhich we
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Figure 3.14 Maps of the mean velocityv; (top) and line width vewym (bottom). Note
the colormap zeropoint for the v, map has been shifted by v= 50 km s ! to highlight
the velocity structure near the nuclei (green stars). The insets highlight the nuclear region
inside the dashed green boxes. Two potential out ows, OF-1 and OF-2, are marked in the
top panel. The blue circle in the lower panel marks the location of a potential superbubble

discussed in83.4.
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Figure 3.15 Two-component (left=blue-shifted, right=red-shifted) velocity maps (top: v,
bottom: vewum ) near the nuclei highlighting the possible detection of a superbubble. In
each panel, the NE and SW nuclei are marked with green stars and the spectrum extraction
radius for the potential superbubble is marked with a green circle. The superbubble appears
as a resolved structure in both thev, and vewnm maps for the red-shifted component (right).
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Figure 3.16 Extracted spectrum and emission decomposition for the potential superbubble
structure labeled in Fig. 3.15. Some spectra are scaled by a multiplicative factor for visual
clarity with scale factors noted to the left of the corresponding line pro le.
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model with both axisymmetric and non-axisymmetric relativistic disk models. The broad-
line pro le cannot be reproduced with a circular disk (Fig. 3.11) but two non-axisymmetric
disk models provide good ts to the broad-line prole: an elliptical disk (Fig. 3.12) or

a circular disk with a spiral arm (Fig. 3.13). It seems inevitable that the inter-outburst
line pro les must evolve, due to orbital precession if nothing else (se&3.5). High-quality,
phase-resolved spectroscopy over many cycles is required to advance our understanding
beyond these initial observations and speculations. However, due to the complex host-
galaxy morphology and the presence of dual AGN, care should be taken when planning
future observations. The e cacy of slit spectroscopy will depend heavily on the width and
orientation of the slit and we suggest IFU observations when possible to alleviate these

di culties.

The fainter SW nucleus also clearly hosts an AGN. The emission-line ratios for the SW
nucleus are consistent with AGN photoionization in diagnostic diagrams (Fig. 3.10) and the
VEWHM 700 km s 1 emission pro les are too broad for star-formation and too luminous
for shocks. There is a potential red-shifted out ow originating from the SW nucleus (OF-2
in Fig. 3.14), suggestive of an accretion source. Finally, the detection of high-ionization
lines such as coronal [F&/11] 6086 (Fig. 3.6) and broad Hell 4686 (Fig. 3.5) require the

UV and X-ray continuum emission of an AGN.

The surrounding galactic environment also exhibits several features of an AGN merger.
Velocity maps (Fig. 3.14) reveal likely out ows from the nuclear region extending for several
kpc into the surrounding ISM and a potential AGN-driven superbubble. The host galaxy
exhibits many locations with AGN and LINER emission-line ratios, consistent with an AGN
merger producing large-scale out ow signatures and shocks. Future high-resolution optical
spectroscopy centered on the Na doublet and/or radio observations will provide further

constraints on out ows, especially for cold gas not probed by our emission-line analyses.

Facilities: VLT-MUSE
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Software: astropy (Astropy Collaboration et al. 2018), Imt (Newville et al. 2020),
mpdaf (Bacon et al. 2016; Piqueras et al. 2017), numpy (Harris et al. 2020), matplotlib
(Hunter 2007)

Data Availability

The raw and reduced MUSE datacubes are publicly available at the ESO Science Archive

Facility 2.
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Chapter 4

The Peculiar Type la Supernova 2019yvq

4.1 Introduction

Type la supernovae (SNe la) are crucial probes of cosmological parameters (e.g., Riess
et al. 1998; Perlmutter et al. 1999) and produce the majority of iron-group elements in the
universe (e.g., lwamoto et al. 1999). They originate from a white dwarf (WD) star (Hoyle

& Fowler 1960) but the details of how the WD explodes are widely debated (see Jha et al.
2019 and Maoz et al. 2014 for recent reviews). There are two main progenitor theories: the
single-degenerate (SD) and double-degenerate (DD) scenarios, depending on whether the
companion is a non-degenerate star or a second WD.

The SD channel requires a non-degenerate star to deposit mass onto the surface of
the WD (Hoyle & Fowler 1960). The WD gains mass until it destabilises and explodes,
although the destabilization mechanism is still unclear. The presence of a nearby non-
degenerate star at the time of explosion naturally leads to several observational signatures
(e.g., Wheeler et al. 1975). The fast-moving ejecta will impact the star causing shock
emission and irregularities in the rising light curve (Kasen 2010), strip/ablate material
from the stellar surface (e.g., Marietta et al. 2000; Boehner et al. 2017), and interact
with material carried by the stellar winds to produce radio emission (Chevalier 1982a,b;
Panagia et al. 2006). Over the past decade, searches for these signatures have mostly

returned non-detections such as a lack of bumps in the rising light curves (e.g., Bianco
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et al. 2011; Fausnaugh et al. 2019), limits on nebular H emission from stripped companion
material (e.g., Leonard 2007; Shappee et al. 2013; Tucker et al. 2020), and strict constraints
on prompt radio (e.g., Chomiuk et al. 2012, 2016) and X-ray (e.g., Margultti et al. 2012,
2014) emission. Although the SD scenario has di culty explaining normal SNe Ia, it can
readily account for some peculiar SNe la such as those exhibiting interaction with dense

circumstellar material (SNe la-CSM, Silverman et al. 2013).

In the DD channel, a second WD destabilizes the more massive WD and induces the
explosion. The lack of a non-degenerate star removes many of the predicted observational
signatures of the SD scenario, but con rming binary WDs is exceptionally di cult (e.g.,
Rebassa-Mansergas et al. 2019). There are subtler predictions for DD systems, such as
double-peaked emission lines of radioactive decay products (Dong et al. 2015; Vallely et al.
2020) and high continuum polarization (Bulla et al. 2016). However, these predictions also
depend on the explosion mechanism, a topic related to, but distinct from, the progenitor

system.

The explosion mechanism refers to the process of actually destabilizing and igniting the
WD. Two common models are the double-detonation (Livne 1990) and delayed-detonation
(Khokhlov et al. 1993; Hoe ich et al. 2017) theories. Double detonation refers to the ignition
of a surface shell of He which drives a shock wave inwards to detonate the C/O core (Livhe
1990; Livne & Glasner 1991). The near-surface He layer is acquired from either a companion
He star (i.e., the SD channel, Bildsten et al. 2007) or from a lower-mass WD (i.e., the DD

channel, Fink et al. 2007).

The delayed-detonation model can also be applied to either progenitor system, requiring
only that the primary WD approaches the Chandrasekhar mass Mch 1.4 M ) via
accretion and the explosion is triggered by compressional heating at the center of the WD
(Hoe ich & Khokhlov 1996). There are other explosion mechanisms in the literature, such
as gravitationally-con ned detonations (GCDs; Plewa et al. 2004) or pulsational-delayed
detonations (PDD; e.g., Dessart et al. 2014). However, these models are less frequently

invoked and we only briey discuss them in relation to SN 2019yvq. Observational
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signatures of delayed- and double-detonation scenarios are usually subtle and are best
probed by the rising light curve (e.g., Jiang et al. 2017; Stritzinger et al. 2018; Jiang et al.
2018; Polin et al. 2019b; Bulla et al. 2020) or with the structure of the Fe and electron-
capture emission lines in nebular-phase spectra (e.g., Botynszki & Kasen 2017; Mazzali

et al. 2018; Polin et al. 2019a; Wilk et al. 2020).

Finally, two explosion mechanisms unique to the DD channel are violent mergers (e.g.,
Pakmor et al. 2010) and the direct collision of two WDs (e.g., Rosswog et al. 2009). The
direct collision can be driven by orbital perturbations of a third (e.g., Thompson 2011; Katz
& Dong 2012; Shappee & Thompson 2013; Antognini et al. 2014) or fourth (Pejcha et al.
2013; Fang et al. 2018) body. Additional bodies can similarly enhance the violent merger
rate but multi-body systems are not necessary. Population synthesis studies suggest violent
mergers can account for the majority of SNe la (e.g., Ruiter et al. 2009) and the Milky
Way WD merger rate is consistent with the observed SNe la rate (e.g., Maoz et al. 2018).
Conversely, the rate of direct collisions is likely too low to explain the normal SN la rate
(e.g., Liu et al. 2016; Antognini & Thompson 2016; Toonen et al. 2018; Hamers 2018)
but this scenario is considered a viable channel for producing a diverse set of SN la-like

transients (e.g., Rosswog et al. 2009; van Rossum et al. 2016).

SN 2019yvqg, discovered hy Itagaki (2019), exhibits peculiar photometric and
spectroscopic signatures for a normal SN la. Miller et al. (2020) provided an in-depth
analysis of the early photometric and spectroscopic evolution, revealing peculiarities such
as an excess of UV/optical ux before maximum light, high-velocity Si Il absorption lines,
and a low peak luminosity. They discuss several potential progenitor systems and explosion
mechanisms but could not reach a de nitive interpretation. Miller et al. (2020) state that
these ambiguities could potentially be resolved once the innermost regions of the ejecta

become visible (e.g., Maeda et al. 2010; Diamond et al. 2015).

Siebert et al. (2020) presented optical spectra at 153 days after maximum as
SN 2019yvq transitioned into the nebular phase. In these late-phase spectra, SN 2019yvq

exhibits many spectral features common to SNe la such as broad emission lines ¥i
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Table 4.1 Details of the new spectra observations.

Instrument MJID Phase [d] Exp. time [s] Range = Airmass

GMOS-N  58991.382 +128 3600 4500 9100A 2000 1.60

GMOS-N  59013.279 +150 4800 4500 9100A 2000 1.48
NIRES 59038.263 +173 2400 ®5 25 m 2700 1.63

decay products (i.e., Co and Fe). However, it also exhibited prominent [Cdl] 7300A and
Ca Il NIR triplet emission which is atypical for SNe la. This led to the conclusion that
SN 2019yvq stemmed from a double-detonation explosion, with the caveat that the best- t

model has di culty reproducing the early light curve.

In this paper we provide new data for SN 2019yvq and reassess the viability of various
progenitor+explosion theories. 4.2 outlines our data acquisition and reduction procedures
followed by analyses of the photometry and spectra in&.3 and 8.4, respectively. 84.5
discusses various progenitor and explosions scenarios. Finally, #1.6, we summarize our
results. Throughout this work, we adopt the same host-galaxy parameters as Miller et al.
(2020): z = 0:00888,Ho = 73 km=s=Mpc, =33:14 0:11 mag,D =42:5 1.5 Mpc, and
E(B V)wt =0:05 mag (Milky Way + host).

4.2 New Optical and Near-Infrared Observations

Our new photometry includes pre-discovery non-detections and earlyg-band photometry
from the All-Sky Automated Survey for SuperNovae (ASAS-SN; Shappee et al. 2014;
Kochanek et al. 2017) and post-maximum observations from the Transiting Exoplanet
Survey Satellite (TESS; Ricker et al. 2015). New spectroscopic observations were acquired
with the Gemini Multi-Object Spectrograph (GMOS; Hook et al. 2004) on the Gemini-
North telescope and the Near-Infrared Echelle Spectrograph (NIRES, Adkins et al. 2014)
on the Keck Il telescope, a variation of the TripleSpec near-infrared (NIR) spectrograph
(Wilson et al. 2004; Herter et al. 2008). Basic information for the spectroscopic observations

are provided in Table 4.1 and the new photometry of SN 2019yvq is provided in Table 4.2.
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Table 4.2 New ASAS-SN and TESS photometry of SN 2019yvqg. A portion of the data
is provided to illustrate the format and content. The full light curve is included with the
online version of the manuscript.

Source MJID  Flux [mJy]

ASAS-SN 58812.47524 04 0:04

ASAS-SN 58823.48662 03 0:03

ASAS-SN 58824.46758 06 0:04

ASAS-SN 58842.39607 0 0:04

4.2.1 ASAS-SN Photometry

New ASAS-SNg-band observations were reduced using a fully-automated pipeline (Shappee
et al. 2014; Kochanek et al. 2017) based on the ISIS image subtraction package (Alard &
Lupton 1998; Alard 2000). Each photometric epoch combines three dithered 90-second
image exposures subtracted from a reference image. In addition to the standard pipeline
we rebuilt the reference image excluding any images with JD 2458812 to prevent any
ux contamination from the SN.

We then used the IRAF packageapphot to perform aperture photometry with a 2-pixel,
or approximately 16°9, radius aperture on each subtracted image, generating a di erential
light curve. The photometry was calibrated using the AAVSO Photometric All-Sky Survey
(Henden et al. 2015). All subtractions were inspected manually and images with clouds or

other systematic issues are excluded from the nal light curve.

4.2.2 TESS Photometry

SN 2019yvq was observed byESS (Ricker et al. 2015) during the mission's Sector 21 and
22 operations, from Jan. 21.94 to March 17.96, 2020 UTC. These observations narrowly miss
the peak of the light curve, but provide excellent high-cadence monitoring of its subsequent
decline. TESS observes in a single 6000 10000A broad-band Iter with an e ective
wavelength of 8000A that is comparable to that of the Johnson-Cousins| -band.

We reduced the TESS data using the image subtraction procedure of Vallely et al.

(2019), which implements a version of the ASAS-SN pipeline optimized for use with the
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TESS Full-Frame Images (FFIs). As in Vallely et al. (2019) and Holoien et al. (2019), due
to the large pixel scale of theTESS CCDs we chose to construct independent reference
images for each sector rather than try to rotate a single reference image for use across
multiple sectors. For each sector, reference images were built using the rst 100 FFIs of
good quality, excluding those with sky background levels or PSF widths above average
for the sector as well as those associated with mission-provided data quality ags. The
measured uxes were converted into physicalTESS-band uxes using an instrumental zero
point of 20.44 electrons per second in the FFIs, based on the values provided in the TESS
Instrument Handbook (Vanderspek et al. 2018). The ux o set between the two sector
light curves was determined by using a linear extrapolation of the last 1.5 days of Sector 21
and the rst 1.5 days of Sector 22. Because the supernova had already attained maximum
light prior to the rst TESS observations, the reference images necessarily include ux from
the transient. Precise calibration of the absolute ux is unimportant for our analysis, and
for display purposes we simply normalize theTESS photometry to the Zwicky Transient

Facility (ZTF; Bellm et al. 2019) i-band photometry presented in Miller et al. (2020).

4.2.3 GMOS Observations

The data reduction process for the optical spectra, observed with GMOS on the Gemini-
North telescope, generally follows the Gemini Data Reduction Cookbook Each night
has observations at two separate grating angles to remove gaps from the nal spectra.
Raw frames are bias- and overscan-subtracted, at- elded, and mosiaced to reconstruct the
monolithic detector. lacosmic (van Dokkum 2001) is used to detect and reject cosmic rays.
Wavelength solutions are derived from arc-lamp exposures and the spectral response curves
are generated from spectrophotometric standard stars for each grating tilt. After extracting
each spectrum, the individual spectra from each night are combined into a single spectrum
and the standard deviation of the individual spectra is used to estimate the uncertainty in

the combined spectrum.

 http://ast.noao.edu/sites/default/ les’=GMOS  _Cookbook/
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We acquiredr-band imaging on both nights to reliably ux-calibrate the GMOS spectra.
These images are reduced using the same basic process as the spectroscopic observations
including bias- and overscan-subtraction, at- elding, and cosmic-ray rejection. The World
Coordinate System (WCS) solution provided by the Geminiiraf package is optimized with
astrometry.net (Lang et al. 2010). After the astrometric calibration procedure, we use
r-band photometry from the Pan-STARRS survey (Chambers et al. 2016; Flewelling et al.
2016) to calibrate each image. The rst epoch of our GMOS observations overlaps with the
end of the ZTF light curve (Miller et al. 2020), con rming our spectrophotometry with a

measured osetof m = 0:005 0:007 mag.

4.2.4 NIRES Observations

In addition to the optical GMOS observations, we observed SN 2019yvq with NIRES on
the Keck Il telescope, which covers @5 2:45 m with a resolution of = 2700. The
NIRES observations are normalized by the at- eld and A-B observation pairs are used to
remove the sky background. SN 2019yvq is too faint to trace across all the echelle orders so
the standard star observation is used as a trace template. Arc lamp exposures are used to
derive the initial wavelength solution which is then improved with sky emission lines. The
standard star observation is used to correct the spectrum for instrumental response and
broadband atmospheric absorption. However, NIR photometry of SN 2019yvq could not be
obtained before it set for the season, so the NIRES spectrum is presented on a relative ux

scale.

4.3 Photometric Comparisons

4.3.1 \Verifying the Distance to NGC 4441

Miller et al. (2020) adopted a distance of 425 2:1 Mpc to NGC 4441 derived from the
2M++ peculiar velocity model (Carrick et al. 2015) which is inconsistent with the surface

brightness uctuation (SBF) distance of 19 Mpc from Tonry et al. (2001). NGC 4441 is
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likely the merger of a spiral and an elliptical galaxy (Manthey et al. 2008) but SBF distance
measurements are best for single-age stellar populations and can be skewed by spatial
variations caused by dust or recent star-formation (Bothun 1998) which may explain the

di erence between the kinematic and SBF distances. The SBF distance also implies a high
peculiar velocity of 1300 km s ! for NGC 4441 so we attempt to verify the validity of the
kinematic distance by comparing the 2M++ results to the peculiar velocity eld derived

by Graziani et al. (2019). Their approach involves taking measured velocities and distances
from Cosmic ows-3 (Tully et al. 2016) and applying a hierarchical Bayesian model to derive
the peculiar velocity eld outto z  0:052 (Kourkchi et al. 2020). For NGC 4441, the model
provides an expected distance oD = 43:5 Mpc, consistent within 2% of the 2M++ result

of Carrick et al. (2015).

In addition to constraints from peculiar velocity reconstructions, we also check if
NGC 4441 belongs to a nearby galaxy group. Based on the original SBF distance from
Tonry et al. (2001), Kourkchi & Tully (2017) label NGC 4441 as a eld galaxy with no
other group members. Nearby in position and velocity, only one galaxy (NGC 4545) has
a redshift-independent distance available in Cosmic ows-3, with a measured Tully-Fisher
(Tully & Fisher 1977) distance of D = 34:5 5:2 Mpc and a preliminary Cosmic ows-4
measurement (Tully et al., in preparation) of D = 36:6 7:3 Mpc. New galaxy distances
from Cosmic ows-4 also show several additional galaxies in the vicinity of NGC 4441 with
Tully-Fisher distances ranging between 35 and 42 Mpc. The most likely scenario is that
NGC 4441 is a member of a group with the nearby NGC 4521 as the brightest member.
This reinforces the likelihood that the original SBF distance to NGC 4441 by Tonry et al.
(2001) is erroneous. Thus, we adopt the same distance to NGC 4441 as Miller et al. (2020)

for consistency, namelyD =42:5 2:1 Mpcand =33:14 0:11 mag.
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Figure 4.1 Early photometry of SN 2019yvq including our new ASAS-SNg-band detections
and 3 upper limits, ZTF g-band detections (Miller et al. 2020), and the Clear- Iter
discovery measurement from Itagaki (2019). Uncertainties for ASAS-SN and ZTF
photometry are shown but they are usually smaller than the points. The Itagaki (2019)
discovery magnitude did not include an uncertainty estimate. We compute a \psuedo"g-
band ux measurement from the Clear- Iter discovery magnitude with some assumptions
(see text). The solid vertical line and shaded region is the photometric estimate of rst light
and the dashed black line is the rst light time inferred from modeling the early spectra
(Miller et al. 2020). Solid and dashed green lines are double-detonation model light curves
from Miller et al. (2020) and Siebert et al. (2020), respectively.
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4.3.2 Conrming the Time of First Light

Fig. 4.1 shows the earlyg-band light curve including our new photometry, the ZTF g-band
observations from Miller et al. (2020), and the discovery magnitude from Itagaki (2019)
compared to the double-detonation light curve models from Miller et al. (2020) and Siebert
et al. (2020). The photometry from Itagaki (2019) was obtained with a Clear Iter which
we convert to an approximate g-band magnitude for easier comparison. This conversion
assumes the Clear lter can be approximated as a combination ofy and r lters, that the
color evolution is negligible between the discovery observation and the rst ZTF observations
(i.e., a constant color ofg r 0:2 mag), and a conversion between AB and Vega systems
of  0:2 mag similar to comparable optical Iters. As the early spectra rapidly evolve
from a strong blue continuum (Miller et al. 2020), this likely slightly underestimates the
true g-band ux. The pseudo-g magnitude is included only for instructive purposes and we

caution that the associated uncertainties are likely of order 20%.

The time-of-discovery from Itagaki (2019) coupled with the ASAS-SN non-detection
1:3 days prior to discovery constrain the likely rst-light time ty to MJD 58844:4 588457
(18.8 to 17.4 days beforelg.max). This is mostly consistent with the photometric estimate
from Miller et al. (2020) and conrms their decision to exclude the two early ZTF
observations when tting t; , although their t; is likely too late (i.e., too close to the Itagaki
2019 discovery) to be physically reasonable. The last ASAS-SN non-detection requires a
minimum rise of & 8:0 Jy/hour whereas the photometric t;; from Miller et al. (2020)
implies a rise of 400 Jy/hour. Even if the Itagaki (2019) measurement is erroneous
by over a magnitude, usingg = 18 mag still implies a rise of 150 Jy/hour for the
photometric t;; from Miller et al. (2020). Thus, the spectroscopic rise time of 18 days
from Miller et al. (2020) is likely closer to the true rise time and is consistent with our new

non-detections and early photometry.

2http://edd.ifa.hawaii.edu/CF3calculator/
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Figure 4.2 Left: SN 2019yvq compared to the photometric classi cation scheme from Ashall
et al. (2020). Right: Stretch versus peakg-band absolute magnitude for SN 2019yvq relative
to SNe la from CSP-I (Krisciunas et al. 2017) and ZTF (Yao et al. 2019).

4.3.3 Near-Peak Comparisons

We compare SN 2019yvq to the photometric properties of other SNe la near maximum light
in Fig. 4.2. SN 2019yvq is not well- t by standard SN la light curve models (Miller et al.

2020) so we t polynomials to measure the light curve parameters and employ bootstrap-
resampling to estimate the associated uncertainties. Fitting quadratic polynomials to the
ZTF g- and i-band light curves near peak we nd an o set of thek =2:26 0:08 days and

Omax = 14:82 0:01 mag for SN 2019yvq.

Another metric for SNe la light curves is the stretch sxy (Burns et al. 2014) measured
from two Iters X and Y which utilizes the color evolution instead of the decline rate to
standardize light curves (e.g.,sgv and sgr; Ashall et al. 2020). We use spline ts to resample
the ZTF r-band light curve (Miller et al. 2020) and associated uncertainties to the epochs
of the g-band light curve. Then, we t a quadratic polynomial to the g r light curve and
derive sgy =0:87 0:01. These light curve parameters place SN 2019yvq in an unoccupied
region of parameter space in the left panel of Fig. 4.2, reinforcing both the uniqueness and

rarity of SN 2019yvqg-like events.
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The right panel of Fig. 4.2 compares theg-band absolute magnitude and stretch of
SN 2019yvqg to SNe la from the Carnegie Supernova Project | (CSP-I; Krisciunas et al.
2017) and the ZTF 2018 sample (Yao et al. 2019)sg, is measured directly from theg- and
r-band light curves for the CSP SNe la. Theg- and r-band light curves for the ZTF sample
(Yao et al. 2019) often do not extend to & 30 days after maximum so we t these SNe
la with templates in SNooPy (Burns et al. 2011) which computes a template-derivedsgy .
We then convert sgy to Sgr using the relation from Ashall et al. (2020). Due to having
observations in only two lters, the ZTF objects have a signi cant uncertainty due to the
limited constraints on the host-galaxy reddening. CSP and ZTF observe in slightly di erent
g-band lters with an oset of gcsp  Oztr 0:03 mag for normal SNe la at peak-light
up to z < 0:1 and we correct for this o set in our comparison. SN 2019yvq is fainter than
all SNe la within s,  0:1 and fainter than all normal SNe Ila in the ZTF 2018 sample (cf.

Fig 6 from Miller et al. 2020).

4.3.4 Post-Maximum Comparisons

SN 2019yvq also exhibits unique properties after maximum light, in particular the lack of a
prominent NIR secondary maximum (Miller et al. 2020). Fig 4.3 shows the post-maximum
TESS and ZTF i-band (Miller et al. 2020) light curves. The TESS light curve shows a slight
in ection at a time that roughly coincides with the NIR secondary maximum of normal SNe

la (e.g., Kasen 2006; Ashall et al. 2020). Only 91bg-like, 02cx-like and \super-Ch"-mass
(03fg-like) SNe la lack prominent secondary maxima (e.g., Gonalez-Gaian et al. 2014;
Ashall et al. 2020) but SN 2019yvq is spectroscopically inconsistent with these sub-types
of SNe la (Miller et al. 2020). The timing and presence of the NIR secondary maxima
are thought to be caused by the recombination of Fe-group elements in the ejecta (He ich
et al. 2002; Kasen 2006; Jack et al. 2015). This can be seen in brighter SNe la which have
stronger and later NIR secondary maxima whereas dimmer SNe la have no NIR secondary
maximum (e.g., Taubenberger 2017). Similar SNe la having intermediate luminosities but

a weak/absent NIR secondary maximum include SN 2006bt (Foley et al. 2010), SN 2002es
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Figure 4.3 Post-maximum light curves of SN 2019yvq including the new TESS light curve
(blue) and the ZTF i-band light curve (red) from Miller et al. (2020). The TESS data
are o set by +0:5 mJy in the top panel to highlight the weak excess at 23 days after
maximum light. The TESS data are binned.@f 12 hour increments for visual clarity (dark
blue). Exponential ts to the ZTF and binned TESS light curves are provided as dashed
lines with the gray-shaded regions marking epochs used in tting the exponential decay.
The middle and bottom panels provide the residuals from the exponential decay ts for
TESS and ZTF, respectively, revealing a very weak \bump" in both lters.



Figure 4.4 Late-phase and nebular spectra of SN 2019yvq (black), +66 day spectrum (green)
from Miller et al. (2020), and the host spectrum (magenta) from SDSS (York et al. 2000;
Abolfathi et al. 2018). Uncertainties are given in gray, and regions of higher uncertainty
are caused by detector chip gaps or sky emission lines.

(Ganeshalingam et al. 2012), and SN 20060t (Krisciunas et al. 2017). However, these SNe
la have low photospheric velocities which is at odds with the high photospheric velocities

observed in SN 2019yvq (Miller et al. 2020).

4.4 Nebular Spectroscopy

The late-phase optical spectra are shown in Fig. 4.4 and the nebular NIR spectrum
is provided in Fig. 4.5. Fig. 4.6 shows expanded and labeled regions of the NIR
spectrum uncontaminated by night sky lines. The optical spectra have many similarities

to normal SNe la such as strong emission lines of Ni, Co, and Fe. However, there
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Figure 4.5 NIRES spectrum of SN 2019yvq at +173 days after maximum light and a
+229 day spectrum of SN 2013ct (green) provided for comparison (Maguire et al. 2016).

Figure 4.6 Subsection of the NIR spectrum with colored vertical lines marking the
wavelengths of potential emission lines.
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Figure 4.7 Non-detections for Hel, [O 1], and H in the +150 d GMOS spectrum.
The top panels show the observed spectrum + continuum model and the bottom panels
show the continuum-subtracted spectrum. Green-shaded regions span the line FWHM of

1000 km s ! expected for material stripped from a nearby donor star (e.g., Boehner
et al. 2017).

are important di erences which provide unique constraints on the progenitor system and

explosion mechanism of SN 2019yvq.

4.4.1 Non-Detections of Stripped Companion and Merger Remnant

Material

We do not detect any H or He emission lines in our optical and NIR spectra, including H,
Pa ,Pa ,Hel 587666787, and He | 1:083 2:059 m. Several previous studies place limits
on non-detections on H/He in nebular spectra (e.g., Sand et al. 2019; Tucker et al. 2020)
relying on radiative-transfer models to predict the observed emission (e.g., Mattila et al.
2005; Botyanszki et al. 2018). However, Dessart et al. (2020) model the e ect of changing
optical depth on the visibility of the H and He emission and nd a non-negligible time-
dependent impact from line-blanketing, especially on the higher-order Balmer lines. Thus,
we place upper limits on the equivalent width W following the procedure of Leonard (2007)
(also see Leonard & Filippenko 2001). For both epochs of optical spectra, the equivalent

width limit on H  emission of W (3 ) < 0:6 A excludes any reasonable non-degenerate
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companion (Dessart et al. 2020). This precludes the need for scaling the spectra to later
epochs and assuming a non-variable spectral shape to match the nebular spectra models of

Botyanszki et al. (2018) as done by Siebert et al. (2020).

We also do not detect permitted or forbidden O I in the NIR (Fig. 4.6) or optical
spectra (Fig. 4.7). Oxygen emission is expected for violent mergers of two C/O WDs as
the secondary (lower-mass) WD is only partially burnt (Pakmor et al. 2012). SN 2010Ip
(Taubenberger et al. 2013) exhibited strong [O1] emission in its nebular spectra and a violent
merger is the preferred explanation for this feature (Taubenberger et al. 2013; Kromer et al.
2013). We note that O emission is only expected for merging C/O WDs and may not be

present in the merger of a C/O WD and a He WD which we discuss further in84.5.3.

4.4.2 The [Ca I1I] Feature

The sharp spectral feature at 7300A is almost certainly [Ca II] emission (Siebert et al.
2020) although [Co II], Fell, and [Ni 1I] contribute to its wings. We lack the spectral
resolution for a full decomposition of this region as done by Siebert et al. (2020) and instead
focus on the temporal evolution of the [Call] emission between our two spectra since this
has not been examined previously. We assume the [C#d] emission and its wings can
be approximated by Gaussian pro les even though they are blends of multiple lines (e.g.,
Mazzali et al. 2015). We require the velocity shifts and widths to be roughly consistent
between the two epochs, allowing for a slight red-shifting and widening of the pro les in the

later spectrum to account for the decreasing opacity of the ejecta (e.g., Black et al. 2016).

The results are shown in Fig. 4.8. The absolute [Cdl] ux decreases between the two
epochs but increases relative to the nearby [Nil] and Fell emission lines. Interestingly,
the [Ca Il] feature evolves di erently than the surrounding Fe Il + [Ni 1] features and the
strong emission line at 8700 A, but similarly to the [Fe II1] emission line at 4600 A

with a near-constant [Call]/[Fe 11I] ux ratio of  0:4.
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Figure 4.8 Fits to the [Ca Il] region. The gray-shaded area marks a region of telluric
contamination which is excluded from the tting process.
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Figure 4.9 Evolution of the Ca Il NIR triplet including pre- and post-maximum spectra from
Miller et al. (2020) and the last two spectra being our new observations. Solid lines mark
the rest wavelengths of the Call NIR triplet (blue) and the Fe 1I 8617 8892 A (green)
emission lines. Dashed lines are the locafi®@s of Ca and Fell shifted by 600 km s !
and 1200 km s 1, respectively (Siebert et al. 2020).



4.4.3 Origin of the 8700A Emission Line

The strong emission feature at 8700A is uncommon in nebular spectra of normal SNe la
but is usually seen in near-maximum spectra and attributed to absorption and emission of
the permitted Ca Il triplet (e.g., Branch et al. 2006, 2008). However, this feature usually
disappears by. 100 days after maximum light (e.g.,. 75 days for SN 2011fe, Pereira et al.
2013;. 90 days for SN 1991bg, Turatto et al. 1996;. 80 days for SN 1991T, Silverman
et al. 2012; also see Branch et al. 2008) yet the feature is essentially unchanged between
near-maximum spectra and our two spectral epochs at +128 and +150 days (Fig. 4.9).
Siebert et al. (2020) attribute this feature to Ca Il and the smooth evolution of this feature
from maximum light through our observation reinforces this conclusion.

The [Call] 7300A and the Ca Il NIR emission pro les are juxtaposed in Fig. 4.10. The
irregularities in the Ca 1l NIR emission pro le at the velocity shifts for [Ca 11] 7300A and
Fe Il derived by Siebert et al. (2019) suggest that the Ca-emitting material producing the
[Call] 7300A feature does contribute to the Call NIR feature but cannot explain the entire
emission prole. There is a clear absorption trough centered at 8300A (Figs. 4.4 and
4.9), so this pro le is likely a complex blend of absorption and emission. Additionally, there
are other lines present at this location typical of nebular SNe la such as Fd 8617 8892A.
However, the Fe transitions in the 4500 5000A are roughly consistent with normal SNe
la (Siebert et al. 2020) so this explanation for the entire 8700A feature is unlikely. Thus,
it is likely that this emission is dominated by the Ca Il NIR triplet but that it does not
originate in the same region of the ejecta as the [Cal] 7300A emission.

The absorption component of the Call NIR triplet is a common feature of SNe la
near maximum light which transitions into a complex blend of absorption and emission
features in the weeks after maximum light (e.g., Maguire et al. 2014, Silverman et al. 2015;
Siebert et al. 2019). The absorption component commonly has di erent polarization angles
and strengths than the surrounding continua (e.g., Wang et al. 2003; Leonard et al. 2005;
Wang et al. 2006) suggesting an asymmetric distribution of absorbing material outside the

photosphere (e.g., Cikota et al. 2019). Additionally, there is a subset of SNe la with high-
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Figure 4.10 A velocity-space comparison of the [Call] (top) and Ca II NIR (bottom)
emission for the +150 day spectrum. The top panel is centered on the stronger [C#]
emission component ( 7291A) and the bottom panel is centered on the reddest component
of the Ca Il NIR triplet ( 8662 A). The rest wavelengths of each Ca line are shown in
green and the derived velocity shift and width of the [Call] feature derived by Siebert et al.
(2020) are provided in blue. Only the central narrow component of the top panel originates
from [Ca Il] (see Fig. 4.8) whereas the majority of the emission pro le in the lower panel
is likely dominated by the Ca Il NIR triplet §.¢5, Fig. 4.9). The purple lines in the bottom
panel mark Fell 8617 8892A at its rest wavelength (solid) and shifted by 1200 km s !
(dotted, Siebert et al. 2020).



velocity absorption features (e.g., Mazzali et al. 2005) where the high-velocity component
of the Call NIR triplet is kinematically distinct from the photospheric component and thus
likely originates in a di erent portion of the ejecta (e.g., Wang et al. 2003; Leonard et al.
2005; Wang et al. 2009). Considering the high Sil velocities of SN 2019yvq (Miller et al.
2020), it is possible that this persistent Call emission is related to high-velocity SNe la and
would naturally explain why the kinematic parameters of the [Call] 7300A and Ca Il NIR
triplet are dissimilar. However, other SNe la with high-velocity absorption features lack a
prominent Ca Il NIR emission component at> 100 days after maximum (e.g., SN 2002dj,
Pignata et al. 2008; SN 2009ig, Foley et al. 2012). Thus, it is unclear if these similarities are
coincidental or if the di erences are due to intrinsic variations of a common source such as
line-of-sight variations, di erent CSM con gurations, or some other aspect of the progenitor

system and/or explosion mechanism.

444 NIR Spectrum

The nebular-phase NIRES spectrum is shown in Fig. 4.5 and possible emission lines
are marked in Fig. 4.6. Consistent with our optical spectra, we do not detect the
expected emission lines from any potential stripped companion material such as Paor
Hel 1:083 m. Stripped material models predict the NIR H and He emission lines to be
the strongest features in the spectrum (Maeda et al. 2014; Botyanszki et al. 2018; Dessart
et al. 2020) and our non-detections severely restrict any potential stripped mass or nearby

CSM.

The only major detected feature occurs at 1:03 m which we attribute to a blend of
[Colll] and [SI1]. Siebert et al. (2020) derived velocity shifts for the °®Ni decay products
on order of 4000 km s 1, so this feature is likely dominated by [SII] since a [Coll]
would need to be red-shifted. We lack the signal-to-noise to decompose the individual
contributions. This feature is stronger than any other feature in the NIR spectrum by a

factor of 3.
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The 1:15 1:4 m region exhibits little ux with the exception of a feature at  1:27 m.
This coincides with the location of Pa , but it is unlikely to stem from stripped companion
material for several reasons. The host spectrum from SDSS (Fig. 4.4, York et al. 2000;
Abolfathi et al. 2018) has strong H emission indicating star-formation which is generally
accompanied by Paschen emission in NIR spectra (e.g., Hill et al. 1996). Additionally, the
emission pro le is narrower than expected for stripped companion material (e.g., Boehner
et al. 2017; Botyanszki et al. 2018) but has a velocity width consistent with the optical
host-galaxy emission lines (e.g., Cid Fernandes et al. 2005). The broader component is
likely a blend of [Colll] and Fell, as our epoch (+173 days after maximum light) is when
the NIR spectrum is transitioning from Co-dominated to Fe-dominated (e.g., Sand et al.

2016; Diamond et al. 2018).

The 1.5 1:8 m region has non-zero ux which can be attributed to a complex blend
of Fell, [Fe lll], [Co llI], and [Ni 1l1] (Diamond et al. 2015; Maguire et al. 2016; Diamond
et al. 2018). Due to the low signal-to-noise of this region we cannot model the various

contributing emission components.

4.5 Discussion

There are several possible explanations for the early UV/optical ux excess seen in
SN 2019yvq, such as interaction with a nearby companion star (Kasen 2010), mixing of
56Ni to the outer layers of the ejecta (Piro 2012), a double-detonation driven by an accreted
surface He layer (Khokhlov et al. 1993), or a violent merger of two WDs (Pakmor et al.
2010, 2012). Each scenario has predicted consequences for both near-peak and nebular-
phase observables and we compare our new data to these expectations.

SN 2019yvq is unique in its near-peak photometric properties but exhibits an absolute
luminosity mostly consistent with SNe la (Fig. 4.2). The nebular spectra of SN 2019yvq
exhibit many of the features seen in normal SNe la such as broad emission lines of Co and Fe

(Figs. 4.4 and 4.6). The optical and NIR spectra have no indication of H/He emission lines
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(Figs. 4.6 and 4.7) expected for material stripped/ablated from a nearby companion star
(e.g., Botanszki et al. 2018; Dessart et al. 2020) nor [O] emission expected from a violent
merger of two C/O WDs (e.g., Taubenberger et al. 2013; Kromer et al. 2013). However,
there are two features of interest not typically seen in late-phase SNe la: [Cad] 7300A

emission and the persistence of the C# NIR triplet (Siebert et al. 2020).

The [Ca II] feature increases in strength between the nebular-phase optical spectra at
+128 and +150 days after Tg:max. This increase is not seen in the nearby Co or Ni emission
lines but is re ected in the [Fe 11I] 4660A emission line with a near constant [Call J/[Fe 1l ]
ratio of  0:4. This could be due to the decreasing optical depth of the ejecta, which
plays an important role in the strength and visibility of emission lines at these epochs (e.qg.,
Dessart et al. 2020) and is consistent with Ca-emitting material residing near the center of

the explosion.

The Ca Il NIR triplet requires more modeling to completely understand. The Call
emission has irregularities in the emission pro le coinciding with the blue-shift of the
[Ca 1] 7300 A feature measured by Siebert et al. (2020), indicating that some of this
emission is powered by the same source. However, most of the @atriplet is inconsistent
with the [Ca II] velocity pro le and the discrepancy cannot be explained by the presence
of Fell emission lines (Fig. 4.10). Additionally, there seems to be no temporal evolution
of the Call NIR triplet between our two optical epochs in either the relative emission line
strengths or the overall pro le shape (Fig. 4.9). This suggests that the Ca-rich material
responsible for the higher-velocity Call NIR triplet is not residing at the center of the
explosion and instead is associated with the fast-moving outer ejecta. This interpretation
is supported by the smooth evolution of this feature over time from near-peak to our late-
phase spectra. For normal SNe la, this feature has faded by 100 days after maximum and
is not usually observed in nebular-phase SN la spectra (e.g., Maguire et al. 2016; Tucker

et al. 2020).

With these new observations, we expand on the analysis by Miller et al. (2020) and

attempt to build a self-consistent explosion model for SN 2019yvg. The violent merger
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of two C/O WDs and interaction with a nearby non-degenerate companion are unlikely
explanations for the early UV/optical ux excess, as our spectra place high-con dence non-
detections on the expected emission from such events. Below, we discuss the remaining
theories: a He-driven double-detonation §4.5.1), mixing of °6Ni into the outer layers of the
ejecta (84.5.2), and the presence of a H- and He-de cient CSM from a C/O+He WD merger
(84.5.3).

45.1 Double-Detonation Models

Double-detonation explosions occur when a surface shell of He ignites, driving a shock wave
into the WD interior and igniting the C/O core (Livne 1990; Livhe & Glasner 1991; Livne

& Arnett 1995). The He shell can be acquired through accretion from a nearby He star
(i.e., the SD scenario; Bildsten et al. 2007) or accretion of a tidally-disrupted lower-mass
WD (i.e., the DD scenario; Fink et al. 2007). The SD channel is unlikely due to our
non-detection of H or He from the stripped material (84.4.1) but the DD channel is still a
possibility, especially since it can produce an early excess ux when the surface He ignites
and creates®®Ni in the outer ejecta (Livne & Arnett 1995). Miller et al. (2020) t the
early light curve with double-detonations models from Polin et al. (2019b) resulting in a
best-t Mpe = 0:04M and Myt = 0:96 M with the caveat that the associated model
spectra predict lower photospheric velocities and more line-blanketing than are observed in

the early spectra of SN 2019yvq.

Siebert et al. (2020) derive a higher total mass oM ; = 1:15 M with a shell mass
of Mye = 0:05 M by comparing the observed nebular spectrum to the nebular spectra
models of Polin et al. (2019a). However, this result is driven by the [Call]/[Fe 111] ratio
(see Figs. 4 and 7 from Polin et al. 2019a) and this model both severely over-predicts the
peak luminosity and fails to reproduce the UV/optical \bump™ in the early light curve (i.e.,
Fig. 4.1). Siebert et al. (2020) attribute the discrepancy between the photometric and

spectroscopic modeling results to viewing-angle e ects, as double-detonation explosions are
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expected to be asymmetric and have observed properties that depend on viewing angle (e.g.,

Fink et al. 2010; Kromer et al. 2010; Sim et al. 2012; Gronow et al. 2020).

Observing a thick He shell double-detonation directly along the pole as suggested by
Siebert et al. (2020) can reconcile the lower peak luminosity with the high SiI velocity, as
the He burning creates high-velocity He ashes above the expanding SN la ejecta, which in
turn suppresses the escape of photons from the inner ejecta (Kromer et al. 2010). However,
this then produces the largest e ects on the early photometric and spectroscopic evolution
(e.g., Kromer et al. 2010; Gronow et al. 2020) as the lower peak luminosity is driven by
large amounts of line-blanketing from the He ashes (Kromer et al. 2010; Polin et al. 2019b).
Additionally, the extra absorption from the He ashes leads to other observable consequences
such as extending the rise time to maximum and decreasing mis (e.g., Fig. 8 from Kromer
et al. 2010) with the e ects increasing for higher He shell masses. Since SN 2019yvq has
a rise time to maximum consistent with normal SNe la (cf. Fig. 4.1), a rapid decline rate
(Miller et al. 2020; Siebert et al. 2020), and a lack of strong line-blanketing in the early
optical spectra (Miller et al. 2020), a pole-on viewing angle seems unlikely to reconcile the
discrepant double-detonation modeling results from Miller et al. (2020) and Siebert et al.

(2020).

For completeness, we also briey consider thin He shell double-detonation models.
Recent simulations have shown that very low amounts of surface He can induce a detonation
(e.g., Shen & Moore 2014) although the minimum He-shell mass needed for core detonation
is still unclear (Glasner et al. 2018). If very low mass He-shells can induce a core detonation,
the e ects on observed near-peak properties may be minor (e.g., Townsley et al. 2019)
although this conclusion has not been extensively tested in the nebular phase. The
main issue with a thin He shell double-detonation producing SN 2019yvq is the lack of
a prominent early ux excess in these models, and thin He shell double-detonations are
generally considered a potential explosion mechanism for normal SNe la (e.g., Shen &
Moore 2014; Townsley et al. 2019) instead of peculiar events like SN 2019yvqg. Additionally,

these models exhibit a strong correlation between peak magnitude (a proxy for the WD
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mass) and Sill velocity at maximum light (Shen et al. 2018; Polin et al. 2019b). SN 2019yvq
does not conform to this relation, exhibiting very high Si Il velocities (Miller et al. 2020) but
having a peak magnitude fainter than predicted (i.e., observedV 4 185 mag versus the
predicted Mg 19:5 mag from Polin et al. 2019b forvg;, 15000 km s 1). Thus, both
thin and thick He shell double-detonation models are unable to qualitatively reproduce the

observed characteristics of SN 2019yvq.

An interesting avenue of speculation for double-detonation models, especially the thick
He shell model preferred by Siebert et al. (2020), is the presence or absence of H&:083 m.
Unless the He-shell is entirely consumed during the initial surface ignition, residual He
material will remain in the system and could produce observable signatures. For example,
Boyle et al. (2017) predict Hel 1:083 m absorption near maximum light whereas Dessart
& Hillier (2015) predict strong optical and NIR He | emission at& 50 days after maximum.
These studies employ very di erent treatments of the He mass distribution so comparisons
are limited, but this highlights the uncertainty of both 1) the amount of He material
remaining after surface ignition and 2) the e ect of any surviving He on the optical and
NIR spectral evolution. Helium is a notoriously di cult element to model as it requires
a full non-LTE treatment (e.g., Lucy 1991; Hachinger et al. 2012) so we consider this
a promising avenue of further study. Any double-detonation model for SN 2019yvq not
consuming all available surface He must account for its absence in near-maximum spectra
(Miller et al. 2020), late-phase optical (this work, Siebert et al. 2020), and nebular NIR

(this work) spectra.

Finally, the presence of strong [Call] is not a direct consequence of a double-detonation
as suggested by Miller et al. (2020) (and subsequently by Siebert et al. 2020), but instead
an indicator that the Ca-rich material is located in the same region of the ejecta as the
%6Ni decay products (e.g., Wilk et al. 2020). [Call] is an extremely e ective coolant
due to its large oscillator strength, and therefore [Call] emission can be generated by any
explosion model producing C& in the ejecta regardless of the explosion mechanism itself.

Several models in the literature produce strong [Cal] emission in the nebular phase without
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requiring a double-detonation explosion (e.g., Mazzali & Hachinger 2012; Blondin et al.
2017; Botyanszki & Kasen 2017; Galbany et al. 2019; Wilk et al. 2020). These conditions
can be created by a double-detonation explosion (e.g., Polin et al. 2019a), as the He burning
naturally intersperses °®Ni with intermediate-mass elements such as Ca, but this e ect is
not exclusive to double-detonation explosions. Instead, the detection of Ca provides insight

into the chemical distribution and bulk ionization state of the ejecta.

4.5.2 Ni Mixing Models

Next, we consider®®Ni mixing as a potential explanation for both the early ux excess and
the presence of [Call] in the nebular spectra. The source of the early ux excess is the
same for both >6Ni-mixing and double-detonation models: the presence of°Ni in the outer
ejecta provides excess heating and thus excess ux (Piro 2012; Piro & Morozova 2016).
However, the outer Ni in double-detonation models is produced by the He burning process
whereas®®Ni-mixing requires a transport mechanism to move the inner®®Ni material to the
outer ejecta. Previously-invoked mechanisms include irregular/asymmetric de agrations
(Khokhlov et al. 1993; Hoe ich & Khokhlov 1996), gravitationally-con ned detonations
(GCDs, Plewa et al. 2004; Piro 2012), or the direct collision of two WDs (Rosswog et al.
2009; Raskin et al. 2009). Each theory has observational inconsistencies with normal SNe
la but these problems may not apply to peculiar SNe la such as SN 2019yvq.

It is plausible for SN 2019yvq that the outer °®Ni clumps responsible for the early ux
excess can also account for the detection of [Ci] in the nebular phase. Outward mixing
of %6Ni may boost the [Call] emission due to the energy from local positron deposition in
the Ca-rich region and ensuing radiative cooling. However, there are no published models
that address this scenario and howP®Ni mixing a ects the nebular spectra. The presence
of [Call] emission in the nebular spectra models of Wilk et al. (2020) is highly dependent
on the amount of clumping in the ejecta, providing a potential avenue for®®Ni mixing to
address both the early early ux excess and the nebular [Cdl] emission. Furthermore,

the 56Ni mixing models of Kasen (2006) predict no secondary -band maximum for a fully-

122



mixed composition, a low °6Ni yield, or a combination of these two. This could explain
the extremely weak NIR secondary maximum in SN 2019yvq seen in Fig. 4.3. Miller et al.
(2020) estimate a low®®Ni mass of 031 0:05M which is lower than for normal SNe la
(0:4 0:8M , Scalzo et al. 2014). Thus6Ni mixing is a promising avenue for reproducing
some of the major aspects of SN 2019yvqg and studies of normal SNe la have produced
promising results for the existence of shallow®Ni (e.g., Piro & Nakar 2014).

However, there is a complex interplay between the necessary synthesiz&8Ni to power
the optical light curve (e.g., Arnett 1982), the amount of mixing needed to reproduce
the early ux excess (e.g., Piro & Morozova 2016; Magee & Maguire 2020), the amount of
mixing needed to suppress the secondary NIR maximum (e.g., Kasen 2006), and limitations
on outer °6Ni from the lack of unusual spectroscopic features (i.e., line-blanketing e ects) in
the early spectroscopic evolution (Miller et al. 2020). These features are not self-consistently
addressed by any model in the literature nor are there predictions for the e ect on nebular
spectra. New models are needed to determine if the right combination of®Ni mixing can
produce all aspects of SN 2019yvq. Additionally?®Ni mixing is a result of the WD explosion,
not a cause, and an explosion mechanism must still be invoked to actually destabilize the
WD. All explosion models struggle to reconcile the low luminosity of SN 2019yvq with the
high Si Il velocity, a hindrance for any model invoking °®Ni to explain the peculiarities of

SN 2019yvq.

45.3 H- and He-De cient CSM

A third possibility for excess ux soon after explosion is the presence of a dense CSM
surrounding the exploding WD. The near-peak spectra from Miller et al. (2020) and our
nebular spectra exclude any H or He emission at high con dence, so any CSM must be H
and He depleted. This can be created by a WD merger where the more massive WD tidally
disrupts and accretes the lower-mass WD (Fink et al. 2007; Pakmor et al. 2010). This
process is not completely e cient and some material will escape into the surrounding ISM

instead of being consumed by the explosion (e.g., Shen et al. 2013). H- and He-rich rich
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surface layers comprise only a small fraction of the total C/O WD mass My=Mwp . 10
and Mpe=Mwp 10 2; e.g., Romero et al. 2012) so ine cient accretion/mass transfer can

readily produce a H- and He-de cient CSM.

Miller et al. (2020) showed that the 0:9 + 0:76 M merger model from Kromer et al.
(2016) can qualitatively reproduce the photometric evolution of SN 2019yvq, although the
early ux excess itself was not modeled due to the numerous possible CSM con gurations.
The ejecta-CSM interaction models from Piro & Morozova (2016) can produce an early ux
excess with duration< 4 days, blue colors, and peak/ -band luminosity of My 15 mag
for a CSM radius of  10'2 cm, similar to the early ux excess observed in SN 2019yvq.
However, the primary issue with a violent merger of two C/O WDs producing SN 2019yvq
is the lack of prominent O emission lines in our optical and NIR spectra. While ignition of
the primary WD produces °6Ni and iron-group elements, the secondary lower-mass WD is
only partially burnt (Pakmor et al. 2011). For a C/O secondary WD, this results in unburnt
oxygen near the center of the ejecta which produces strong O emission lines in the nebular

spectra as seen in SN 2010Ip (Taubenberger et al. 2013; Kromer et al. 2013).

Interestingly, Kromer et al. (2013) and Taubenberger et al. (2013) state that [O1] is not
expected for a merger between a C/O WD and a He WD, as there is no unburnt oxygen
material to produce the nebular emission lines. There are no models directly assessing the
result of a C/O WD merging with a He WD, but we consider two simplistic outcomes: the
He WD is partially burnt or the He WD experiences no burning. If the He WD is partially
burnt, by-products such as O, Ca, and Ti should be produced and reside near the center of
the ejecta. This matches the detection of [Cal] 7300A, but the burning process must be
highly e cient otherwise residual O or He remains in the ejecta and should produce nebular
emission lines. If the He WD experiences little or zero burning, a large amount of unburnt
He material remains near the center of ejecta. This is reminiscent of material stripped from
a He donor star and should produce strong NIR He emission lines (e.g., Botyanszki et al.

2018) which we exclude at high con dence.
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Thus, a H- and He-de cient CSM produced in the merger of two WDs is an unlikely
progenitor system to explain SN 2019yvg. A merger of two C/O WDs should produce O
emission which we do not detect, and a merger of a C/O WD with a He WD would likely
produce strong emission lines of O and/or He. The exception is if the He WD experiences
signi cant burning and converts all He to elements heavier than O which would produce
nebular [Call] emission but no O or He emission lines. We consider this scenario unlikely

but numerical simulations should con rms these qualitative considerations.

Finally, there is the direct collision of two WDs (e.g., Rosswog et al. 2009; Raskin
et al. 2009). This scenario is thought to produce double-peaked emission lines ¥iNi decay
products (e.g., Dong et al. 2015) as the ensuing velocity distribution is inherently bimodal.
However, double-peaked or asymmetric emission lines can also be produced by o -center
explosions (e.g., Gall et al. 2018; Vallely et al. 2020). We do not nd any evidence for
double-peaked or at-topped emission pro les in our optical spectra of SN 2019yvq, but
our optical spectra are not late enough in the nebular phase for a de nitive conclusion.
Direct collision models in the literature are scarce and important questions, such as the
presence of unburnt material near the center of the ejecta, are currently unanswered. If
unburnt material survives the collision and subsequent explosion, we would expect similar
spectral signatures as the merger scenario (i.e., He or O emission lines). We encourage
further modeling of this scenario to understand the chemical composition of the surviving

material and its e ect on the nebular spectra.

4.6 Conclusion

We have presented and analyzed new photometric and spectroscopic observations of the
unusual SN la 2019yvqg which exhibited a early blue ux excess, low peak luminosity, high
Si Il velocities, and the presence of [Cal] 7300A and Ca Il NIR triplet emission in the
nebular spectra. Our near-explosiong-band photometry places new constraints on the

duration of the early ux excess and the time of rst light. The TESS light curve reveals a
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weak secondary maximum, atypical for intermediate-luminosity SNe la. The NIR spectrum
excludes any stripped material from a nearby non-degenerate companion due to the lack
of H and He emission lines. The optical spectra con rm these non-detections and reveal
prominent [Ca II] and Ca Il NIR triplet emission. The [Ca 1] 7300 A line declines in
absolute ux between our two epochs but strengthens relative to the surrounding [Nill]

and Fell lines whereas the Cdl NIR triplet shows little change between the two epochs.

No explosion model in the literature addresses all of the aspects of SN 2019yvg. One
commonality between the models is the di culty reconciling the high photospheric velocities
with the low peak luminosity. The early ux excess can be explained with several physical
scenarios (see Miller et al. 2020 for an in-depth discussion) with our new observations
strongly disfavoring interaction with a non-degenerate companion or a violent merger
of two C/O WDs. However, the other potential sources for the ux excess (a double-
detonation explosion, %®Ni-mixing into the outer ejecta, and a H-/He-de cient CSM) also

have shortcomings or contradictions &4.5).

SN 2019yvq highlights the uncertainties plaguing SN la explosion models. Even with
the exquisite photometric and spectroscopic observations from Miller et al. (2020), Siebert
et al. (2020), and this work, SN 2019yvg remains an enigma. However, these high-quality
observations provide an excellent foundation for future modeling attempts as SN 2019yvq

enters the growing taxonomy of WD explosions.
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Chapter 5
Nebular Spectra of Type la Supernovae Disfavor

Single Degenerate Progenitor Systems

5.1 Introduction

Type la supernovae (SNe la) are utilised across many astronomical disciplines, including the
extragalactic distance scale, dark energy studies, and Galactic chemical evolution. Despite
their prevalence, the origins of SNe la are still unclear even after decades of study. The
general consensus is that they are explosions of carbon/oxygen (C/O) white dwarfs (Hoyle
& Fowler 1960) with fairly homogeneous properties. For example, the magnitude of SNe la
at peak is well constrained M mnax 19, e.g.; Folatelli et al. 2010), and, after correcting
for light curve decline and color, they have an intrinsic scatter of 0:1 mag (e.g., Fig.
19, Folatelli et al. 2010). Many formation mechanisms for SNe la have been proposed
to reproduce this level of uniformity, which can be grouped into two main categories: the
double degenerate (DD) and single degenerate (SD) scenarios (see Maoz et al. 2014; Livio
& Mazzali 2018; Jha et al. 2019, for reviews on SNe la and their progenitors).

The DD scenario consists of two degenerate stars, usually C/O white dwarfs, which
induce a SNe la through accretion, collision, or merger. This can occur due to gravitational
wave emission (Tutukov & Yungelson 1979; Iben & Tutukov 1984; Webbink 1984),
collision/violent merger due to perturbations by external bodies (Thompson 2011; Katz &

Dong 2012; Shappee & Thompson 2013; Pejcha et al. 2013; Antognini et al. 2014), accretion
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from a low-mass white dwarf onto a smaller, higher-mass white dwarf (Taam 1980; Livne
1990; Tutukov & Yungelson 1996; Pakmor et al. 2012), or a "double detonation" where an
accreted helium layer detonates and drives the core to detonate (Woosley & Weaver 1994;
Fink et al. 2010; Kromer et al. 2010). Due to the intrinsic faintness of both components

in these systems, observational con rmation of DD systems is exceptionally di cult (e.g.,
Rebassa-Mansergas et al. 2018). Some progress has been made on this front, such as bimodal
emission in the nebular phase (Dong et al. 2015; Vallely et al. 2019b) and possible hyper-
velocity remnants (Shen et al. 2018; Ru ni & Casey 2019). However, most of the evidence

for DD systems comes from the exclusion of SD progenitors (e.g., Shappee et al. 2017).

The SD scenario involves a WD with a nearby non-degenerate companion (Whelan &
Iben 1973; Nomoto 1982; Yoon & Langer 2003), usually undergoing Roche Lobe over ow
(RLOF). The WD accumulates material until reaching critical mass and then explodes. This
critical mass is typically considered the Chandrasekhar massM¢, 1.4 M ), although
sub-M, explosions, including double detonation scenarios, are also possible (e.g., Livne
& Arnett 1995). There are several predicted observational signatures of the SD degenerate
scenario due to the interaction of the ejecta/explosion and the donor star (Wheeler et al.
1975), including e ects on the rising SN la light curve (Kasen 2010), soft X-ray emission
in the accretion phase (Lanz et al. 2005; Tutukov & Fedorova 2007; Woods et al. 2018),
surviving companions with anomalous characteristics (e.g., Canal et al. 2001; Shappee et al.
2013a), and the amount of®Ni decay products synthesized in the explosion (e.g., Repke

et al. 2012; Shappee et al. 2017).

One of the most promising signatures of a RLOF companion to an exploding WD are
emission lines produced by material stripped/ablated from the non-degenerate companion
(e.g., Wheeler et al. 1975; Chugai 1986; Marietta et al. 2000; Mattila et al. 2005; Pan
et al. 2012), observable in nebular-phase spectra once the SN la has faded considerably
and become optically thin. For example, Boehner et al. (2017) simulated stripping from
red giant (RG), main sequence (MS), and sub-giant (SG) stars, nding approximately 033,

0:25, and Q17M , respectively, of stripped mass. Botyanszki et al. (2018) converted these
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estimates into expected H luminosities and found that the emitted H luminosity does
not vary linearly with amount of stripped companion mass, which had been the assumption
of previous studies (e.g. Leonard 2007; Shappee et al. 2013b), but instead the relation is
closer to logarithmic. Additionally, the H emission is powered by gamma-ray deposition

from the SN la ejecta and roughly follows the bolometric luminosity.

In this work we compile a comprehensive sample of SNe la nebular spectra spanning
200 500 days after explosion (181 481 days after maximum assuming a rise time of
19 days from Firth et al. 2015) to search for the expected emission from stripped/ablated
material. We nd no such emission in any spectrum in our sample, and place new or
updated stripped/ablated mass constraints for each SN la. The entirety of similar work in
the literature totals 33 SNe la (Mattila et al. 2005; Leonard 2007; Shappee et al. 2013b;
Lundgyist et al. 2013, 2015; Maguire et al. 2016; Graham et al. 2017; Shappee et al. 2018;
Sand et al. 2018; Holmbo et al. 2018; Dimitriadis et al. 2019b; Tucker et al. 2018; Sand

et al. 2019), a fraction of the sample analyzed in this work.

We outline our data sources and reduction techniques, including absolute ux
calibration, in 85.2. In 85.3, we discuss our methodology in searching for and placing limits
on material stripped from a RLOF companion. Our upper limits on stripped material are
provided in 85.4, and our ndings are discussed in the context of SNe la formation ing5.5.
Included in 85.5 are discussions about peculiar SNe la and their role in our study including

SNe la-CSM. Finally, in 85.6, we summarize our results.

5.2 Data Sources and Reduction

Our sample of 227 spectra of 111 SNe la comes from the 40 instruments on 29 telescopes
listed in Table 5.1. All spectroscopically peculiar SNe la are included except for those
exhibiting signatures of circumstellar material (SNe la-CSM). These SNe la exhibit H
emission, but the velocity and magnitude of the emission is inconsistent with material

stripped from a nearby companion; instead, these SN la appear to have exploded in a dense
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circumstellar environment (e.g., SN 2002ic, Wang et al. 2004) and exhibit H emission
before the SN enters the nebular phase (e.g., Silverman et al. 2013). A discussion of SNe
la-CSM and their role in our results is provided in 85.5.2. For non-CSM SNe la we impose

the following criteria when selecting nebular spectra:

Obtained between 200 and 500 days after explosion to maintain consistency with the
models of Botyanszki et al. (2018), assuming a typical rise time oft;see 19 days

(Firth et al. 2015).
Cover 1000 km s 1 of at least one H or He line in Table 5.2.
Have at least one method of absolute ux calibration, outlined in 85.2.3.

Published, posted, or observed by our team before the submission date of this article

(15 March 2019).

Additionally, we include new and archival photometry to supplement our spectral data and
analysis. Early-phase photometry ( 50 days after maximum light) is used in deriving the
photometric properties of each SN la using the photometric tting code SNooPyBurns et al.
2011), including time of maximum (tmax ), the decline rate parameter mys, extinction along
line of sight, and the distance modulus. Late- and nebular-phase photometry are used for
ux calibrating the nebular spectra and deriving a Nebular Phase Phillips Relation (NPPR).
The NPPR approximates the nebular magnitude of a SN la given its peak magnitude and

decline rate, calibrated to an extensive sample of new and archival SNe la photometry.

5.2.1 New Spectra and Photometry

We present 14 new nebular-phase spectra of 13 SNe la, of which 10 have no prior published
nebular spectra. These spectra were acquired in our ongoing study of SNe la progenitors,
taken with MagE and IMACS on Baade, MUSE on the VLT, and WFCCD on duPont (see

Table 5.1 for telescope and instrument designations). For the new spectra presented here,

each spectrum was reduced using telescope and instrument-speci ¢ pipelines, if available,
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Table 5.1 All telescopes and instruments utilised in this work. If a reference could not be
found for a given instrument, the corresponding instrument website is provided in the table

notes.
Telescope Abbrev® Instrument Abbrev.2 Ref. Nspec
Australian ANU2.3m Wide-Field WiFeS Dopita et al. (2007, 2010) 7
National Spectro-
University graph
2.3m
Calar Alto CA2.2m Calar CAFOS b 1
2.2m Alto Faint
Object
Spectro-
graph
Calar Alto CA3.5m Multi- MOSCA ¢ 2
3.5m Object
Spectro-
graph at
Calar Alto
Danish D1.54m Danish DFOSC Andersen et al. (1995) 1
1.54m Faint
Object
Spectro-
graph and
Camera
du  Pont duPont  Wide Field WFCCD d 4
Telescope Reimaging
CCD
Camera
Boller and BC € 1
Chivens
Spectro-
graph
ESO 1.5m ESO1.5m Boller and BC f 2
Chivens
Spectro-
graph
ESO 3.6m ESO3.6m ESO Faint EFOSC1/2 Buzzoni et al. (1984) 11
Object
Spectro-
graph and
Camera
Harlan J HJST UltraViolet  UVITS Wills et al. (1980) 1
Smith Image Tube
Telescope Spectro-
graph
Himalayan HCT Himalayan  HEQSC g 2
Chandra Faint Ob-
Telescope ject Spec-
trograph
Hubble HST Faint Ob- FOS h 1
Space ject Spec-
Telescope trograph



otherwise typical IRAF ! tasks were used. The spectra acquired with MagE/Baade were
reduced with a pipeline provided by the Carnegie Observatories (Kelson et al. 2000; Kelson
2003), with the exception of standard star calibrations and stitching together each echellette
spectrum, which was done with customPython routines. For newly presented MUSE data
acquired as part of the AMUSING survey (Galbany et al. 2016), spectra were extracted in
a 1" circular aperture at the SN la location using the PyMUSE package (Pessa et al. 2018),
and corrected for host galaxy contributions using a background annulus extending from 2"
to 3". New IMACS/Baade spectra were reduced with typical IRAF procedures including
bias subtraction, at- eld correction, arc lamp exposures for wavelength calibration and

standard star onbservations to correct for instrument and atmospheric response.

For absolute ux calibrations, we also include nebular photometry for any SNe la in
our sample. This includes new observations and reproccessed archival images for which
we could not nd a published magnitude. New photometry includesV-band images taken
with FORS2, r-band images from MODS1, andBV Rl images from WFCCD. Archival
imaging includes UBV RI imaging from FORS1/2 and BV Rgri imaging from EFOSC2
(Table 4.2). All images are bias subtracted and at- eld corrected before performing
aperture photometry with the IRAF apphot task. For targets with 30, photometry
from the Pan-STARRS Stack Object catalog® (Chambers et al. 2016; Flewelling et al. 2016)
was used in calibrating the images, otherwiséGaia DR2 photometry (Gaia Collaboration
et al. 2016, 2018; Riello et al. 2018) was used. When transforming reported magnitudes
to other photometric systems, Tonry et al. (2012) and Evans et al. (2018) were used for
Pan-STARRS and Gaia, respectively. The only exceptions to this procedure are thd3 -band

FORS2/VLT images, which are calibrated using the reported photometric zeropointg.

Yhttp:/firaf.noao.edu/

2http://code.obs.carnegiescience.edu/mage-pipeline
3http://archive.stsci.edu/panstarrs/stackobject/search.php
“https:/iwww.eso.org/observing/dfo/quality/FORS2/qc/zeropoints/zeropoints.html
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5.2.2 Archival Spectra and Photometry

The primary sources of our archival spectra and photometry are the Berkeley SuperNova
la Program® (BSNIP, Silverman et al. 2012, 2013), the Center for Astrophysics (CfA)
Supernova Data Archive® (Riess et al. 1999; Jha et al. 2006; Matheson et al. 2008; Blondin
et al. 2012), the Carnegie Supernova Projec¢t(CSP, Hamuy et al. 2006; Folatelli et al. 2010;
Contreras et al. 2010; Stritzinger et al. 2011; Folatelli et al. 2013; Krisciunas et al. 2017;
Phillips et al. 2019), the 100IAs project (Dong et al. 2018), the ANU WiFeS SuperNovA
Program (AWSNAP; Childress et al. 2016), and the All-Sky Automated Survey for
SuperNovae (ASAS-SN, Shappee et al. 2014; Holoien et al. 2017c,a,b, 2019, Vallely et
al., Chen et al., in prep). The majority of the publicly available data were retrieved using
the Open Supernova Catalog (OSC, Guillochon et al. 2017) and the Weizmann Interactive
Supernova data REPository (WISeREP, Yaron & Gal-Yam 2012). All data provided by
these sources are already reduced with the exception of precise spectral ux calibration,
which we outline in 85.2.3. Additionally, we supplement these sources with archival data
obtained from telescope databases, including the Keck Observatory Archivie(KOA), the
ESO Science Archive Facility ® (ESO SAF), the Isaac Newton Group Archive!® and the
Gemini Observatory Archivel! (GOA).

Data reduction and calibration was performed as uniformly as possible across all sources
of spectra. Data retrieved from public archives were already reduced, with the exception
of absolute ux calibration. The reduction of data retrieved from telescope archives was
generally less complete. All spectra retrieved from the ESO SAF were already reduced
(excluding ux corrections) with the exception of FORS1/2 data. For any ESO SAF data
reduction, both spectroscopy and photometry, we used the ESO SAlesorex data reduction

pipeline (Freudling et al. 2013).

Shitp://heracles.astro.berkeley.edu/sndb/
8 https://www.cfa.harvard.edu/supernova/SNarchive.html
"http://csp.obs.carnegiescience.edu/
8https://koa.ipac.caltech.edu/
®http://archive.eso.org/cms.html
http://casu.ast.cam.ac.uk/casuadc/ingarch/query
" https://archive.gemini.edu/
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Spectra obtained from the KOA and GOA were not reduced prior to retrieval and had
to be manually reduced. Recent LRIS spectra were reduced using Lpip& while older
LRIS and DEIMOS data were reduced using the LowRedux/XIDL pipeline'®. Gemini
North/South GMOS spectra were reduced with the GMOS Data Reduction CookbooK*.

We manually reduced any unreduced spectra for which no pipeline exists using
standard IRAF procedures. Images were at- elded and bias-subtracted using archival
calibration images taken near the epoch of observation, and wavelength calibrated with
arc lamp exposures. Spectrophotometric standard star observations were used to correct
for telescope/instrumental artefacts, atmospheric e ects, and to place each spectrum on a

reliable relative ux scale.

5.2.3 Accurate Flux Calibration

For our analysis in 8.3, the spectra must be on a reliable absolute ux scale. While
calibrating spectra with spectrophotometric standard stars places these spectra on a
dependable relative ux scale, slit losses, atmospheric conditions, and other e ects can
cause the resulting spectra to deviate from an absolute ux scale. To scale a spectrum to
the absolute scale, we employed Eqg. 7 from Fukugita et al. (1996) to calculate synthetic
photometry from the spectra. The spectra are then scaled so that the synthetic photometry
matches the observed photometry. There were several di erent sources of photometry used
to calibrate the spectra. In order of preference and reliability, with accuracy estimates in

given parentheses:

1. For spectra with acquisition images taken at the time of observation, we scale the
entire spectrum to match these photometric observations, usually in theV or r lters

( 5 10%).

2 http://www.astro.caltech.edu/ dperley/programs/Ipipe.html
13 http:/iwww.ucolick.org/ xavier/LowRedux/
¥ http://ast.noao.edu/sites/default/ les’=GMOS ~ _Cookbook/
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2. If acquisition images are unavailable, we next tried to use photometry within 5 d
of the spectral observations. Photometry in all available Iters within this temporal

limit were used in the ux calibration (10 15%).

3. If no photometric data was available within 5 d, we searched for photometry within
50 d. If at at least 3 photometric data points fell within this time span, we
linearly interpolated to estimate the magnitude at the time of the spectral observation

( 15 20%).

4. If none of these were available, the nebulaBV R magnitude was estimated with the

NPPR and used to calibrate the spectrum ( 20%).

We required> 90% of the lter's transmission curve be covered by the observed spectrum
for viable calibrations. If only a single lter was available, the entire spectrum was scaled
to match the observation. If two lters were available for ux calibration, a simple linear
t was applied to the scale factors. If > 3 Iters were available, we use spline ts with xed
endpoints to ensure a robust ux correction across the entire spectrum. After placing the
spectrum on an absolute ux scale, we correct for host galaxy and Milky Way reddening
using the E(B  V)nhost derived from the light curve ts. We implement a Fitzpatrick
(1999) extinction law and a Schlegel et al. (1998) Milky Way dust map for our reddening

corrections. We assumeRy = 3:1 unless stated otherwise.

5.2.4 Sample Demographics

After collecting all nebular spectra that meet our temporal and calibration requirements,
our sample consists of 111 SNe la. Due to the comprehensive nature of our search for
nebular spectra, our sample is inherently biased towards brighter or peculiar SNe la as
these objects have a higher likelihood of being observed in the nebular phase. This e ect is
readily apparent in Fig. 5.1 where the mjs5 values of SNe la in our sample are compared
to a purely photometric sample from the Lick Observatory Supernova Search (LOSS, Li

et al. 2000; Ganeshalingam et al. 2010). Similar to the luminosity bias, we are biased to
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Figure 5.1 Distribution of m45(B) in our sample compared to the photometric sample
from LOSS (Ganeshalingam et al. 2010). As expected, the nebular sample is biased towards
brighter and broader SNe la.
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Figure 5.2 The number of spectra per days since maximum for 3 distributions, 1) all spectra
in our sample (gray), 2) the earliest spectrum for each SN la (light blue), and 3) the latest
spectrum for each SN la (dark blue, hatched).
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lower redshift SNe la with a median redshift of z,eg  0:015. We provide the temporal
distribution for our set of nebular spectra in Fig. 5.2, including distributions for the earliest
and latest spectra for each SN la. As expected, the number of spectra generally decline at

later phases due to the supernovae fading from view.

5.3 Searching for Emission from Stripped Companion

Material

Prior to the work of Botyanszki et al. (2018), the majority of unbound mass limits in
the literature utilised the work of Mattila et al. (2005) and Leonard (2007) to compute
stripped mass limits from comparing observed spectra to expected Hluminosities. Several
subsequent studies have adopted these methodologies in their work (e.g., Maguire et al.
2016; Graham et al. 2017) with notable success in ruling out hydrogen-rich companions.
Yet the models of Mattila et al. (2005) had several shortcomings in observational
implementation. In particular, Leonard (2007) assumed a linear scaling between the amount
of unbound companion mass and the corresponding H luminosity.

Botyanszki et al. (2018), using the MS38 model (a main-sequence star undergoing
RLOF) from Boehner et al. (2017), instead found the emitted H luminosity scales
logarithmically with the amount of stripped mass. Additionally, Botyanszki et al. (2018)
computed a simpli ed helium-star model, where all the stripped mass from the MS38 model
is replaced with helium instead of Solar abundance material. This is not a true helium-star
model, as helium-star companions are expected to have lower amounts of stripped mass
than their hydrogen-rich counterparts and a modestly di erent velocity distribution (e.g.
Pan et al. 2012), but it provides a starting point for calculating limits on the amount of
unbound helium in a SN la spectrum.

While the models of Botyanszki et al. (2018) clarify the mass-luminosity scaling issue
and expand to helium emission, they share two other shortcomings with the models of

Mattila et al. (2005): the requirement of using H to constrain the amount of unbound
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Table 5.2 Line luminosities for both the hydrogen-rich (H-rich) model and the helium-rich
(He-rich) model corresponding to the MS38 and helium models from Botyanszki et al.
(2018). Helium lines are given letter designations to ease identi cation. FWHM refers to
the expected FWHM of a line pro le broadened by 10° kms 1.

Line L 200[10% erg/s] FWHM [ A]
H-rich Model
H 4341A 0.271 14.5
H 4831A 4.38 16.1
Hel -a 5875A 4.27 19.6
H 6563A 68.0 21.9
Hel -b 6678A 2.24 22.3
Hel -c 1.08 m 10.5 36.0
Pa 1.281 m 14.6 427
Pa 1.875 m 14.6 62.5
Hel -d 2.06 m 8.48 68.7
He-rich Model
Hel -a 5875A 8.26 19.6
Hel -b 6678A 6.90 22.3
Hel -c 1.08 m 18.2 36.0
Hel -d 2.06 m 12.9 68.7

mass, and only calculating the expected H luminosity at a single epoch (200 days post-
explosion for Botyanszki et al. 2018 and 350 days post-maximum for Mattila et al. 2005).

In the following subsections we discuss our stripped mass limits given these limitations.

5.3.1 Expanding on these Models

For SNe la with star-forming host galaxies, the region around H can be contaminated
by narrow host galaxy H and NIl emission lines which complicates setting limits on H
emission. However, the unbound material has emission lines besides HincludingH , H
and the Paschen series. Assuming roughly Solar metallicity, the stripped material will also
exhibit prominent Hel lines in the optical and NIR (Botyanszki et al. 2018). We provide
the luminosities for each of these lines in Table 5.2 att( tg) = 200 days from explosion for
the hydrogen-rich (H-rich) model using the same MS38 model as Botyanszki et al. (2018).
Additionally, we supply similar data for the simpli ed helium star model from Botyanszki

et al. (2018), which we refer to as the He-rich model.
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Figure 5.3 Peak luminosity of the FdIl line (red points) versus days since explosiont( tp)
from the time-dependent SN la spectral models of Botyanszki & Kasen (2017) and the
exponential t (black line).
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Figure 5.4 Nebular phase spectrum (black), continuum t (red), and derived 10 ux limits
(blue) for the Baade/MagE +295 d spectrum of SN 2015F. The bottom panels show the
regions near each possible emission line from Table 5.2 and correspond to the coloured boxes
in the top panel. Gray shaded areas indicate masked spectral regions due to host galaxy
contamination or instrumental e ects, and vertical dashed lines indicate SNe la emission
lines used to estimate the smoothing width for each spectrum (se&5.3). Similar spectral
cutouts for all SNe la are included as supplementary gures.

163



Botyanszki et al. (2018) estimated the line luminosity at 200 days as a function of the
amount of stripped mass Mg). Table 5.2 provides the expected luminosity L 200(Mgt)
of various lines for Mgt = 0:25 M . The dependence on the amount of stripped mass
is well approximated by log;gL200(M) ' 10g;9L200(0:25M ) + 0:17M  0:2M 2, where
M = logo(Mst=M ). Botynszki et al. (2018) do not provide the time dependence of
the line emission speci cally, but note that the H emission is proportional to the Fdll
emission over the 200< (t tg) < 500 day period they consider. Utilising the synthetic
spectra models from Botyanszki & Kasen (2017), we nd the Felll emission is well t by

an exponential (Fig. 5.3), which leads to an estimate for the line luminosity of

t to

b = +0: : 2
l0g1oL(M;t) =1l0og 19L200+0:17M  0:20M 200 days

(5.1)

provided Mg < 2M . This should hold well for the Balmer lines, and is at least a better
approximation for the Paschen and Hel lines than assuming their luminosities are temporally

constant.

The models from Botyanszki & Kasen (2017) used to derive the luminosity decay in
Fig. 5.3 are truncated at 400 days after explosion. However, the ratio between g
and H remains roughly constant out to 500 days after explosion (Botyanszki et al. 2018).
To incorporate spectra taken between 400 500 days after explosion, we extrapolate the
exponential t to the later epoch. Since the models used to derive the FHI emission
decay are generalized to non-peculiar SNe la and independent of any possible H or He
emission, we consider this assumption valid. However, we do not extrapolate to earlier
epochs for two reasons. The onset of the nebular phase is not clearly de ned in the literature
(e.g., Black et al. 2016), leading to ambiguities in when stripped material might become
visible. Additionally, the luminosities for stripped material given in Table 5.2 are taken
from Botyanszki et al. (2018) who explicitly state that their models are valid in the regime
of 200 (t tp) 500 days. If these concerns are mitigated by future work our results can

be expanded to include objects with earlier spectra.
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5.3.2 Placing Statistical Limits on Stripped Mass

Once each spectrum is ux calibrated and corrected for the reddening, we place statistical
limits on the presence of emission lines listed in Table 5.2, roughly following the methods of
Leonard (2007). Each spectrum is rebinned to the approximate spectral resolution, and the
spectral continuum is t with a 2 "-order Savitsky-Golay polynomial (Press et al. 1992),
excluding pixels within 2 FWHM of line centers to prevent biasing our continuum t,

as done in previous studies (e.g., Maguire et al. 2016). However, since we are inspecting
multiple lines for emission signatures, we apply our continuum model in velocity space

instead of wavelength space to incorporate this modi cation.

No single continuum width adequately ts the continuum for all SNe la in our sample,
especially considering the spectroscopic and temporal diversity. We tailored the continuum
t width for each spectrum based on the observed SN la expansion velocity, measured from
the prominent emission lines in the spectrum. Since most of the major emission lines in
nebular SNe la are blended to some extent (e.g., Mazzali et al. 2015, Fig. 5), we compute
the weighted average from the tted line pro les assuming a Gaussian emission pro le +
linear continuum. The lines considered for deriving the expansion velocity are the major
Fell , Felll , and Colll lines indicated by the vertical dashed lines in Fig. 5.4. If the SNR
of the spectrum is too low for the widths of at least 2 lines to be measured con dently,
we assume a typical width of 3000 km s!. For velocities lower than this value, we risk
biasing our continuum t to include possible weak emission, and implement 3000 km st
as a strict lower bound. Additionally, since SNe lax are known to have narrow line pro les
in the nebular phase compared to typical SNe la (Foley et al. 2016), we adopt this lower
bound for SNe-lax as well. Because these velocities are simply a proxy for the width of the
continuum t, this method neglects the intricacies of SNe la emission pro les, especially
since spectroscopically bi-modal SNe la are not uncommon (Dong et al. 2015; Vallely et al.
2019b). However, these complications are unimportant for our analysis, and we consider

these simple velocity approximations adequate.
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When applying the continuum t to each spectrum, we minimize biasing our continuum
by using 3 clipping to exclude narrow host galaxy lines, telluric absorption, or instrumental
artefacts. After tting the continuum model to the data, we subtract o this continuum
and inspect the residuals for emission-line signatures from unbound companion material.
For each line in Table 5.2, we compute 10 bounds on the integrated line ux in each region

similar to Eg. 4 from Leonard & Filippenko (2001). However, for ux-calibrated spectra,

p
F(10) EW(0) C =10C | W X (5.2)

whereF (10 ) is the 10 upper limit on the integrated ux, EW (10 ) is the corresponding
upper limit on the equivalent width, C is the continuum ux at wavelength , 1 is the
RMS scatter around a normalised continuum,Wiine is the width of the line prole, and X

is the bin size of the spectrum. We assum&Vji,e is equal to the FWHM ofa 1000 km s 1

emission line and provide these values in Table 5.2. Eq. 5.2 can be re-written as

p—
F(A0)=10 f F 1 Wje X (5.3)

where f isthe 1 RMS scatter of the spectrum around the continuum in ux units (erg
slcm 2 A Y and F !is the correction term for masked pixels (se€S5.3.3). Our 10
statistical limit may seem overly conservative but it does correspond to a line pro le that
would be visibly obvious (e.g., Fig. 5.5). Additionally, other studies have run injection-
recovery tests to determine the true detection threshold for 1000 km s ! emission lines
in SNe la nebula spectra and a purely statisticalF (3 ) is di cult to recover (e.g., Sand
et al. 2018).

F (10 ) is then converted into a luminosity via the distance moduli. Distance moduli
computed from the SN la light curves are used except where more reliable methods are
available, such as Cepheid or Tip of the Red Giant Branch (TRGB) distances. Eq. 5.1 is
inverted to numerically calculate a limit on Mg, which we consider a conservative upper

bound on the amount of mass removed from a non-degenerate companion undergoing RLOF.
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This is done for each H/He line, retaining the best mass limit for both the H-rich and He-rich
models. Note that the strictest mass limit for each model can come from di erent spectra,
as each spectrum will have varying amounts of contamination from host galaxy and telluric

lines.

5.3.3 Mitigating Host Galaxy Emission and Other Contaminants

Due to the comprehensive nature of our sample, some spectra have poor quality, signi cant
host-galaxy emission and/or other contaminants. Pixels a ected by host-galaxy emission,
telluric absorption, or instrumental artefacts are masked in the ensuing ux limit calculation,
ensuring only informative pixels are used in placing our ux upper limit. Masking these
pixels also reduces the e ective number of pixels used in the non-detection limit calculation
and weakens our statistical limit. In Eq. 5.3 we include the masked pixel correction term
F 1 from Tucker et al. (2018) to correct our limit to a more robust estimate. Concisely, the
correction term F is the fraction of unmasked line ux to total line ux ( F 2 [0;1]). Thus,
masked pixels decreas€ and increaseF (10 ), but the e ect is weighted by the location of
the masked pixels relative to the line centre. For example, the masked narrow host galaxy
H and H in the bottom panels of Fig. 5.4 have larger e ects onF than the masked
[SII ] line at 6713A since [l ] is on the outskirts of the Hel -a line pro le. Masking is only
implemented when the derivedF (10 ) is not representative of the true ux limit due to
contaminated pixels, we leave weak or minor contamination unmasked as it only solidi es
our conservative ux limit and does not introduce extra steps in our analysis.

Another di culty occurs when the expected emission line is blended with the edge of a
steep SN spectral feature. This is especially problematic for 91bg-like and lax SNe which
have intrinsically narrow emission line pro les. If the continuum near H/He varies by more
than the amplitude of our ux limit over its FWHM, we increase our ux limit to match
the continuum level variation. This results in an unambiguous line pro le that would be
de nitively detected and prevents questionable limits from being included in our statistical

analysis.
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Some spectra in our study have resolutions of order 500 km s *, which approaches
the lower end of the expected stripped mass velocity distribution (e.g., Boehner et al.
2017). If broad, unresolved H emission was present in a spectrum, we conrm the host
galaxy source with other typical galaxy emission lines such as [[D ] (3727A), [OIll ] (4959,
5007A), [Nl ] (6548, 6583\), and [SII ] (6713, 6731). Any unresolved H emission with
velocity widths & 300 km s ! had at least one other unresolved galaxy emission line in the
spectrum, indicating the observed H emission was not from stripped material. Additionally,
the recent discovery of broad H emission in ATLAS18qtd (Prieto et al. 2019) a rms our
treatment of galaxy emission lines, as none of the galaxy emission lines discussed previously

were present in the discovery spectrum (se&5.5).

5.4 Results

We nd no evidence of emission from stripped/ablated companion material in any of our
nebular phase spectra. Fig. 5.4 provides an example Baade/MagE spectrum of SN 2015F
at +295 days after maximum light, including the observed spectrum, the continuum t, and
the 10 ux limits for each line. We provide a random selection of H ux limit cutouts

in Fig. 5.5 and the spectral cutouts for all H and He lines are provided as supplementary
material.

The distribution of stripped mass limits are shown for the H-rich and the He-rich cases in
Figs. 5.6 and 5.7, respectively, with colour-shaded regions indicating the expected amounts
of stripped mass from various studies in the literature. Fig. 5.8 shows the H-rich results
using the methods and models of Mattila et al. (2005) and Leonard (2007) for comparison
with previous estimates.

We include the range of mass estimates from an H-rich RLOF companion in Figs. 5.6
and 5.8 as shaded regions for main-sequence (MS, blue), sub-giant (SG, green), and red giant
(RG, red) companions taken from Marietta et al. (2000), Pan et al. (2012), and Boehner

et al. (2017). We take Q15M as the minimum amount of mass stripped from a companion
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Figure 5.5 Randomly selected cutouts around H for a portion of the SNe la in this work,
including the observed spectrum (black), the continuum t (red), and the empirical 10

line limit (purple). The scale for each spectrum is denoted in the top-left of each panel.
Light grey areas mark masked regions (see text) and completely grey boxes signify SNe
la with no spectra covering the wavelength range. Thick blue axes indicate this spectrum
was used for the bestM ¢ limit. Cutouts for all SNe la and all H/He lines are provided as
supplementary material.



Figure 5.6 Distribution of mass limits on stripped H-rich material for all SNe la in our
sample. Colour-shaded areas indicate expected amounts of unbound mass for sub-giant
(SG, blue), main-sequence (MS, green), and red-giant (RG, red) companions, taken from
Marietta et al. (2000), Pan et al. (2012), an%goehner et al. (2017).



Figure 5.7 Similar to Fig. 5.6, except for the He-rich model. The magenta shaded region
corresponds to stripped mass estimates from Liu et al. (2013b) and the cyan line marks the
estimate from Pan et al. (2012).
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Figure 5.8 Similar to Fig. 5.6, except using the models of Mattila et al. (2005). The assumed
linear scaling between luminosity and stripped mass leads to higher derive ;.
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Table 5.3 Statistics for each sample considered in our study (se85.4). N is the number of
SNe la with Mg <M ¢ and f, is the n fractional upper limit on their occurrence. Nig;
refers to the total number of SNe la in that sample.

H-rich He-rich
(Mggh < 0:15M ) (Methe < 0:023M )

Sample N tot N fq fa N fq fa

Normal 90 86 <13% <66% 73 <15% < T7.7%
91T-like 5 5 <174% < 627% 4 < 205% < 694%
91bg-like 8 8 <120% < 482% 7 < 134% < 523%
SC 4 4 < 205% <694% 4 < 205% < 694%
lax 4 4 < 205% <694% 4 < 205% < 694%
Normal+91T 95 91 <12% <62% 77 <15% < 7:3%
Normal+91bg 98 94 <12% <60% 80 <14% < 7:.0%
Normal+91T+91bg 103 99 < 11% <57% 84 <13% <67%
Normal+91T+91bg+SC 107 103 < 11% <55% 88 <13% < 64%
All 111 107 < 11% <53% 92 <12% < 62%

in the SD scenario, SNe la withMs.y < 0:15M  are considered unlikely to have an H-rich
SD progenitor system.

For the He-rich SD channel, only Pan et al. (2012) and Liu et al. (2013b) have published
models. We include their expected values for mass stripped from a RLOF helium-star
companion in Fig. 5.7 as the magenta shaded area (Liu et al. 2012) and the cyan line (Pan
et al. 2012). However, there are several caveats when considering the He-rich model. The
expected line luminosities given in Table 5.2 are for 25 M of stripped He-rich material,
more mass than expected for a true He-donor star. We compare our mass limits to the
dedicated He-rich models from Pan et al. (2012), Liu et al. (2013b) and take a limit of
MstHe < 0:023M as our upper limit for He-rich SD systems.

If we assume SNe la withM gy < 0:15M  and Mgtne < 0:023M  exclude H-rich and
He-rich SD progenitor systems, respectively, we can constrain the observed fraction of SD
systems. Based on the non-detections in our sample, we can place observed upper limits on
the fraction of SD SNe la. For a binomial distribution with N trials and no successes, the

upper limit f at a con dence level P can be expressed as

f<1 (@ p)N? (5.4)
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with the results for our sample provided in Table 5.3.f1 andfs correspond to the 1 and

3 fractional upper limits on SD SNe la. For our null detections of unbound mass emission,
we place statistical constraints on the fraction of SNe la that can form through the classical
SD scenario for H-rich and He-rich companions. We do not consider SNe la with inadequate
limits on Mg \successes", as the spectra do not show any evidence of the expected emission

signatures, so these objects are simply omitted from our statistical analysis.

5.5 Discussion

5.5.1 Statistical Implications

With our updated modelling and comprehensive sample, we place strict constraints on the
fraction of SNe la that can form through the classical SD scenario. At most, 6% of SNe
la (at 3 condence) can stem from the H-rich formation channel, placing the majority
of the production of SNe la on the DD channel, unless a modi cation on the SD scenario
can prevent nearly all SNe la from exhibiting these expected H and He emission signatures
such as the spin-up/spin-down scenario (Justham 2011; Di Stefano et al. 2011; Meng &
Podsiadlowski 2013). Considering the simplest case of only spectroscopically normal SNe
la, we place a1 (3 ) upper limit on SD progenitors of < 1:3% (< 6:6%). The full statistical
results are provided in Table 5.3, and we use theéNormal+91T+91bg+SC sample as the
most representative sample from our survey. Unfortunately, our sample prevents an analysis
of under- versus over-luminous SNe la, as we are biased towards brighter SNe la (Fig. 5.1).
This highlights the importance of volume-limited surveys such as 100IAs (Dong et al. 2015).
Still, these stringent constraints on the observed rate of SD SNe la provide strong evidence
for the DD channel producing the majority of SNe la.

We separately consider spectroscopic sub-classes at the extreme edges of the Phillips
Relation. Because these SNe la are thought to be on the edges of typical SN la formation,
we compare the derived stripped mass limits to the same expected stripped mass values as

normal SNe la. Our sample has 8 91bg-like and 5 91T-like SNe la, for which we place 1
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(3 ) upper limits on H-rich SD progenitors at < 12.0% (< 48:2%) and < 17:4% (< 62:7%),
respectively. It is worth mentioning that the stripped mass models assume a normal SN
la explosion and the e ects of under- and over-luminous SNe la on the amount of stripped

material has yet to be investigated.

For SNe lax and \Super Chandrasekhar" (SC) SNe la, it is worth discussing their
characteristics and applicability to our study. The lax sub-type (Foley et al. 2013) is
thought to stem from an entirely di erent formation mechanism and are not observed to
enter a nebular phase but instead have photospheric properties (Foley et al. 2016). Our
study includes 4 such systems: SNe 2002cx, 2005hk, 2008A, and 2012Z. Liu et al. (2013a)
investigated the expected values of unbound mass for these systems if in a SD system,
nding signi cantly lower values of Mgty 0:013 0:016 M compared to the typical

0:1 05 M range. All lax SNe la in our sample haveMg.y < 0:013M , so the
statistics are unchanged if the more stringent mass limit is employed. However, even if
material is unbound from non-degenerate donor stars in these SNe la, it is unclear if this
material would be visible at late times. For these reasons, our main statistical analysis

excludes these objects.

Our sample also includes 4 \Super Chandrasekhar” (SC) SNe la explosions (SNe 20069z,
2007if, 2009dc, and SNF 20080723-012), where the inferred ejecta madsej, is higher
than the Chandrasekhar mass of 1.4 M (e.g., Howell et al. 2006; Scalzo et al. 2019)
although the nomenclature is currently debated (Chen et al. 2019). The preferred formation
theory of SC SNe la involves a DD merger of two WDs with a combined mass above the
Chandrasekhar mass (Tutukov & Yungelson 1994; Howell 2001), although SD progenitors
have also been proposed (Yoon & Langer 2005). Because these objects do enter a nebular

phase and have possible SD progenitors, we include these SNe la in our preferred sample.

For completeness and comparison to the literature, we also derive mass limits using the
prior models of Marietta et al. (2000) and Mattila et al. (2005) which are shown in Fig. 5.8.
Considering the same preferredNormal+91T+91bg+SC sample, we still rule out H-rich

non-degenerate companionsNlsty < 0:15M ) for 60 SNe la, correspondingto a 1 (3 )
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fractional upper limit of < 1:9% (< 9:2%). This result di ers slightly from the upper limit
provided in Table 5.3 due to the assumed linear scaling between stripped mass and emitted
luminosity (e.g., Leonard 2007).

In addition to the observational limitations discussed in 8.3, the models used in this
work are developed for normal SNe la. Over- and under-luminous explosions will likely di er
in the amount of stripped material from a companion star due to the di ering expansion
velocities (e.g., Benetti et al. 2005; Blondin et al. 2012; Folatelli et al. 2013) and amount
of ejecta mass (e.g., Cappellaro et al. 1997; Scalzo et al. 2014, 2019). Additionally, the SN
luminosity depends on the amount of Ni synthesized in the explosion (e.g., Arnett 1982;
Cappellaro et al. 1997; Stritzinger et al. 2006), indicating SNe la with lower Ni mass will
have less gamma-ray production to power the H emission (i.e., a reducedLy ). These
e ects likely superimpose, as under-luminous SNe la will strip less mass and synthesize
less Ni, but the magnitude of these e ects is currently unexplored in the literature. We

encourage the modeling of other SNe la sub-types in future works.

5.5.2 The Exclusion of SNe la-CSM

SNe la-CSM, which show interaction with a nearby circumstellar environment, are a rare
class of thermonuclear explosions for which SN 2002ic is the prototype (Wang et al. 2004).
These events preferentially occur in star-forming host galaxies and generally have broad,
over-luminous light curves (Mg 20 mag, Silverman et al. 2013). The observed
H emission in SNe la-CSM usually appears near maximum light, has luminosities of
Ly 10 #Lergs s?, and have velocity widths on the order of 2000 km s . SNe la-
CSM are broadly thought to stem from SD progenitor systems (e.g., Han & Podsiadlowski
2006), although DD progenitors have also been proposed (Livio & Riess 2003).

Even among this rare class of SNe la there are peculiar events that do not conform
to the \standard" properties. In particular, ASASSN-18tb (Kollmeier et al. 2019; Vallely
et al. 2019a) was an under-luminous explosion, occurred in an elliptical host galaxy with

little star formation, and had (comparatively) weak H emission (y 10%8 ergs s 1),
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inconsistent with typical SNe la-CSM. Additionally, there are cases where the H emission
does not appear until later in the SN's evolution, referred to as \delayed-onset" SNe la-CSM
(e.g., Graham et al. 2019).

H

emission is also expected for material stripped from a companion, therefore

di erentiating between SNe la-CSM and SNe la with stripped material emission is an
important distinction. Stripped companion material will have signi cantly lower velocities
than the expanding SN ejecta {/srip  10° km s 1 versusve;  10* km s 1), shrouding the
H-emitting material with the optically-thick photosphere until the SN enters the nebular
phase ( 150 180 days after maximum light). Thus, we exclude all objects with broad H
detected < 100 days after maximum light. The only SN la-CSM that passes this criterion
is SN 2015cp, a delayed-onset SN la-CSM (Graham et al. 2019).

While it is possible that the H emission observed in SN 2015cp is from material
stripped from a companion, we nd this scenario unlikely. The classi cation spectrum
taken by PESSTO (Smartt et al. 2015) at 45 days after maximum excludes the presence
of PTF11lkx-like H emission at 10 (Graham et al. 2019). The next spectrum was
acquired at 700 days after maximum light and exhibited broad H emission with
VEWHM 2400 km s and Ly 10°® ergs s!. This measuredLy is an order of
magnitude higher than the H luminosity extrapolated from Eq. 5.1 at 710 days after
explosion, although the models have not been tested at these epochs. Additionally, the H
ux decreases sharply at 730 days after peak by a factor of 3 over the span of 90 days,
inconsistent with H emission powered by radioactively-decaying SN ejecta which would
roughly follow the SN bolometric luminosity. These properties are consistent with CSM
interaction, attributing the abrupt ux decrement to the shock passing through the CSM
material. For these reasons we consider SN 2015cp a likely SN la-CSM and exclude it
from our analysis, although further modeling is encouraged to de nitively determine mass

estimates.
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5.5.3 Time-Variable and Blue-Shifted Sodium Absorption

Another subset of SNe la with interesting properties are objects with time-varying and
blue-shifted Na ID absorption, for which SN 2006X is the prototype (Patat et al. 2007).
The Na ID absorption is thought to stem from Na ID material near the explosion that
photo-ionizes during the early phases of the explosion and produces the absorption lines as
the Na ID material cools and recombines (e.g., Simon et al. 2009). However, the origin
of the Na ID material is unclear and proposed sources include wind from a SD progenitor
system (e.g., Patat et al. 2007), circumstellar debris from a DD merger (e.g., Raskin &

Kasen 2013), or even nearby gas clouds within the host galaxy (Chugai 2008).

Sternberg et al. (2011) analyzed a set of 35 SNe la and found 22 exhibit some form of
Na ID absorption pro les, with 12 having blue-shifted (relative the host-galaxy velocity)
Na ID pro les. However, comparing their SNe la sample to a sample of core collapse (CC)
SNe could not statistically con rm the two sets come from di erent parent populations (i.e.,
the source for SNe la and CC SNe NaD absorption could be the same). Additionally, the
blue-shifted Na ID pro les are preferentially observed in spiral galaxies, indicating age or

host-galaxy environment may play a role in the NalD interpretation.

Another prediction for Na ID absorption associated with the SN la progenitor system
is a time-variable Na D equivalent width, as the Na ID material will recombine at di erent
times depending on the distance from the explosion. Sternberg et al. (2014) searched for
time-varying Na 1D absorption in a sample of 14 objects and found 3 SNe la that meet
this criterion (PTF11kx, SNe 2006X and 2007le). With these detections, Sternberg et al.
(2014) found 18 11% of SNe la have variable NaD pro les and thus could be produced
by a SD progenitor system, in con ict with the results presented here. One of these objects
is a known SNe la-CSM that we exclude from the sample (PTF11kx, Dilday et al. 2012),
but SNe 2006X and 2007le are both in our nebular sample and have strict constraints on
stripped companion material Mg < 4 10 > M for SN 2006X andMg < 3 10 * M
for SN 2007le). We discuss these discrepancies further §b5.5.4.
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5.5.4 The Lack of a Consistent Theory for SNe la Progenitors

Besides this work, there are several other studies which place quantitative or qualitative
limits on the fraction of SD progenitor systems using a range of wavelengths and techniques
(e.g., Gilfanov & Bogdan 2010; Hayden et al. 2010; Bianco et al. 2011; Brown et al. 2012;
Chomiuk et al. 2016). Most of these studies focus on WD+RG systems, as these are the
easiest to observationally detect. Each study individually does not de nitively rule out
SD SNe la progenitors, however, when considered as a whole it is clear that most SNe la
cannot form through the classical SD scenario. Thus, the DD scenario likely account for
the majority of normal SNe la. However, detecting and characterising double WD binaries
is exceptionally di cult (e.g., Rebassa-Mansergas et al. 2018).

Reconciling limits on SD progenitors with SD-favored SNe (i.e., SNe la-CSM and SNe
la with variable Na 1D) has long been a di culty for the community. Especially interesting
are the systems with conicting interpretations, such as SN 2007le and ASASSN-18bt.
SN 2007le exhibits time-variable, blue-shifted NalD absorption (Sternberg et al. 2014) but
has stringent limits on stripped material emission. Similarly, ASASSN-18bt showed a two-
component rising light curve (Shappee et al. 2019; Dimitriadis et al. 2019a), a potential
signature for SN ejecta impacting a nearby companion (Kasen 2010). However, nebular
spectra rule out any stripped material emission with strict upper limits (Tucker et al. 2018;
Dimitriadis et al. 2019b, this work). While the discrepancies for both SNe la can also
be explained with alternative theories (e.g., NP® mixing for the two-component rise in
ASASSN-18bt and DD merger debris for the NalD absorption in SN 2007le), these objects
highlight the uncertainties that still surround SN la progenitors.

Recently, ATLAS18qtd (SN 2018cqj) was discovered to exhibit time-variable H
emission in the nebular phase (Prieto et al. 2019). The spectra were posted after
the submission of this manuscript, however, it warrants a brief discussion here. The
classi cation spectrum taken at 19 days after maximum has no evidence for H emission,
and the next spectrum was not acquired until 190 days after maximum. The measured

H luminosity declines contemporaneously with the SN la luminosity, a key expectation
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for material stripped from a SD progenitor. However, there are only two measurements
of the H emission and the inferred mass of the stripped material Mg 10 3 M ) is
far lower than expected ( 0:1 0:5M ). ATLAS18qtd is an under-luminous explosion,
so it is possible the stripped material will be lower than expected from simulations in the
literature, but the extent of these e ects is still unexplored. Late-time observations of this
unique object may yet further constrain the evolution of the H emission and help elucidate
its origin. If we assume ATLAS18qtd is indeed a SD progenitor system, this discovery

highlights the inherent rarity of such events compared to the typical SN la population.

There is also the possibility that stripped material does exist in our sample but is
invisible due to observational factors. The radioactively-decaying SN la ejecta provides
a power source for the stripped material, namely gamma-ray deposition. Since we only
analyze spectra that are in the nebular phase we are probing the innermost regions of the
explosion. SNe la at these epochs essentially have no photosphere, and thus have no way
of shrouding the H -emitting material. No such mechanism or process has been proposed
to suppress the expected H emission, so we consider this possibility unlikely. We conclude

most SNe la cannot have formed from a classical SD progenitor system based on this work.

5.6 Conclusion

We present a large, comprehensive search for emission expected from stripped companion
material in the SD formation scenario of SNe la. Using 227 spectra of 111 SNe la from a
variety of telescopes and instruments, we nd no evidence for any stripped material emission
in our sample. Using these null detections, we place statistical constraints on the fraction of
SNe la that can form through the classical RLOF SD scenario, nding< 5:5% and< 6:4%

of SNe la can form through the H-rich and He-rich channels, respectively, at 3 con dence.
The lack of emission is di cult to reconcile with the classical SD formation scenario for SNe

la, and provides unique constraints on the production mechanism of these phenomena.
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Thus far, there has not been a proposed formation mechanism that adequately
reproduces all aspects of SN la properties. There seems to be contributions from both
SD and DD progenitors to the total SN la rate (e.g., Sec. 4.1 from Maoz et al. 2014), yet
the exact distribution is widely debated. Reconciling seemingly con icting results (e.g., this
work versus Sternberg et al. 2014) has long been a di culty. Any unifying theory for SNe
la formation must account for all the observed characteristics of these phenomena and the
seemingly con icting results across various methodologies. If the SD channel does produce a
signi cant fraction of SNe la, there must be an unincorporated physical process in previous
modeling e orts to explain our non-detections of stripped material. Alternatively, most SNe
la must form from DD systems to match the results presented here.

Facilities : duPont, Magellan, Very Large Telescope

Software: Python2.7, astropy (The Astropy Collaboration et al. 2018), astroquery
(Ginsburg et al. 2019) numpy, scipy, PYMUSE (Pessa et al. 2018), SpectRes (Carnall 2017),
extinction®, SExtractor (Bertin & Arnouts 1996), Montage 8, Lpipe, IDL8.6, LowRedux,
IRAF, SNooPy (Burns et al. 2011)

Acknowledgements

We thank K. Maguire, K. Graham, K. Motohara, K. Maeda, S. Taubenberger, T. Diamond,
G. Dimitriadis, C. Ashall, and D. Sand for supplying nebular spectra. We thank A. Laity
for assisting with the KOA data search and retrieval. Additionally, we thank C. Auge, G.
Anand, A. Payne, and O. Graur for useful conversations about the project. We thank P.
Chen from providing several SNe la light curves prior to publication. Also, many thanks
to Bev Wills for her help tracking down the information regarding the nebular spectrum of
SN 1981B.

M.A.T. acknowledges support from the United States Department of Energy through the
Computational Sciences Graduate Fellowship (DOE CSGF) through grant DE-SC0019323.

15 https://github.com/kbarbary/extinction
8 http://montage.ipac.caltech.edu/

181



B.J.S is supported by NSF grants AST-1908952, AST-1920392, and AST-1911074. M.D.S.
is supported in part by a generous grant (13261) from VILLUM FONDEN and a project
grant from the Independent Research Fund Denmark. Support for J.L.P. is provided in part
by FONDECYT through the grant 1191038 and by the Ministry of Economy, Development,
and Tourism's Millennium Science Initiative through grant 1C120009, awarded to The
Millennium Institute of Astrophysics, MAS. P.J.V. is supported by the National Science
Foundation Graduate Research Fellowship Program Under Grant No. DGE-1343012.
C.S.K. is supported by NSF grants AST-1515876, AST-1515927 and AST-181440. C.S.K. is
also supported by a fellowship from the Radcli e Institute for Advanced Studies at Harvard

University.

This work is Based on (in part) observations collected at the European Organisation
for Astronomical Research in the Southern Hemisphere under ESO programmes 0100.D-
0191(A), 0101.D-0173(A), 0102.D-0287(A), and 096.D-0296(A). This paper includes data
gathered with the 6.5 meter Magellan Telescopes located at Las Campanas Observatory,
Chile. The CSP has been supported by the National Science Foundation under grants

AST0306969, AST0607438, AST1008343, AST1613426, and AST1613472.

This paper made use of the modsIDL spectral data reduction reduction pipeline

developed in part with funds provided by NSF Grant AST-1108693.

This research made use of Montage. It is funded by the National Science Foundation
under Grant Number ACI-1440620, and was previously funded by the National Aeronautics
and Space Administration's Earth Science Technology O ce, Computation Technologies
Project, under Cooperative Agreement Number NCC5-626 between NASA and the
California Institute of Technology.

This work has made use of data from the European Space Agency (ESA) missidBaia
(https://lwww.cosmos.esa.int/gaia), processed by the Gaia Data Processing and Analysis
Consortium (DPAC, https://www.cosmos.esa.int/web/gaia/dpac/consortium). Funding
for the DPAC has been provided by national institutions, in particular the institutions

participating in the Gaia Multilateral Agreement.

182



The Pan-STARRSL1 Surveys (PS1) and the PS1 public science archive have been made
possible through contributions by the Institute for Astronomy, the University of Hawalii,
the Pan-STARRS Project O ce, the Max-Planck Society and its participating institutes,
the Max Planck Institute for Astronomy, Heidelberg and the Max Planck Institute for
Extraterrestrial Physics, Garching, The Johns Hopkins University, Durham University, the
University of Edinburgh, the Queen's University Belfast, the Harvard-Smithsonian Center
for Astrophysics, the Las Cumbres Observatory Global Telescope Network Incorporated, the
National Central University of Taiwan, the Space Telescope Science Institute, the National
Aeronautics and Space Administration under Grant No. NNXO08AR22G issued through
the Planetary Science Division of the NASA Science Mission Directorate, the National
Science Foundation Grant No. AST-1238877, the University of Maryland, Eotvos Lorand
University (ELTE), the Los Alamos National Laboratory, and the Gordon and Betty Moore

Foundation.

Based on observations obtained at the Gemini Observatory acquired through the Gemini
Observatory Archive and processed with the Gemini PyRAF package, which is operated
by the Association of Universities for Research in Astronomy, Inc., under a cooperative
agreement with the NSF on behalf of the Gemini partnership: the National Science
Foundation (United States), the National Research Council (Canada), CONICYT (Chile),
Ministerio de Ciencia, Tecnologa e Innovacon Productiva (Argentina), and Miniserio da

Ciéncia, Tecnologia e Inovecao (Brazil).

This paper makes use of data obtained from the Isaac Newton Group of Telescopes
Archive which is maintained as part of the CASU Astronomical Data Centre at the Institute

of Astronomy, Cambridge.

The LBT is an international collaboration among institutions in the United States,
ltaly and Germany. LBT Corporation partners are: The University of Arizona on
behalf of the Arizona Board of Regents; Istituto Nazionale di Astro sica, Italy; LBT
Beteiligungsgesellschaft, Germany, representing the Max-Planck Society, The Leibniz

Institute for Astrophysics Potsdam, and Heidelberg University; The Ohio State University,

183



and The Research Corporation, on behalf of The University of Notre Dame, University of

Minnesota and University of Virginia.

184



References

Andersen, J., Andersen, M. I., Klougart, J., Knudsen, P., Larsen, H. H., Michaelsen, N.,
Nielsen, R. F., Nrregaard, P., Olsen, E., Rasmussen, P. K., Seifert, K. E., & J nch-
Srensen, H. 1995, The Messenger, 79, 12

Angel, J. R. P, Hilliard, R. L., & Weymann, R. J. 1979, in The MMT and the Future of
Ground-Based Astronomy, Proceedings of a Symposium held to makr the dedication of
the Multiple Mirror Telescope at the Mount Hopkins Observatory, Arizona on May 9,

1979. Edited by Trevor C. Weekes. SAO Special Report #385, 1979., p.87, Vol. 385, 87

Antognini, J. M., Shappee, B. J., Thompson, T. A., & Amaro-Seoane, P. 2014, MNRAS,
439, 1079

Appenzeller, I., Fricke, K., Fartig, W., Gassler, W., Hafner, R., Harke, R., Hess, H. J.,
Hummel, W., Jdrgens, P., Kudritzki, R. P., Mantel, K. H., Meisl, W., Muschielok, B.,
Nicklas, H., Rupprecht, G., Seifert, W., Stahl, O., Szeifert, T., & Tarantik, K. 1998, The

Messenger, 94, 1
Arnett, W. D. 1982, ApJ, 253, 785

Bacon, R., Accardo, M., Adjali, L., Anwand, H., Bauer, S., Biswas, I., Blaizot, J., Boudon,
D., Brau-Nogue, S., Brinchmann, J., Caillier, P., Capoani, L., Carollo, C. M., Contini,
T., Couderc, P., Dagui®, E., Deiries, S., Delabre, B., Dreizler, S., Dubois, J., Dupieux,

M., Dupuy, C., Emsellem, E., Fechner, T., Fleischmann, A., Frarcois, M., Gallou, G.,

185



Gharsa, T., Glindemann, A., Gojak, D., Guiderdoni, B., Hansali, G., Hahn, T., Jarno,
A., Kelz, A., Koehler, C., Kosmalski, J., Laurent, F., Le Floch, M., Lilly, S. J., Lizon,
J. L., Loupias, M., Manescau, A., Monstein, C., Nicklas, H., Olaya, J. C., Pares, L.,
Pasquini, L., Recontal-Rousset, A., Pelb, R., Petit, C., Popow, E., Reiss, R., Remillieux,
A., Renault, E., Roth, M., Rupprecht, G., Serre, D., Schaye, J., Soucail, G., Steinmetz,
M., Streicher, O., Stuik, R., Valentin, H., Vernet, J., Weilbacher, P., Wisotzki, L., &
Yerle, N. 2010, in Proceedings of the SPIE, Volume 7735, id. 773508 (2010)., Vol. 7735

Benetti, S., Cappellaro, E., Mazzali, P. A., Turatto, M., Altavilla, G., Bufano, F., Elias-
Rosa, N., Kotak, R., Pignata, G., Salvo, M., & Stanishev, V. 2005, ApJ, 623, 1011

Benn, C., Dee, K., & Agcs, T. 2008, in Ground-based and Airborne Instrumentation for
Astronomy |l. Edited by McLean, lan S.; Casali, Mark M. Proceedings of the SPIE,
Volume 7014, article id. 70146X, 12 pp. (2008)., Vol. 7014

Bertin, E. & Arnouts, S. 1996, Astronomy and Astrophysics Supplement Series, 117, 393

Bianco, F. B., Howell, D. A., Sullivan, M., Conley, A., Kasen, D., Gonalez-Gaian, S.,
Guy, J., Astier, P., Balland, C., Carlberg, R. G., Fouchez, D., Fourmanoit, N., Hardin,
D., Hook, I., Lidman, C., Pain, R., Palanque-Delabrouille, N., Perlmutter, S., Perrett,
K. M., Pritchet, C. J., Regnault, N., Rich, J., & Ruhlmann-Kleider, V. 2011, ApJ, 741,
20

Black, C. S., Fesen, R. A., & Parrent, J. T. 2016, MNRAS, 462, 649

Blondin, S., Matheson, T., Kirshner, R. P., Mandel, K. S., Berlind, P., Calkins, M., Challis,
P., Garnavich, P. M., Jha, S. W., Modjaz, M., Riess, A. G., & Schmidt, B. P. 2012, AJ,
143

Boehner, P., Plewa, T., & Langer, N. 2017, MNRAS, 465, 2060
Botyanszki, J. & Kasen, D. 2017, ApJ, 845

Botyanszki, J., Kasen, D., & Plewa, T. 2018, ApJ, 852

186



Breare, J. M., Cox, G. C., Ellis, R. S., Martin, G. P., & Parry, I. R. 1987, MNRAS, 227,
909

Brown, P. J., Dawson, K. S., Harris, D. W., Olmstead, M., Milne, P., & Roming, P. W. A.
2012, ApJ, 749

Buckley, D. A. H., Burgh, E. B., Cottrell, P. L., Nordsieck, K. H., O'Donoghue, D., &
Williams, T. B. 2006, in Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series, Vol. 6269, 62690A

Burns, C. R., Stritzinger, M., Phillips, M. M., Kattner, S., Persson, S. E., Madore, B. F.,
Freedman, W. L., Boldt, L., Campillay, A., Contreras, C., Folatelli, G., Gonzalez, S.,
Krzeminski, W., Morrell, N., Salgado, F., & Suntze, N. B. 2011, AJ, 141

Buzzoni, B., Delabre, B., Dekker, H., D'Odorico, S., Enard, D., Focardi, P., Gustafsson, B.,
Nees, W., Paureau, J., & Reiss, R. 1984, The Messenger, 38, 9

Canal, R., Mendez, J., & Ruiz-Lapuente, P. 2001, ApJ, 550, L53

Cappellaro, E., Mazzali, P. A., Benetti, S., Danziger, I. J., Turatto, M., della Valle, M., &
Patat, F. 1997, A&A, 328, 203

Carnall, A. C. 2017, ArXiv e-prints, arXiv:1705.05165
Cepa, J. 2010, Astrophysics and Space Science Proceedings, 14, 15

Chambers, K. C., Magnier, E. A., Metcalfe, N., Flewelling, H. A., Huber, M. E., Waters,
C. Z., Denneau, L., Draper, P. W., Farrow, D., Finkbeiner, D. P., Holmberg, C.,
Koppenhoefer, J., Price, P. A., Saglia, R. P., Schlay, E. F., Smartt, S. J., Sweeney,
W., Wainscoat, R. J., Burgett, W. S., Grav, T., Heasley, J. N., Hodapp, K. W., Jedicke,
R., Kaiser, N., Kudritzki, R. P., Luppino, G. A., Lupton, R. H., Monet, D. G., Morgan,

J. S., Onaka, P. M., Stubbs, C. W., Tonry, J. L., Banados, E., Bell, E. F., Bender, R.,
Bernard, E. J., Botticella, M. T., Casertano, S., Chastel, S., Chen, W. P., Chen, X.,

Cole, S., Deacon, N., Frenk, C., Fitzsimmons, A., Gezari, S., Goessl, C., Goggia, T.,

187



Goldman, B., Grebel, E. K., Hambly, N. C., Hasinger, G., Heavens, A. F., Heckman,
T. M., Henderson, R., Henning, T., Holman, M., Hopp, U., Ip, W. H., Isani, S., Keyes,
C. D., Koekemoer, A., Kotak, R., Long, K. S., Lucey, J. R., Liu, M., Martin, N. F.,
McLean, B., Morganson, E., Murphy, D. N. A., Nieto- Santisteban, M. A., Norberg,
P., Peacock, J. A., Pier, E. A., Postman, M., Primak, N., Rae, C., Rest, A., Riess, A.,
Rieser, A., Rix, H. W., Roser, S., Schilbach, E., Schultz, A. S. B., Scolnic, D., Szalay,
A., Seitz, S., Shiao, B., Small, E., Smith, K. W., Soderblom, D., Taylor, A. N., Thakar,
A. R., Thiel, J., Thilker, D., Urata, Y., Valenti, J., Walter, F., Watters, S. P., Werner,
S., White, R., Wood- Vasey, W. M., & Wyse, R. 2016, ArXiv e-prints, arXiv:1612.05560

Chen, P., Dong, S., Katz, B., Kochanek, C. S., Kollmeier, J. A., Maguire, K., Phillips,
M. M., Prieto, J. L., Shappee, B. J., Stritzinger, M. D., Bose, S., Brown, P. J., Holoien,
T. W. S., Galbany, L., Milne, P. A., Morrell, N., Piro, A. L., Stanek, K. Z., Thompson,
T. A, & Young, D. R. 2019, ApJ, 880, 35

Childress, M. J., Tucker, B. E., Yuan, F., Scalzo, R., Ruiter, A., Seitenzahl, 1., Zhang, B.,
Schmidt, B., Anguiano, B., Aniyan, S., Bayliss, D. D. R., Bento, J., Bessell, M., Bian,
F., Davies, R., Dopita, M., Fogarty, L., Fraser- McKelvie, A., Freeman, K., Kuruwita,
R., Medling, A. M., Murphy, S. J., Murphy, S. J., Owers, M., Panther, F., Sweet, S. M.,
Thomas, A. D., & Zhou, G. 2016, Publications of the Astronomical Society of Australia,
33, e055

Chomiuk, L., Soderberg, A. M., Chevalier, R. A., Bruzewski, S., Foley, R. J., Parrent, J.,
Strader, J., Badenes, C., Fransson, C., Kamble, A., Margutti, R., Rupen, M. P., & Simon,
J. D. 2016, ApJ, 821, 119

Chugai, N. N. 1986, Soviet Ast., 30, 563
|. 2008, Astronomy Letters, 34, 389

Contreras, C., Hamuy, M., Phillips, M. M., Folatelli, G., Suntze, N. B., Persson, S. E.,
Stritzinger, M., Boldt, L., Gonalez, S., Krzeminski, W., Morrell, N., Roth, M., Salgado,

188



F., Joe Maureira, M., Burns, C. R., Freedman, W. L., Madore, B. F., Murphy, D.,
Whyatt, P., Li, W., & Filippenko, A. V. 2010, AJ, 139, 519

Di Stefano, R., Voss, R., & Claeys, J. S. W. 2011, ApJ, 738, L1

Dilday, B., Howell, D. A., Cenko, S. B., Silverman, J. M., Nugent, P. E., Sullivan, M.,
Ben-Ami, S., Bildsten, L., Bolte, M., EndI, M., Filippenko, A. V., Gnat, O., Horesh, A.,
Hsiao, E., Kasliwal, M. M., Kirkman, D., Maguire, K., Marcy, G. W., Moore, K., Pan,
Y., Parrent, J. T., Podsiadlowski, P., Quimby, R. M., Sternberg, A., Suzuki, N., Tytler,
D. R., Xu, D., Bloom, J. S., Gal-Yam, A., Hook, |. M., Kulkarni, S. R., Law, N. M.,
Ofek, E. O., Polishook, D., & Poznanski, D. 2012, Science, 337, 942

Dimitriadis, G., Foley, R. J., Rest, A., Kasen, D., Piro, A. L., Polin, A., Jones, D. O,,
Villar, A., Narayan, G., Coulter, D. A., Kilpatrick, C. D., Pan, Y. C., Rojas-Bravo, C.,
Fox, O. D., Jha, S. W., Nugent, P. E., Riess, A. G., Scolnic, D., Drout, M. R., K2 Mission
Team, Barentsen, G., Dotson, J., Gully-Santiago, M., Hedges, C., Cody, A. M., Barclay,
T., Howell, S., KEGS, Garnavich, P., Tucker, B. E., Shaya, E., Mushotzky, R., Olling,
R. P., Margheim, S., Zenteno, A., Kepler spacecraft Team, Coughlin, J., Van Cleve, J. E.,
Cardoso, J. V. d. M, Larson, K. A., McCalmont-Everton, K. M., Peterson, C. A., Ross,
S. E., Reedy, L. H., Osborne, D., McGinn, C., Kohnert, L., Migliorini, L., Wheaton, A.,
Spencer, B., Labonde, C., Castillo, G., Beerman, G., Steward, K., Hanley, M., Larsen,
R., Gangopadhyay, R., Kloetzel, R., Weschler, T., Nystrom, V., Mo att, J., Redick, M.,
Griest, K., Packard, M., Muszynski, M., Kampmeier, J., Bjella, R., Flynn, S., Elsaesser,
B., Pan-STARRS, Chambers, K. C., Flewelling, H. A., Huber, M. E., Magnier, E. A,
Waters, C. Z., Schultz, A. S. B., Bulger, J., Lowe, T. B., Willman, M., Smartt, S. J.,
Smith, K. W., DECam, Points, S., Strampelli, G. M., ASAS-SN, Brimacombe, J., Chen,
P., Munoz, J. A., Mutel, R. L., Shields, J., Vallely, P. J., Villanueva, S., J., PTSS/TNTS,
Li, W., Wang, X., Zhang, J., Lin, H., Mo, J., Zhao, X., Sai, H., Zhang, X., Zhang, K.,
Zhang, T., Wang, L., Zhang, J., Baron, E., DerKacy, J. M., Li, L., Chen, Z., Xiang,

D., Rui, L., Wang, L., Huang, F., Li, X., Cumbres Observatory, L., Hosseinzadeh, G.,

189



Howell, D. A., Arcavi, |., Hiramatsu, D., Burke, J., Valenti, S., ATLAS, Tonry, J. L.,
Denneau, L., Heinze, A. N., Weiland, H., Stalder, B., Konkoly, Vinlo, J., Sarneczky, K.,
Ral, A., Bodi, A., Bograr, Z., Csk, B., Cseh, B., Csernyei, G., Hanyecz, O., Igracz, B.,
Kalup, C., Kenyves-Toth, R., Kriskovics, L., Ordasi, A., Rajmon, |., Sdor, A., Szalo,
R., Szalats, R., Zsidi, G., ePESSTO, Williams, S. C., Nordin, J., Cartier, R., Frohmaier,
C., Galbany, L., Guterrez, C. P., Hook, I., Inserra, C., Smith, M., Arizona, U. 0., Sand,
D. J., Andrews, J. E., Smith, N., & Bilinski, C. 2019a, ApJ, 870, L1

Dimitriadis, G., Rojas-Bravo, C., Kilpatrick, C. D., Foley, R. J., Piro, A. L., Brown, J. S.,
Guhathakurta, P., Quirk, A. C. N., Rest, A., Strampelli, G. M., Tucker, B. E., & Villar,
A. 2019b, ApJ, 870, L14

D'Odorico, S. 1990, The Messenger, 61, 51

Dong, S., Katz, B., Kollmeier, J. A., Kushnir, D., Elias-Rosa, N., Bose, S., Morrell, N.,
Prieto, J. L., Chen, P., Kochanek, C. S., Brandt, G. M., Holoien, T. W. S., Gal-Yam, A.,
Morales-Garo olo, A., Parker, S., Phillips, M. M., Piro, A. L., Shappee, B. J., Simon,
J. D., & Stanek, K. Z. 2018, MNRAS, 479, L70

Dong, S., Katz, B., Kushnir, D., & Prieto, J. L. 2015, MNRAS, 454, L61

Dopita, M., Hart, J., McGregor, P., Oates, P., Bloxham, G., & Jones, D. 2007, Ap&SS,
310, 255

Dopita, M., Rhee, J., Farage, C., McGregor, P., Bloxham, G., Green, A., Roberts, B.,
Neilson, J., Wilson, G., Young, P., Firth, P., Busarello, G., & Merluzzi, P. 2010, Ap&SS,
327, 245

Dressler, A., Bigelow, B., Hare, T., Sutin, B., Thompson, |., Burley, G., Epps, H., Oemler,
Augustus, J., Bagish, A., Birk, C., Clardy, K., Gunnels, S., Kelson, D., Shectman, S., &
Osip, D. 2011, Publications of the Astronomical Society of the Pacic, 123, 288

190



Evans, D. W., Riello, M., De Angeli, F., Carrasco, J. M., Montegri o, P., Fabricius, C.,
Jordi, C., Palaversa, L., Diener, C., Busso, G., Cacciari, C., & van Leeuwen, F. 2018,

ArXiv e-prints, arXiv:1804.09368

Faber, S. M., Phillips, A. C., Kibrick, R. ., Alcott, B., Allen, S. L., Burrous, J., Cantrall, T.,
Clarke, D., Coil, A. L., Cowley, D. J., Davis, M., Deich, W. T. S., Dietsch, K., Gilmore,
D. K., Harper, C. A., Hilyard, D. F., Lewis, J. P., McVeigh, M., Newman, J., Osborne,
J., Schiavon, R., Stover, R. J., Tucker, D., Wallace, V., Wei, M., Wirth, G., & Wright,

C. A. 2003, in Instrument Design and Performance for Optical/Infrared Ground-based
Telescopes. Edited by lye, Masanori; Moorwood, Alan F. M. Proceedings of the SPIE,
Volume 4841, pp. 1657-1669 (2003)., Vol. 4841, 1657{1669

Fabricant, D., Cheimets, P., Caldwell, N., & Geary, J. 1998, Publications of the

Astronomical Society of the Pacic, 110, 79

Fink, M., Repke, F. K., Hillebrandt, W., Seitenzahl, I. R., Sim, S. A., & Kromer, M. 2010,
A&A, 514, A53

Firth, R. E., Sullivan, M., Gal-Yam, A., Howell, D. A., Maguire, K., Nugent, P., Piro,
A. L., Baltay, C., Feindt, U., Hadjiyksta, E., McKinnon, R., Ofek, E., Rabinowitz, D., &
Walker, E. S. 2015, MNRAS, 446, 3895

Fitzpatrick, E. L. 1999, Publications of the Astronomical Society of the Pacic, 111, 63

Flewelling, H. A., Magnier, E. A., Chambers, K. C., Heasley, J. N., Holmberg, C., Huber,
M. E., Sweeney, W., Waters, C. Z., Chen, X., Farrow, D., Hasinger, G., Henderson, R.,
Long, K. S., Metcalfe, N., Nieto-Santisteban, M. A., Norberg, P., Saglia, R. P., Szalay,
A., Rest, A., Thakar, A. R., Tonry, J. L., Valenti, J., Werner, S., White, R., Denneau,
L., Draper, P. W., Hodapp, K. W., Jedicke, R., Kaiser, N., Kudritzki, R. P., Price,
P. A., Wainscoat, R. J., Chastel, S., McClean, B., Postman, M., & Shiao, B. 2016, ArXiv
e-prints, arXiv:1612.05243

191



Folatelli, G., Morrell, N., Phillips, M. M., Hsiao, E., Campillay, A., Contreras, C., Castelbn,
S., Hamuy, M., Krzeminski, W., Roth, M., Stritzinger, M., Burns, C. R., Freedman,
W. L., Madore, B. F., Murphy, D., Persson, S. E., Prieto, J. L., Suntze, N. B.,
Krisciunas, K., Anderson, J. P., Ferster, F., Maza, J., Pignata, G., Rojas, P. A., Boldt,
L., Salgado, F., Wyatt, P., Olivares E., F., Gal-Yam, A., & Sako, M. 2013, ApJ, 773

Folatelli, G., Phillips, M. M., Burns, C. R., Contreras, C., Hamuy, M., Freedman, W. L.,
Persson, S. E., Stritzinger, M., Suntze , N. B., Krisciunas, K., Boldt, L., Gonalez, S.,
Krzeminski, W., Morrell, N., Roth, M., Salgado, F., Madore, B. F., Murphy, D., Wyatt,
P., Li, W., Filippenko, A. V., & Miller, N. 2010, AJ, 139, 120

Foley, R. J., Challis, P. J., Chornock, R., Ganeshalingam, M., Li, W., Marion, G. H.,
Morrell, N. 1., Pignata, G., Stritzinger, M. D., Silverman, J. M., Wang, X., Anderson,
J. P., Filippenko, A. V., Freedman, W. L., Hamuy, M., Jha, S. W., Kirshner, R. P.,
McCully, C., Persson, S. E., Phillips, M. M., Reichart, D. E., & Soderberg, A. M. 2013,
ApJ, 767, 57

Foley, R. J., Jha, S. W., Pan, Y.-C., Zheng, W. K., Bildsten, L., Filippenko, A. V., &
Kasen, D. 2016, MNRAS, 461, 433

Freudling, W., Romaniello, M., Bramich, D. M., Ballester, P., Forchi, V., Garca-Dabb,
C. E., Moehler, S., & Neeser, M. J. 2013, A&A, 559, A96

Fukugita, M., Ichikawa, T., Gunn, J. E., Doi, M., Shimasaku, K., & Schneider, D. P. 1996,
AJ, 111, 1748

Gaia Collaboration, Brown, A. G. A., Vallenari, A., Prusti, T., de Bruijne, J. H. J.,
Babusiaux, C., & Bailer-Jones, C. A. L. 2018, ArXiv e-prints, arXiv:1804.09365

Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., Brown, A. G. A., Vallenari, A,
Babusiaux, C., Bailer-Jones, C. A. L., Bastian, U., Biermann, M., Evans, D. W., Eyer,

L., Jansen, F., Jordi, C., Klioner, S. A., Lammers, U., Lindegren, L., Luri, X., Mignard,

192



F., Milligan, D. J., Panem, C., Poinsignon, V., Pourbaix, D., Randich, S., Sarri, G.,
Sartoretti, P., Siddiqui, H. ., Soubiran, C., Valette, V., van Leeuwen, F., Walton,
N. A., Aerts, C., Arenou, F., Cropper, M., Drimmel, R., Hg, E., Katz, D., Lattanzi,
M. G., O'Mullane, W., Grebel, E. K., Holland, A. D., Huc, C., Passot, X., Bramante, L.,
Cacciari, C., Castaneda, J., Chaoul, L., Cheek, N., De Angeli, F., Fabricius, C., Guerra,
R., Herrandez, J., Jean-Antoine-Piccolo, A., Masana, E., Messineo, R., Mowlavi, N.,
Nienartowicz, K., Ordbnez- Blanco, D., Panuzzo, P., Portell, J., Richards, P. J., Riello,
M., Seabroke, G. M., Tanga, P., Trevenin, F., Torra, J., Els, S. G., Gracia- Abril, G.,
Comoretto, G., Garcia-Reinaldos, M., Lock, T., Mercier, E., Altmann, M., Andrae, R.,
Astraatmadja, T. L., Bellas-Velidis, 1., Benson, K., Berthier, J., Blomme, R., Busso, G.,
Carry, B., Cellino, A., Clementini, G., Cowell, S., Creevey, O., Cuypers, J., Davidson,
M., De Ridder, J., de Torres, A., Delchambre, L., Dell'Oro, A., Ducourant, C., Femat,
Y., Garca-Torres, M., Gosset, E., Halbwachs, J. L., Hambly, N. C., Harrison, D. L.,
Hauser, M., Hestro er, D., Hodgkin, S. T., Huckle, H. E., Hutton, A., Jasniewicz, G.,
Jordan, S., Kontizas, M., Korn, A. J., Lanzafame, A. C., Manteiga, M., Moitinho, A.,
Muinonen, K., Osinde, J., Pancino, E., Pauwels, T., Petit, J. M., Recio-Blanco, A.,
Robin, A. C., Sarro, L. M., Siopis, C., Smith, M., Smith, K. W., Sozzetti, A., Thuillot,
W., van Reeven, W., Viala, Y., Abbas, U., Abreu Aramburu, A., Accart, S., Aguado,
J. J., Allan, P. M., Allasia, W., Altavilla, G., Alvarez, M. A., Alves, J., Anderson,
R. I, Andrei, A. H., Anglada Varela, E., Antiche, E., Antoja, T., Anbn, S., Arcay,
B., Atzei, A., Ayache, L., Bach, N., Baker, S. G., Balaguer-Nunez, L., Barache, C.,
Barata, C., Barbier, A., Barblan, F., Baroni, M., Barrado y Navascles, D., Barros, M.,
Barstow, M. A., Becciani, U., Bellazzini, M., Bellei, G., Bello Garca, A., Belokurov, V.,
Bendjoya, P., Berihuete, A., Bianchi, L., Bienayne, O., Billebaud, F., Blagorodnova, N.,
Blanco-Cuaresma, S., Boch, T., Bombrun, A., Borrachero, R., Bouquillon, S., Bourda,
G., Bouy, H., Bragaglia, A., Breddels, M. A., Brouillet, N., Brasemeister, T., Bucciarelli,
B., Budnik, F., Burgess, P., Burgon, R., Burlacu, A., Busonero, D., Buzzi, R., Caau, E.,

Cambras, J., Campbell, H., Cancelliere, R., Cantat-Gaudin, T., Carlucci, T., Carrasco,

193



J. M., Castellani, M., Charlot, P., Charnas, J., Charvet, P., Chassat, F., Chiavassa,
A., Clotet, M., Cocozza, G., Collins, R. S., Collins, P., Costigan, G., Crifo, F., Cross,
N. J. G., Crosta, M., Crowley, C., Dafonte, C., Damerdji, Y., Dapergolas, A., David,
P., David, M., De Cat, P., de Felice, F., de Laverny, P., De Luise, F., De March, R., de
Martino, D., de Souza, R., Debosscher, J., del Pozo, E., Delbo, M., Delgado, A., Delgado,
H. E., di Marco, F., Di Matteo, P., Diakite, S., Distefano, E., Dolding, C., Dos Anjos, S.,
Drazinos, P., Duan, J., Dzigan, Y., Ecale, E., Edvardsson, B., Enke, H., Erdmann, M.,
Escolar, D., Espina, M., Evans, N. W., Eynard Bontemps, G., Fabre, C., Fabrizio, M.,
Faigler, S., Falcao, A. J., Faras Casas, M., Faye, F., Federici, L., Fedorets, G., Ferrandez-
Herrandez, J., Fernique, P., Fienga, A., Figueras, F., Filippi, F., Findeisen, K., Fonti,
A., Fouesneau, M., Fraile, E., Fraser, M., Fuchs, J., Furnell, R., Gai, M., Galleti, S.,
Galluccio, L., Garabato, D., Garca-Sedano, F., Gae, P., Garofalo, A., Garralda, N.,
Gavras, P., Gerssen, J., Geyer, R., Gilmore, G., Girona, S., Giurida, G., Gomes, M.,
Gonalez-Marcos, A., Gonalez-Nunez, J., Gonalez-Vidal, J. J., Granvik, M., Guerrier,
A., Guillout, P., Guiraud, J., Qurpide, A., Guterrez-Sanchez, R., Guy, L. P., Haigron,
R., Hatzidimitriou, D., Haywood, M., Heiter, U., Helmi, A., Hobbs, D., Hofmann, W.,
Holl, B., Holland, G., Hunt, J. A. S., Hypki, A., Icardi, V., Irwin, M., Jevardat de
Fombelle, G., Jofe, P., Jonker, P. G., Jorissen, A., Julbe, F., Karampelas, A., Kochoska,
A., Kohley, R., Kolenberg, K., Kontizas, E., Koposov, S. E., Kordopatis, G., Koubsky, P.,
Kowalczyk, A., Krone-Martins, A., Kudryashova, M., Kull, I., Bachchan, R. K., Lacoste-
Seris, F., Lanza, A. F., Lavigne, J. B., Le Poncin-Latte, C., Lebreton, Y., Lebzelter,
T., Leccia, S., Leclerc, N., Lecoeur-Taibi, I., Lemaitre, V., Lenhardt, H., Leroux, F.,
Liao, S., Licata, E., Lindstrm, H. E. P., Lister, T. A, Livanou, E., Lobel, A., L®er,

W., lopez, M., Lopez-Lozano, A., Lorenz, D., Loureiro, T., MacDonald, I., Magalhaes
Fernandes, T., Managau, S., Mann, R. G., Mantelet, G., Marchal, O., Marchant, J. M.,
Marconi, M., Marie, J., Marinoni, S., Marrese, P. M., Marschallo, G., Marshall, D. J.,
Martn-Fleitas, J. M., Martino, M., Mary, N., Matijevc, G., Mazeh, T., McMillan, P. J.,
Messina, S., Mestre, A., Michalik, D., Millar, N. R., Miranda, B. M. H., Molina, D.,

194



Molinaro, R., Molinaro, M., Molrar, L., Moniez, M., Montegri o, P., Monteiro, D., Mor,

R., Mora, A., Morbidelli, R., Morel, T., Morgenthaler, S., Morley, T., Morris, D., Mulone,

A. F., Muraveva, T., Musella, I., Narbonne, J., Nelemans, G., Nicastro, L., Noval, L.,
Orcenovic, C., Ordieres-Mee, J., Osborne, P., Pagani, C., Pagano, I., Pailler, F., Palacin,
H., Palaversa, L., Parsons, P., Paulsen, T., Pecoraro, M., Pedrosa, R., Pentikainen, H.,
Pereira, J., Pichon, B., Piersimoni, A. M., Pineau, F. X., Plachy, E., Plum, G., Poujoulet,
E., Psa, A., Pulone, L., Ragaini, S., Rago, S., Rambaux, N., Ramos-Lerate, M., Ranalli,
P., Rauw, G., Read, A., Regibo, S., Renk, F., Reyk, C., Ribeiro, R. A., Rimoldini, L.,
Ripepi, V., Riva, A., Rixon, G., Roelens, M., Romero-Gomez, M., Rowell, N., Royer, F.,
Rudolph, A., Ruiz-Dern, L., Sadowski, G., Sagrisa Seles, T., Sahlmann, J., Salgado,
J., Salguero, E., Sarasso, M., Savietto, H., Schnorhk, A., Schultheis, M., Sciacca, E.,
Segol, M., Segovia, J. C., Segransan, D., Serpell, E., Shih, I. C., Smareglia, R., Smart,
R. L., Smith, C., Solano, E., Solitro, F., Sordo, R., Soria Nieto, S., Souchay, J., Spagna,
A., Spoto, F., Stampa, U., Steele, I. A., Steidelmdller, H., Stephenson, C. A., Stoev,
H., Suess, F. F., Saveges, M., Surdej, J., Szabados, L., Szegedi-Elek, E., Tapiador, D.,
Taris, F., Tauran, G., Taylor, M. B., Teixeira, R., Terrett, D., Tingley, B., Trager, S. C.,
Turon, C., Ulla, A., Utrilla, E., Valentini, G., van Elteren, A., Van Hemelryck, E., van
Leeuwen, M., Varadi, M., Vecchiato, A., Veljanoski, J., Via, T., Vicente, D., Vogt, S.,
Voss, H., Votruba, V., Voutsinas, S., Walmsley, G., Weiler, M., Weingrill, K., Werner, D.,
Wevers, T., Whitehead, G., Wyrzykowski, L., Yoldas, A., Zerjal, M., Zucker, S., Zurbach,
C., Zwitter, T., Alecu, A., Allen, M., Allende Prieto, C., Amorim, A., Anglada-Escuct,

G., Arsenijevic, V., Azaz, S., Balm, P., Beck, M., Bernstein, H. H., Bigot, L., Bijaoui,
A., Blasco, C., Bon gli, M., Bono, G., Boudreault, S., Bressan, A., Brown, S., Brunet,
P. M., Bunclark, P., Buonanno, R., Butkevich, A. G., Carret, C., Carrion, C., Chemin,
L., Ckereau, F., Corcione, L., Darmigny, E., de Boer, K. S., de Teodoro, P., de Zeeuw,
P. T., Delle Luche, C., Domingues, C. D., Dubath, P., Fodor, F., Fezouls, B., Fries, A.,
Fustes, D., Fyfe, D., Gallardo, E., Gallegos, J., Gardiol, D., Gebran, M., Gomboc, A.,

Gomez, A., Grux, E., Gueguen, A., Heyrovsky, A., Hoar, J., lannicola, G., Isasi Parache,

195



Y., Janotto, A. M., Joliet, E., Jonckheere, A., Keil, R., Kim, D. W., Klagyivik, P., Klar,

J., Knude, J., Kochukhov, O., Kolka, I., Kos, J., Kutka, A., Lainey, V., LeBouquin, D.,
Liu, C., Loreggia, D., Makarov, V. V., Marseille, M. G., Martayan, C., Martinez-Rubi,
O., Massart, B., Meynadier, F., Mignot, S., Munari, U., Nguyen, A. T., Nordlander,
T., Ocvirk, P., O'Flaherty, K. S., Olias Sanz, A., Ortiz, P., Osorio, J., Oszkiewicz, D.,
Ouzounis, A., Palmer, M., Park, P., Pasquato, E., Peltzer, C., Peralta, J., Returaud, F.,
Pieniluoma, T., Pigozzi, E., Poels, J., Prat, G., Prod’homme, T., Raison, F., Rebordao,
J. M., Risquez, D., Rocca-Volmerange, B., Rosen, S., Ruiz-Fuertes, M. I., Russo, F.,
Sembay, S., Serraller Vizcaino, I., Short, A., Siebert, A., Silva, H., Sinachopoulos, D.,
Slezak, E., So el, M., Sosnowska, D., Strakys, V., ter Linden, M., Terrell, D., Theil, S.,
Tiede, C., Troisi, L., Tsalmantza, P., Tur, D., Vaccari, M., Vachier, F., Valles, P., Van
Hamme, W., Veltz, L., Virtanen, J., Wallut, J. M., Wichmann, R., Wilkinson, M. 1.,
Ziaeepour, H., & Zschocke, S. 2016, A&A, 595, Al

Galbany, L., Moreno-Raya, M. E., Ruiz-Lapuente, P., Gonzalez Herrandez, J. |., Mendez,
J., Vallely, P., Baron, E., Domnguez, |., Hamuy, M., lopez-Sanchez, A. R., Mola, M.,
Catahn, S., Cooke, E. A., Farina, C., Genova-Santos, R., Karjalainen, R., Lietzen, H.,
McCormac, J., Riddick, F. C., Rubino-Martn, J. A., Skillen, I., Tudor, V., & Vaduvescu,
O. 2016, MNRAS, 457, 525

Ganeshalingam, M., Li, W., Filippenko, A. V., Anderson, C., Foster, G., Gates, E. L.,
Grith, C. V., Grigshy, B. J., Joubert, N., Leja, J., Lowe, T. B., Macomber, B.,
Pritchard, T., Thrasher, P., & Winslow, D. 2010, The Astrophysical Journal Supplement
Series, 190, 418

Gilfanov, M. & Bogdan, A. 2010, Nature, 463, 924

Ginsburg, A., Sipcz, B. M., Brasseur, C. E., Cowperthwaite, P. S., Craig, M. W., Deil,
C., Guillochon, J., Guzman, G., Liedtke, S., Lian Lim, P., Lockhart, K. E., Mommert,
M., Morris, B. M., Norman, H., Parikh, M., Persson, M. V., Robitaille, T. P., Segovia,

196



J.-C., Singer, L. P., Tollerud, E. J., de Val-Borro, M., Valtchanov, I., Woillez, J., & the

Astroquery collaboration. 2019, arXiv e-prints, arXiv:1901.04520

Graham, M. L., Harris, C. E., Nugent, P. E., Maguire, K., Sullivan, M., Smith, M., Valenti,
S., Goobar, A., Fox, O. D., Shen, K. J., Kelly, P. L., McCully, C., Brink, T. G., &
Filippenko, A. V. 2019, ApJ, 871, 62

Graham, M. L., Kumar, S., Hosseinzadeh, G., Hiramatsu, D., Arcavi, |., Howell, D. A.,
Valenti, S., Sand, D. J., Parrent, J. T., McCully, C., & Filippenko, A. V. 2017, MNRAS,
472, 3437

Guillochon, J., Parrent, J., Kelley, L. Z., & Margutti, R. 2017, ApJ, 835

Hamuy, M., Folatelli, G., Morrell, N. I., Phillips, M. M., Suntze, N. B., Persson, S. E.,
Roth, M., Gonzalez, S., Krzeminski, W., Contreras, C., Freedman, W. L., Murphy, D. C.,
Madore, B. F., Wyatt, P., Maza, J., Filippenko, A. V., Li, W., & Pinto, P. A. 2006,

Publications of the Astronomical Society of the Pacic, 118, 2

Han, Z. & Podsiadlowski, P. 2006, MNRAS, 368, 1095

Hayden, B. T., Garnavich, P. M., Kasen, D., Dilday, B., Frieman, J. A., Jha, S. W.,
Lampeitl, H., Nichol, R. C., Sako, M., Schneider, D. P., Smith, M., Sollerman, J., &
Wheeler, J. C. 2010, ApJ, 722, 1691

Holmbo, S., Stritzinger, M. D., Shappee, B. J., Tucker, M. A., Zheng, W., Ashall, C.,
Phillips, M. M., Contreras, C., Filippenko, A. V., Hoeich, P., Huber, M., Wang,
X. F., Zhang, J. J., Anais, J., Baron, E., Burns, C. R., Campillay, A., Castellon, S.,
Corco, C., Hsiao, E. Y., Krisciunas, K., Morrell, N., Nielsen, M. T. B., Persson, S. E.,
Piro, A., Taddia, F., Tomasella, L., Zhang, T. M., & Zhao, X. L. 2018, arXiv e-prints,
arXiv:1809.01359

Holoien, T. W. S., Brown, J. S., Stanek, K. Z., Kochanek, C. S., Shappee, B. J., Prieto, J. L.,

Dong, S., Brimacombe, J., Bishop, D. W., Basu, U., Beacom, J. F., Bersier, D., Chen, P.,

197



Danilet, A. B., Falco, E., Godoy-Rivera, D., Goss, N., Pojmanski, G., Simonian, G. V.,
Skowron, D. M., Thompson, T. A., Waniak, P. R., Avila, C. G., Bock, G., Carballo,
J. L. G,, Conseil, E., Contreras, C., Cruz, I., Andjjar, J. M. F., Guo, Z., Hsiao, E. Y.,
Kiyota, S., Ko, R. A., Krannich, G., Madore, B. F., Marples, P., Masi, G., Morrell,

N., Monard, L. A. G., Munoz-Mateos, J. C., Nicholls, B., Nicolas, J., Wagner, R. M., &

Wietho , W. S. 2017a, MNRAS, 467, 1098

Holoien, T. W. S., Brown, J. S., Stanek, K. Z., Kochanek, C. S., Shappee, B. J., Prieto, J. L.,
Dong, S., Brimacombe, J., Bishop, D. W., Bose, S., Beacom, J. F., Bersier, D., Chen,
P., Chomiuk, L., Falco, E., Godoy-Rivera, D., Morrell, N., Pojmanski, G., Shields, J. V.,
Strader, J., Stritzinger, M. D., Thompson, T. A., Waniak, P. R., Bock, G., Cacella, P.,
Conseil, E., Cruz, |., Fernandez, J. M., Kiyota, S., Ko, R. A., Krannich, G., Marples, P.,
Masi, G., Monard, L. A. G., Nicholls, B., Nicolas, J., Post, R. S., Stone, G., & Wietho,

W. S. 2017b, MNRAS, 471, 4966

Holoien, T. W. S., Brown, J. S., Vallely, P. J., Stanek, K. Z., Kochanek, C. S., Shappee,
B. J., Prieto, J. L., Dong, S., Brimacombe, J., Bishop, D. W., Bose, S., Beacom, J. F.,
Bersier, D., Chen, P., Chomiuk, L., Falco, E., Holmbo, S., Jayasinghe, T., Morrell,
N., Pojmanski, G., Shields, J. V., Strader, J., Stritzinger, M. D., Thompson, T. A.,
Waniak, P. R., Bock, G., Cacella, P., Carballo, J. G., Cruz, |., Conseil, E., Farfan,
R. G., Fernandez, J. M., Kiyota, S., Ko, R. A., Krannich, G., Marples, P., Masi, G.,
Monard, L. A. G., Mufnoz, J. A., Nicholls, B., Post, R. S., Stone, G., Trappett, D. L.,
& Wietho , W. S. 2019, MNRAS, 93

Holoien, T. W. S., Stanek, K. Z., Kochanek, C. S., Shappee, B. J., Prieto, J. L.,
Brimacombe, J., Bersier, D., Bishop, D. W., Dong, S., Brown, J. S., Danilet, A. B.,
Simonian, G. V., Basu, U., Beacom, J. F., Falco, E., Pojmanski, G., Skowron, D. M.,
Waniak, P. R., Avila, C. G., Conseil, E., Contreras, C., Cruz, |., Ferrandez, J. M., Ko,
R. A., Guo, Z., Herczeg, G. J., Hissong, J., Hsiao, E. Y., Jose, J., Kiyota, S., Long, F.,
Monard, L. A. G., Nicholls, B., Nicolas, J., & Wietho, W. S. 2017c, MNRAS, 464, 2672

198



Hook, I. M., J rgensen, I., Allington-Smith, J. R., Davies, R. L., Metcalfe, N., Murowinski,
R. G., & Crampton, D. 2004, Publications of the Astronomical Society of the Paci c,

116, 425

Howell, D. A. 2001, ApJ, 554, L193

Howell, D. A., Sullivan, M., Nugent, P. E., Ellis, R. S., Conley, A. J., Le Borgne, D.,
Carlberg, R. G., Guy, J., Balam, D., Basa, S., Fouchez, D., Hook, I. M., Hsiao, E. Y.,
Neill, J. D., Pain, R., Perrett, K. M., & Pritchet, C. J. 2006, Nature, 443, 308

Hoyle, F. & Fowler, W. A. 1960, ApJ, 132, 565

Iben, I. & Tutukov, A. 1984, The Astrophysical Journal Supplement Series, 54, 335

Jha, S., Kirshner, R. P., Challis, P., Garnavich, P. M., Matheson, T., Soderberg, A. M.,
Graves, G. J. M., Hicken, M., Alves, J. F., Arce, H. G., Balog, Z., Barmby, P., Barton,
E. J., Berlind, P., Bragg, A. E., Bricerno, C., Brown, W. R., Buckley, J. H., Caldwell,
N., Calkins, M. L., Carter, B. J., Concannon, K. D., Donnelly, R. H., Eriksen, K. A.,
Fabricant, D. G., Falco, E. E., Fiore, F., Garcia, M. R., @mez, M., Grogin, N. A., Groner,
T., Groot, P. J., Haisch, Karl E., J., Hartmann, L., Hergenrother, C. W., Holman, M. J.,
Huchra, J. P., Jayawardhana, R., Jerius, D., Kannappan, S. J., Kim, D.-W., Kleyna, J. T.,
Kochanek, C. S., Koranyi, D. M., Krockenberger, M., Lada, C. J., Luhman, K. L., Luu,
J. X., Macri, L. M., Mader, J. A., Mahdavi, A., Marengo, M., Marsden, B. G., McLeod,
B. A, McNamara, B. R., Megeath, S. T., Moraru, D., Mossman, A. E., Muench, A. A,,
Munoz, J. A., Muzerolle, J., Naranjo, O., Nelson-Patel, K., Pahre, M. A., Patten, B. M.,
Peters, J., Peters, W., Raymond, J. C., Rines, K., Schild, R. E., Sobczak, G. J., Spahr,
T. B., Stau er, J. R., Stefanik, R. P., Szentgyorgyi, A. H., Tollestrup, E. V., Vaisanen,
P., Vikhlinin, A., Wang, Z., Willner, S. P., Wolk, S. J., Zajac, J. M., Zhao, P., & Stanek,
K. Z. 2006, AJ, 131, 527

Jha, S. W., Maguire, K., & Sullivan, M. 2019, Nature Astronomy, 3, 706

199



Jorden, P. R. 1990, in Proc. SPIE Vol. 1235, p. 790-798, Instrumentation in Astronomy
VIl, David L. Crawford; Ed., Vol. 1235, 790{798

Justham, S. 2011, ApJ, 730, L34
Kasen, D. 2010, ApJ, 708, 1025

Kashikawa, N., Aoki, K., Asai, R., Ebizuka, N., Inata, M., lye, M., Kawabata, K. S.,
Kosugi, G., Ohyama, Y., Okita, K., Ozawa, T., Saito, Y., Sasaki, T., Sekiguchi, K.,
Shimizu, Y., Taguchi, H., Takata, T., Yadoumaru, Y., & Yoshida, M. 2002, Publications
of the Astronomical Society of Japan, 54, 819

Katz, B. & Dong, S. 2012, ArXiv e-prints, arXiv:1211.4584
Kelson, D. D. 2003, Publications of the Astronomical Society of the Paci c, 115, 688
Kelson, D. D., lllingworth, G. D., van Dokkum, P. G., & Franx, M. 2000, ApJ, 531, 159

Kollmeier, J. A., Chen, P., Dong, S., Morrell, N., Phillips, M. M., Kushnir, D., Prieto, J. L.,
Piro, A. L., & Simon, J. D. 2019, arXiv e-prints, arXiv:1902.02251

Krisciunas, K., Contreras, C., Burns, C. R., Phillips, M. M., Stritzinger, M. D., Morrell,
N., Hamuy, M., Anais, J., Boldt, L., Busta, L., Campillay, A., Castelbn, S., Folatelli,
G., Freedman, W. L., Gonalez, C., Hsiao, E. Y., Krzeminski, W., Persson, S. E., Roth,
M., Salgado, F., Sepon, J., Suntze , N. B., Torres, S., Filippenko, A. V., Li, W., Madore,
B. F., DePoy, D. L., Marshall, J. L., Rheault, J.-P., & Villanueva, S. 2017, AJ, 154, 211

Kromer, M., Sim, S. A,, Fink, M., Repke, F. K., Seitenzahl, I. R., & Hillebrandt, W. 2010,
ApJ, 719, 1067

Lanz, T., Telis, G. A., Audard, M., Paerels, F., Rasmussen, A. P., & Hubeny, I. 2005, ApJ,
619, 517

Leonard, D. C. 2007, ApJ, 670, 1275

200



Leonard, D. C. & Filippenko, A. V. 2001, Publications of the Astronomical Society of the
Pacic, 113, 920

Li, W. D., Filippenko, A. V., Tre ers, R. R., Friedman, A., Halderson, E., Johnson, R. A.,
King, J. Y., Modjaz, M., Papenkova, M., Sato, Y., & She er, T. 2000, in American
Institute of Physics Conference Series, Vol. 522, American Institute of Physics Conference

Series, ed. S. S. Holt & W. W. Zhang, 103{106

Liu, Z.-W., Kromer, M., Fink, M., Pakmor, R., Repke, F. K., Chen, X. F., Wang, B., &
Han, Z. W. 2013a, ApJ, 778, 121

Liu, Z. W., Pakmor, R., Repke, F. K., Edelmann, P., Wang, B., Kromer, M., Hillebrandt,
W., & Han, Z. W. 2012, A&A, 548, A2

Liu, Z.-W., Pakmor, R., Seitenzahl, I. R., Hillebrandt, W., Kromer, M., Repke, F. K.,
Edelmann, P., Taubenberger, S., Maeda, K., Wang, B., & Han, Z. W. 2013b, ApJ, 774,
37

Livio, M. & Mazzali, P. 2018, Phys. Rep., 736, 1

Livio, M. & Riess, A. G. 2003, ApJ, 594, L93

Livne, E. 1990, ApJ, 354, L53

Livne, E. & Arnett, D. 1995, ApJ, 452, 62

Lundqvist, P., Mattila, S., Sollerman, J., Kozma, C., Baron, E., Cox, N. L. J., Fransson,

C., Leibundgut, B., & Spyromilio, J. 2013, MNRAS, 435, 329

Lundgvist, P., Nyholm, A., Taddia, F., Sollerman, J., Johansson, J., Kozma, C., Lundqvist,
N., Fransson, C., Garnavich, P. M., Kromer, M., Shappee, B. J., & Goobar, A. 2015,
A&A, 577, A39

Maguire, K., Taubenberger, S., Sullivan, M., & Mazzali, P. A. 2016, MNRAS, 457, 3254

201



Maoz, D., Mannucci, F., & Nelemans, G. 2014, Annual Review of Astronomy and

Astrophysics, 52, 107

Marietta, E., Burrows, A., & Fryxell, B. 2000, The Astrophysical Journal Supplement
Series, 128, 615

Marshall, J. L., Burles, S., Thompson, |. B., Shectman, S. A., Bigelow, B. C., Burley,
G., Birk, C., Estrada, J., Jones, P., Smith, M., Kowal, V., Castillo, J., Storts, R., &
Ortiz, G. 2008, in Ground-based and Airborne Instrumentation for Astronomy Il. Edited
by McLean, lan S.; Casali, Mark M. Proceedings of the SPIE, Volume 7014, article id.
701454, 10 pp. (2008)., Vol. 7014

Matheson, T., Kirshner, R. P., Challis, P., Jha, S., Garnavich, P. M., Berlind, P., Calkins,
M. L., Blondin, S., Balog, Z., Bragg, A. E., Caldwell, N., Dendy Concannon, K., Falco,
E. E., Graves, G. J. M., Huchra, J. P., Kuraszkiewicz, J., Mader, J. A., Mahdavi, A.,
Phelps, M., Rines, K., Song, I., & Wilkes, B. J. 2008, AJ, 135, 1598

Mattila, S., Lundqvist, P., Sollerman, J., Kozma, C., Baron, E., Fransson, C., Leibundgut,

B., & Nomoto, K. 2005, A&A, 443, 649

Mazzali, P. A., Sullivan, M., Filippenko, A. V., Garnavich, P. M., Clubb, K. I., Maguire,
K., Pan, Y. C., Shappee, B., Silverman, J. M., Benetti, S., Hachinger, S., Nomoto, K., &
Pian, E. 2015, MNRAS, 450, 2631

Meng, X. & Podsiadlowski, P. 2013, ApJ, 778, L35

Molinari, E., Conconi, P., Pucillo, M., & Monai, S. 1999, in Looking Deep in the Southern
Sky, Proceedings of the ESO/Australia Workshop held at Sydney, Australia, 10-12
December 1997. Edited by Fa aella Morganti and Warrick J. Couch. Berlin: Springer-
Verlag, 1999. p. 157., 157

Moorwood, A., Cuby, J. G., & Lidman, C. 1998, The Messenger, 91, 9

202



Motohara, K., Iwamuro, F., Maihara, T., Oya, S., Tsukamoto, H., Imanishi, M., Terada, H.,
Goto, M., lwai, J., Tanabe, H., Hata, R., Taguchi, T., & Harashima, T. 2002, Publications

of the Astronomical Society of Japan, 54, 315

Nomoto, K. 1982, ApJ, 253, 798

Oke, J. B., Cohen, J. G., Carr, M., Cromer, J., Dingizian, A., Harris, F. H., Labrecque, S.,
Lucinio, R., Schaal, W., Epps, H., & Miller, J. 1995, Publications of the Astronomical
Society of the Pacic, 107, 375

Oke, J. B. & Gunn, J. E. 1982, Publications of the Astronomical Society of the Paci c, 94,
586

Pakmor, R., Kromer, M., Taubenberger, S., Sim, S. A., Repke, F. K., & Hillebrandt, W.
2012, ApJ, 747, L10

Pan, K.-C., Ricker, P. M., & Taam, R. E. 2012, ApJ, 750, 151

Patat, F., Chandra, P., Chevalier, R., Justham, S., Podsiadlowski, P., Wolf, C., Gal-Yam,
A., Pasquini, L., Crawford, I. A., Mazzali, P. A., Pauldrach, A. W. A., Nomoto, K.,
Benetti, S., Cappellaro, E., Elias-Rosa, N., Hillebrandt, W., Leonard, D. C., Pastorello,
A., Renzini, A., Sabbadin, F., Simon, J. D., & Turatto, M. 2007, Science, 317, 924

Pejcha, O., Antognini, J. M., Shappee, B. J., & Thompson, T. A. 2013, MNRAS, 435, 943

Pessa, I., Tejos, N., & Moya, C. 2018, ArXiv e-prints, arXiv:1803.05005

Phillips, M. M., Contreras, C., Hsiao, E. Y., Morrell, N., Burns, C. R., Stritzinger, M.,
Ashall, C., Freedman, W. L., Hoeich, P., Persson, S. E., Piro, A. L., Suntze, N. B.,
Uddin, S. A., Anais, J., Baron, E., Busta, L., Campillay, A., Castelbn, S., Corco, C.,
Diamond, T., Gall, C., Gonzalez, C., Holmbo, S., Krisciunas, K., Roth, M., Sepon, J.,
Taddia, F., Torres, S., Anderson, J. P., Baltay, C., Folatelli, G., Galbany, L., Goobar,

A., Hadjiyska, E., Hamuy, M., Kasliwal, M., Lidman, C., Nugent, P. E., Perimutter, S.,

203



Rabinowitz, D., Ryder, S. D., Schmidt, B. P., Shappee, B. J., & Walker, E. S. 2019,

Publications of the Astronomical Society of the Pacic, 131, 014001

Pogge, R. W., Atwood, B., Brewer, D. F., Byard, P. L., Derwent, M. A., Gonzalez, R.,
Martini, P., Mason, J. A., O'Brien, T. P., Osmer, P. S., Pappalardo, D. P., Steinbrecher,
D. P., Teiga, E. J., & Zhelem, R. 2010, in Proceedings of the SPIE, Volume 7735, id.
77350A (2010)., Vol. 7735

Press, W. H., Teukolsky, S. A., Vetterling, W. T., & Flannery, B. P. 1992, Numerical recipes

in FORTRAN. The art of scienti c computing

Prieto, J. L., Chen, P., Dong, S., Bose, S., Gal-Yam, A., Holoien, T. W. S., Kollmeier, J. A.,
Phillips, M. M., & Shappee, B. J. 2019, arXiv e-prints, arXiv:1909.05267

Raskin, C. & Kasen, D. 2013, ApJ, 772, 1

Rebassa-Mansergas, A., Toonen, S., Korol, V., & Torres, S. 2018, ArXiv e-prints,
arXiv:1809.07158

Riello, M., De Angeli, F., Evans, D. W., Busso, G., Hambly, N. C., Davidson, M., Burgess,
P. W., Montegri o, P., Osborne, P. J., Kewley, A., Carrasco, J. M., Fabricius, C., Jordi,
C., Cacciari, C., van Leeuwen, F., & Holland, G. 2018, ArXiv e-prints, arXiv:1804.09367

Riess, A. G., Kirshner, R. P., Schmidt, B. P., Jha, S., Challis, P., Garnavich, P. M., Esin,
A. A., Carpenter, C., Grashius, R., Schild, R. E., Berlind, P. L., Huchra, J. P., Prosser,
C. F., Falco, E. E., Benson, P. J., Bricerno, C., Brown, W. R., Caldwell, N., dell'Antonio,
I. P., Filippenko, A. V., Goodman, A. A., Grogin, N. A., Groner, T., Hughes, J. P.,
Green, P. J., Jansen, R. A., Kleyna, J. T., Luu, J. X., Macri, L. M., McLeod, B. A.,
McLeod, K. K., McNamara, B. R., McLean, B., Milone, A. A. E., Mohr, J. J., Moraru,
D., Peng, C., Peters, J., Prestwich, A. H., Stanek, K. Z., Szentgyorgyi, A., & Zhao, P.
1999, AJ, 117, 707

204



Repke, F. K., Kromer, M., Seitenzahl, I. R., Pakmor, R., Sim, S. A., Taubenberger,
S., Ciaraldi-Schoolmann, F., Hillebrandt, W., Aldering, G., Antilogus, P., Baltay, C.,
Benitez-Herrera, S., Bongard, S., Buton, C., Canto, A., Cellier-Holzem, F., Childress,
M., Chotard, N., Copin, Y., Fakhouri, H. K., Fink, M., Fouchez, D., Gangler, E., Guy,
J., Hachinger, S., Hsiao, E. Y., Chen, J., Kerschhaggl, M., Kowalski, M., Nugent, P.,
Paech, K., Pain, R., Pecontal, E., Pereira, R., Perlmutter, S., Rabinowitz, D., Rigault,
M., Runge, K., Saunders, C., Smadja, G., Suzuki, N., Tao, C., Thomas, R. C., Tilquin,
A., & Wu, C. 2012, ApJ, 750, L19

Ru ni, N. J. & Casey, A. R. 2019, MNRAS, 489, 420

Sand, D. J., Amaro, R. C., Moe, M., Graham, M. L., Andrews, J. E., Burke, J., Catrtier,
R., Eweis, Y., Galbany, L., Hiramatsu, D., Howell, D. A., Jha, S. W., Lundquist, M.,
Matheson, T., McCully, C., Milne, P., Smith, N., Valenti, S., & Wyatt, S. 2019, ApJ,
877, L4

Sand, D. J., Graham, M. L., Botanszki, J., Hiramatsu, D., McCully, C., Valenti, S.,
Hosseinzadeh, G., Howell, D. A., Burke, J., Cartier, R., Diamond, T., Hsiao, E. Y., Jha,
S. W., Kasen, D., Kumar, S., Marion, G. H., Suntze, N., Tartaglia, L., Wheeler, C., &
Wyatt, S. 2018, ArXiv e-prints, arXiv:1804.03666

Scalzo, R. A., Parent, E., Burns, C., Childress, M., Tucker, B. E., Brown, P. J., Contreras,
C., Hsiao, E., Krisciunas, K., Morrell, N., Phillips, M. M., Piro, A. L., Stritzinger, M., &
Suntze , N. 2019, MNRAS, 483, 628

Scalzo, R. A., Ruiter, A. J., & Sim, S. A. 2014, MNRAS, 445, 2535
Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525

Shappee, B. J., Holoien, T. W. S., Drout, M. R., Auchettl, K., Stritzinger, M. D., Kochanek,
C. S., Stanek, K. Z., Shaya, E., Narayan, G., ASAS-SN, Brown, J. S., Bose, S., Bersier,
D., Brimacombe, J., Chen, P., Dong, S., Holmbo, S., Katz, B., Munoz, J. A., Mutel,

205



R. L., Post, R. S., Prieto, J. L., Shields, J., Tallon, D., Thompson, T. A., Vallely,
P. J., Villanueva, S., J., ATLAS, Denneau, L., Flewelling, H., Heinze, A. N., Smith,
K. W., Stalder, B., Tonry, J. L., Weiland, H., Kepler/K2, Barclay, T., Barentsen, G.,
Cody, A. M., Dotson, J., Foerster, F., Garnavich, P., Gully-Santiago, M., Hedges, C.,
Howell, S., Kasen, D., Margheim, S., Mushotzky, R., Rest, A., Tucker, B. E., Villar, A,
Zenteno, A., Kepler Spacecraft Team, Beerman, G., Bjella, R., Castillo, G., Coughlin,
J., Elsaesser, B., Flynn, S., Gangopadhyay, R., Griest, K., Hanley, M., Kampmeier, J.,
Kloetzel, R., Kohnert, L., Labonde, C., Larsen, R., Larson, K. A., McCalmont-Everton,
K. M., McGinn, C., Migliorini, L., Mo att, J., Muszynski, M., Nystrom, V., Osborne,
D., Packard, M., Peterson, C. A., Redick, M., Reedy, L. H., Ross, S. E., Spencer, B.,
Steward, K., Van Cleve, J. E., Cardoso, J. V. d. M., Weschler, T., Wheaton, A., Pan-
STARRS, Bulger, J., Chambers, K. C., Flewelling, H. A., Huber, M. E., Lowe, T. B.,
Magnier, E. A., Schultz, A. S. B., Waters, C. Z., Willman, M., PTSS/TNTS, Baron, E.,
Chen, Z., Derkacy, J. M., Huang, F., Li, L., Li, W., Li, X., Mo, J., Rui, L., Sai, H., Wang,
L., Wang, L., Wang, X., Xiang, D., Zhang, J., Zhang, J., Zhang, K., Zhang, T., Zhang,
X., Zhao, X., Brown, P. J., Hermes, J. J., Nordin, J., Points, S., Sdor, A., Strampelli,
G. M., & Zenteno, A. 2019, ApJ, 870, 13

Shappee, B. J., Kochanek, C. S., & Stanek, K. Z. 2013a, ApJ, 765, 150

Shappee, B. J., Piro, A. L., Stanek, K. Z., Patel, S. G., Margutti, R. A., Lipunov, V. M.,
& Pogge, R. W. 2018, ApJ, 855, 6

Shappee, B. J., Prieto, J. L., Grupe, D., Kochanek, C. S., Stanek, K. Z., De Rosa, G.,
Mathur, S., Zu, Y., Peterson, B. M., Pogge, R. W., Komossa, S., Im, M., Jencson, J.,
Holoien, T. W. S., Basu, U., Beacom, J. F., Szczygiel, D. M., Brimacombe, J., Adams,
S., Campillay, A., Choi, C., Contreras, C., Dietrich, M., Dubberley, M., Elphick, M.,
Foale, S., Giustini, M., Gonzalez, C., Hawkins, E., Howell, D. A., Hsiao, E. Y., Koss, M.,
Leighly, K. M., Morrell, N., Mudd, D., Mullins, D., Nugent, J. M., Parrent, J., Phillips,

206



M. M., Pojmanski, G., Rosing, W., Ross, R., Sand, D., Terndrup, D. M., Valenti, S.,
Walker, Z., & Yoon, Y. 2014, ApJ, 788, 48

Shappee, B. J., Stanek, K. Z., Kochanek, C. S., & Garnavich, P. M. 2017, ApJ, 841, 48
Shappee, B. J., Stanek, K. Z., Pogge, R. W., & Garnavich, P. M. 2013b, ApJ, 762
Shappee, B. J. & Thompson, T. A. 2013, ApJ, 766

Sheinis, A. |, Bolte, M., Epps, H. W., Kibrick, R. I., Miller, J. S., Radovan, M. V., Bigelow,

B. C., & Sutin, B. M. 2002, Publications of the Astronomical Society of the Pacic, 114,
851

Shen, K. J., Boubert, D., Gansicke, B. T., Jha, S. W., Andrews, J. E., Chomiuk, L., Foley,
R. J., Fraser, M., Gromadzki, M., Guillochon, J., Kotze, M. M., Maguire, K., Siebert,
M. R., Smith, N., Strader, J., Badenes, C., Kerzendorf, W. E., Koester, D., Kromer, M.,
Miles, B., Pakmor, R., Schwab, J., Toloza, O., Toonen, S., Townsley, D. M., & Williams,
B. J. 2018, ArXiv e-prints, arXiv:1804.11163

Silverman, J. M., Foley, R. J., Filippenko, A. V., Ganeshalingam, M., Barth, A. J,,
Chornock, R., Grith, C. V., Kong, J. J., Lee, N., Leonard, D. C., Matheson, T., Miller,
E. G., Steele, T. N., Barris, B. J., Bloom, J. S., Cobb, B. E., Coil, A. L., Desroches,
L.-B., Gates, E. L., Ho, L. C., Jha, S. W., Kandrasho, M. T., Li, W., Mandel, K. S.,
Modjaz, M., Moore, M. R., Mostardi, R. E., Papenkova, M. S., Park, S., Perley, D. A,
Poznanski, D., Reuter, C. A., Scala, J., Serduke, F. J. D., Shields, J. C., Swift, B. J.,
Tonry, J. L., Van Dyk, S. D., Wang, X., & Wong, D. S. 2012, MNRAS, 425, 1789

Silverman, J. M., Ganeshalingam, M., & Filippenko, A. V. 2013, MNRAS, 430, 1030

Simon, J. D., Gal-Yam, A., Gnat, O., Quimby, R. M., Ganeshalingam, M., Silverman,
J. M., Blondin, S., Li, W., Filippenko, A. V., Wheeler, J. C., Kirshner, R. P., Patat,
F., Nugent, P., Foley, R. J., Vogt, S. S., Butler, R. P., Peek, K. M. G., Rosolowsky, E.,
Herczeg, G. J., Sauer, D. N., & Mazzali, P. A. 2009, ApJ, 702, 1157

207



Smartt, S. J., Valenti, S., Fraser, M., Inserra, C., Young, D. R., Sullivan, M., Pastorello,
A., Benetti, S., Gal-Yam, A., Knapic, C., Molinaro, M., Smareglia, R., Smith, K. W.,
Taubenberger, S., Yaron, O., Anderson, J. P., Ashall, C., Balland, C., Baltay, C.,
Barbarino, C., Bauer, F. E., Baumont, S., Bersier, D., Blagorodnova, N., Bongard, S.,
Botticella, M. T., Bufano, F., Bulla, M., Cappellaro, E., Campbell, H., Cellier-Holzem,
F., Chen, T. W., Childress, M. J., Clocchiatti, A., Contreras, C., Dall'Ora, M., Danziger,
J., de Jaeger, T., De Cia, A., Della Valle, M., Dennefeld, M., Elias-Rosa, N., EIman, N.,
Feindt, U., Fleury, M., Gall, E., Gonzalez-Gaitan, S., Galbany, L., Morales Garo olo, A.,
Greggio, L., Guillou, L. L., Hachinger, S., Hadjiyska, E., Hage, P. E., Hillebrandt, W.,
Hodgkin, S., Hsiao, E. Y., James, P. A., Jerkstrand, A., Kangas, T., Kankare, E., Kotak,
R., Kromer, M., Kuncarayakti, H., Leloudas, G., Lundqvist, P., Lyman, J. D., Hook,
I. M., Maguire, K., Manulis, I., Margheim, S. J., Mattila, S., Maund, J. R., Mazzali,
P. A., McCrum, M., McKinnon, R., Moreno-Raya, M. E., Nicholl, M., Nugent, P., Pain,
R., Pignata, G., Phillips, M. M., Polshaw, J., Pumo, M. L., Rabinowitz, D., Reilly, E.,
Romero-Canizales, C., Scalzo, R., Schmidt, B., Schulze, S., Sim, S., Sollerman, J., Taddia,
F., Tartaglia, L., Terreran, G., Tomasella, L., Turatto, M., Walker, E., Walton, N. A,
Wyrzykowski, L., Yuan, F., & Zampieri, L. 2015, A&A, 579, A40

Sternberg, A., Gal-Yam, A., Simon, J. D., Leonard, D. C., Quimby, R. M., Phillips, M. M.,
Morrell, N., Thompson, I. B., Ilvans, |., Marshall, J. L., Filippenko, A. V., Marcy, G. W.,
Bloom, J. S., Patat, F., Foley, R. J., Yong, D., Penprase, B. E., Beeler, D. J., Allende
Prieto, C., & Stringfellow, G. S. 2011, Science, 333, 856

Sternberg, A., Gal-Yam, A., Simon, J. D., Patat, F., Hillebrandt, W., Phillips, M. M., Foley,
R. J., Thompson, I., Morrell, N., Chomiuk, L., Soderberg, A. M., Yong, D., Kraus, A. L.,
Herczeg, G. J., Hsiao, E. Y., Raskutti, S., Cohen, J. G., Mazzali, P. A., & Nomoto, K.
2014, MNRAS, 443, 1849

Stritzinger, M., Mazzali, P. A., Sollerman, J., & Benetti, S. 2006, A&A, 460, 793

208



Stritzinger, M. D., Phillips, M. M., Boldt, L. N., Burns, C., Campillay, A., Contreras, C.,
Gonzalez, S., Folatelli, G., Morrell, N., Krzeminski, W., Roth, M., Salgado, F., DePoy,
D. L., Hamuy, M., Freedman, W. L., Madore, B. F., Marshall, J. L., Persson, S. E.,
Rheault, J.-P., Suntze , N. B., Villanueva, S., Li, W., & Filippenko, A. V. 2011, AJ, 142

Taam, R. E. 1980, ApJ, 237, 142

The Astropy Collaboration, Price-Whelan, A. M., Sipcz, B. M., Ganther, H. M., Lim,
P. L., Crawford, S. M., Conseil, S., Shupe, D. L., Craig, M. W., Dencheva, N., Ginsburg,
A., VanderPlas, J. T., Bradley, L. D., Rerez- Swarez, D., de Val-Borro, M., Aldcroft,
T. L., Cruz, K. L., Robitaille, T. P., Tollerud, E. J., Ardelean, C., Babej, T., Bachetti,
M., Bakanov, A. V., Bamford, S. P., Barentsen, G., Barmby, P., Baumbach, A., Berry,
K. L., Biscani, F., Boquien, M., Bostroem, K. A., Bouma, L. G., Brammer, G. B., Bray,
E. M., Breytenbach, H., Buddelmeijer, H., Burke, D. J., Calderone, G., Cano Rodrguez,
J. L., Cara, M., Cardoso, J. V. M., Cheedella, S., Copin, Y., Crichton, D., DAvella, D.,
Deil, C., Depagne,E., Dietrich, J. P., Donath, A., Droettboom, M., Earl, N., Erben, T.,
Fabbro, S., Ferreira, L. A., Finethy, T., Fox, R. T., Garrison, L. H., Gibbons, S. L. J.,
Goldstein, D. A., Gommers, R., Greco, J. P., Green eld, P., Groener, A. M., Grollier,
F., Hagen, A., Hirst, P., Homeier, D., Horton, A. J., Hosseinzadeh, G., Hu, L., Hunkeler,
J. S., lveze, Z., Jain, A., Jenness, T., Kanarek, G., Kendrew, S., Kern, N. S., Kerzendorf,
W. E., Khvalko, A., King, J., Kirkby, D., Kulkarni, A. M., Kumar, A., Lee, A., Lenz,
D., Littlefair, S. P., Ma, Z., Macleod, D. M., Mastropietro, M., McCully, C., Montagnac,
S., Morris, B. M., Mueller, M., Mumford, S. J., Muna, D., Murphy, N. A., Nelson, S.,
Nguyen, G. H., Ninan, J. P., Nethe, M., Ogaz, S., Oh, S., Parejko, J. K., Parley, N.,
Pascual, S., Patil, R., Patil, A. A., Plunkett, A. L., Prochaska, J. X., Rastogi, T., Reddy
Janga, V., Sabater, J., Sakurikar, P., Seifert, M., Sherbert, L. E., Sherwood-Taylor, H.,
Shih, A. Y., Sick, J., Silbiger, M. T., Singanamalla, S., Singer, L. P., Sladen, P. H., Sooley,
K. A., Sornarajah, S., Streicher, O., Teuben, P., Thomas, S. W., Tremblay, G. R., Turner,
J. E. H., Teron, V., van Kerkwijk, M. H., de la Vega, A., Watkins, L. L., Weaver, B. A.,

209



Whitmore, J. B., Wolllez, J., & Zabalza, V. 2018, ArXiv e-prints, arXiv:1801.02634
Thompson, T. A. 2011, ApJ, 741, 82

Tonry, J. L., Stubbs, C. W., Lykke, K. R., Doherty, P., Shivvers, I. S., Burgett, W. S.,
Chambers, K. C., Hodapp, K. W., Kaiser, N., Kudritzki, R. P., Magnier, E. A., Morgan,
J. S., Price, P. A., & Wainscoat, R. J. 2012, ApJ, 750, 99

Tucker, M. A., Shappee, B. J., & Wisniewski, J. P. 2018, arXiv e-prints, arXiv:1811.09635
Tutukov, A. & Yungelson, L. 1996, MNRAS, 280, 1035

Tutukov, A. V. & Fedorova, A. V. 2007, Astronomy Reports, 51, 291

Tutukov, A. V. & Yungelson, L. R. 1979, Acta Astronomica, 29, 665

[. 1994, MNRAS, 268, 871

Vallely, P. J., Fausnaugh, M., Jha, S. W., Tucker, M. A., Eweis, Y., Shappee, B. J.,
Kochanek, C. S., Stanek, K. Z., Chen, P., Dong, S., Prieto, J. L., Sukhbold, T.,
Thompson, T. A., Brimacombe, J., Stritzinger, M. D., Holoien, T. W. S., Buckley,
D. A. H., Gromadzki, M., & Bose, S. 2019a, MNRAS, 487, 2372

Vallely, P. J., Tucker, M. A., Shappee, B. J., Brown, J. S., Stanek, K. Z., & Kochanek,
C. S. 2019b, arXiv e-prints, arXiv:1902.00037

Vernet, J., Dekker, H., D'Odorico, S., Kaper, L., Kjaergaard, P., Hammer, F., Randich,
S., Zerbi, F., Groot, P. J., Hjorth, J., Guinouard, I., Navarro, R., Adolfse, T., Albers,
P. W., Amans, J. P., Andersen, J. J., Andersen, M. I., Binetruy, P., Bristow, P., Castillo,
R., Chemla, F., Christensen, L., Conconi, P., Conzelmann, R., Dam, J., de Caprio,
V., de Ugarte Postigo, A., Delabre, B., di Marcantonio, P., Downing, M., Elswijk, E.,
Finger, G., Fischer, G., Flores, H., Frarcois, P., Goldoni, P., Guglielmi, L., Haigron,
R., Hanenburg, H., Hendriks, 1., Horrobin, M., Horville, D., Jessen, N. C., Kerber, F.,

Kern, L., Kiekebusch, M., Kleszcz, P., Klougart, J., Kragt, J., Larsen, H. H., Lizon,

210



J. L., Lucuix, C., Mainieri, V., Manuputy, R., Martayan, C., Mason, E., Mazzoleni, R.,
Michaelsen, N., Modigliani, A., Moehler, S., M ller, P., Norup S rensen, A., N rregaard,
P., Reroux, C., Patat, F., Pena, E., Pragt, J., Reinero, C., Rigal, F., Riva, M., Roelfsema,
R., Royer, F., Sacco, G., Santin, P., Schoenmaker, T., Spano, P., Sweers, E., Ter Horst,
R., Tintori, M., Tromp, N., van Dael, P., van der Vliet, H., Venema, L., Vidali, M.,
Vinther, J., Vola, P., Winters, R., Wistisen, D., Wulterkens, G., & Zacchei, A. 2011,
A&A, 536

Wang, L., Baade, D., He ich, P., Wheeler, J. C., Kawabata, K., & Nomoto, K. 2004, ApJ,
604, L53

Webbink, R. F. 1984, ApJ, 277, 355

Wheeler, J. C., Lecar, M., & McKee, C. F. 1975, ApJ, 200, 145

Whelan, J. & Iben, Icko, J. 1973, ApJ, 186, 1007

Wills, B. J., Netzer, H., Uomoto, A. K., & Wills, D. 1980, ApJ, 237, 319

Woods, T. E., Ghavamian, P., Badenes, C., & Gilfanov, M. 2018, ApJ, 863, 120
Woosley, S. E. & Weaver, T. A. 1994, ApJ, 423, 371

Yaron, O. & Gal-Yam, A. 2012, Publications of the Astronomical Society of the Paci c,
124, 668

Yoon, S. C. & Langer, N. 2003, A&A, 412, L53

|. 2005, A&A, 435, 967

211



Chapter 6
A Rapid lonization Change in the Nebular-Phase

Spectra of the SN la 2011fe

6.1 Introduction

Type la supernovae (SNe la) are the thermonuclear explosions of carbon/oxygen (C/O)
white dwarfs (WDs; Hoyle & Fowler 1960) and produce the majority of iron-group elements
in the Universe (e.g., Iwamoto et al. 1999). These stellar explosions attracted much
attention due their use as standardizable candles (Phillips 1993) but we still lack a genuine
understanding of how and why some WDs explode as SNe la.

SN 2011fe was discovered 11 hours after explosion by the Palomar Transient Facility
(PTF; Law et al. 2009) in M101 at a mere 64 Mpc (e.g., Shappee & Stanek 2011) and
became the brightest SN la in several decades. Additionally, SN 2011fe is the quintessential
SN la (Pereira et al. 2013), making it an ideal object for testing SN la progenitor and
explosion models (e.g., Repke et al. 2012). This is especially important for nebular-phase
observations when the ejecta becomes optically-thin to optical and NIR photons to provide
a direct view to the inner ejecta.

Several studies have already analyzed spectra of SN 2011fe as it transitioned into the
nebular phase. Shappee et al. (2013) and Lundqvist et al. (2015) searched for Hemission
indicative of a nearby donor star at the time of explosion and found none. McClelland et al.

(2013) showed that the nebular-phase mid-infrared (MIR) decay is correlated with the

212



nucleosynthetic yield. Mazzali et al. (2015) modeled a suite of photospheric- and nebular-
phase spectra and claimed the existence of a stable iron core, although this remains debated
(e.g., Botyanszki & Kasen 2017). Finally, Taubenberger et al. (2015) and Graham et al.
(2015b) analyzed spectra acquired 1000 days after maximum light, the latest spectra of a
SN la to-date. They found that the emission characteristics were drastically di erent from
the previous spectra at 300 days. Models by Fransson & Jerkstrand (2015) show that the
1000-day spectrum is dominated by Fd emission lines with minor contributions from Fe I
and Ca. However, the spectroscopic evolution between 400 1000 days after explosion
remains poorly understood. Friesen et al. (2017) brie y attempted to model the +576-day
spectrum from Graham et al. (2015b) obtained by the Berkeley SuperNova ldenti cation
Program (BSNIP; Silverman et al. 2012) but the results were unsatisfactory and they
focused on modeling earlier-phase spectra.
In this Letter we analyze new nebular-phase spectra of SN 2011fe acquired 480

850 days after peak-light. Details about the data reduction and calibration are provided
in 86.2. 86.3 presents the temporal evolution including a distinct change in the iron blends
at 4000 6000A and the appearance of [Cdl]. Constraints on the progenitor system and
explosion mechanism are described i86.4. Finally, we discuss the rapid ionization change
in the context of SN la models and the use of [Cal] as an ejecta diagnostic in§6.5. For our
analysis we adopt the time of maximume-light in the B-band of t,,ax = MJD 55813:98 0:03
from Zhang et al. (2016). This is interchangeable with the time of explosion using the

18-day rise-time of SN 2011fe from Pereira et al. (2013). We use the distance to M101 of
6:4 Mpc (Shappee & Stanek 2011) as in previous studies and all phases are given relative

to tmax iN the SN rest-frame.

6.2 New and Archival Spectra

We obtained new spectroscopic observations of SN 2011fe480 850 days after maximum

light with the Multi-Object Double Spectrograph (MODS; Pogge et al. 2010) on the Large
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Table 6.1. New LBT MODS Spectroscopy.

UT Date  Phasé® Exp. Time
[days] [s]

2013-01-05 482.6 14650
2013-05-01 598.4 10800
2014-01-06 848.2 10800

aRelative t0 tmax.

Binocular Telescope (LBT). Details about the spectroscopic data reduction are described
in Shappee et al. (2013). In brief, each frame is bias-subtracted and at- elded before
detecting and removing cosmic rays withlacosmic (van Dokkum 2001). Then, we extract
the 1D spectrum with iraf and derive the wavelength calibration with arc-lamp frames.
Finally, each spectrum is corrected for instrumental response and placed on eelative ux
scale with standard star observations. Table 6.1 summarizes the observations.

Archival spectra from Shappee et al. (2013); Graham et al. (2015a,b); Taubenberger
et al. (2015); Mazzali et al. (2015) and Zhang et al. (2016) are included in our analysis to
increase the temporal coverage. We also use photometric observations from Munari et al.
(2013), Tsvetkov et al. (2013), Zhang et al. (2016), and Shappee et al. (2017) to place the
spectra on an absolute ux scale. We restrict the photometry to the BV R lters because
1) our spectral analysis is focused on the wavelength range covered by these lIters, and
2) data from these lters are available for the spectral epochs used in our analysis (e.g.,
Fig. 1 from Tucker et al. 2021b). We t the light curves with low-order splines over the
range of 200 1000 days. We added Gaussian deviates of the estimated noise and ret
the data multiple times to estimate the uncertainties in the spline model. To account for
minor di erences in the lter throughputs between the photometric setups we include a
conservative Q05 mag ( 5%) systematic uncertainty in the nal spline t.

To ux-calibrate each spectrum, we interpolate the BV R magnitudes and uncertainties

using the spline ts. The synthetic BV R Iter magnitude is calculated from the spectrum
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Figure 6.1 Flux-calibrated spectroscopic evolution of SN 2011fe at- 200 days after
maximum light.  Error bars along the right axis represent typical ux-calibration
uncertainties after the BV R spline ts (see 86.2). The gray hatched region marks the
O, A-band telluric feature.

using Eq. 7 from Fukugita et al. (1996) and the spectrum is linearly scaled to match
the observed BV R magnitudes. Nebular-phase photometry in other optical lters (gri,
Firth et al. 2015; Kerzendorf et al. 2014, 2017) is used to check that the spectroscopic ux

calibration is correct given the measurement measurement uncertainties.

6.3 Temporal Evolution

Line identi cation at . 300 days after maximum light is well-established due to the
increasing number of nebular spectra obtained in recent years (e.g., Graham et al. 2017,
Maguire et al. 2018; Sand et al. 2018; Tucker et al. 2020) and improvements in modeling
these phases (e.g., Mazzali et al. 2015; Flrs et al. 2018; Wilk et al. 2018; Flers et al. 2020;
Wilk et al. 2020; Shingles et al. 2020; Polin et al. 2021). Optical spectra 200 300 days

after tmax are dominated by [Felll ] with contributions from [Fe 11], [Ni 1l], and [Co Il ]. Fig.
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6.1 shows the ux-calibrated spectral evolution at > 200 days aftert,ox and Fig. 6.2 shows
the normalized spectra at various epochs. We discuss the evolution of the 40006000 A

and 7300A regions in §6.3.1 and 86.3.2, respectively.

6.3.1 The Fe-dominated 4000 6000A Region

The 4000 6000A wavelength range is mainly comprised of forbidden iron emission lines
(e.g., Mazzali et al. 2015; Wilk et al. 2020). The strongest feature in nebular spectra is
typically the peak at  4600A observed in almost all nebular SNe la spectra and attributed
to a blend of [Felll ] transitions (e.g., Graham et al. 2017; Maguire et al. 2018; Tucker et al.
2020). Figs. 6.1 and 6.2 show that this feature dominates the spectrum until 400 days
after tmax. It then disappears over the subsequent 200 days leaving two adjacent peaks
at  4400A and 5300 A. Fransson & Jerkstrand (2015) show that these features are
dominated Fel with minor contributions from Fe II.

Our new spectra provide the rst evidence for a sharp transition in the ejecta of SNe
la at nebular phases. The +480-day spectrum shows a steep drop in the [F&l] blend
at 4600 A and the feature has disappeared by the +600-day spectrum. The adjacent
spectral features at 4400A and 5400A remain strong in all of the spectra. However,
these features shift and change compared to the 400-day spectra. This is likely due to

the transition from Fe Il to Fe | emission.

6.3.2 The 730A Feature

The feature at  7300A is dominated by a blend of [Fell] and [Ni 11] in the nebular spectra
of normal SNe la (e.g., Mazzali et al. 2015; Maguire et al. 2018; Flers et al. 2018; Wilk et al.
2020). However, Figs. 6.1, 6.2, and 6.3 show a distinct change in this feature at 480 days
as well, with the emission pro le transitioning from double- to triple-peaked. We consider

4 possible interpretations:

1. [Fell] and [Ni ll] produce the entire pro le with no contribution from [Ca 11];
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Figure 6.2 Spectroscopic comparison at various epochs using the same color scheme as Fig.
6.1 but normalized by the mean ux near 5300 A. Dominant line identi cations before

and after the distinct ionization transition at 500 days are given in black and gray,
respectively. Lines with a *?' indicate that the line's contribution to the observed spectral
feature is unclear. Fe emission lines after the ionization transition are likely blends of
forbidden and permitted transitions (Fransson_& Jerkstrand 2015) but we omit the bracket
notation for visual clarity. 217



Figure 6.3 Temporal evolution of the 7300&1f@ature, transitioning from [Fe 11] +[Ni 11] to
[Call] around 480 days aftertmax (s€€86.3.2).



Figure 6.4 Velocity evolution of the continuum-subtracted [Ca II] prole at > 450 days
(black) compared to the theoretical 1000-8%§ nebular spectra computed by Fransson &
Jerkstrand (2015) using density pro les from the W7 de agration model (green, Iwamoto
et al. 1999) and the N100 delayed-detonation model (blue, Seitenzahl et al. 2013a). The
thin red lines are the line pro le re ected across the line center to highlight the pro le

symmetry.



Figure 6.5 Evolution of the average ux for the Fe-dominated 4000 5500A region (dotted
blue) compared to the feature at 7300A (dashed red).
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2. [Call] is narrow (< 4000 km s 1) and only contributes to the central peak, whereas

moderate-width (8000 km s 1) [Fe I1] and [Ni II] produce the wings;

3. Broad [Call]( 12000 km s 1) dominates the feature, with minor contributions from

narrow (. 2500 km s 1) [Fe I1] and [Ni I1] to the wings; or

4. The entire pro le is produced by [Ca II] with no signi cant contribution from [Fe I]

+[Ni 11].

Case 1, where the central emission peak is attributed to [Fel] and/or [Ni 1], requires
a highly-asymmetric ejecta distribution which con icts with the symmetric emission-line
pro les of Co, Ni, and Fe (e.g., McClelland et al. 2013; Graham et al. 2015a). Additionally,
the spherically-symmetric, one-dimensional models of Fransson & Jerkstrand (2015) do not
require any ejecta asymmetry to reproduce the observations. Thus, we conclude the central
peak is rest-velocity [Call].

Case 2, where [Fdl] and [Ni II] dominate the pro le with only a minor contribution from
[Call], is plausible but we nd it unlikely for several reasons. First, it requires [Call] to be
present in the ejecta but only at low velocities ( 4000 km s 1) that are typically dominated
by iron-group elements (IGEs; e.g., Ruiz-Lapuente & Lucy 1992; Liu et al. 1997). Second,
high-density burning can produce“®Ca (Meyer et al. 1996; Domnguez & He ich 2000) but
it is likely con ned to the lowest velocities (. 1000 km s 1; e.g, Galbany et al. 2019),
which disagrees with the observed 4000 km s ! pro le. Finally, “°Ca is readily produced
by incomplete Si burning (e.g., Thielemann et al. 1986) and Ca is observed in spectra
of SN 2011fe near maximum light at (10 25) 10° km s ! (e.g., Parrent et al. 2012;
Pereira et al. 2013; Zhang et al. 2016). Thus, attributing only the central component to
[Call] would require two distinct, non-overlapping zones within the ejecta: an outer, high-
velocity zone (v > 10000 km s 1) responsible for the Ca near maximum light and an inner,
low-velocity zone (v < 5;000 km s 1) responsible for the nebular-phase Ca emission. This
scenario is unlikely as it disagrees with the chemical strati cation resulting from nuclear

burning (e.g., Nomoto et al. 1984; Thielemann et al. 1986).
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Case 3, where the pro le is dominated by high-velocity [Call] with minor contributions
from [Fe 11] and [Ni 11], is more likely considering our knowledge of chemical distribution
and strati cation in the ejecta (e.g., Wilk et al. 2020). This interpretation satis es the
requirement for high-velocity Ca without requiring the [Fe 11] and [Ni II] contributions to
disappear completely. However, attempting to model this feature with a high-velocity Ca
component and Fe+Ni contributing to the wings does not provide a satisfactory t. The
residual peaks after removing a broad ( 12000 km s 1) [Ca II] component do not have a
self-consistent velocity shift for the [Fell] and [Ni 1] line pro les. The blue-shifted peak can
be attributed to slightly blue-shifted ( 500 km s 1) [Fe I1], similar to < 400 day spectra
(e.g., McClelland et al. 2013), but it then requires red-shifted [Fell] ( +1500 km s 1)
or [Ni 1] ( +3500 km s 1) to explain the peak at 7500A. These mismatching velocity

shifts suggest this is also an unsatisfactory explanation for the 730@ feature.

This leaves Case 4, where both the central peak and wing components are all created
by [Ca ll]. To test this idea, we show the line pro le re ected about the central wavelength
in Fig. 6.4. Allowing for some ambiguities in the central wavelength because it is a blended
doublet, the pro les are remarkably symmetric. More evidence for the [Call] interpretation
comes from the lack of signi cant evolution between the 480-day spectrum and the

1000-day spectrum. The 4000 6000 A region shows noticeable evolution in both line
pro les and line strengths over these epochs, likely due to the dominant line emission shifting
from Fe lll to Fe Il +Fe 1 (86.3.1). We would expect some evolution at{ tmax) & 500 days
in the 7300 A pro le if [Fe 1] and [Ni 1] contributed signi cantly to the emission pro le.

Thus, we attribute the feature at 7300 A to [Ca II] at & 450 days after tmax.
However, this requires a rapid ( 100 days) shift in the ionization state of the ejecta from

450 550 days after explosion and has interesting implications for the temperature and
density evolution of the ejecta, as [Felll ] disappears at roughly the same epoch that [Cal ]
appears ©6.3.1).

This spectral evolution cannot be attributed to weak features becoming visible as other

features fade. Fig. 6.5 compares the average ux of the Fe-dominated 40006000A region
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andthe 7300A feature,! showing that the Fe blends evolve smoothly with time albeit with

a distinct change in the decay rate at 550 days aftertmax. The [Ca ll] feature generally
exhibits a similar decline in ux but shows strong variations, especially at 500 600 days
after thax When the Fe-region changes its decline rate. This general time period agrees with
the end of the nebular-phase NIR plateau discovered by Graur et al. (2020) and coincides
with a change in the optical-to-NIR ux ratio (Maguire et al. 2016; Dimitriadis et al. 2017;
Graur et al. 2020), all of which suggest a distinct shift in emission properties.

Interestingly, the 1000-day theoretical nebular spectra computed by Fransson &
Jerkstrand (2015) using delayed-detonation (N100; Seitenzahl et al. 2013b) and pure
de agration (W7; Ilwamoto et al. 1999) explosion models both predict symmetric, triple-
peaked [Call] pro les which qualitatively match those shown in Fig. 6.4. However, the
1000-day model spectra are most similar to the 600-day observed spectra, highlighting

the need for additional modeling at these epochs.

6.4 Progenitor System and Explosion  Mechanism

Constraints

The nebular spectra also provide constraints on the progenitor system of SN 2011fe.
We discuss scenarios involving mass-transfer from non-degenerate companions (i.e., the
\single-degenerate" scenario) in86.4.1 and discuss double WD systems (i.e., the \double-

degenerate" scenario) in 6.4.2.

6.4.1 Single-Degenerate Scenarios

If a non-degenerate star was undergoing Roche Lobe over ow (RLOF) and depositing mass
onto the WD at time of explosion, numerical simulations predict 0:1 0:5 M of mass will
be unbound from the stellar envelope (e.g., Marietta et al. 2000; Pan et al. 2012; Boehner

et al. 2017), depending on the type of donor star (i.e, main-sequence versus red-giant stars).

1The average ux for the 7300 A region is cut o at 7500 A to prevent the O , telluric band from
a ecting the results (e.g., Fig. 6.3).
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Figure 6.6 Non-detections of H (inverted triangles) compared to the models of Dessart

et al. (2020, dotted lines, 100d. tqhax . 300d) and Botynszki et al. (2018, dashed lines,

200d. tmax . 500d) for ablated masses of (10*;10 2;10 3) M , from top to bottom.
Flux limits for H , Hel 5876, and [OI] 6300 are included as supplementary material.
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Additionally, the surrounding environment may contain H-rich material from the companion
star wind or from nova-like eruptions on the WD surface during the accretion phase (e.g,
Hamuy et al. 2003; Walder et al. 2008; Moore & Bildsten 2012). Signatures for such material
have been searched for previously in SN 2011fe (Shappee et al. 2013; Lundqvist et al. 2015;

Graham et al. 2015b), without success.

Neither H nor He are observed at any point in the spectra of SN 2011fe and we place
10 non-detection limits on emission lines from H and He | 5876 in the ux-calibrated
spectra using Eq. 3 from Tucker et al. (2020). We assume a line width of 1000 km $
which is predicted for stripped companion material (e.g., Boehner et al. 2017) and in rough
agreement with emission-line widths seen in SNe la interacting with nearby dense CSM
(v =500 2000 km s 1. Silverman et al. 2013a,b; Graham et al. 2019). The ux non-
detections scale with the assumed velocity ag P v=1000 km s L. Our adopted 10 ux

limit is conservative but corresponds to a line pro le that would be visibly obvious.

Fig. 6.6 compares the H non-detections, including the ux calibration uncertainties,
to the most recent models (Botyanszki et al. 2018; Dessart et al. 2020). Botyanszki et al.
(2018) do not provide time-dependent line luminosities so we adopt the time-dependence
derived by Tucker et al. (2020). The limit on any potential stripped/ablated companion
material is . 10 3 M for both models, essentially excluding all non-degenerate H-rich
donor stars. The H non-detections also disfavor the presence of an H-rich CSM. Assuming
a wind velocity of 10 (100) km s 1, this precludes any signi cant CSM production by
the progenitor system in the past 7000 (700) years. The lack of CSM is also di cult to
reconcile with the core-degenerate scenario (Soker et al. 2014), although this interpretation

necessarily depends on the time between merger with the stellar core and explosion.

Interpreting the lack of He is more complicated. Botyanszki et al. (2018) provide a
simpli ed He-star model which replaces the H-rich material unbound from a main-sequence
(MS) star with He-rich material. This simple model provides a direct estimate of He line
luminosities but fails to capture the physical conditions of a He-star envelope. The di ering

density pro les and surface gravities between MS and He-star envelopes will a ect both the
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amount of unbound mass and its velocity. Additionally, the models of Dessart et al. (2020)
include time-dependent opacities and predict that only the NIR Hel 1:083 m is produced
at detectable levels. Thus, while we can con dently exclude any He emission at similar ux
limits to those on H shown in Fig. 6.6, it is not clear how to interpret this as a limit on

ablated mass from a companion.

6.4.2 Double-Degenerate Scenarios

Observational signatures of double-degenerate progenitor systems are subtle due the
compact nature of both stars, but some constraints can be obtained from the nebular-
phase spectra. First, we checked for [Q] 630Q 6364 emission lines as this may indicate
the violent merger of two WDs (Kromer et al. 2013) as seen in the subluminous SN la
2010Ip (Taubenberger et al. 2013). However, both the archival and new spectra have no
evidence for any O emission. This argues against a violent merger producing SN 2011fe,

but the nebular-phase model parameter space for violent mergers is also largely unexplored.

Another potential double-degenerate scenario is a direct (head-on) collision, usually
induced by orbital perturbations from external bodies (e.g., Thompson 2011; Antognini
et al. 2014), which then produces highly-asymmetric ejecta (e.g., Rosswog et al. 2009;
van Rossum et al. 2016). Observationally, bimodal and asymmetric emission-line pro les
of iron-group elements (IGEs) have been seen in nebular-phase SNe la spectra and used
to infer explosion asymmetry (e.g., Dong et al. 2015; Mazzali et al. 2018; Vallely et al.
2020; Hoeich et al. 2021). However, the Co, Fe, and [CdlI] line pro les are symmetric
(see86.3) and the one-dimensional models of Fransson & Jerkstrand (2015) do not require
any asymmetry to reproduce the observations (Fig. 6.4). Thus, we nd no evidence for
explosion asymmetry which is tentative evidence against the direct-collision interpretation,

in agreement with the inferred nucleosynthetic yield (Tucker et al. 2021b).
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6.5 Discussion

Our new spectra reveal a hitherto unseen transition in the ejecta 500 days after explosion.
This epoch also corresponds to the decades-old prediction of Axelrod (1980) who proposed
that an infrared catastrophe occurs when the ejecta temperature and density are too low to
populate the 3 eV [Felll]transitions. However, Axelrod (1980) predicted that all emission
will be shifted into the mid-IR (MIR) regime as the only remaining cooling mechanism would

be by exciting ne-structure transitions.

High-energy (1 MeV) °6Co positrons dominate the energy input at. 1200 days
explosion (e.g., Tucker et al. 2021b). Some of these positrons heat the ejecta directly but
the majority of the positrons produce non-thermal excitations and ionizations (e.g., Kozma
& Fransson 1992; Jerkstrand et al. 2011; Li et al. 2012; Shingles et al. 2020), either directly
or via downgraded electrons. UV photons are produced upon recombination which are
transferred to optical and NIR wavelengths though multiple scatterings and uorescence
due to the optically-thick forest of Fe transitions in the UV (e.g., Pinto & Eastman 2000;
Jerkstrand et al. 2011; Fransson & Jerkstrand 2015). This scenario is consistent with the

failure to detect SN 2011fe at< 4000A during the nebular phase (Kerzendorf et al. 2017).

Non-local radiative transfer e ects explain the continued presence of optical emission
at these epochs (Fransson & Jerkstrand 2015), but it does not account for the observed
change in emission properties at 500 days after explosion. The shift from Fell+Fe Il
to Fe I+Fe Il suggests a \recombination wave" propagating through the®6Ni region (Graur
et al. 2020). However, we observe the transition at 500 days after explosion rather than

600 days predicted by the models of Fransson & Jerkstrand (2015, see their Fig. 1).
This discrepancy may seem minor but for spherically-symmetric expansion, this changes
the density at the transition by a factor of 1.5 2 which has important rami cations for

energy deposition (c.f., Axelrod 1980).

We propose that clumping may explain this discrepancy. Clumping in the ejecta

of SNe la has been suggested by both observational (e.g., Black et al. 2016; Mazzali
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et al. 2020) and theoretical (e.g., Wilk et al. 2020) studies, but con rmation is di cult.
Clumping determines where energy deposition occurs as clumps will retain energy input
from radioactive decays more e ciently than the lower-density regions between them.
However, the higher electron density in the clumps also increases the recombination rate and
lowers the average ionization state (e.g., Mazzali et al. 2020). Wilk et al. (2020) show that
varying the level of clumping, parameterized as a \ lling factor", has a profound impact on
the observed spectra. Increased clumping diminishes the strong [Aé ] blend at 4600A
while increasing the strength of the [Call] lines. Both signatures qualitatively match the

spectral transition we observe 500 days after explosion.

However, it is unclear if these simple comparisons match the true physical evolution
of the ejecta, as the interpretation of [Call] is also dependent on the adopted explosion
model. The Mg, and sub-Mc, explosions models from Wilk et al. (2020) dier in Ca
production by a factor of 2. The sub-Mc, double-detonation explosion models of Polin
et al. (2021) also predict nebular-phase [Call]. The o -center M ¢ delayed-detonation
models of Hoeich et al. (2021), designed to replicate a low-luminosity SN la, predict
strong and asymmetric nebular-phase [Call] emission. Thus, it remains unclear which
model(s) accurately predict [Ca II] emission after the nebular-phase ionization change

without introducing new discrepancies with other observations of SN 2011fe.

Observationally, [Ca 11] is absent in spectra of SNe la obtained. 500 days after
explosion (e.g., Graham et al. 2017; Maguire et al. 2018; Flors et al. 2018, 2020). However,
[Ca l1] is observed in the underluminous 91bg-like (e.g., SNe 1991hg, Turatto et al. 1996;
1999hy, Blondin et al. 2018; 2006mr, Stritzinger et al. 2010) and 02es-like (e.g., SNe 2010Ip,
Taubenberger et al. 2013; 2019yvq, Siebert et al. 2020; Tucker et al. 2021a; Burke et al. 2021)
subclasses of SNe la at 200 days after explosion. Considering that [Cdl] is an e ective
coolant and a resonant transition, it is perhaps unsurprising that the time-dependence of
[Ca 1] emission is related to the temperature and density in the ejecta. However, the
[Ca II] lines in the underluminous SNe la are also at-topped and symmetric, similar to

SN 2011fe (Fig. 6.4). If [Call] is indeed a reliable probe of the ejecta geometry, it is
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interesting that the [Ca II] line pro les are so similar. However, interpreting symmetric
[Call] emission as evidence for symmetric ejecta introduces new tensions with the complex
elemental distributions seen in some SN la remnants (e.g., Stone et al. 2021).

SN 2011fe presented a rare opportunity to study SNe la physics in unprecedented detalil
and it remains one of the best-studied astronomical objects to-date (e.g., Tucker et al.
2021b). If the sharp ionization change is related to the infrared catastrophe predicted by
Axelrod (1980), this transition should produce a distinct increase in the MIR ux due
to ne-structure cooling. Nebular-phase Spitzer and Herschel observations of SN 2011fe
(Johansson et al. 2013, 2017) did not cover the wavelength range (2040 m; e.g., Fransson
& Jerkstrand 2015) expected for ne-structure emission lines but the upcominglames Webb

Space Telescopeshould provide a direct test of this theory (e.g., Ashall et al. 2021).
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Chapter 7
The Whisper of a Whimper of a Bang: 2400 Days
of the

Type la SN 2011fe Reveals the Decay of >°Fe

7.1 Introduction

Type la supernovae (SNe la) are used as extragalactic distance indicators (e.g., Tully et al.
2016) and are key cosmological probes (e.g., Riess et al. 1998; Perlmutter et al. 1999).
Our understanding of SNe la has advanced considerably in the past decade due to the
proliferation of sky surveys (e.g., Shappee et al. 2013b; Chambers et al. 2016; Tonry et al.
2018; Bellm et al. 2019) and advances in numerical models (e.g., Repke & Sim 2018; Nouri
et al. 2019), but key questions remain unanswered. While it is generally accepted that
SNe la originate from the thermonuclear disruptions of carbon/oxygen (C/O) white dwarfs
(WDs; Hoyle & Fowler 1960), how and why the WD explodes as a SN la is unclear. The
progenitor system must include a nearby companion star to destabilize the WD but the
type of companion star remains debated (see Maoz et al. 2014; Jha et al. 2019, for recent
reviews). Additionally, how the ame ignites and propagates in the WD core, referred to
as the the explosion mechanism, has not yet reached a consensus (e.g., Hillebrandt et al.

2013), further complicating e orts to determine the progenitor systems of SNe la.
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For many years the standard theory for SN la progenitor systems invoked a non-
degenerate star transferring mass onto the WD through Roche Lobe over ow (RLOF),
referred to as the “single degenerate' (SD) scenario (e.g., Whelan & lben 1973; Nomoto
1982; Yoon & Langer 2003). This was driven by the overall homogeneity of SNe la near
maximum light (e.g., Folatelli et al. 2010), as mass-transfer from a nearby donor star
would naturally ignite WDs as they approach the Chandrasekhar mass M¢cn, 144 M
Chandrasekhar 1931). Additionally, WDs in mass-transfer binary systems are seen in the
Milky Way (e.g., Pala et al. 2020), readily providing both a progenitor system and explosion

mechanism.

However, the SD theory places a non-degenerate star in close proximity to the WD
at the time of explosion. Interactions between the donor star and the impacting ejecta
are expected to produce several observational signatures (e.g., Wheeler et al. 1975)
including irregularities in the rising light curve (Kasen 2010), supersoft X-ray emission
during accretion onto the WD (e.g., Langer et al. 2000; Schwarz et al. 2011), and
radio and/or X-ray emission produced by the high-velocity ejecta interacting with nearby
circumstellar material (CSM). Additionally, the high-velocity ejecta will deposit energy into
the companion star (Marietta et al. 2000; Pan et al. 2012b; Boehner et al. 2017) increasing
its luminosity for several thousand years after explosion (e.g., Pan et al. 2012a; Shappee
et al. 2013a) and stripping/ablating 0:1 0:5M of material from the star (Mattila et al.
2005; Botyanszki et al. 2018; Dessart et al. 2020).

Searches for SD progenitor systems in normal SNe la have repeatedly returned null
results, including no irregularities in the rising light curves (Hayden et al. 2010; Bianco
et al. 2011; Fausnaugh et al. 2021), stringent upper limits on radio (e.g., Panagia et al.
2006; Chomiuk et al. 2016; Cendes et al. 2020; Harris et al. 2021) and X-ray (e.g., Margutti
et al. 2012; Russell & Immler 2012; Margutti et al. 2014; Shappee et al. 2018; Kilpatrick
et al. 2018; Sand et al. 2021) emission indicating a clean circumstellar environment, non-
detections of material stripped from the companion star (Leonard 2007; Graham et al. 2017;

Maguire et al. 2018; Tucker et al. 2020), the lack of high-energy radiation (i.e., supersoft
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X-ray sources) expected for accreting WDs (e.g., Gilfanov & Bogdan 2010; Woods et al.
2017, 2018; Kuuttila et al. 2019), and \missing" surviving companion stars (e.g., Schaefer &
Pagnotta 2012; Edwards et al. 2012; Kerzendorf et al. 2018; Do et al. 2021). Several studies
have claimed detections of a SD progenitor system (e.g., Marion et al. 2016; Hosseinzadeh
et al. 2017) but follow-up studies have yet to unambiguously con rm these claims (Maguire

et al. 2016; Shappee et al. 2018; Sand et al. 2018; Tucker et al. 2019). There is a subclass of
SNe la that exhibit signs of interaction with nearby CSM (SNe la-CSM; Silverman et al.
2013) but these systems are rare and constitute a small fraction of SNe la (Graham et al.
2019; Dubay et al. 2021). Thus, it seems unlikely that most SNe la originate from the SD

scenario.

The alternative is the double degenerate (DD) scenario, where the companion is a
degenerate star, typically another WD (e.g., Tutukov & Yungelson 1979; Iben & Tutukov
1984; Webbink 1984). However, most double WD binaries do not have a combined mass
exceeding My (e.g., Maoz et al. 2012) leading to a resurgence of interest in sub-§4 WDs
(Mwp . 1:2M ) producing SNe la. Recent observational (e.g., Mazzali et al. 2011; Scalzo
et al. 2014; Flers et al. 2020) and theoretical (e.g., Blondin et al. 2017; Goldstein & Kasen
2018; Townsley et al. 2019; Polin et al. 2019) studies support sub-p, producing some
fraction of \normal” SNe la, but it remains unclear if it is the dominant channel for SNe la
production. While the Milky Way WD merger rate may be able to reproduce the expected
SN la rate (e.g., Maoz et al. 2018), some WD mergers will produce a more massive WD
instead of exploding as a SN la (e.g., Giammichele et al. 2012; Brown et al. 2016). Thus,
it remains unclear which parts of the parameter space (i.e., individual WD masses, orbital
separation, presence of external bodies) available to double WD binaries lead to successful

explosions.

The late-time light curves of SNe la can provide insight into the explosion conditions
because they depend on the nucleosynthetic yields (e.g., Graur et al. 2018). The primary

energy source for SNe la is the radioactive decay of unstable isotopes synthesized during
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the explosion (Pankey 1962; Truran et al. 1967). The important decay chains are (Colgate

& McKee 1969; Seitenzahl et al. 2009)

t1-»=6:08d SGCO | t1=p=77:2d 56

SN | Fe;
t1-»=35:60h t1-,=271:79d

SN 1 S7Col 7 SFe; (7.1)
t1-,=17:53h t1-,=999:67d

Col =Y 55Mn:

The mass of synthesized species determines the bolometric evolution and the observed
light curve provides insight into the amount of synthesized material (e.g., Arnett 1982).
Specically, the evolution of the late-time light curve is determined by the burning
conditions in the WD core. Mass ratios of these unstable isotopes can be derived from
late-time photometry but observations at & 2000 days are necessary to probe the long

half-life of ®°Fe.

SN 2011fe, discovered a mere 11 hours after explosion by the Palomar Transient
Facility (PTF; Law et al. 2009), is the brightest SN la since the advent of modern
astronomical detectors. Located at just d. 6:5 Mpc (e.g., Shappee & Stanek 2011,
Beaton et al. 2019), SN 2011fe exploded in a region of M101 uncontaminated by intervening
dust (Patat et al. 2013) providing an ideal location for testing SN la progenitor and
explosion models. The early detection allowed extensive follow-up observations across the
electromagnetic spectrum (e.g., Matheson et al. 2012; Parrent et al. 2012; Pereira et al. 2013;
Hsiao et al. 2013; Johansson et al. 2013; Tsvetkov et al. 2013; Munari et al. 2013; Mazzali
et al. 2014; Zhang et al. 2016) and provided direct constraints on the radius of the exploding
star (Nugent et al. 2011; Bloom et al. 2012). Stringent non-detections in radio (Chomiuk
et al. 2012; Horesh et al. 2012; Kundu et al. 2017) and X-ray (Margutti et al. 2012; Horesh
et al. 2012) observations exclude nearby CSM at high signi cance. Early ultraviolet (UV)
photometry did not show any evidence for the ejecta encountering a nearby companion star

(Brown et al. 2012) and nebular spectra lacked the Balmer emission lines from material
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ablated o the donor star by the ejecta impact (Shappee et al. 2013b; Lundqgvist et al.
2015). Pre-explosion imaging exclude the presence of a RG or He donor star (Li et al. 2011)
and disfavor an accreting WD in the  10° years prior to explosion (Graur et al. 2014).
Multi-epoch spectropolarimetry reveal consistently-low continuum polarization suggestive
of a symmetric ejecta distribution with evidence for minor oblateness (Milne et al. 2017).
Finally, nebular-phase observations at& 1 year after maximum light allows a direct view to
the inner ejecta and provides unique constraints on the explosion conditions (McClelland
et al. 2013; Kerzendorf et al. 2014; Mazzali et al. 2015; Graham et al. 2015; Taubenberger
et al. 2015; Kerzendorf et al. 2017; Dimitriadis et al. 2017; Shappee et al. 2017; Friesen
et al. 2017). SN 2011fe is one of the best-studied astronomical objects in the past decade

and remains a key benchmark for any SN la theory or model.

In this paper we extend the rich dataset for SN 2011fe with new HST photometry
extending to 2400 days after maximum light. Details about the data reduction are
provided in §7.2 which we use to construct a pseudo-bolometric light curve in§7.3. The
viability of various interpretations for the photometric evolution are assessed including
inferred isotopic yields, the e ciency of leptonic con nement, and the presence of a
surviving companion. With these new observations and analyses, we consider various
proposed progenitor systems and explosion mechanisms 87.4. We adopt the photometric
parameters derived by Zhang et al. (2016), in particular the time of maximumB -band ux
tmax = MJD 55813:98 0:03. All phases are given in the rest-frame and the rise-time of

18 days is taken from Pereira et al. (2013). We correct all observations for Milky Way
extinction E(B V)uw = 0:008 mag (Schlay & Finkbeiner 2011) but we do not correct
for any host-galaxy extinction towards SN 2011fe as multiple studies have shown it to be
negligible (e.g., Patat et al. 2013; Zhang et al. 2016). M101 has several distance estimates
in the literature due to its proximity (e.g., Matheson et al. 2012; Jang & Lee 2017; Beaton
et al. 2019), but we adopt the distance of 64 Mpc from Shappee & Stanek (2011) to allow
direct comparisons with previous studies. All phases are given relative tdmax in the SN

rest-frame.
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Table 7.1. New HST WFC3/UVIS Observations

Filter UT Date Phase? Exp. Time Vega Mag

[days] [sec]
F438V  2017-06-15 2103.5 6150 &5 0:25
F555W  2017-06-15 2103.5 5200 2B 0:19
F600LP 2017-06-17 2105.5 5400 2B 0:32
F438WN  2018-03-30 2391.3 8950 289 045
F555W  2018-03-26 2386.9 6300 B 0:24
F600LP 2018-03-26 2386.9 11500 &0 0:37

aRelative t0 tmax.

7.2 New and Archival HST Imaging

We obtained new photometry of SN 2011fe at 2105 and 2390 days after maximum light using
the UVIS module of the Wide Field Planetary Camera 3 (WFC3) instrument on the Hubble
Space Telescope (HST). The new observations used the broadbae438WV, F 555V, and
F600LP lters (see Table 7.1, GO-14678 and GO-15192, PI: Shappee). We also include 5
epochs of HST photometry from Shappee et al. (2017) which cover 1120 1840 days after
maximum light (GO-13737 and GO-14166, Pl. Shappee) for the same optical lters plus
near-infrared (NIR) F110W and F160W data from WFC3/NIR. The NIR lIters were not
included in the new observations because the larger pixel scale of the WFC3/NIR module
and increased source crowding at these wavelengths (i.e., Fig. 1 from Shappee et al. 2017)

make these observations infeasible as SN 2011fe faded.

We use thedolphot software package (Dolphin 2000) to perform point spread function
(PSF) tting photometry on the individual images retreived from the Mikulski Archive
for Space Telescopes (MAST). We use the*flc.fits frames which are already corrected
for charge transfer e ciency (CTE) losses. Due to the faintness of SN 2011fe in the new

observations, we simultaneously analyze both old and new images wittolphot  to ensure

" mast.stsci.edu

245



Figure 7.1 Composite HST color image of SN 2011fe. The top and lower-left panels are
comprised of all HST observations. The lower-middle and lower-right panels are the single-
epoch images centered on SN 2011fe (marked with pink reticles) with the phase relative to
tmax given in the bottom right of each panel.
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