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Abstract

SN 2018a0z is a Type Ia SN with a B-band plateau and excess emission in infant-phase light curves <1 day after
the first light, evidencing an over-density of surface iron-peak elements as shown in our previous study. Here, we
advance the constraints on the nature and origin of SN 2018a0z based on its evolution until the nebular phase.
Near-peak spectroscopic features show that the SN is intermediate between two subtypes of normal Type Ia: core
normal and broad line. The excess emission may be attributable to the radioactive decay of surface iron-peak
elements as well as the interaction of ejecta with either the binary companion or a small torus of circumstellar

” Hubble Fellow.
8 Carnegie-Princeton Fellow.

Original content from this work may be used under the terms
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material. Nebular-phase limits on Ha and Hel favor a white dwarf companion, consistent with the small
companion size constrained by the low early SN luminosity, while the absence of [O I] and He I disfavors a violent
merger of the progenitor. Of the two main explosion mechanisms proposed to explain the distribution of surface
iron-peak elements in SN 2018aoz, the asymmetric Chandrasekhar-mass explosion is less consistent with the
progenitor constraints and the observed blueshifts of nebular-phase [Fe II] and [NiII]. The helium-shell double-
detonation explosion is compatible with the observed lack of C spectral features, but current 1D models are
incompatible with the infant-phase excess emission, Byax —Vmax color, and weak strength of nebular-phase [Ca11].
Although the explosion processes of SN 2018ao0z still need to be more precisely understood, the same processes
could produce a significant fraction of Type Ia SNe that appear to be normal after ~1 day.

Key words: Binary stars — Supernovae — Type Ia supernovae — White dwarf stars — Transient sources — Time

domain astronomy

Supporting material: machine-readable table

1. Introduction

Type Ia SNe are thermonuclear explosions of carbon and
oxygen white dwarfs (C+O WDs; Nugent et al. 2011). They
are the main source of iron-peak elements in the universe and
crucial for measuring extragalactic distances, leading to the
discovery of the accelerated cosmological expansion and dark
energy (Riess et al. 1998; Perlmutter et al. 1999). Despite their
fundamental importance, the explosion mechanisms and
progenitor systems of Type Ia SNe remain a matter of
extensive debate (Maoz et al. 2014). Understanding the origins
of Type Ia SNe, particularly of the normal events comprising
~70% of their population (Blondin et al. 2012), will not only
clarify the end states of stellar evolution but will be essential
for improving cosmological distance measurements (e.g.,
Wang et al. 2013; Zhang et al. 2021).

There is a broad consensus that Type Ia SNe explode as a
result of mass transfer in binary progenitor systems. However,
uncertainty remains about whether the binary companion
involved in normal Type Ia SN explosions is an evolved
nondegenerate star (single-degenerate scenario; Whelan &
Iben 1973) or another WD (double-degenerate scenario; Iben
& Tutukov 1984). In the latter case, it is unclear whether the
explosion would be triggered during WD-WD accretion
(Guillochon et al. 2010; Pakmor et al. 2013), or in a complete
merger (Pakmor et al. 2012), or head-on collision of the two
WDs (Kushnir et al. 2013). The core-degenerate scenario is a
third hypothesis where Type Ia SNe result from mergers of
WDs with the cores of asymptotic giant branch stars (Aznar-
Siguan et al. 2015).

The mechanisms responsible for triggering normal Type la
SN explosions are also unclear. Normal Type Ia SNe have long
been theorized to be ignited by nuclear burning in the core of a
WD when accretion or merger causes its mass to reach the
critical Chandrasekhar limit (~1.4 M.; Mazzali et al. 2007).
Alternatively, recent theoretical studies have suggested that the
detonation of a thin helium layer on the surface of a sub-
Chandrasekhar-mass WD can subsequently ignite carbon in the
core, producing normal Type Ia SNe via helium-shell double-
detonation (He-shell DDet; Polin et al. 2019; Townsley et al.
2019; Magee et al. 2021; Shen et al. 2021a). One scenario that
has been thought to result in a He-shell DDet is the detonation
of He-rich material on the WD surface during a double-
degenerate accretion process, called dynamically driven
double-degenerate double-detonation (or DA6), recently sup-
ported by the identification of hyper-velocity Galactic WDs
interpreted to be survivors of the scenario (Shen et al. 2018;
Bauer et al. 2021).

Multiple explosion and progenitor channels may ultimately
contribute to the observed population of Type Ia SNe. In
particular, the normal events consist of two spectroscopically
distinct subtypes (Parrent et al. 2014): core normal/normal
velocity (CN/NV); and broad line/high velocity (BL/HV).
Events from the two subtypes are nearly indistinguishable in
their light curves, with similar peak brightness and decline rate,
but differ in their observed spectroscopic features (Branch et al.
2006) and ejecta velocities (Wang et al. 2009). Different
explosion mechanisms—such as Chandrasekhar- and sub-
Chandrasekhar-mass explosions (e.g., Polin et al. 2019; Li
et al. 2021)—have been suggested to explain the differences
between the two subtypes. Alternatively, unified origins for the
observed spectroscopic diversity in normal events have also
been proposed, usually involving an asymmetric explosion
mechanism (e.g., Maeda et al. 2010c).

Early (e.g., <5 days post-explosion) light curves of Type Ia
SNe can shed light on their origins by providing critical
constraints on the binary companion, circumstellar material
(CSM) from accretion or merger, and the distribution of
elements in the outer ejecta. Theoretical models have predicted
that the collision between the SN ejecta and a binary
companion (Kasen 2010) or CSM (Piro & Morozova 2016)
can shock heat the ejecta, producing blue excess emission.
Multiple explosion processes, including subsonic mixing
(Reinecke et al. 2002) and detonation of surface helium (Maeda
et al. 2018; Polin et al. 2019; Magee et al. 2021), have also
been predicted to lead to over-densities of radioactive iron-peak
(Fe-peak) elements, including 56Ni, 3%Fe, and “*Cr, in the
shallow layers of the ejecta, leading to the excess emission and
short-lived color evolution associated with Fe spectroscopic
features. Such color and light-curve features occurring within
~5 days have been reported in many Type Ia SNe (Marion
et al. 2016; Hosseinzadeh et al. 2017, 2022; Jiang et al.
2017, 2018; Miller et al. 2018, 2020a; Stritzinger et al. 2018;
De et al. 2019; Li et al. 2019; Shappee et al. 2019; Dimitriadis
et al. 2019; Bulla et al. 2020; Tucker et al. 2021; Ni et al. 2022;
Deckers et al. 2022), though there have been recent debates
about their interpretation in some normal events (e.g., Sand
et al. 2018b; Shappee et al. 2018; Ashall et al. 2022). However,
for the vast majority of Type Ia SNe observed between 1 and 5
days, their light curves match simple power-law profiles in this
phase (Bloom et al. 2012; Foley et al. 2012; Olling et al. 2015;
Cartier et al. 2017; Holmbo et al. 2019; Yao et al. 2019; Moon
et al. 2021). Such power-law evolution is consistent with an
origin that has both (1) a small nondegenerate or WD
companion and (2) leads to a 6Nji distribution in the ejecta
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that is largely centrally concentrated and monotonically
declining toward the surface.

Another way to critically constrain the explosion mechanism
and progenitor system is to investigate spectral features of Type
Ia SNe from the so-called nebular phase of 2200 days since
the B-band maximum. Differences in the Doppler shifts of
[Fe1I] and [NiII] emission lines observed in normal Type la
SNe have been attributed to the viewing angle effects of
asymmetric explosion mechanisms (Maeda et al. 2010b, 2010c;
Maguire et al. 2018; Li et al. 2021). Meanwhile, strong [Ca II]
emission has been associated with incomplete nuclear burning
in the core of sub-Chandrasekhar-mass explosions (Polin et al.
2021; Siebert et al. 2020). For the progenitor, the presence of
Ha and He emission by stripped/ablated H and He from a
nondegenerate companion has been predicted by several recent
studies as evidence supporting single degeneracy (Mattila et al.
2005; Botyanszki et al. 2018; Dessart et al. 2020). Such Ha
emission has been observed in the nebular-phase spectra of a
few peculiar events (e.g., Kollmeier et al. 2019), indicating that
they may be from single-degenerate progenitors. However,
systematic searches for H and He emission in the nebular-phase
spectra of >100 Type Ia SNe have failed to find such emission
in most of them (>90%), disfavoring the single-degenerate
scenario as the primary contributor to the Type Ia SN
population (Mattila et al. 2005; Leonard 2007; Shappee et al.
2013; Maguire et al. 2016; Tucker et al. 2020). However, a
systematic search for H and He emission in the nebular-phase
spectra of 110 Type Ia SNe has failed to find such emission in
most of them (290%), disfavoring the single-degenerate
scenario as the primary contributor to the Type Ia SN
population (Tucker et al. 2020). [O 1] emission has also been
detected in the nebular-phase spectra of two peculiar events and
interpreted to be evidence for the presence of swept-up
unburned O from a double-degenerate merger (Kromer et al.
2013; Taubenberger et al. 2013). The identification of such
[O 1] emission has yet to be made for normal events.

SN 2018ao0z is a recent normal Type Ia SN detected 1.0 hr
after its estimated epoch of the first light”” (MJD 58206.00), the
earliest detection for a Type Ia SN ever made so far (Ni et al.
2022, Paper I hereafter). Photometric and spectroscopic
observations were obtained over the ensuing period of ~450
days, including light curves of the first 12 hr from the very low
brightness of —10.5 absolute AB magnitude. This data set
provides the unique opportunity to study the entire evolution of
anormal Type Ia SN from 1 hr after the first light to the nebular
phase. In Paper I, we presented the discovery of two new
infant-phase features of Type Ia SN evolution during the first
1.0-12.4 hr: a brief B-band plateau—which disappears after
~0.5 day—and simultaneous excess emission in the V and i
bands. The subsequent evolution of SN 2018aoz until ~110
days is consistent with that of typical normal Type Ia SNe, with
a power-law light-curve rise, peak B-band absolute magnitude
of —19.32 mag, and AM;5(B)of 1.12 mag. The two infant-
phase features result in a rapid reddening of the B — V color,
which has been associated with line-blanket absorption by an
over-density of Fe-peak elements in the outer 1% of the SN-
ejected mass (Paper I). This has important implications for the

3 First light refers to the epoch when photons first emerge from the ejecta,
which may follow the explosion by a few hours to days in Type Ia SNe,
depending on the photon diffusion process (Piro & Nakar 2013, 2014). In
SN 2018a0z, the epoch of explosion is estimated to be MJD 58205.6 & 0.7
based on the observed evolution of photospheric velocity (Paper I).

Ni et al.

normal Type Ia SN explosion mechanism, as such an ejecta
composition is primarily predicted by asymmetric Chandrase-
khar-mass explosions and He-shell DDets.

Although SN 2018a0z has provided critical information on
the distribution of surface Fe-peak elements, its evolution to the
nebular phase has yet to be explored and additional insights
into its origin can be gained by (1) placing constraints on the
nature of its companion star, (2) examining the physical
implications of a range of possible power sources for the infant-
phase excess emission, and (3) assessing its precise subtype
among normal Type Ia SNe. In this paper, we present new
photometric and spectroscopic observations of the nebular
phase of SN 2018a0z in Section 2, as well as detailed modeling
and interpretation of key features to understand its origin and
evolution as follows. In Section 3, we describe the evolution of
the light curves and spectra of SN?2018aoz, including
comparisons of them to those of other Type Ia SNe in order
to establish its spectroscopic subtype. We assess the range of
companion stars that are compatible with the luminosity of the
observed early light curve in Section 4. Sections 5-7 describe
our modeling of the infant-phase excess emission, provide
analyses of the nebular-phase observations, and comparisons to
the predictions of He-shell DDet simulations, respectively. In
Section 8, we discuss the implications of our results for the
progenitor system and explosion mechanism of SN 2018aoz,
the nature of its infant-phase excess emission, and the origins
of normal Type Ia SNe. We summarize our results and
conclude in Section 9.

2. Observations and Data

SN 2018a0z was identified by both the KMTNet Supernova
Program (KSP; Moon et al. 2016, 2021; Afsariardchi et al.
2019; Lee et al. 2022) and Distance Less Than 40 Mpc Survey
(DLT40; Tartaglia et al. 2018). The earliest detection of the SN
with a signal-to-noise ratio (S/N) > 3 was made by KSP in the
B band at 00"54™ on 2018 March 29 UT, or MJD 58206.0378.
DLT40 detected the source 1.1 days later in the r band and
reported the discovery of SN 2018a0z at 07"25™ on 2018 April
2 UT (Sand et al. 2018a). The first spectrum obtained by the
Las Cumbres Observatory (Brown et al. 2013) at 09"25™ on
2018 April 2 UT subsequently classified the source as a Type Ia
SN(Hosseinzadeh et al. 2018). The discovery triggered an
extensive campaign of ground- and space-based photometric
observations as well as spectroscopic follow-up, obtaining
observations in the UV to near-IR (NIR) wave bands. The early
observations of SN 2018aoz obtained ~110 days since the first
light were presented in Paper I. Here, we present additional
KSP photometry continuing from >250 days since the first
light, covering the nebular phase (Section 2.1), as well as new
nebular-phase spectroscopy of the SN (Section 2.2).

2.1. Nebular-phase Photometry

We used the three 1.6 m telescopes of the Korea Microlen-
sing Telescope Network (KMTNet; Kim et al. 2016) in Chile,
South Africa, and Australia to conduct photometric observa-
tions of SN 2018aoz during its nebular phase, >200 days since
the B-band maximum. Each telescope of the network is
equipped with an identical wide-field CCD camera with 4 deg?
field of view and multiple filters in the visible band. Between
2018 December and 2019 June, we conducted high-cadence
monitoring of a 2° x 2° field containing the source, obtaining
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~500 images of the field with 60 s exposure times at a mean
cadence of ~9 hr in each of the BVI bands. The B, V, and [
bands are observed nearly simultaneously at each epoch with a
time difference of ~2 minutes between adjacent filters. The
typical limiting magnitude for a point source in these images is
21-22 mag at an S/N of 3. Note that the source was not
observed between July and November due to its proximity to
the Sun.

We performed point-spread function (PSF) photometry of
SN 2018a0z using the SuperNova Analysis Package (SNAP;
Ni 2022),” a custom python-based pipeline for supernova
photometry and analysis. A local PSF was obtained by fitting a
Moffat function (Moffat 1969; Trujillo et al. 2001) to nearby
reference stars and simultaneously fitting sky background
emission with a first-order polynomial function. The fluxes of
SN 2018ao0z in the B and V bands were obtained by fitting the
local PSF near the source location. Paper I reported the
presence of a faint background source ~0”8 northwest of the
position of SN2018aoz with apparent magnitudes of
24.90 +0.27, 24.02 £ 0.20, and 22.39 4 0.08 mag in the BVi
bands, respectively, which mainly affect the i band. Therefore,
we measure the i-band SN flux in the nebular phase by using a
Kron aperture containing both sources and subtracting the
known flux of the background source from the combined flux
in the aperture. Since the brightness of the background source
is significantly fainter than that of the 1o noise level in the B-
and V-band images (<23.4 mag) and the SN at any epoch
(<22.0 mag for the B band and <22.1 mag for the V band), it is
incapable of meaningfully affecting the PSF photometry of the
SN in those bands.

Photometric flux calibration was performed against 6-9
standard reference stars within 10’ of the source from the
AAVSO Photometric All-Sky Survey*' database whose
apparent magnitudes are in the range of 15-16 mag. The
observations in the BVI KMTNet filters were calibrated against
reference stars in the nearest AAVSO filters (Johnson BV, and
Sloan i’; or BVi). For the AAVSO reference stars, their KSP
BVI instrumental magnitudes were transformed to standard BVi
filters using the equations from Park et al. (2017). For the SN,
since its nebular-phase spectra are significantly different from
the AAVSO standard stars used to derive the Park et al. (2017)
equations, we applied linearly interpolated spectrophotometric
(S) corrections (Stritzinger et al. 2002). These are photometric
corrections between the instrument and standard filters derived
by performing synthetic photometry on spectra obtained at
approximately the same epoch. The calibrated and S-corrected
nebular-phase photometry is presented in Table 1 and shown in
Figure 1.

2.2. Nebular-phase Spectroscopy

We obtained four low-resolution nebular-phase optical
spectra of SN 2018aoz at 259.4, 277.3, 296.4, and 382.5 days
since the B-band maximum with a combination of the Gemini
Multi-Object Spectrograph (GMOS; Hook et al. 2004) on
Gemini-South, the Low Resolution Imaging Spectrometer
(LRIS; Oke et al. 1995) on Keck, and the Low Dispersion
Survey Spectrograph-3 (LDSS-3; Allington-Smith et al. 1994)
on Magellan-Clay. The spectroscopic observations are sum-
marized in Table 2.

0 hitps: //github.com/niyuanqi/SNAP
! https: //www.aavso.org/apass
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Table 1
Nebular-phase Magnitudes of SN 2018aoz

Time (MJD) Band Magnitude® (mag) Error (mag)
58471.68652 B 19.195 0.065
58471.68830 B 19.267 0.061
58471.68979 \%4 19.562 0.128
58471.69130 i 19.430 0.177
58472.68728 B 19.302 0.074
58472.68862 \% 19.374 0.092
58472.69015 i 19.585 0.285
58473.68083 B 19.346 0.082
58473.68233 \%4 19.554 0.096
58473.68382 i 19.420 0.177

Notes. Sample of the observed magnitudes of SN 2018aoz during its nebular
phase. The entire observed magnitudes of SN 2018ao0z are available in the
electronic edition.

?The BV-band magnitudes are in the Vega system, while the i-band
magnitudes are in the AB system (see the text).

(This table is available in its entirety in machine-readable form.)

B { 2018a0z B
22 F10
{ 2018a0z V-2
t { 2018a0z i -4
° -20 --- 2011fe BVi (scaled) |12 ¢
° ; N 3
=] N ®
= ! S 2
= -181 4. NS 14 o
o n Ss Sss g
S ] ~. el >
IS I - Rt o
3 ¢ R "‘;;\ & 3
3 _14]s RAEN IR f g
27 e g
: e ®
.
—10 22

0 100 200 300 400

Rest-frame days since B-band maximum

Figure 1. The dereddened BVi-band light curves of SN 2018aoz (colored
circles) relative to the epoch of the B-band maximum light in the rest frame
covering its nebular phase compared to those of SN 2011fe (dashed lines;
Munari et al. 2013; Tsvetkov et al. 2013), which have been scaled so that they
match the My and AM,5(B) values of SN 2018ao0z. The error bars represent the
1o uncertainty level in this figure and all of the following. The vertical gray
lines mark the four epochs with nebular-phase spectroscopy (see Table 2 and
Figure 2).

The spectrum from the Magellan Telescope was reduced
using standard tasks within IRAF. Bias and flat-field correc-
tions were performed on the two-dimensional frames, one-
dimensional spectra were extracted, and wavelength calibration
was performed using calibration lamps taken immediately after
target exposures. Flux calibration and telluric corrections were
performed with a set of custom IDL scripts (Matheson et al.
2008; Blondin et al. 2012) using spectrophotometric standards
observed on the same night. The GMOS spectra were reduced
in a similar manner, but using the custom gmos suite of IRAF
tasks. The initial flux calibration for GMOS spectra was
performed using the IRAF tasks standard and calibrate,
and final scaling was performed based on matching to the
observed V-band photometry from the same epochs. The Keck-
LRIS spectrum was reduced using LPipe, a fully automated
IDL pipeline for the LRIS (Perley 2019). The reduced and
dereddened nebular-phase spectra are shown in Figure 2.
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Table 2
Nebular-phase Spectroscopy of SN 2018a0z

Date (UT) Phase Telescope Instrument R Wavelength (;\)
2018 Dec 30.28 +259.4 Gemini-S GMOS 1690 4050-10,000
2019 Jan 17.31 +277.3 Gemini-S GMOS 1690 5000-10,000
2019 Feb 5.53 +296.4 Keck LRIS 2000 3200-10,000
2019 May 3.17 +382.5 Magellan-Clay LDSS-3 860 4250-10,000
Note. Phase is the observer frame days since the B-band maximum light (MJD 58221.41).
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Figure 2. The dereddened spectra of SN 2018aoz obtained from four epochs
during the nebular phase as labeled on the right side of the figure in days since
the B-band maximum are shown. The spectra are vertically offset for display
clarity. The vertical shaded colored regions show the locations of the broad
emission features of [Fe III] (red), [Co IIT] (green), as well as [Fe 1] and [Ni II]
(blue) that are visible. While the [Fe 111] and [Co 11I] features are produced by a
blend of several broad emission lines, the [Fe 1I] and [Ni II] features are thought
to be primarily due to transitions of [Fel] 7155 A and [Nim] A7378 A
(vertical solid lines), respectively (Maeda et al. 2010b). The dotted vertical
lines show the expected locations of narrow emission lines associated with
nondegenerate companions and CSM in Type Ia SNe: Ha, He I, and [O1].
None of these narrow emission lines are detected. These spectra are available to
the public in WISeREP https://www.wiserep.org.

2.3. Host Galaxy, Distance, and Reddening

SN 2018ao0z is located at (R.A., decl.) = (11h51m01§80,
—28°44/38" 5) (J2000), in the halo of its host galaxy
NGC 3923 (Paper I). We adopt the host galaxy redshift of z =
0.0058, distance modulus of 31.75 £+ 0.08 mag based on
normal Type Ia SN template fitting, and extinction correction
of E(B— V)~ 0.09 mag, consistent with the observed NaID
lines in the spectrum of SN 2018aoz as well as the expected
Galactic extinction toward the source (Paper I). The extinction
toward the source is also confirmed by fitting the observed
color evolution of SN 2018aoz during the Lira law phase as
detailed in Appendix A.

3. Early Evolution and Classification

3.1. Early Light Curves and the Characteristics of the Infant-
phase Excess Emission

The infant-phase light curves of SN 2018aoz contain the
lowest luminosity detected signals from an early Type Ia SN to
date, reaching a depth of —10.5 absolute AB magnitude. In
Paper I, we reported that the dominant source of its early
luminosity appears to follow a power-law evolution. The
observed BVi-band light curves over 1-7 days since the first

Rest-frame days since first light

Figure 3. (Left) The dereddened early BVi-band (top to bottom) forced
photometry light curves (circles) of SN 2018a0z up to 40% of the maximum
light in the rest frame are compared to the best-fit power law + Gaussian
(dashed curves) and its power-law component alone (solid curves). The data
points with S/N < 3 are grayed out. The inset zooms in on the infant phase
(<1 day). (Right) The o-scaled residual of each data point for the best-fit power
law + Gaussian (open circles) and its power-law component alone (closed
circles) are shown over the same time interval as that in the left panel.

light (or up to ~40% of peak brightness) follows L, ~ %,
consistent with the majority of other Type Ia SNe that have
been observed in these phases (Nugent et al. 2011; Foley et al.
2012; Olling et al. 2015; Cartier et al. 2017; Holmbo et al.
2019; Miller et al. 2020b; Moon et al. 2021; Ni et al. 2022).
The measured power-law indices for SN 2018aoz, oy,
= (2.24, 1.99, 2.26), are also close to the Type Ia population
average (a = 2.01; Miller et al. 2020b). In principle, a power-
law rise is expected for SNe powered by a smooth, centrally
concentrated “°Ni distribution with a power-law-like tail toward
the ejecta surface, where o depends on the steepness of the tail
(Piro & Nakar 2014). However, in addition to this component,
we also found evidence for excess emission over the power law
in the V and i bands during the first 0—1 day since the first light.
This infant-phase excess emission is present during the same
epochs as the B-band plateau, which has been attributed to line-
blanket absorption by an over-density of Fe-peak elements near
the ejecta surface. While in Paper I, we highlighted that excess
radioactive heating by those same Fe-peak elements is one
possible explanation for the excess emission, a range of other
possible explanations and their implications remains to be
thoroughly explored.

Here, we characterize the properties and statistical signifi-
cance of the infant-phase excess emission in SN 2018aoz.
Figure 3 (left panels) shows the results of fitting the early light
curves of SN 2018a0z during 0-7 days with a power-law +
excess emission, where the infant-phase excess emission is


https://www.wiserep.org

THE ASTROPHYSICAL JOURNAL, 946:7 (29pp), 2023 March 20

modeled by a Gaussian in each of the V and i bands. (Note that
the B-band light curve during 0-1 day is excluded from the fit
since it is affected by B-band suppression.) The V- and i-band
infant-phase light curves share the same Gaussian central
epoch, u, and width, o, but each Gaussian is scaled
independently. In each of the BVi bands, the power-law
component has the form L, o (t—tpy )", where the onset of the
power law tp is shared among the bands while the power-law
indices «,, and scalings are independent parameters in each
band. The best-fit power-law + excess emission (dotted curves
in Figure 3) is obtained with ;1 = 0.25 day since the first light
and o = 0.17 day for the Gaussian component, and tp;, = 0.19
day since the first light and oqg v, = (2.1, 1.8, 2.1) for the
power-law component (represented by the solid curves), which
appears to adequately fit the observed early light curves (minus
the excluded B-band light curve during O—1 day). The reduced
x-squared statistic (=x” normalized by the number of degrees
of freedom; Xﬁ) of 4.0 for this fit is significantly better than the
one obtained by fitting a pure power law to the same light
curves (XzR =9.2; Paper I), indicating that the Vi-band excess
emission component is required to explain the observed light
curves.

The statistical significance of the Vi-band excess emission is
displayed in Figure 3 (right panels), showing the o-scaled
residual of the best-fit power-law + excess emission (open
circles) compared to that of the power-law component alone
(closed circles). The residuals of the power-law component
appear to be dominated by the data points from the infant
phase. Note that this is consistent with the X2R analysis of the

power-law fitting in Paper I, where the XZR error from fitting a
pure power law (xf{ =09.2) was found to be predominantly
from the infant-phase data points (with szR =6.0) than from

all subsequent data points (with Axli =3.2). Meanwhile, the
power-law 4+ excess emission model significantly reduces the
residuals of the Vi-band data points from the infant phase,
which now provides residuals similar to the data points from
later phases. Thus, the early light curves of SN 2018aoz appear
to require the distinct excess emission component peaked
between ~0.08 and 0.42 day since the first light. During this
phase, excess emission is the dominant component of the SN
light curve, emitting a total of ~2.4 x 10~ erg cm™~ into the V
and i bands along the line of sight (or ~1.4 x 10* erg,
assuming spherically symmetric emission). In Section 5, we
examine potential mechanisms that can produce the observed
excess emission.

3.2. Color Evolution

Figure 4 presents high-cadence KMTNet color curves of
SN 2018a0z in B — V (top) and V — i (middle) aligned with its
i-band light curve (bottom). The observations, which are nearly
simultaneous among different filters, were linearly interpolated
to the union of the two sets of epochs for each pair of adjacent
filters during subtraction. The four vertical dotted lines in the
figure mark four epochs, —14.4, —4.6, 10.4, and 26.0 days
since the B-band maximum, where the colors undergo notable
phase transitions in their evolution.

The B — V color evolution of SN 2018ao0z prior to the first
color transition epoch, corresponding to the infant phase, was
discussed extensively in Paper I. The simultaneous plateau in
the B band and rapid rise in the V- and i-band light curves at
these early times lead to an abrupt redward evolution wherein

Ni et al.

il 3

—=- Lira Law g

1.55;
-~ E:
|1.0:;
S 05 [
0.0 Fi

0.0 F

L 05 [

~1.0 [i

14 i

16 |-

0 20 40 60 80
Days since B-band maximum

Figure 4. The observed (non-dereddened) optical colors of SN 2018ao0z (black
circles) in B — V (top) and V — i (middle) aligned with its i-band light curve
(bottom). The data are binned over 0.3 day intervals. The vertical dotted lines
mark the epochs of —14.4, —4.6, 10.4, and 26.0 days since the peak where the
optical colors undergo notable phase transitions in their evolution (Moon
et al. 2021). The dashed line denotes the Lira law from Burns et al. (2014).
Note that a zoomed-in plot of the un-binned early color evolution focused on
the early phases before ~—8 days is shown in Figure 10.

the B — V color changes by 1.5 mag between 1.0 and 12.4 hr
after the first light. We refer to this redward color evolution as
the natal red bump (NRB), hereafter, while the NRB phase
refers to the epochs (~1.0-12.4 hr) where the NRB is
observed. The NRB is also identifiable in the V — i color,
though with a smaller color change of 0.23 mag between 2.8
and 12.2 hr. During the NRB phase, the average B — V color is
~1.7 mag redder than the average V — i color, consistent with
the presence of Fe absorption lines that selectively suppress the
B band.

The entire color evolution after the first color transition
epoch is largely consistent with those of other normal Type Ia
SNe, and is best described in relation to the i-band light curve
(Moon et al. 2016) as detailed in Appendix A.

Figure 5 presents the Swift UV-optical color curves of
SN 2018a0z compared to those of other Type Ia SNe. The near-
peak UV-optical colors of normal Type Ia SNe have been
grouped into two categories (Milne et al. 2013): near-UV
(NUV) red (e.g., SN 2017cbv; Hosseinzadeh et al. 2017) and
NUV blue (e.g., SN 201 1fe; Brown et al. 2012). Brown & Sand
(2018) initially reported that SN 2018aoz displayed blue UV-
optical colors that are similar to Type Ia SNe with super-
Chandrasekhar ejecta masses (Brown et al. 2014). Indeed, prior
to the peak, the colors are bluer than SN 201 1fe, which is one
of the bluest events in the NUV-blue group (Brown et al.
2017). However, subsequent evolution shows that while lying
on the blue edge of the group, SN 2018a0z overall appears to
follow the NUV-blue group. In particular, the observed colors
near the peak are not as extreme as those of the super-
Chandrasekhar-mass events—for instance, SNe 2012dn and
2011aa (Figure 5; Brown et al. 2014).

3.3. Classification

We classify SN 2018aoz as a normal Type Ia SN that is
intermediate between the CN/NV and BL/HV subtypes based
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Figure 5. The observed (non-dereddened) UV-optical colors of SN 2018aoz
(black open circles) in UVW1 — V (top) and UVW2 — V (bottom) compared to
those of SN 2017cbv (red circles; Hosseinzadeh et al. 2017), SN 2011fe (blue
circles; Brown et al. 2012), the NUV-red/blue groups of normal Type Ia SNe
(colored shaded areas, Milne et al. 2013), and the super-Chandrasekhar-mass
Type Ia SNe 2012dn and 2011aa (cyan and magenta squares, respectively;
Brown et al. 2014). The red triangles represent the color of SN 2017cbv during
its early excess emission.

on its spectral properties as follows. (Note that the SN light
curves also support this classification as detailed in
Appendix B.) Figure 6 compares the spectrum of SN 2018aoz
taken 1.9 days before the B-band maximum (Paper I) to spectra
of normal Type Ia SNe from the CN and BL subtypes of
Branch et al. (2006): SNe 1994D (CN subtype; Meikle et al.
1996), 2011fe (CN subtype; Parrent et al. 2012), 1981B (BL
subtype; Branch et al. 1983), 2002dj (BL subtype; Pignata et al.
2008), and 1992A (intermediate between CN and BL; Kirshner
et al. 1993) from a similar phase. The spectrum of SN 2018ao0z
is consistent with those of the other normal Type Ia SNe
overall, whereas the detailed shapes of key absorption features
seem to be intermediate between CN and BL events. The sharp
Fell/lI absorption features seen in the spectrum of
SN 2018a0z are typical of CN events (e.g., SNe 1994D and
2011fe; blue spectra); however, the Call and Sill absorption
features of SN 2018ao0z are relatively strong, which is a step in
the direction of typical BL events such as SNe 1981B and
2002dj (cyan spectra). SN 1992A (orange spectrum), classified
as marginally BL while bordering CN (Branch et al. 2006), is
the closest spectroscopic analog to SN 2018aoz with nearly
identical features in the figure, suggesting that SN 2018ao0z is
also intermediate between CN and BL.

Figure 7 compares the evolution of the velocity of the
Sillt A6355 A feature (Sill velocity, hereafter) of SN 2018aoz
(Paper I) to what is expected for the NV and HV subtypes of
Type Ia SNe. Note that the NV events (e.g., SN 201 1fe; blue
triangles) are characterized by near-peak Sill velocities of
about (10.6 4 0.4) x 10° kms™', while the HV events (e.g.,
SN 2002dj; cyan triangles) have higher near-peak
Sill velocities in the range of ~(11.8-17.0) x 10> kms™!
(vertical cyan interval; Wang et al. 2009). The NV and HV
subtypes largely overlap with CN and BL, respectively (Parrent
et al. 2014). The Si 1l velocity evolution of SN 2018a0z (orange
circles) during early (<—5 days since the B-band maximum)
and late (>15 days) evolutionary phases appears to follow the
NV subtype (blue curve with shaded area). Around the peak
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Figure 6. The dereddened spectrum of SN 2018aoz (black solid line; Paper I)
taken 1.9 days before the B-band maximum is compared to spectra of Type Ia
SNe of different subtypes obtained at comparable epochs: SN 1994D (Meikle
et al. 1996) and 2011fe (Parrent et al. 2012) (core-normal subtype; blue);
SN 1981B (Branch et al. 1983) and SN 2002dj (Pignata et al. 2008) (Broad-
Line subtype; cyan); SN 1992A (Kirshner et al. 1993) (intermediate type;
orange). Observed absorption features of Call, Fe II/I, S1I, and Sill are
labeled at the top of the panel.
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Figure 7. The observed velocity evolution of the Sill spectral feature of
SN 2018a0z (orange circles; Paper I) is compared to the average velocity
evolution for NV Type Ia SNe (blue solid curve with shaded 1o error region;
Wang et al. 2009) as well as that of 91bg-like (green-dashed curve) and 91T-
like (red-dashed curve) events in the rest frame. SNe 2011fe (blue triangles;
Pereira et al. 2013) and 2002dj (cyan triangles; Pignata et al. 2008) are
examples of NV and HV events, respectively, with AM,5(B) similar to that of
SN 2018a0z.

between ~—5 and 15 days, however, its velocity becomes
significantly higher than that of the NV population and
approaches those of HV events. The peak Sill velocity of
(11.4£0.1) x 10> kms~' in SN 2018a0z is about 20 higher
than the NV population average and near the lower boundary of
the HV subtype. Following the peak, the average Sill velocity
gradient of SN 2018a0z is —68 km s~ ' day ', which is on the
boundary between the high-velocity gradient and low-velocity
gradient subclasses of Type Ia SNe (Benetti et al. 2005) that
roughly correspond to HV and NV, respectively (Parrent et al.
2014). The expected Sill velocity evolutions of 91bg-like
(green-dashed curve) and 91T-like (red-dashed curve), the two
most common peculiar types of Type Ia SNe, are apparently
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Figure 8. Comparison of pEW widths of Sill lines (top) and Sill velocity
(bottom) of SN 2018a0z (orange star) with those of other Type Ia SNe (Blondin
et al. 2012). The colored symbols represent events from the four main subtypes
of Type Ia SNe: CN/NV (blue circles), BL/HV (cyan squares), cool /91bg-like
(green diamonds), and shallow-silicon/91T-like (red triangles). Note that BL/
NV and CN/BL are both subsets of normal Type Ia SNe, while cool/91bg-like
and shallow-silicon/91T-like are considered peculiar.

different from that of SN 2018aoz shown in Figure 7 during
late (=15 days since the B-band maximum) evolutionary
phases. Thus, the Sill velocity evolution of SN 2018aoz also
supports its intermediate nature between NV/CN and HV/BL,
while it is clearly incompatible with those of the prototypical
peculiar subtypes.

The intermediate nature of SN 2018aoz between the normal
subtypes of CN and BL is confirmed by the pseudo-equivalent
widths (pEWs) of Sill lines from its spectrum taken 1.9 days
prior to the B-band maximum. We measure pEWs of 20.22 and
106.4 for the Sil1 5972 A and 6355 A lines, respectively, using
the method of Branch et al. (2006). Figure 8 compares the peak
Silt pEWs and Sill velocity of SN 2018aoz to those of a
sample of Type Ia SNe (Blondin et al. 2012) from the CN/NV
(blue circles) and BL/HV (cyan squares) subtypes, as well as
the peculiar 91bg-like (or shallow-silicon; red triangles) and
91T-like (or cool; green diamonds) subtypes. The parameters of
SN 2018a0z are located at the boundary between the CN/NV
and BL/HV subtypes of normal Type Ia SNe in both panels.
The Sill pEWs of SN 2018aoz (top panel) are consistent with
BL events with Sil16355 A pEW >105 (Blondin et al. 2012),
while the Sill velocity of SN 2018aoz (bottom panel) is
consistent with NV events with Sill velocity <11.8 x 10°
kms ™', leading to the intermediate classification between the
BL/(HV) and NV/(CN) subtypes.

4. Early Light-curve Constraints on the Companion

Early observations of Type Ia SNe have been used to search
for excess emission due to ejecta collision with companions
(e.g., Bloom et al. 2012; Olling et al. 2015; Marion et al. 2016;
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Hosseinzadeh et al. 2017, 2022; Dimitriadis et al. 2019; Li
et al. 2019; Shappee et al. 2019; Moon et al. 2021). With early
light curves from the low brightness of —10.5 absolute AB
magnitudes, observations of SN 2018aoz probe the luminos-
ities expected not only for nondegenerate, but also WD
companions for the first time. It, therefore, provides a unique
opportunity to search for such emission and places strict
constraints on the nature of the companion star. Here, we
compare the light curves of SN2018aoz with the analytic
ejecta-companion interaction model of (Kasen 2010, K10
hereafter) that has been widely adopted for this type of
analysis. The luminosity (I') and effective temperature of the
interaction emission in the model depend on the size of the
companion (related to the binary separation distance in Roche
overflow), as well as the opacity, mass, and kinetic energy of
the ejecta. When observed with a viewing angle 6, the
luminosity is I x S(6), where

S(6) ~ 0.982 x exp[—(6/99.7)*] + 0.018 1)

describes the angle dependence of the observed luminosity
(Olling et al. 2015). Note that the emission is strongest when
the progenitor system is observed from the side of the
companion star (0°; $=1) and it is weakest from the side of
the progenitor star (180°; S = 0.056).

4.1. Comparison to Fiducial Models

Figure 9 (left panels) compares the early Vri-band light
curves of SN 2018aoz (black-filled circles) during 0-3 days
since the first light with what is predicted by the K10 model for
three cases of nondegenerate binary companions at § = 0° in
Roche overflow: 1 M, red giant (1RG; red solid curve), 6 M,
main-sequence subgiant (6MS; blue solid curve), and 2 M,
main-sequence subgiant (2MS; indigo solid curve). In the K10
model, we adopt the electron scattering opacity of k =
0.2cm? g_1 for H-poor Type Ia SN ejecta and the ejecta mass
and kinetic energy of 0.80 M. and 0.63 x10°'erg, respec-
tively, for SN2018aoz (Paper I). For all three cases, the
predicted emission is brighter than the observed luminosity,
disallowing those configurations for the progenitor system
under the K10 model. The B-band light curve during 0-1 day
was excluded from our comparisons because it is affected by B-
band suppression while the K10 model assumes a pure
blackbody spectral energy distribution. Note that the values
of ejecta mass and kinetic energy we adopted are the lower
limits of the ranges,~0.8-1.0 M., and ~(0.6-0.8) x 10°" erg,
respectively, that have been considered for SN 2018ao0z
(Paper I). Since larger ejecta mass and kinetic energy both
lead to brighter emission in the K10 model, the constraints
provided in Figure 9 against the companion are conservative
with respect to ejecta mass and kinetic energy. (While B-band
light curves have usually been used in the search for ejecta-
companion interaction emission, we show in Appendix C that
model comparisons with the suppressed B-band light curve in
the infant phase over-constrains the companion in the case of
SN 2018a0z.)

The K10 model is based on the assumption of local
thermodynamic equilibrium (LTE) between the shock-heated
ejecta and its radiated emission. According to Kutsuna &
Shigeyama (2015, KSI15 hereafter), the matter-radiation
coupling may not be strong enough to reach LTE due to the
low gas density in the ejecta-companion interaction, indicating
that the K10 model may overestimate the emission temperature
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Figure 9. (Left) The dereddened early Vri-band (from top to bottom) light curves of SN 2018aoz (black circles) within 3 days after the first light in the rest frame are
compared to ejecta-companion interaction models with 0° viewing angle. The models are of the 2MS (indigo solid curves), 6MS (blue solid curves), and 1RG (red
solid curves) companions from Kasen (2010) as well as the 1IMS (magenta dotted curves) and 1RG (red-dotted curves) companions from Kutsuna & Shigeyama
(2015). The black inverted arrows are 30 detection limits. (Right) The parameter space of separation distances and viewing angles of possible progenitor systems is
shown. The vertical dotted—dashed lines divide the x-axis (binary separation distance) into WD and He star, main-sequence and subgiant, and RG regimes. The
parameters in the shaded area underneath the solid and dashed black curves are ruled out at 84.1% and 97.7% confidence levels, respectively, by the early light curves
of SN 2018a0z and the model predictions of Kasen (2010). The magenta, indigo, blue, and red stars at the bottom of the panel show the parameters for the
correspondingly colored models in the left panels. The green-shaded region shows the best-fit separation distances obtained by fitting power-law + Kasen (2010)
ejecta-companion interaction models for a set of viewing angles between 0° and 180° (see Section 5.2). The transparency of the green-shaded region is related to the

goodness of the fit (XZR), where darker shading corresponds to a better fit.

(and luminosity). Figure 9 (left panels) also compares the
observed light curves with the predictions of the two cases of
companions from KS15: IRG (red-dotted curve) and 1MS
(1 M. main-sequence subgiant companion; magenta dotted
curve), both at # = 0° and in Roche overflow. While the 1RG
case clearly overpredicts the observed emission at § = 0°, the
case of 1MS is at a very similar brightness to what is observed
during 0-0.5 day. We note, however, that KS15 excludes free—
free emission and Compton scattering—two processes known
to accelerate equilibrium (Weaver 1976; Katz et al. 2010)—in
their estimation of the strength of matter-radiation coupling,
likely leading to underprediction of emission temperature and
luminosity. Furthermore, no underlying radioactive SN emis-
sion is included in the luminosity calculations by KS15 (and
also by K10). Therefore, it is highly likely that the # = 0° 1MS
case is also disallowed given the close similarity between its
prediction and the observed brightness, though it is difficult to
precisely quantify the effects of excluding the two radiation
processes and the underlying SN emission in the predicted
luminosities. For the predicted luminosities of ejecta-compa-
nion interaction alone, the KS15 and K10 models may be
regarded as providing upper and lower bounds, respectively.

4.2. Companion Constraints from Generalized Modeling

We generalize our analysis using the K10 model to allow for
ejecta-companion interactions from all possible viewing angles
between 0° and 180° and binary separation distances in the
range of 10°~10"* cm, following the methods of Moon et al.
(2021). The range of separation distances corresponds to those

of companions as small as WDs and as large as red supergiants
at the Roche limit. The right panel in Figure 9 shows the extent
of this parameter space, where the separation distances are
divided into the regimes of WD and He star, main sequence
and subgiant (MS), and red giant (RG) with two vertical
dotted—dashed lines approximating the lower bounds for the
MS (von Boetticher et al. 2017) and late-phase RG cases
(Seeds 1984). By comparing the models represented by pairs of
these parameters (i.e., viewing angle and separation distance)
with the observed luminosities and pre-detection upper limits,
we obtain the solid and dashed curves in the figure,
representing the lower limits of acceptable viewing angles as
a function of separation distance (i.e., the area under the curve
is ruled out) for the 84.1% and 97.7% confidence levels,
respectively.*? The confidence levels account for photometry
errors as well as those of the model parameters, including
redshift, explosion epoch, ejecta mass, and ejecta kinetic
energy, estimated using a bootstrap method, assuming
Gaussian error distribution. Note that there are additional
systematic uncertainties in the model comparison as mentioned
in Section 4.1 above: those associated with (1) the adoption of
lower limits for the ejecta mass and kinetic energy of
SN 2018a0z and (2) the exclusion of the radioactive SN
emission, which are not included in our analysis. However,
both of these uncertainties only allow for stronger constraints
against the companion (see Section 4.1). The assumption of
Roche overflow may also break if there is a long spin-down

“*2 Note that 84.1% and 97.7% correspond to the 1 and 2o levels, respectively,
of a Gaussian distribution in one direction.
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phase before the SN explosion during which the binary
separation distance can evolve (Meng & Li 2019).

Based on the comparison shown in Figure 9 (right panel), a
low-mass (< a few solar mass) main-sequence star or subgiant
at a high (=80°) viewing angle, He star, or WD are the most
likely binary companions in SN 2018aoz. Note that these
results are independent of whether ejecta-companion interac-
tion emission has really been detected in SN 2018aoz.
Separation distances from ~5 x10'" to ~10'*cm, corresp-
onding to companions larger than 2MS, are disallowed (at an
84.1% confidence level) for most (Z80% of) of the viewing
angles because the expected luminosity from their ejecta-
companion interaction emission would exceed the observed
luminosity of SN 2018aoz in the first 3 days for § < 140°-175°.
Thus, under the K10 model, if SN 2018aoz had a large main-
sequence or RG companion, it would need to have been located
within a small range of viewing angles behind the SN. The
ejecta-companion interaction luminosity can be significantly
lower than the K10 model predicts if LTE is not reached, as
mentioned above, with KS15 providing a lower bound.
However, if we adopt the KS15 model for the 1RG case, the
luminosity of 1RG (red-dotted curve in Figure 9, left panels)
would be similar to that of 6MS in the K10 model (blue solid
curve), for which ~90% of viewing angles are still ruled out
(Figure 9, right panel). Therefore, the presence of an RG
companion is very unlikely even if the LTE assumption of K10
is not satisfied. Although there is a small region in the upper-
right corner (i.e., large separation and viewing angle) of
Figure 9 that is not directly ruled out by the comparison, the
separation distances correspond to short-lived companions
(e.g., red supergiants), which are very unlikely to be found in
the halo region of an elliptical galaxy—where SN 2018ao0z is
located—due to the lack of recent star formation (see
Section 8.1).

5. Infant-phase Excess Emission Modeling

SN 2018a0z shows significant excess emission over the
power-law rise during 0-1 day since the first light
(Section 3.1). An over-density of *°Ni near the ejecta surface
can produce excess thermal emission in this phase (Paper I),
but other possibilities—such as ejecta shock interaction—and
their subsequent implications for the progenitor system remain
unexplored. We examine the origin of the infant-phase excess
emission by fitting the early light curves of SN 2018a0z using a
model combining the underlying SN emission (which is
represented by a power law; see Section 3.1) and excess
emission. We compare the fits obtained using models of four
conceivable mechanisms for the excess emission: surface
%Ni heating (Section 5.1), ejecta-companion interaction
(Section 5.2), ejecta-CSM interaction (Section 5.3), and shock
breakout (Section 5.4). Note that the characteristic ejecta
velocity of SN 2018aoz, estimated using its observed peak Sill
velocity of 11,400kms™' (Paper I), broadly constrains the
possible sources of infant-phase emission from ejecta shock
interactions to be within <10"*cm of the progenitor, which
includes only the binary companion, nearby CSM, and the
shock-heated progenitor surface.

For all of the four excess emission mechanisms, we adopt
blackbody spectral energy distributions because they are based
on thermal processes. We fit the light curves of SN 2018aoz
during 0-8 days, but exclude the B-band light curve during 0-1
day since it is affected by B-band suppression and incompatible
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with a pure blackbody process (Paper I). The results obtained
using the four models are compared below, followed by
detailed descriptions of each model and the fitting process in
the subsequent subsections.

Figure 10 compares the dereddened colors, (B — V)q (top-
left panel) and (V — i), (bottom-left panel), and BVi light curves
(right panels) of SN2018aoz with the best-fit model predic-
tions: blue-dashed curves for surface °°Niheating, green-
dashed curves for ejecta-companion interaction, and red-dashed
curves for ejecta-CSM interaction. (Shock breakout is not
shown because it is too faint to be compared for a reasonable
set of model input parameters; Section 5.4.) The fit quality is
not significantly different for the three best fits, which have
similar XZR values of 3.4, 3.5, and 3.2, respectively. As can be
seen in the figure, all three models appear to reproduce the
observed Vi-band light curves of SN2018aoz as well as the
V —1i color curve similarly well; however, these blackbody
excess emission models all over-predict the B-band luminosity
by ~0.5—1.0 mag in 0.1-0.5 day, leading to bluer B — V color
than observed during the period. Note that the lower infant-
phase B-band luminosity compared to the V and i bands in
SN 2018a0z, which is incompatible with pure blackbody
emission, has been attributed to B-band suppression caused
by surface Fe-peak elements (Paper I). As detailed in the
following subsections, the best-fit parameters of the surface
6Ni heating, ejecta-companion interaction, and ejecta-CSM
interaction models are all compatible with viable physical
processes that can produce the observed infant-phase excess
emission in SN 2018aoz.

5.1. Radioactive Heating by Excess Surface “°Ni

We first fit the observed early light curves of SN 2018aoz
using the combination of power-law emission (for the under-
lying SN emission) and the emission from a °Ni shell
distribution (for surface °Niheating). For the power-law
component, we use the power law described in Section 3.1
with onset fp;, and indices c«py;. For the infant-phase
%N shell emission, we developed the following model in
three steps:

1. We adopt the luminosity calculation for *°Ni-powered
SNe from (Piro & Nakar 2014, PN14 hereafter) based on
®Ni decay and photon diffusion. In the model, the SN
luminosity is determined by the *°Ni distribution and the
diffusion depth, defined as the deepest layer in the ejecta
that is visible via photon diffusion. For the evolution of
the diffusion depth, we adopt the following equation from
Paper I (based on Equation (1) in PN14) describing the
fractional mass of the ejecta (AM/M,) in the layers
above the diffusion depth at —#, days since explosion:

1.76
AM. 5=t )
Mej Tm
1/4
()
T = | —— , 3)
138 ¢ 5 Eq

where 7, is the geometric mean of the diffusion and
expansion timescales (Arnett 1982; Moon et al. 2021)
related to the ejecta mass, ejecta kinetic energy, and
opacity (M., Ej, and &, respectively). We use the value
of 7,, = 9.51 £ 0.26 measured from the bolometric light
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Figure 10. (Left) The dereddened B — V (top) and V — i (bottom) colors of SN 2018a0z in the rest frame (circles) are compared with what is expected from the power
law (PL) + three models of early excess emission in Type Ia SNe: (1) surface ° °Ni heating (blue-dashed curves; Section 5.1), (2) ejecta-companion interaction (green-
dashed curves; Section 5.2), and (3) ejecta-CSM interaction (magenta dashed curves; Section 5.3). The transparent solid and dotted curves show the early excess
emission and underlying power-law components, respectively, of each correspondingly colored model. The vertical gray line marks the epoch when the first spectrum
was taken (4.4 days since the first light or —11.0 days since the peak). (Right) The dereddened BVi-band (from top to bottom) light curves of SN 2018a0z in the rest
frame are compared with those predicted by the same models from the left panels. The inverted arrows are detection limits at an S/N of 3.

curve of SN 2018aoz (Paper I). Note that the explosion
epoch, #,, can be different than the onset of the power-law
component of the light curve, tp , due to the possibility of
a few hours to days delay (or dark phase; Piro &
Nakar 2013, 2014) before the diffusion depth reaches the
underlying main distribution of centrally concentrated
*°Ni in the ejecta, which is responsible for the power-law
rise (Section 3.1).

. The *°Ni distribution in PN14 (described by a logistic
function; see Equation (11) therein) is replaced by the
%5Ni shell distribution with the following functional form:

Xv’ r—1 <1

0, t—19>t, @)

Xs6(1) = {
where Xsq(7) is the mass fraction of “°Ni at the diffusion
depth at 1, days since explosion and ¢ is the time when
the diffusion depth reaches the inner radius of the shell.
(Note that the time coordinate ¢ is related to the radial
mass coordinate of the diffusion depth by Equation (2).)
In the fitting below, we represent the distribution using
two physical parameters, z; and M, where M, = X, AM(t,)
is equal to the total mass of “°Niabove the diffusion

fully trapped) in order to fit the multi-band SN light
curves. We estimate the blackbody temperature, or color
temperature (T,.), of the 56Nj shell emission using the
following equation (based on Equation (12) from Piro &
Nakar 2013):

2

4 LT, Tph

R R n‘(— : s)
47T053rph T

where L is the luminosity of the 56Nji shell emission; Tph 18
the radius of the photosphere; and 7, is a parameter
combining the radius, r,. (or color depth), in the ejecta
where the *°Ni radioactive emission is thermalized and
the optical depth, 7, at the color depth. We estimate rpy,
based on a polytropic (n = 3) ejecta profile expected for
an exploding WD undergoing homologous expansion
(Piro & Nakar 2013), and assume 7 is roughly constant
over the ~1 day infant phase. Note that 7, is expected to
be close to unity since both 7, and 7,/ 7, are typically not
much larger than unity (Piro & Nakar 2013), so the
assumption can at most contribute to an error with near-
unity order.

depth at time ¢, in the ejecta.

Fitting the BVi-band light curves of SN 2018aoz up to 8 days
3. The *°Nishell emission, originating from radioactive

since the first light, excluding the B-band light curve during
heating of the high-density SN ejecta in infant phases, is 0-1 day, we obtain the best-fit power-law + surface
assumed to be blackbody distributed (i.e., we assume that 5Ni heating model with sz = 3.4. The parameters are f,
the emission is fully thermalized and that gamma rays are = —0.17 day, t; = 0.13 day, tp;, = 0.38 day, all since the epoch
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of the first light (MJD 58206.00) in the rest frame, M; = 8.3
x10™* M, 7, = 18.2, and agy,; = (2.03, 1.74, 2.08). For the
properties of the early excess emission in the fit, we allowed for
t, in the range of 0.01-1.0 day, X, in 1%-99%, and 7, in 2/
3-100. The best fit (blue-dashed curves in Figure 10) appears
to provide an excellent match to the observed infant-phase
excess emission of SN 2018a0z in the V and i bands with an 8.3
x10~* M, shell of excess “°Niin the outer 0.30% of the SN-
ejected mass. If this is the origin of the infant-phase excess
emission, then the difference between the best-fit 7, and fpr.
parameters indicates the presence of a ~0.55 day dark phase in
SN 2018ao0z, similar in length to the one reported in the normal
Type Ia SN 2011fe (~0.5 day; Piro & Nakar 2014). We also
note that the best-fit indices oy, are slightly lower than those
obtained in Section 3.1, though they are still consistent with the
a ~ 2 expectation for power-law rise that has been found in
other normal Type Ia SNe.

The best-fit mass and location of surface *°Ni obtained
above, 8.3 x107*M_, of **Niin the outer 0.30% of the SN-
ejected mass, are larger and deeper in the ejecta, respectively,
than 1.8 x10~* M., of *°Niin the outer 0.31% of the SN-
ejected mass obtained in Paper I by fitting the infant-phase
excess emission of SN 2018aoz with a purely °Ni-powered
blackbody model (as opposed to the power-law + surface
6Ni model). These numbers are broadly comparable with the
location and quantity of Fe-peak elements required to explain
the B-band suppression associated with the NRB, ~10~* M, in
the outer ~1% of the SN ejecta (Paper I). However, radiative
transfer simulations that account for both line formation and
incomplete gamma-ray trapping are required to determine if
any single distribution of Fe-peak elements can reproduce both
the infant-phase excess emission and NRB features in
SN 2018a0z simultaneously. We discuss this in the context of
thin-shell He-shell DDet simulations in Section 7, below.

5.2. Ejecta Interaction with the Companion

We model the infant-phase emission of SN 2018aoz with a
combination of radioactive SN emission and ejecta-companion
interaction emission—the former with a power law
(Section 3.1) and the latter with the K10 model (Section 4).
For the K10 model, we use the electron scattering opacity of
k = 02cm”g' for H-poor Type Ia SN ejecta following
Section 4. Fitting the observed BVi light curves during 0-8
days, excluding the B-band light curve during 0-1 day, we
obtain the green-shaded region in Figure 9 (right panel)
showing the distribution of the best-fit companion separation
distances (a) for viewing angles () between 0° and 180°. The
upper and lower boundaries of the region were obtained using
two cases of relatively small and large ejecta masses and
kinetic energies, respectively, derived by modeling the light
curves of SN 2018aoz (Paper I) as follows: (1) M.; = 0.80 M,
and E; = 0.63 X 10°! erg based on the Arnett (1982) model;
and (2) M = 1.05 M, based on He-shell DDet simulations,
corresponding to E = 0.82 x10°! erg for the characteristic
ejecta velocity of 11,400 kms™'.

Table 3 shows the range of fit parameters obtained using
different M.;, Eejl, and 6. In the fit, we allowed for a in the
range of 10°-10 3 cm, which includes all reasonable Roche
separation distances for Type Ia SN progenitors (see
Figure 9). The best-fit model light and color curves with
6 = 0°, which are nearly identical for the two cases of M. and
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Table 3
Ejecta-companion Interaction Model Fit Parameters

Viewing
Angle
0=0°

Mej and Eej

0.80 M, and 0.63
x 10°" erg®

Fit Parameters XZR

3.48
(lowest)

a=10 x10"cm

to = —0.01 day

tpr, = 0.27 day

agy,; = (2.07,
1.77, 2.10)

a=15x10"%cm
to = —0.23 day
tpr, = 0.37 day
apy,; = (2.05,
1.75, 2.08)

6 = 180° 3.54

1.05 M, and 0.82 a =68 x 10’ cm

x 10°" erg®

0=0° 3.47
(lowest)
to = 0.00 days
tpr, = 0.25 day
agy,; = (2.08,

1.78, 2.11)

a=88x10"cm
fo = —0.19 day
o = 037 day
agy,; = (2.04,
1.74, 2.08)

6 = 180° 3.52

Notes. 1y and tp;_ are in days since the epoch of the first light (MJD 58206.00) is
in the rest frame.

 From applying the Arnett (1982) model to the light curves of SN 2018a0z, as
typically done for radioactively powered SNe (e.g., Drout et al. 2016; Li et al.
2019), approximating the *Ni-dominated opacity in the photospheric phase as
K~ 0.1 cm? g’1 (Paper I).

® From He-shell DDet simulations (Paper 1I).

E; (green-dashed curves in Figure 10), provide a very similar
goodness of fit to those of SN 2018a0z as the best-fit surface
2ONj heating model (Section 5.1). The differences between the
onsets of the K10 and power-law components in the models
(=to and tpy, respectively) range from ~0.3 day for the
lowest- case of § = 0° to ~0.6 day for the case of § = 180°.
These differences are consistent with tpp—#; of 0.54 day
obtained with the surface *°Ni heating model, pointing to an
approximately half-day post-explosion delay (or dark phase)
in SN 2018aoz for the diffusion of the radioactive SN
emission responsible for the power-law rise. As can be seen
in the table, the change in XZR between # = 0° and 180° is less
than 2%, indicating that the goodness of fit of the ejecta-
companion interaction model does not change significantly
with separation distance (a) ranging from (0.7-1.0) X 10 cm
for 6 = 0° to (0.9-1.5) x 10"%cm for # = 180°. These
separation distances correspond to two types of companions
that appear to be nearly equally compatible with the observed
infant-phase excess emission of SN 2018ao0z under the K10
model: (1) a low-mass (< a few solar mass) main-sequence
star or subgiant at ~>80° viewing angle; or (2) a WD or He star
at <80° viewing angle. Note that the case of ejecta interaction
with a WD companion for the origin of the infant-phase
excess emission implies a DA6 origin for SN 2018a0z since it
is the only scenario that predicts the presence of a surviving
WD companion after the SN explosion.
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5.3. Ejecta Interaction with CSM

The interaction between the SN ejecta and CSM near the
progenitor can produce excess emission with properties
dependent on the mass and spatial distribution of the CSM.
We model the early light curves of SN2018aoz as a
combination of a power-law (for the underlying SN emission)
and ejecta-CSM interaction emission (for the infant-phase
excess emission), adopting the model of (Piro 2015, P15,
hereafter) for the latter. Here, we describe the CSM model and
geometries (Section 5.3.1) considered, and then discuss the
results in the context of both H-poor (Section 5.3.2) and H-rich
CSM (Section 5.3.3).

5.3.1. Model Description

The observed interaction emission is largely determined by
properties of the outermost CSM layer (Nakar & Piro 2014;
Piro 2015), represented as a uniform-density and spherically
symmetric envelope with mass M., and radius R, in the P15
model. The luminosity (Lcgy) is provided by the following
equation determined by Mc,y, Reny, €jecta mass (M), €jecta
kinetic energy (E.;), and opacity (x):

(6)

212

l SM(I) envtzenv

1 + 2ten) ]
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O MIP M Reny is the envelope expansion

Eeny o EMJ Mo is the total
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where feny X Egj

timescale post- explosmn

energy transferred from the ejecta to
1, < KOOEG*P MG MG is the emission peak epoch, and ¢
is the tlme in seconds since the explosion epoch (¢y). Adopting
a blackbody for the spectral energy distribution of the

interaction emission, the blackbody temperature follows

1/4
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where vy X Eg foy

velocity post—explos10n

We also consider ejecta interaction with CSM distributed in
an equatorially concentrated disk or torus as follows. Such
CSM may divert the flow of SN ejecta away from the
equatorial plane, where it obscures the ejecta-CSM interaction
from viewing angles (f) above and below the equatorial plane
(8 = 0°). Note that similar obscuration is expected for ejecta-
companion interaction due to the diverted flow of SN ejecta
around the companion (Kasen 2010), resulting in attenuated
brightness of the interaction as described by Equation (1) for
viewing angles 6 away from the binary axis toward the
companion (0 = 0° in Equation (1)). We approximate the
attenuation of ejecta-CSM interaction brightness for a viewing
angle 6 above or below the equatorial plane as similar to that of
ejecta-companion interaction for the same angle 6 away from
the binary axis toward the companion for a distant observer,
assuming a similar flow of SN ejecta away from the interaction
region. The brightness of ejecta interaction with equatorially
concentrated CSM would thus be Lcgy X S(0) for 6 ranging
from the equatorial plane (0°) to the poles (90°), using S(6)
from Equation (1). S(0°) = 1.0 means the brightness along the
equatorial plane is identical to the case of spherically
symmetric CSM, Lcgy, while 8 = 90° provides the minimum
observed brightness of Legy X 0.45.

is the envelope expansion
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5.3.2. CSM from a WD or He-star Companion

We primarily consider the case of H-poor CSM originating
from a WD or He-star compamon using the electron scattering
opacity of k = 0.2cm?g ™', since those are the most likely
companions for SN 2018a0z based on the constraints derived
from the early light curves (Section 4) and nebular-phase
spectra (Section 6.3). In this case, the SN explosion could occur
after the merger of the binary or during an earlier stage of
binary mass transfer (Shen 2015). The distribution of CSM
initially after the merger and during earlier stages of mass
transfer is expected to be equatorially concentrated, rather than
spherically symmetric as assumed in P15, though the
distribution can evolve toward spherical symmetry on a
timescale of hours after the merger (Guillochon et al. 2010;
Schwab et al. 2012; Pakmor et al. 2013).

Table 4 presents the best-fit parameters obtained by fitting
the early light curves of SN 2018aoz during 0—8 days since the
first light, excluding the B-band light curve during 0-1 day,
using two extreme cases of viewing angles, 6 = 0° (equal to the
spherically symmetric case) and § = 90°, and two cases of
relatively small and large ejecta masses and kinetic energies for
SN 2018ao0z following Section 5.2. Note that the reduced x-
squared statistics of the four cases are nearly identical (XZR
~3.3), indicating that the goodness of fit is very similar for the
different cases. For the properties of the early excess emlssmn
in the fit, we allowed for ranges of M., in 10~ 5_10 M@ and
R.,, in 109 10" cm that easily accommodate the obtained fit
parameters. Figure 10 compares the light and color curves of
the best-fit ejecta-CSM interaction model obtained in the case
of Mg; = 0.80 M., E; = 0.63 x10°" erg, and 6 = 0° (red-
dashed curves) to those of SN 2018ao0z and the two other best-
fit models of surface *°Niheating (Section 5.1) and ejecta-
companion interaction (Section 5.2), where the goodness of fit
is very similar for the three models. As can be seen in the table,
the difference of #p; o ~ 0.22—0.26 day obtained for the ejecta-
CSM interaction model is JDear the lower extreme of the range
obtained for the surface °Niheating (0.54 day) and ejecta-
companion interaction (0.28-0.60 day) models, consistent with
there being a delay (or dark phase) of <1 day between the
explosion and the onset of the power-law rise in SN 2018aoz
(Paper I).

We examine whether the CSM mass, M., required to fit the
observed infant-phase excess emission is compatible with the
expectations of CSM after a merger (or post-merger CSM). The
total CSM mass (Mcsnm) is not necessarily equal to M., since
the envelope represents only the outermost layer of CSM near
R.,, that dominates the ejecta-CSM interaction emission.
Mcsm 2 M.,y in general, where Mcsy = M.y, is for the case
of entirely uniform-density CSM, and Mcsy/Meny increases
with the central concentratlon of the CSM density distribution.
Adopting a pxr densuy distribution expected for post-
merger CSM (Piro & Morozova 2016), we obtain the following
equation for Mcgy in terms of Me,, and Repy:

Mcsm = 4TR3,, Doy 102 (Reny /R3), ®)

where p.,, = 3Meny / 47R2, is the CSM density in the outer-
most layer (= envelope density) and R, is the progenitor
radius. R, is taken to be ~6 X 108 cm, the expected shock
breakout radius of SN 2018a0z (Section 5.4).

Table 4, Column 5, provides the derived CSM properties of
Penv and Mcgy that would be implied by the fit parameters
using Equation (8). Overall, these properties appear to be
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Table 4
Ejecta-CSM Interaction Model Fit Parameters for H-poor CSM (x = 0.2cm” g™ ')

2 1

M, and E° Viewing Angle Fit Parameters X& CSM Properties
0.80 M, and 0.63 x 10°! erg 6=0° Mepy = 2.0 x1073 M, 3.29 Peny =22 gcm >
Reny = 3.5 x 10° cm Mcsm (p o< r2) = 0.0046 M,
to = —0.04 day
tpr, = 0.19 day
apvi = (2.12, 1.81, 2.14)
6 =90° My = 1.7 x 1073 M, 3.29 Peny = 047 gem™?
Reny = 1.2 x 10 cm Mcsum (p o r2) = 0.0065 M,
to = —0.06 day
tpr. = 0.19 day
apyi = (2.12, 1.82, 2.14)
1.05 M, and 0.82 x 10°! erg 0=0° Mgy, = 2.1 X107 M, 3.29 Peny = 34 gem™
Reny = 3.1 x 10° cm Mcsm (p o< r3) = 0.0045 M.,
to = —0.03 day
tpr. = 0.19 day
apyi = (2.12, 1.81, 2.14)
6 = 90° Meyy = 1.7 x 107> M, 3.29 Peny = 0.61 gcm™

Reny = 1.1 x 10" cm

Mcsm (p o< 1) = 0.0065 M,

to = —0.06 day
tpr, = 0.20 day
agy; = (2.12, 1.82, 2.14)

Note. t, and tp;, are in days since the epoch of the first light (MJD 58206.00) is in the rest frame.
? The two cases of M. and E.;j are the same as the ones used for the ejecta-companion interaction in Table 3.

incompatible with the theoretical expectations for post-merger
CSM. In simulations of a violent merger, the post-merger CSM
mass can be ~0.1-0.7 M, depending on the companion mass
(Dan et al. 2014), which is much larger than the
Mcsm < 0.007 Mg, required to fit the observed infant-phase
excess emission. The post-merger CSM radius is also expected
to expand on short timescales, beginning from ~10'"cm
during the merger and expanding to ~10'' cm in only a few
hours after the merger (Piro & Morozova 2016), becoming less
compatible with the fitted CSM radii of Reyy < 10'° cm on the
timescale of the infant-phase excess emission. Thus, the
emission is not likely to be from post-merger CSM.

We instead consider CSM of smaller mass and radius
expected in premerger stages of binary mass transfer, before
the WD or He-star companion is disrupted, for the origin of the
infant-phase excess emission. For example, in simulations of
He-shell DDets from WD-WD mergers, <0.1 M, of CSM is
expected to be present at the time of the explosion, which
occurs before the merger is completed, distributed in a torus
around the progenitor star. The outermost layers of the torus are
located at >10° cm where the CSM density is expected to be
<10’ gcm  (Guillochon et al. 2010; Pakmor et al. 2013).
These premerger CSM properties are comparable to Ry
= (3.1-3.5) x 10°cm and peny = 22-34 gcm > obtained for
the cases with # = 0° viewing angle (see Table 4). If the
premerger CSM density distribution is similar to the post-
merger case (p o< r°), then the corresponding total CSM mass
of Mcsm ~ 0.005 M, is relatively small compared to the CSM
masses  expected in  He-shell DDet  simulations
(~0.05-0.10 M; Guillochon et al. 2010). However, since
Mcsy can be larger for steeper premerger CSM density
distributions, ejecta interaction with premerger CSM remains
possible for the origin of the observed infant-phase excess
emission in SN 2018aoz.

14

5.3.3. CSM from a Main-sequence or Subgiant Companion

For the less likely case of a few solar mass main-sequence or
subgiant companions in SN 2018aoz (Section 4), we briefly
consider the possibility of ejecta interaction with solar-
composition CSM from such companions, adopting the
electron scattering opacity of x = 0.34cm”g~'. Since those
companions are mainly expected to trigger Type Ia SNe via
accretion (Maoz et al. 2014), the CSM is likely to be an
equatorially concentrated disk or toroid. Table 5 shows the
best-fit parameters obtained by fitting the early light curves of
SN 2018a0z using the aforementioned two extreme cases of
viewing angles for equatorially concentrated CSM, 6 = 0° for
the equatorial viewing angle, and 90° for the polar viewing
angle, and two cases of relatively small and large ejecta masses
and kinetic energies for SN 2018aoz. For uniform-density
CSM, the total CSM mass is expected to be Mcsm = Meny,
ranging from 0.0011-0.0014 M_,, while the total CSM mass
expected for the relatively steep CSM density distribution of
pocr ranges from 0.0035-0.0046 M., (Table 5, Column 5,
based on Equation (8)). Overall, if SN 2018aoz was triggered
by accretion from a few solar mass main-sequence or subgiant
companion, then the observed infant-phase excess emission can
be produced by ejecta interaction with an ~0.001-0.005 M,
accretion disk near ~(4-14) x 10° cm.

5.4. Search for Shock Breakout

Shock breakout is expected to occur shortly after an SN
explosion when the outgoing shock wave breaks through the
surface of the progenitor star (Nakar & Sari 2010; Piro et al.
2010). Early observations of Type Ia SNe have been used to
search for evidence of shock breakout based on the expected
thermal emission from the shock-heated envelope. However,
since the luminosity of the shock breakout emission scales with
the radius of the progenitor star, this emission has not yet been
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Table 5
Ejecta-CSM Interaction Model Fit Parameters for Solar-composition CSM (k = 0.34cm” g™ )

2 1

M, and Eg° Viewing Angle Fit Parameters X& CSM Properties
0.80 M, and 0.63 x 10°! erg 6=0° My = 1.3 x1073 M, 3.30 Peny = 53 gcm >
Reny = 4.9 x 10° cm Mcsum (p o< r2) = 0.0035 M,
to = —0.03 day
tpr, = 0.19 day
apvi = (2.12, 1.81, 2.14)
6 = 90° My = 1.1 x 1073 M, 3.28 Peny = 0.19 gecm™?
Reny = 1.4 x 10 cm Mcsm (p o r2) = 0.0045 M,
to = —0.05 day
tpr. = 0.20 day
apyi = (2.12, 1.82, 2.14)
1.05 M, and 0.82 x 10°! erg 0=0° Mgy = 1.4 X107 M, 3.30 Peny = 7.8 gem™?
Reny = 4.4 x 10° cm Mcsm (p o< r3) = 0.0035 M.,
to = —0.03 day
tpr. = 0.19 day
apyi = (2.12, 1.81, 2.14)
6 = 90° Meyy = 1.2 x 107> M, 3.28 Peny = 033 gcm ™

Reny = 1.2 x 10" cm
to = —0.05 day
tpr, = 0.20 day

Mcsm (p o< r2) = 0.0046 M,

apy: = (2.12, 1.82, 2.14)

Note. t, and tp;, are in days since the epoch of the first light (MJD 58206.00) is in the rest frame.
? The two cases of M. and E.;j are the same as the ones used for the ejecta-companion interaction in Table 3.

observed in Type Ia SNe due to the small size of WDs. The
non-detection of shock breakout emission in early Type Ia SNe
has been used to constrain the radius of the SN progenitor, e.g.,
in the case of SN 2011fe to be <0.02 R, (Bloom et al. 2012).

We investigate the origin of the infant-phase excess emission
by comparing the observed early light curves of SN 2018aoz
with what is expected from shock breakout emission. Adopting
the model of Piro et al. (2010), which assumes an
approximately spherically symmetric explosion and a radial
shock acceleration law, the shock breakout emission luminosity
(Lspo) and temperature (Tspo) are determined by the ejecta
mass (M.;) and the radius of the progenitor star at the time of
shock breakout (Rsgp) as follows:

Lspo(t) = 7% x 2 x 10%(gy/K;3) 04!

X VIS IOROSI 016 erg 1, ©
Tipo(t) = 7713 x 2 x 10%(gy/Ki3) 0058
SRTLEY p2'0058 ROMOM K, (10)

where the first terms are correction factors to fix the improper
scalings (Bloom et al. 2012), g5 o< M,; /RSZBO represents surface
gravity, K;3=K/ (10" cgs) represents the nonrelativistic
degenerate equation of state constant (K) with u,~2 for
C+O WDs, Vo~ 0.6 and ps ~ 2g90'11 represent the shock
velocity and density, respectively, Rg s = Rspo/ (10%° ¢cm) and
ty=(t—to)/ (10%*s) represents the time since the epoch of the
explosion (7).

We fit the early light curves of SN 2018aoz during 0-8 days
since the first light (excluding the B-band light curve during
0-1 day) as a combination of power-law (for the underlying SN
emission) and shock breakout emission (for the infant-phase
excess emission). The best-fit shock breakout radius is Rggo
= (3.5-3.7) x 10° cm, or 0.050-0.053 R, where the lower and
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upper limits of the range represent the results obtained using
two cases of relatively small and large values of M; (= 0.80
and 1.05M,), respectively, for SN 2018aoz following the
methods of Sections 5.2 and 5.3.

This range of fitted Rsgo is larger than the Rggo that can be
reasonably expected for the progenitor of SN 2018aoz,
indicating that shock breakout is unlikely to be the origin of
the observed infant-phase excess emission. For a typical C+O
WD with mass of ~1.0 M, the shock breakout radius after the
possible expansion due to a deflagration phase is expected to be
~6 x 108 cm (Piro et al. 2010). While explosion asymmetry
can lead to a factor of <2 difference in the inferred Rsgo,
corresponding to the expected range of angular variation of
shock breakout luminosity for a compact progenitor (Afsar-
iardchi & Matzner 2018), an unreasonably intense deflagration
phase is still required to achieve such a large radius as the fitted
Rspo = (3.5-3.7) x 10° cm. Moreover, explosion mechanisms
dominated by deflagration typically leave substantial amounts
of unburnt carbon (Nomoto et al. 1984), while no C spectral
features are seen in SN 2018aoz (Section 7.5). For the case of a
He-shell DDet origin, which lacks a deflagration phase, the
radius of the best-fit He-shell DDet model progenitor for
SN 2018a0z—a 1.05 M, C+ O WD with a 0.01 M, He shell
—is only 5.14 x 10® cm (Paper I). In this case, while the He
shell can generally be expected to undergo some shock-driven
expansion during the He-shell DDet process, the fitted Rsgo of
(3.5-3.7) x 10° cm is unrealistic for the best-fit He-shell DDet
model progenitor due to the extremely small He-shell mass.

6. Nebular-phase Evolution: Constraints on the Progenitor
System and Explosion Mechanism
6.1. Nebular-phase Light Curves

Figure 1 compares the evolution of SN 2018a0z light curves
in the BVi (blue, green, and red circles) bands from the
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Table 6
Nebular-phase Broad Emission Line Fluxes
Phase® [Fe 1] [Co 1] [Fe 1] + [Ni11] 7290 A/ [Fe m]®
A4658 A A 5888 A AT155 A, 7378 A
ao—'¢ erg st em™?) ao—'4 erg st em™?) ao—'# erg st em™?)

+259.4 10.934 £+ 0.010 1.347 + 0.003 1.710 £ 0.003 0.1564 £+ 0.0003
+277.3 N/A 1.029 + 0.003 1.443 + 0.002 N/A
+296.4 7.629 £ 0.009 0.632 £+ 0.003 1.086 + 0.002 0.1424 £+ 0.0003
+382.5 2.658 + 0.005 0.245 + 0.002 0.580 £ 0.002 0.2181 £ 0.0008
Notes.

 Phases are measured in observer frame days since the B-band maximum.
® The ratio of the flux of the 7290 A feature to that of [Fe 111] (Polin et al. 2021

beginning to the nebular phase with those of normal Type Ia
SN 2011fe (dashed lines; Munari et al. 2013; Tsvetkov et al.
2013) that have been scaled to match the peak absolute
magnitude, Mp = —19.32 mag, and post-peak decline rate,
AM5(B) =1.12 mag, of SN2018aoz. The light curves of
SNe 2018a0z and 2011fe show a good agreement overall
throughout their evolution, especially in the B band, confirming
that the evolution of SN2018aoz in the nebular phase
continues to match those of normal Type Ia SNe. The
nebular-phase light curves of SN 2018ao0z decline linearly at
rates of 0.0131+£0.0001, 0.0129 +0.0001, and 0.0083 £
0.0003 mag day_1 in the B, V, and i bands, respectively, with a
BVi-averaged decline rate of 0.0127 mag day '. For compar-
ison, we measure the light-curve decline rates of SN 2011fe
during the nebular phase to be 0.0134, 0.0138, and 0.0099

mag dayfl in the B, V, and i bands, respectively.
6.2. Nebular-phase Spectra
Figure 2 shows the identification of nebular-phase

[Fe 111] A4658 A and [Co111] A5888 A features in SN 2018a0z
(red and green vertical regions, respectlvely) Whose ﬂux ratio
is associated with the evolution of “°Ni — °Co—
Fe radioactive decay in Type Ia SNe (Kuchner et al. 1994),
as well as that of a double-peak feature near 7290 A (blue
vertical region). The nebular-phase 7290 A feature of Type Ia
SNe can be from the [Call] A7291, 7323 A doublet, [Fell]
A7155 A [Ni] A7378 A or some combination thereof (Flors
et al. 2020; Polin et al. 2021). The double-peak 7290 A feature
observed in SN 2018a0z, as well as most normal events (e.g.,
SN 2011fe; Mazzali et al. 2015), is most likely dominated by
[Fe11] and [NilII] emission since the [Call] feature would not
be resolved as a doublet at typical Type Ia SN velocities (Polin
et al. 2021). For each of the four nebular-phase spectra of
SN 2018ao0z, Table 6 provides the measured fluxes of [Fe III],
[Co 111], and the 7290 A feature ([Fe ] + [NiI]), as well as the
ratios between the fluxes of the 7290 A feature to those of
[Fe 1] M658 A, called 7290 A/[Fe 1] hereafter. To obtain
uncertainties in the fluxes, we estimated noise levels by
smoothing each spectrum with a second-order Savitsky—Golay
filter with a width of lSOA which is <1/4 of the feature
widths. The average 7290 A/ [Fe ] ratio of 0.149 4+0.007
between 120 and 320 days since the peak for SN 2018aoz is
near the lower extreme of what has been found in normal Type
Ia SNe in the range of ~0.1-1.0 (Polin et al. 2021).

43 The I-band magnitudes of SN 2011fe were converted to the i band by
subtracting —2.51og,; (3631 Jy/2416 Jy).

).
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Figure 2 also shows the expected positions of narrow
emission lines of H, He, and O near Ha: A\6563 A, He1\5875,
6678 A, and [O 1] A6300, 6364 A, respectively. In Type Ia SNe,
these low-velocity lines may be produced by swept-up material
from the companion (e.g., Kollmeier et al. 2019) or CSM,
including disrupted companion material following a violent
merger (Kromer et al. 2013; Mazzali et al. 2022; Tucker et al.
2022). All of the lines appear to be absent in SN 2018aoz,
similar to most other Type Ia SNe (Mattila et al. 2005;
Leonard 2007; Shappee et al. 2013; Maguire et al. 2016;
Tucker et al. 2020), which argues against the presence of a
substantial amount of swept-up material (see below). By
injecting synthetic emission lines of H and He with an
FWHM = 1000kms~' into the observed nebular spectra,
modeling Doppler shifts from the rest-frame wavelength of up
to +£1000kms ', and estimating the rms of the local spectral
region following the methods of Sand et al. (2018b, 2019), we
find 30 flux upper limits for the Ho and He I lines. We do the
same for [OT1], but using an FWHM = 2000kms ™' and up
to £2000 km s~ ' Doppler shifts that can be expected for [OT]
(Taubenberger et al. 2013). Table 7 presents the measured
upper limits and their corresponding luminosities.

6.3. Constraints on the Nondegenerate Companion and CSM

We now place constraints on the presence of a nondegene-
rate companion or CSM from the violent merger case of double
degeneracy in the progenitor of SN 2018aoz based on the
absence of predicted emission lines from their unburned swept-
up material in the observed nebular-phase spectra. The ejecta of
Type Ia SNe are expected to strip/ablate ~0.1 M, of H- or He-
rich materials from a nondegenerate companion (e.g.,
Botyanszki et al. 2018), while in the case of a violent merger,
~0.1-0.7 M, of H-poor CSM composed of O or He can be
expected depending on the mass and composition of the
companion WD (Dan et al. 2014). Multiple spectral synthesm
studies have shown that even trace amounts (~10> M, o) of
low-velocity H will lead to observable nebular-phase Ha
emission (Mattila et al. 2005; Botyanszki et al. 2018; Dessart
et al. 2020). For H-poor material, some recent studies (Dessart
et al. 2020) find that <0.2 M, of O or He could be hidden by
metal line-blanketing while other studies find that even very
small amounts ~0.05M; of O (Mazzali et al. 2022) or
~107*M, of He (Botyanszki et al. 2018), would be
observable.

In Columns 5 and 6 of Table 7, we use the models of
Botyanszki et al. (2018) and Dessart et al. (2020), respectively,
to obtain upper limits on the masses of low-velocity H and He
based on the observed upper limits on the luminosities of their
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Table 7
Nebular-phase Emission Line Flux and Luminosity Limits
Flux Luminosity Mass
Line Phase® Limit Limit Limi® Mass Limit®
10~"
erg
s7! 10 erg (1074
cm?) s M. (107 M)
Ha \6563 A +259.4 54 3.2 4 10-16
+277.3 5.0 3.0 4 12-18
+296.4 6.3 3.8 5 16-24
+382.5 7.7 4.6 9 100-130
He 1 A\5875 A +259.4 10.0 6.0 25
+277.3 7.8 4.7 25
+296.4 9.0 5.4 33
+382.5 17.6 10.5 104
Hel A6678 A 42594 54 32 18
+277.3 6.7 4.0 25
+296.4 10.5 6.3 43
+382.5 7.7 4.6 55
[O1] A6300 A 42594 169 10.1
+277.3 17.6 10.5
+296.4 21.6 13.0
+382.5 25.8 15.5
[O 1] N\6364 A 42594 16.9 10.1
+277.3 21.1 12.6
+296.4 21.6 13.0
+382.5 25.8 15.5

Note. All implanted lines have peak fluxes corresponding to 3 times the local
rms with an FWHM = 1000 km 571, except for the He I A5875 A line, where
we used a peak flux of 4 times the local rms. We infer upper limits on the mass
of the emitting elements based on the luminosity limits and the model
predictions of Botyanszki et al. (2018)b and Dessart et al. (2020)°.

# Phases are measured in observer frame days since the B-band maximum.

lines. The range of values in Column 6 correspond to the range
of mass upper limits derived for the set of delayed detonation
as well as sub-Chandrasekhar-mass explosion models from
Dessart et al. (2020). As seen in the columns, even the most
conservative upper limits on H and He masses m SN 2018a0z
permit less than 1.3 x10 ?and 1.0 x10"?M,. of each,
respectively, making the presence of even a trace amount of
H extremely unlikely, as supported by both models, while
Botyanszki et al. (2018) would also exclude the presence of
significant He. Overall, the nebular-phase spectra of
SN 2018aoz disfavor the presence of a nondegenerate compa-
nion, and to a lesser extent, the large mass of H-poor CSM
expected from a violent merger. The presence of a main-
sequence or RG companion is especially disfavored by the H
constraints based on both Botyanszki et al. (2018) and Dessart
et al. (2020), while the He constraints based on Botyanszki
et al. (2018) would even disfavor a naked He-star companion.

6.4. Constraints on Sub-Chandrasekhar-mass and Asymmetric
Explosion Mechanisms

Nebular-phase spectra of Type Ia SNe can also offer
constraints on the explosion mechanism and geometry. In
particular, the strength of [CalI] emission near 7290 A can be
linked to the mass of the progenitor WD. Pure detonations of
low-mass WDs are expected to undergo incomplete burning
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due to their lower density (Polin et al. 2021), leading to the
production of Ca mixed with other Fe-peak elements, which
then cool efficiently via [Call] in the nebular phase (Hoeflich
et al. 2021; Polin et al. 2021). As explained above, the double-
peak 7290 A features seen in SN 2018a0z and most normal
Type Ia SNe (e.g., SN 201 1fe) are likely dominated by [Fe II]
and [Nill], indicating weak [Call] emission. This may imply
the explosion of a relatively massive WD. For instance, a
1.26 M, WD explosion can produce weak and double-peaked
emission near 7290 A as seen in SN 2011fe (Mazzali et al.
2015). Comparisons to the models of Polin et al. (2021) also
support a 2>1.2 M, WD explosion for the weak emission seen
in SN2018aoz (see Figure 14). In this case, however,
reconciling the relatively large total mass with the estimated
ejecta mass of SN 2018ao0z based on 1D modeling of its fast-
rising light curves (0.8—1.05 M,; Paper I) may rely on viewing
angle effects and explosion asymmetry, which can be caused
by tidal heating or a surface He-shell detonation (Iben &
Tutukov 1994; Iben et al. 1998).

Such an explosion asymmetry may leave imprints on other
lines in the nebular phase. In particular, the [Fe IT] A7155 A and
[Ni1] A7378 A emission features seen in normal Type Ia SNe
are expected to be Doppler shifted as a result of the motion of
the ejecta core in an asymmetric explosion mechanism (Maeda
et al. 2010b, 2010c; Li et al. 2021). Note that these two
emission features are dominated by single line transitions (with
a minor contribution from the weak [Fell] A7171 A line),
whereas other emission features of Fe-peak elements, including
[Fe 1] and [Co III], have contributions from a blend of broad
absorption features with wavelength separations smaller than
their typical line widths (Maeda et al. 2010b; Flors et al. 2020).
Thus, shifts in the central wavelengths of [FeIIT] and [Co III]
are not solely attributable to Doppler velocity. Figure 11 shows
that the peak wavelengths of the observed [FeII] and [Nill]
features are blueshifted in the nebular-phase spectra of
SN 2018a0z, corresponding to average velocities of
(=2.3+03) and (—1.6+0.7) x10* kms !, respectively.
These are among the most blueshifted velocities reported for
those features in Type Ia SNe (Maeda et al. 2010c; Li et al.
2021). For both asymmetric Chandrasekhar-mass explosion
mechanisms (Maeda et al. 2010b) and DDets (Boos et al.
2021), the observed velocities of Fe and Ni in SN 2018ao0z
point to a viewing angle where the primary component of the
ejecta core is approaching the observer. However, we note that
asymmetric explosions only provide faster-rising light curves
from viewing angles where the ejecta core is receding from the
observer (see Boos et al. 2021; Shen et al. 2021b) since those
directions provide higher ejecta velocities and lower densities,
which leads to shorter diffusion times. Thus, asymmetric
effects alone are unable to reconcile the fast-rising light curves
with a relatively large total ejecta mass. We discuss possible
explanations for these features in Section 8.3.

7. Comparison to the He-shell DDet Models

The B-band plateau and rapid redward B — V color evolution
of SN2018aoz within the first ~1 day post-explosion have
been attributed to the presence of an over-density of Fe-peak
elements in the outer 1% of the SN-ejected mass (Paper I). In
addition, the relatively short 15.3-day rise time of SN 2018aoz
among normal Type Ia SNe indicates that SN 2018ao0z either
(1) was a spherically symmetric explosion with a total ejecta
mass of ~0.8-1.0 M, which is significantly smaller than the
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Figure 11. The dereddened nebular-phase spectra of SN 2018aoz (black)
zoomed in on the [Fe I1] and [Ni II] features whose rest-frame wavelengths are
indicated with blue vertical lines. The red circles are the peaks of the emission
features obtained by fitting polynomials (n = 12; green curves) to the spectra.

Chandrasekhar mass of ~1.4 M., or (2) was an asymmetric
explosion. Among the proposed explanations for the distribu-
tion of Fe-peak elements in the outer ejecta of SN 2018a0z—
off-center deflagration, gravitationally confined detonation, and
He-shell DDet—only He-shell DDet is compatible with a sub-
Chandrasekhar total ejecta mass (Kromer et al. 2010; Woosley
& Kasen 2011; Polin et al. 2019). Below we examine the
compatibility between the other observed properties of
SN 2018a0z and a set of 1D He-shell DDet model predictions.

7.1. He-shell DDet Simulations

For our comparisons, we primarily use the set of thin He-
shell DDet models from Paper I with core C + O WD and He-
shell masses ranging from 1.00-1.10and 0.01-0.012 M,
respectively, created following the methods of Polin et al.
(2019). The modeling process involves two stages. First, we
perform hydrodynamic simulations with full nucleosynthesis
using Castro, a compressible hydrodynamics code built on the
AMReX framework (Almgren et al. 2010; Zingale et al. 2018).
After the SN ejecta has reached homologous expansion we
perform radiative transport calculations with Sedona (Kasen
et al. 2006) in order to produce synthetic light curves and
spectra of our models. The only way our methods differ from
the Polin et al. (2019) study is that we begin our radiative
transport simulations earlier than the previously published
models (beginning at 0.1 day instead of 0.25 day) in order to
model the natal epochs observed in SN 2018ao0z. In Paper I, we
found that the model with a 1.05 M., WD + 0.01 M, He shell
provided the best fit to the early (0-8 days since the first light)
B —V color and near-peak BVi luminosity evolution of
SN 2018a0z. Here, we provide an expanded comparison
between these models and both the infant-phase and near-peak
properties of the SN. We supplement these with comparisons to
the predictions for the nebular-phase emission line ratios of the
sub-Chandrasekhar-mass He-shell DDet models from Polin
et al. (2021).

7.2. Comparison to Infant-phase Evolution

Figure 12 compares the observed early color and light curves
(filled black circles) of SN 2018ao0z with those (colored curves)
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predicted by the He-shell DDet models during the first 5 days.
As noted in Paper I, the 1.05 M. WD + 0.010 M., He-shell
model (magenta curves) provides the best fit to the early B — V
color evolution of SN2018aoz, including the timing and
magnitude of the rapidly evolving NRB-phase color. All of the
models, on the other hand, poorly fit the observed V — i color,
significantly overpredicting the amount of reddening observed.
This discrepancy could be due to either (1) a line effect, such as
differences in the modeled and observed strength of Call
features in the 7 band around 8000 A due to Ca produced by the
initial He-shell detonation (Polin et al. 2021), or (2) a
continuum effect, such as differences in the color temperature
that are influenced by the radioactive heating rate (Section 8.5).

In addition, none of the current suites of models can fit the
early light curves entirely during the first 5 days (right panels),
although some can reproduce the observed light-curve evol-
ution of the SN at various phases. From 0.5 day onward, the
cyan and magenta models (1.10 and 1.05M. WDs with
0.010 M, He shells) provide the best fits, although both models
significantly underpredict the observed luminosity over the
earliest <0.5 day. On the one hand, as noted in Paper 1, it is
only necessary to add an additional 1.1 x 10~ M_, of He to the
best-fit model to match the <0.5 day luminosity, as shown by
the brown curves (1.05M. WD + 0.0111 M. He shell),
demonstrating the high sensitivity of model predictions to the
He-shell mass. However, this model provides a worse fit to the
subsequent light curves during 0.5-5 days, the timing and
duration of the early color evolution (left panels), and near-
peak observations (see Section 7.3 below) of SN 2018a0z than
the magenta model. The implications of these discrepancies are
discussed in Section 8.5 below.

7.3. Comparison to Maximum-light Properties

Figure 13 compares the near-peak spectrum of SN 2018a0z
with that of the He-shell DDet models. All of the models
predict clear absorption features in the vicinity of the observed
Sil, S 1, FeII/1I, and Ca Il features in SN 2018a0z, as labeled
at the top of the left panel. The models with 1.05 M., WD mass
provide the best match to the observed spectral features.

Figure 14 (top panel; adapted from Polin et al. 2019,
Figure 11) compares both the peak luminosity and ejecta
velocity, measured by the peak B-band magnitude and Sill
velocity, of SN 2018a0z to those of the He-shell DDet models
along with other Type Ia SNe and previously published He-
shell DDet models from Polin et al. (2019). The cyan and red
models provide the best matches to the observed peak B-band
magnitude and ejecta velocity of SN2018aoz (orange star),
respectively, while the magenta model with a 1.05 M, WD +
0.010 M, He shell provides the closest match when both
features are simultaneously considered. However, we note that
there is some separation between SN 2018aoz and the models.
In particular, Polin et al. (2019) identified two broad
populations of SNe within this plot: an apparent clustering at
Vpeak (Si1I) ~11,000 km s ! and high peak magnitudes, and a
non-clustered population with a tail extending to higher
velocities. The former is mainly composed of CN and 91T-
like Type Ia SNe, while the latter is composed of BL and 91bg-
like events (see Figure B1, bottom panel). As noted by Polin
et al. (2019), the He-shell DDet models exhibit a peak
brightness and velocity relationship (black-dashed line) that
generally follows the BL/91bg-like tail. Several key predicted
features of He-shell DDet are also prevalent among SNe from
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Figure 12. The early observations of SN 2018aoz (black circles), including the dereddened color (left panels) and light (right panels) curves in the rest frame, are
compared to the outcomes of the He-shell DDet simulations (colored curves) labeled with WD mass + He-shell mass in M. The inverted arrow (top-right) is a

detection limit at an S/N of 2.

the BL/91bg-like tail, including sub-Chandrasekhar inferred
ejecta masses (Scalzo et al. 2019) and lack of C spectral
features (Maguire et al. 2014), consistent with a He-shell DDet
origin for them (Polin et al. 2019). For SN 2018aoz, the
measured values of My (peak) = —19. 319i0009 mag and
Vpeak (S11D) = (11.43 £0.12) x 10° kms™ place it close to the
boundary between the CN/91T-like cluster and the BL/91bg-
like tail populations, consistent with its intermediate nature
between CN and BL (Section 3.3), though it is more similar to
events from the CN/91T-like cluster overall.

While SN 2018a0z could simply be an edge case between
these two populations, in some other maximum-light features
there is even less agreement between SN 2018a0z and the He-
shell DDet models. In Figure 14 (middle panel), we add
SN 2018aoz to Figure 12 from Polin et al. (2019), which plots
the peak B-band magnitude, Sill velocity, and B — V color,
Biax —Viax, for a population of Type Ia SNe (circles) and He-
shell DDet models (squares). Polin et al. (2019) noted that most
objects from the BL/91bg-like tail population in this plot of the
peak B-band magnitude versus peak Sill velocity exhibit red
Biax —Vmax consistent with the models, further suggesting a
common He-shell DDet origin. In contrast, SN 2018aoz with a
relatively blue Byax —Vimax of —0.093 +0.013 is more consis-
tent with the clustered CN events.

7.4. Comparison to Nebular-phase Properties

The nebular-phase flux ratio of the 7290 A emission feature
to [Felll] A\4658 A (7290 A/ [Fen]; Section 6.2) from
~120-320 days since the peak has also been suggested to
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distinguish He-shell DDet events from other normal Type Ia
SNe (Polin et al. 2021). He-shell DDet models typically
produce substantially more Ca than what is predicted in
Chandrasekhar-mass explosions as a result of incomplete
nuclear burning in the core of sub-Chandrasekhar-mass WDs,
which may be observed as strong [Ca II] emission near 7290 A
in the optically thin nebular phase (Section 6.4). In the bottom
panel of Figure 14 (adapted from Polin et al. 2021, Figure 9),
we compare SN 2018a0z to the same population of Type Ia
SNe and set of He-shell DDet models as in the top panel with
the color scale now representing their nebular-phase 7290 A/
[Fe 1] ratios. As noted by Polin et al. (2021), SNe from the
BL/91bg-like tail show stronger contributions from [Cali],
leading to larger 7290 A/ [Fe 111] ratios consistent with the He-
shell DDet model predictions, while those from the CN/91T-
like cluster have smaller ratios. For SN 2018ao0z, its relatively
small 7290 A/ [Fem] ratio of 0.149+0.007 once again
identifies it with the SNe from the CN-subtype cluster, which
are inconsistent with the He-shell DDet models.

7.5. Search for Carbon

Another key prediction of He-shell DDet models is efficient
carbon burning, which leaves <10™> M, of unburnt carbon in
the SN ejecta (Polin et al. 2019) in contrast to the substantial
amount (~0.03 M) typically predicted by some other explo-
sion models such as pure deflagration (Nomoto et al. 1984) and
pulsating delayed detonation (Hoflich et al. 1995). We search
for the C 11 \6580 A absorptlon feature near Sill \6355 A that
has been used to examine the presence of carbon in Type Ia SN
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Figure 13. The dereddened spectrum of SN 2018ao0z (black and gray curves)
from 1.9 days before the B-band maximum in the rest frame (~13.9 days since
explosion) is compared to the outcomes of the same-colored He-shell DDet
simulations of Figure 12 from the nearest post-explosion phase for various WD
and He-shell masses as labeled (WD mass + He-shell mass in M..). For a clear
comparison, the simulated spectra have been smoothed by boxcar convolution,
resulting in effective spectral resolutions of R = 300.

ejecta (Parrent et al. 2011; Blondin et al. 2012; Maguire et al.
2014). As detailed below, although CII 6580 A is expected to
be visible if the carbon mass fraction in the photosphere is
greater than ~0.005 (Heringer et al. 2019), we detect no such
feature in SN 2018a0z throughout its evolution. This indicates
that the carbon mass fraction is below this value in most layers
of the ejecta of SN 2018a0z, compatible with the He-shell DDet
prediction. We note, however, that the absence of unburnt
carbon is also possible for some non-DDet explosion models
(e.g., pulsating delayed detonations with very slow deflagration
speeds; Hoflich et al. 1995).

Figure 15 compares the predicted spectral evolution
(magenta curves) of the best-fit He-shell DDet model
(1.05M, WD + 0.010 M., He shell) to the observed spectra
of SN 201820z until approximately the B-band maximum. We
find an absence of the C11 \6580 A feature in all the spectra
starting from as early as 4.4 days since the first light (—11.0
days since the B-band maximum), consistent with a lack of
unburnt carbon throughout most layers of the ejecta. However,
the lack of earlier spectroscopic observations before 4.4 days of
probing carbon in the fast-expanding outer ejecta potentially
allows a substantial amount of unburnt carbon to be hidden in
the outer ~30% of the ejected mass (Equation (2)). Note also
that C 11 in Type Ia SNe has been detected as early as —15 days
since the B-band maximum (Parrent et al. 2011), earlier than
our first spectroscopic observations. In some cases, the CII
feature fades to become undetectable long before the B-band
maximum (Brown et al. 2019); however, in NUV-blue events
(e.g., SN 201 1fe; Pereira et al. 2013), the C 11 \6580 A feature
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Figure 14. The distribution of Mp (peak) vs. vpeq (SiIl) of SN 2018a0z (filled
stars) and the outcomes of our He-shell DDet simulations (filled diamonds with
the same colors as the models from Figures 12 and 13) compared with that of
other SNe (circles) and He-shell DDet models from (Polin et al. 2019, top and
middle panels) and (Polin et al. 2021, bottom panel), where My (peak) and vpeax
(Sill) represent the peak B-band absolute magnitude and Sill velocity,
respectively. (Note that the two parameters of the other SNe used in Polin
et al. 2019, 2021 are originally from Zheng et al. 2018.) The dashed curves
represent the relationship between the two parameters predicted by the He-shell
DDet models (filled squares in the middle and bottom panels) of Polin et al.
(2019) with 0.01 M, He shells. The colors of the data points in the middle
panel correspond to Bpax —Vimax magnitudes (right-hand y-axis), while those of
the filled data points in the bottom panel correspond to the nebular-phase
7290 A/ [Fe 1] line ratio. The SNe with large Bpax —Vimax magnitudes (red-
colored circles in the middle panel) and large 7290 A/ [Fe 11] ratios (blue-
colored circles in the bottom panel) scattered near the dashed lines have been
suggested to be produced by He-shell DDets (Polin et al. 2019, 2021).

is almost always visible until roughly the B-band maximum
(see Milne et al. 2013, and references therein). Since
SN 2018a0z is an extremely NUV-blue event (Section 3.2),
the absence of C II from —11 days since the B-band maximum
in the source appears to be an exceptional case.

8. The Nature of SN 2018a0z and Implications for the
Origins of Type Ia SNe
8.1. Nature of the Companion Star

Our analyses of the early light curves (Section 4) and
nebular-phase spectra (Section 6.3) of SN 2018a0z indicate that
the binary companion of its progenitor is most likely a
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Figure 15. (Left) The dereddened early spectra of SN 2018aoz (black) are
compared to the predictions of the best-fit He-shell DDet model (1.05 M., WD
+ 0.010 M., He shell; magenta curves) in the rest frame, as labeled in days
since the B-band maximum. For a clear comparison, the model spectra have
been filtered by boxcar convolution, resulting in effective spectral resolutions
of R = 300. (Right) Same as the left panel, but showing unfiltered model
spectra zoomed in on the vicinity of the observed Si Il absorption feature. The
observed (black) spectra are translated downward (gray) by subtracting a
constant value for better comparison with the best-fit He-shell DDet model
predictions (magenta). The approximate minima of the observed Si Il features
and the expected relative positions of the C II absorption feature are shown with
black- and gray-dashed lines, respectively. Note that C II is not visible in any of
the spectra.
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secondary WD. First, our analysis of the early light curves
disfavors binary companions larger than low-mass (a few solar
mass) main-sequence stars based on the absence of their ejecta-
companion interaction emission, leaving low-mass main-
sequence stars at large viewing angles (=80°) naked He stars,
and WDs as the most likely possibilities for the companion.
Note that all three possibilities have been predicted to be
involved in Type Ia SN explosions (Maoz et al. 2014). Second,
our modeling of the nebular-phase spectra of SN 2018aoz
further disfavors low-mass main-sequence stars and naked He
stars as follows. In the single-degenerate scenario, the SN
ejecta is expected to strip/ablate ~0.1-0.5 M, of H-/He-rich
material from the companion (Dessart et al. 2020), and most
models predict that this leads to H emission in the nebular
phase (Mattila et al. 2005; Botyanszki et al. 2018; Dessart et al.
2020) while one model also predicts He emission (Botyanszki
et al. 2018). Our modeling of the nebular-phase spectra permits
51072 M., of each element, disfavoring the single-degenerate
scenario for SN 2018a0z, consistent with what has been found
in 94% of Type Ia SNe (Tucker et al. 2020). We note, however,
that disagreements between current model predictions for the
emission from early ejecta-companion interactions
(Kasen 2010; Kutsuna & Shigeyama 2015) and from
stripped/ablated materials in the nebular phase (Botyanszki
et al. 2018; Dessart et al. 2020) preclude a definitive
determination of the companion nature based on these analyses
for now.

Although we cannot rule out a single-degenerate progenitor
for SN 2018a0z, we can almost completely rule out the case for
an RG companion, as predicted in the classical single-
degenerate scenario. Such a companion likely requires an
extreme viewing angle in order to hide the ejecta-companion
interaction in the early phase and emission from stripped/
ablated H in the nebular phase, as supported by multiple
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models (Mattila et al. 2005; Kasen 2010; Kutsuna &
Shigeyama 2015; Botyanszki et al. 2018; Dessart et al.
2020). The He-star channel for Type Ia SNe is also a less
favorable progenitor for SN 2018aoz due to the short (<0.2
Gyr) delay time of the channel after star formation (Wang &
Han 2010). This delay time is difficult to reconcile with the
immediate environment of the SN due to the lack of recent star
formation therein. Metal abundance ratios 240" from the center
of NGC 3923 reflect an old (~8-14 Gyr) stellar age in those
regions (Kim et al. 2012), while recent star formation in the
halo of NGC 3923 where SN 2018aoz was found is even less
feasible. The lack of recent star formation at the SN location is
also supported by the lack of local dust extinction (Sakurai
et al. 2013), as evidenced by the absence of Nal doublet lines
at the host galaxy redshift (Paper I).

8.2. Origin of the Infant-phase Excess Emission

We have shown that three mechanisms are capable of
producing the observed infant-phase excess emission in
SN 2018a0z (Section 5): (1) radioactive heating by surface
Fe-peak elements; (2) ejecta interaction with the binary
companion; or (3) ejecta interaction with CSM. Since the
presence of surface Fe-peak elements is also required to explain
the observed B-band suppression, it is likely that at least some
of the emission is due to radioactive heating by those same Fe-
peak elements. However, the luminosity produced will depend
sensitively on both the specific nucleosynthetic products in the
outer ejecta (which will vary with the explosion mechanism) as
well as the degree of gamma-ray trapping. Indeed, as shown in
Section 7.2, it is possible for physical models to produce the
level of B-band suppression needed to explain the NRB, while
underpredicting the infant-phase luminosity. Thus, ejecta
interactions with the binary companion and/or CSM may also
contribute to—and potentially dominate—the luminosity at
early times.

Within this context, we note that both the ejecta-companion
and ejecta-CSM interaction cases for the origin of the infant-
phase excess emission in SN 2018aoz are compatible with its
favored double-degenerate progenitor (Section 8.1). In the case
of ejecta-companion interaction, the observed infant-phase
excess emission requires a small binary companion size,
consistent with either a WD, He star, or low-mass (a few solar
mass) main-sequence star (Section 5.2).

In the case of an ejecta-CSM interaction, CSM with a small
mass and radius is required, consistent with what is expected
from the companion accretion process (Section 5.3). The mass
of CSM needed for the observed infant-phase excess emission
(51073 M) and our strongest constraints on swept-up H from
the nebular-phase spectra (<4 x10°*M..; Table 6) further
requires the fractional mass of H in the total CSM mass to be
<50%. These mass requirements are compatible with H-poor
CSM originating from the accretion process of either a WD or
He-star companion.

8.3. Explosion Geometry and Progenitor Mass

As noted in Paper I and Section 7, the relatively short 15.3
days rise time of SN 2018aoz indicates that SN 2018aoz was
either (1) a spherically symmetric explosion with a low total
ejecta mass of ~0.8—1.0; or (2) an asymmetric explosion. The
weak strength of [Call] emission in the nebular phase of
SN 2018aoz disfavors the former (Section 6.4). However, in
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the remaining case of a high ejecta mass asymmetric explosion,
the extreme blueshifts of the observed nebular-phase [Fe IT] and
[Ni I1] features in SN 2018ao0z conflict with the observation of a
short rise time (Section 6.4).

We examine three possible scenarios that can explain the
weak [Call] emission and blueshifts of [Fell] and [Nili]
emission in the nebular-phase 7290 A feature of SN 2018aoz
simultaneously with its short rise time.

1. SN2018a0z may originate from the explosion of a
relatively high-mass (>1.2M.) WD, where complete
nuclear burning in the core results in weak nebular-phase
[Cat] emission. The explosion can be moderately
asymmetric, resulting in blueshifted [Fell] and [NilI]
lines in the nebular phase from a viewing angle where the
ejecta core is approaching the observer. In this case, the
fast-rising light curves of SN?2018aoz can only be
explained by the presence of a preceding dark phase
(Piro & Nakar 2013). However, this scenario is
disfavored for two reasons. First, we found no evidence
of a long (>1 day) dark phase in SN 2018ao0z (Paper I)
based on its observed ejecta velocity evolution (Piro &
Nakar 2014). Second, for an asymmetric Chandrasekhar-
mass explosion, such a viewing angle would be less
compatible with the presence of surface Fe-peak
elements, which is primarily predicted in the direction
where the ejecta core is receding from the observer (e.g.,
Maeda et al. 2010a).

2. Alternatively, the explosion of a high-mass WD could be
compatible with the fast-rising light curve if the ejecta
core is receding from the observer. In this case,
blueshifted [Fell] and [Nill] lines in the nebular phase
may require them to be optically thick, causing the
shielding of the receding part of the ejecta by the
approaching part. Note that Fe-peak elements have been
suggested to act as a Fe curtain, blocking the radiation
from obstructed regions (Leonard 2007; Dessart et al.
2020).

3. SN 2018a0z may originate from the asymmetric explo-
sion of a lower-mass WD. Since nuclear burning is more
complete in the densest regions of the ejecta, which is
near the off-center point of carbon ignition, Ca produc-
tion increases toward the low-density opposing direction
(e.g., Boos et al. 2021). For a highly asymmetric
explosion, there could be limited overlap between the
distributions of Ca- and Fe-peak elements in the core,
resulting in weak [Call] emission in the nebular phase
(Hoeflich et al. 2021; Polin et al. 2021). For a moderately
asymmetric explosion where the core is approaching the
observer, shielding of the most Ca-rich regions by parts
of the intervening core may cause blueshifted [Fe I1] and
[Nil] to dominate the 7290 A feature if their lines are
optically thick.

8.4. Implications for the Asymmetric Chandrasekhar-mass
Explosion Mechanism

One possible origin of surface Fe-peak elements associated
with the observed B-band suppression in SN 2018aoz is
subsonic mixing in an asymmetric Chandrasekhar-mass explo-
sion (Paper I), which has long been theorized to produce
normal Type Ia SNe and their observed properties. In
particular, the relationship between the observed light curves
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of Type Ia SNe and AM,5(B) (i.e., Phillips relation; Phillips
et al. 1999), as well as the residual differences in their peak
luminosities, peak colors, and nebular-phase [Fe II] and [NiII]
line shifts, have been found to be attributable to viewing angle
effects and the details of the deflagration-to-detonation
transition in the model (Kasen et al. 2009; Maeda et al.
2010c, 2010b, 2011). A Chandrasekhar-mass explosion is also
the main scenario that is thought to produce Type Ia SNe with
weak [Ca IT] emission in the nebular phase (Mazzali et al. 2015;
Polin et al. 2021), such as SN 2018aoz, since complete nuclear
burning in the core of high-mass WDs produces little Ca.
However, as explained in Sections 6.4 and 8.3, both the short
rise time and presence of surface Fe-peak elements in
SN 2018a0z point to a viewing angle where the ejecta core is
receding from the observer under the asymmetric Chandrase-
khar-mass explosion scenario. Reconciling the receding motion
of the ejecta core with the observed blueshifts of nebular-phase
[Fe 1] and [NiII] in SN 2018a0z may thus require those lines to
remain optically thick until ~380 days post-peak.

Between low-mass (a few solar mass) main-sequence and
WD companions for the progenitor system of SN 2018aoz
(Section 8.1), the former is more compatible with the standard
Chandrasekhar-mass explosion model, though it would require
modifications to models that predict material will be stripped/
ablated from the companion and visible at late times
(Botyanszki et al. 2018; Dessart et al. 2020). In contrast, if
the companion is a WD, then this scenario faces a number of
constraints due to the accretion process between WDs often
being dynamically unstable (Shen 2015) and tending to result
in either a He-shell DDet or a violent merger. The former
(=He-shell DDet) leads to a different explosion mechanism as
discussed below (Section 8.5), while the latter (=violent
merger) is disfavored by the absence of unburnt O and He
signatures in the nebular phase (Section 6.3). To avoid
dynamically evolving toward He-shell DDet or violent merger,
the case of a Chandrasekhar-mass explosion for SN 2018a0z
under double degeneracy may require a relatively massive and
rare primary WD that is already near the Chandrasekhar mass
(~1.4 M) at the start of accretion, significantly larger than that
of most WDs in the range of 0.5-0.8 M (Tremblay et al. 2016).
Alternatively, a violent merger is still possible if the nebular-
phase O and He emission lines are hidden by metal line-blanket
absorption. In this case, the observed infant-phase excess
emission would need to be from surface radioactive heating
since a premerger explosion is required for both (1) ejecta-
companion interactions to occur and (2) ejecta-CSM interaction
properties to be compatible with the infant-phase observations
(Section 5.3).

8.5. Implications for the He-shell DDet Explosion Mechanism

He-shell DDet is another explosion mechanism that naturally
explains the presence of surface Fe-peak elements associated
with the observed B-band suppression in SN 2018aoz (Paper I).
1D simulations of thin He-shell DDets (Section 7) are able to
reproduce the rapid B — V color evolution of the NRB phase in
SN 2018a0z, as well as its overall spectroscopic features and
light curves, with the 1.05M. WD + 0.010 M. model
providing the best fit. Thus, a He-shell DDet origin for
SN 2018a0z would confirm the predictions of recent theoretical
models indicating that detonations of He shells as thin as
0.01 M., can successfully trigger Type la SNe, including
normal events. In addition to the presence of surface Fe-peak
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elements, SN 2018a0z also exhibits a number of other features
that may be explained by a He-shell DDet origin. This includes
(1) the absence of C spectral features (Section 7.5), (2) the short
observed rise time, which can be explained by a sub-
Chandrasekhar ejecta mass (Paper I), and (3) the small inferred
companion size (Section 8.1), as the typical progenitor
channels for He-shell DDets involve accretion from a He-star,
He-WD, or He/CO hybrid companion (Guillochon et al. 2010;
Shen & Bildsten 2014).

However, SN2018aoz fails several additional diagnostic
criteria proposed by Polin et al. (2019, 2021) that are used to
recognize this explosion mechanism. First, the current suite of
He-shell DDet models cannot entirely reproduce the infant-
phase features of SN 2018a0z (Section 7.2). The 1.05 M., WD
+ 0.010 M, He-shell model is the only He-shell DDet model
that can match the early (<5 days since the first light) B — V
color evolution of SN 2018a0z associated with surface Fe-peak
elements; however, this model underpredicts the observed
luminosity of the infant-phase excess emission and produces
early (<4 days) V—i colors that are redder than observed.
Second, although SN 2018aoz exhibits properties in common
with both CN and BL subtypes of Type Ia SNe (Section 3.3),
its blue near-peak color appears to be more compatible overall
with the bulk of CN events as opposed to the swath of BL (and
also 91bg-like) events that show reddened near-peak colors
predicted to be caused by ashes of the He-shell detonation
(Section 7.3). Third, compared to the He-shell DDet models of
Polin et al. (2021) and other Type Ia SNe, the nebular-phase
7290 A/[Fe ] flux ratio observed in SN 2018a0z is much
lower than what is predicted in the models as well as what is
observed in the BL/91bg-like events suspected to be from He-
shell DDet (Section 7.4).

Thus, the observed properties of SN2018aoz appear less
compatible with the model predictions overall and show a
closer resemblance to SNe that are not suspected of being thin
He-shell DDets than SNe that are. This disfavors the He-shell
DDet explosion mechanism for the origin of SN 2018ao0z, or at
least requires modifications to the standard scenario of thin He-
shell DDets as described by Polin et al. (2019, 2021). The first
two discrepancies may be attributable to differences in the
ashes of the initial He-shell detonation between the models and
SN 2018a0z, which would impact both the radioactive heating
rate in the infant phase and spectroscopic features near the
maximum light (Magee et al. 2021). Different nucleosynthetic
yields may be possible if the evolutionary path leads to a He
shell with different initial conditions (e.g., composition,
density) from those adopted by the models. The under-
prediction of early luminosity by the best-fit He-shell DDet
model may also indicate that an additional source of luminosity
beyond radioactive heating is required at early times (e.g.,
shock interaction).

In contrast, the production of nebular-phase [Ca II] emission
in sub-Chandrasekhar-mass explosions primarily depends on
the total mass of the progenitor WD and the relative
distribution of Ca and radioactive Fe-peak elements in the
ejecta core. Recent multidimensional He-shell DDet simula-
tions have found that the explosion mechanism is inherently
nonspherically symmetric (e.g., Boos et al. 2021), and its
viewing angle effects have been suggested to explain the
different ejecta velocities of Type Ia SNe from the CN and BL
subtypes as well as their differences in peak colors and nebular-
phase [Fe 1] line shifts (Li et al. 2019; Boos et al. 2021). The
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asymmetric explosion can also shift the distributions of Ca and
Fe-peak elements. As noted in Section 8.3, nuclear burning in
an asymmetric sub-Chandrasekhar-mass explosion is more
complete near the ignition point of the central carbon, which
results in the distribution of Ca being offset toward the opposite
side of the ejecta core. Thus, a viewing angle where the Ca-rich
region is shielded by the core may result in [Ca II] being hidden
if the [Fell] and [Nill] lines remain optically thick in the
nebular phase. Weak [Call] emission may also result from a
sub-Chandrasekhar-mass explosion with a higher total mass
(e.g., 1.26 M; Mazzali et al. 2015). However, as with the case
of a Chandrasekhar-mass explosion (Section 8.4), reconciling
the short rise time of SN 2018a0z with the high ejecta mass in
this case may still require optically thick [Fe IT] and [Ni II] lines.
More detailed multidimensional modeling is necessary to
ascertain if such effects can explain the observations of
SN 2018a0z.

8.6. The D/\6 Scenario

One specific He-shell DDet scenario that may yield initial
conditions varying from the hydrostatic models of Polin et al.
(2019, 2021) and also arises from the favored double-
degenerate progenitor of SN 2018aoz is a DA6 (Shen et al.
2018), scenario. DA6 is a proposed origin for Type Ia SNe
wherein dynamic (unstable) accretion during the coalescence of
a double-degenerate binary composed of two WDs leads to a
Type Ia SN triggered by He-shell DDet. While detailed models
would be necessary to assess the overall consistency of
DAG6 with observations of SN 2018aoz, motivated by the
possible requirement of additional emission sources beyond
radioactive heating at early times (Section 8.5), we show below
that DAG6 also naturally provides infant-phase emission at the
level observed in SN 2018a0z via ejecta interactions with CSM
and/or the companion.

First, due to the dynamic nature of the accretion, a torus of
CSM is expected to be present around the primary WD at the
time of explosion (e.g., Guillochon et al. 2010; Pakmor et al.
2013). As detailed in Section 5.3, the small mass and radius
(<0.007 M., and <10'"cm) of CSM required to fit the
observed infant-phase excess emission is compatible with
CSM properties predicted in hydrodynamic simulations of this
accretion process. Note that the fitted CSM properties were
obtained by assuming an ejecta mass of 1.05 M., which is
favored by He-shell DDet models (Section 7.1).

Second, models have shown that when all nuclear reactions
are considered (Shen & Moore 2014) the He-shell DDet of the
primary can occur during the early phases of dynamical
accretion, before the companion WD has been fully disrupted
(Pakmor et al. 2013). Thus, for the D A 6 scenario, ejecta
interaction with the companion should occur. Dynamically
unstable mass transfer between two WDs is expected for mass
ratios 0.2 (Shen et al. 2018), corresponding to companion
masses of >0.2 M., for a 1.05 M, primary. Adopting the
temperature of ~3.0 x 10*K for a tidally heated He WD in
Roche overflow and the corresponding mass—radius relation-
ship (Panei et al. 2007), the expected separation for a 0.2 M,
He WD is ~1.2 x10'° cm while larger companion masses lead
to smaller separation distances. These separations overlap with
the lower end of the binary separation distances (6.8 x 10° cm;
Section 5.2) that can fit the observed infant-phase excess
emission for an assumed ejecta mass of 1.05 M. In addition,
rapid mass loss during dynamical accretion is expected to both
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widen the binary and inflate the donor WD (Kremer et al.
2015), indicating that both higher mass He WDs and He/CO
hybrids could also provide non-negligible contribution to the
infant-phase excess emission of SN 2018aoz in the DA6
scenario.

We note that if either ejecta-companion or ejecta-CSM
interaction is the origin of the observed infant-phase excess
emission under DA6, two distinct physical processes would be
required to produce the infant-phase features of SN 2018aoz:
line-blanket absorption by surface Fe-peak elements produced
in the He-shell DDet; and shock interaction from the ejecta
colliding with either the companion or CSM. While these
processes are naturally predicted together in the DA6 scenario
at the low-luminosity level probed by the infant-phase
observations of SN 2018aoz, we emphasize that there are
currently no theoretical models that consider the observational
outcomes of both processes simultaneously.

8.7. Implications for the Explosion Mechanisms of Normal
Type la SNe

The exact explosion mechanism of SN2018aoz remains
uncertain—as neither asymmetric Chandrasekhar-mass explo-
sion nor He-shell DDet models are currently capable of
explaining all of the observations. However, whatever its
nature, the explosion mechanism of SN 2018aoz appears to
produce a Type Ia SN with normal properties after the infant
phase, indicating that it is a potentially prevalent explosion
mechanism among Type Ia SNe. As shown in Section 3.3,
SN 2018ao0z is intermediate between the CN and BL subtypes
of normal Type Ia SNe—corresponding to 38% and 30% of the
entire Type Ia SN population (Blondin et al. 2012),
respectively—and shares spectroscopic similarities with both
groups. Thus, assuming that the reported infant-phase features
first identified in SN 2018aoz are found among spectro-
scopically similar SNe, then an explosion mechanism capable
of producing normal Type la SNe with surface Fe-peak
elements may be responsible for up to 68% of Type la SNe
from these two normal subtypes.

9. Summary and Conclusion

The observations of SN 2018aoz starting from the infant
phase (<1 day since the first light) and continuing to the late
nebular phase (=200 days since the peak) have provided one of
the most extensive sets of clues for understanding the origin
and evolution of a Type Ia SN. We summarize our main results
and conclusions as follows.

1. The near-peak light curves and spectroscopic features of
SN 2018a0z show that it is intermediate between the CN/
NV and BL/HV subtypes of normal Type Ia SNe,
manifesting its nature as a normal event. The evolution of
its B— V and V — i colors after the infant phase are also
consistent with those of other normal Type Ia SNe, while
the infant-phase color evolution is revealed for the first
time, showing the rapid reddening of both colors over the
first ~0.5 day (or NRB). SN 2018aoz belongs to the
NUV-blue group of normal Type Ia SNe based on its
UV-optical colors, with some of the bluest UV-optical
colors reported in the group prior to the B-band
maximum. No C spectral features are detected throughout
the SN evolution beginning from the first spectrum ~4.4
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days since the first light, which is exceptional among
NUV-blue events while similar to typical BL events.

. The early BVi-band light curves of SN 2018aoz during

0-7 days consist of three components wherein two infant-
phase features are embedded in an underlying power-law
component that rises overall during the period. The two
infant-phase features are the (1) B-band plateau during
~0-1 day (Paper I) and (2) excess emission during
0.08-0.42 day, together resulting in the NRB color
evolution.

. The B-band plateau feature has been attributed to B-band

suppression by surface Fe-peak elements (Paper I), while
we find that three mechanisms can contribute to the
observed infant-phase excess emission: (1) radioactive
heating by the surface Fe-peak elements; (2) ejecta shock
interaction with the binary companion; and (3) ejecta
shock interaction with CSM.

. Shock breakout is unlikely to be a significant contributor

to the infant-phase excess emission.

. A small companion—such as a WD, He star, or low-mass

(a few solar mass) main-sequence star—is required to
attribute the infant-phase excess emission to ejecta-
companion interaction, and the absence of H and He
emission lines throughout the nebular phase favors the
WD companion. The presence of an RG companion is
particularly incompatible with the observed luminosity
over the first few days, while the environment of the SN
in the halo of the NGC 3923 elliptical galaxy argues
against short delay-time companions, including He stars
as well as high-mass giants.

. Attributing the infant-phase excess emission to ejecta-

CSM interaction requires a CSM distribution with a small
total mass (<0.007 M) and radius (<10'cm) at the
time of explosion, more consistent with what is expected
during the binary accretion process than after a violent
merger. The presence of CSM from a violent merger is
further disfavored by the absence of He and O lines in the
nebular phase.

. The weak strength of nebular-phase [CaII] emission and

the observed blueshifts of [FeIl] and [NilI] are not well
explained by either explosions of high- or low-mass
WDs. Both cases may require [FeII] and [NiII] lines to
remain optically thick until ~380 days since the peak in
addition to explosion asymmetry.

. Our 1D thin He-shell DDet simulations are capable of

explaining the observed B—V NRB color evolution
associated with the B-band suppression by surface Fe-
peak elements, overall evolution of optical luminosity
and spectra, and absence of C spectral features in
SN 2018a0z. However, the model that best matches the
observed B—V color evolution of the SN fails to
reproduce its infant-phase excess emission and early
V —1i color. In addition, in a number of observed
properties that have been suggested to identify the
explosion mechanism, including Bpa.x —Vmax and nebu-
lar-phase [Cali]/[Fe 1] line ratio, SN 2018a0z is more
similar to the bulk of CN Type Ia SNe, as opposed to the
population of BL/91bg-like SNe that closely resemble
the He-shell DDet models. Modifications to the standard
thin He-shell DDet scenario (e.g., explosion asymmetry)
may ameliorate some of these discrepancies.
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9. Both asymmetric Chandrasekhar-mass explosion and the
DAG6 scenario accommodate the presence of surface Fe-
peak elements and the observed infant-phase excess
emission in SN 2018aoz. However, neither model is
currently capable of explaining all of the observations.
The normal Type Ia nature of SN 2018aoz and its
spectroscopic similarity with a significant fraction of the
Type Ia SN population indicates that SN 2018a0z shares
a common origin with at least some fraction of normal
events, assuming that the reported infant-phase features
first identified in SN 2018aoz are found among spectro-
scopically similar SNe.

10.

Our analyses highlight the importance of (1) deep, high-
cadence survey observations that are capable of probing the
low-luminosity signals of Type Ia SNe in their earliest phases
and (2) follow-up observations of light curves and spectra over
the entire evolution of the SN until the nebular phase. As the
only Type Ia SN to date with sufficiently early (=~0-0.5 day)
and deep (=~ —10 to —12 absolute AB magnitudes) multi-
band observations to detect the infant-phase B-band suppres-
sion and excess emission, SN2018aoz can provide an
important point of reference for future efforts to model crucial
physical processes in the infancy of Type Ia SN explosions.
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Appendix A
Optical Color Evolution After the Infant Phase

The color evolution of SN 2018aoz after the infant phase is
characterized by phase transitions at —4.6, 10.4, and 26.0 days
since the B-band maximum, marked by the second, third, and
fourth vertical dotted lines in Figure 4, respectively. These
epochs are roughly aligned with the primary peak, the onset of
the secondary rise, and the secondary peak of the i-band light
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curve. These mark four clear phases of Type Ia SN color
evolution first described by Moon et al. (2021).

1. Between the first and second color transition epochs,
during the i-band primary rise, the B—V color of
SN 2018a0z evolves blueward by 0.4 mag while the
V —i color evolves redward by 0.4 mag before both
colors become stalled prior to the second color transition
epoch. The blueward B — V color evolution during this
phase is consistent with that of the early-red group of
Type Ia SNe (Stritzinger et al. 2018), dominated by
normal events. During this phase, the B —V color is
thought to evolve blueward as a result of increased
heating from *°Ni within the ejecta as it is revealed by the
SN expansion (Piro & Nakar 2014; Hoeflich et al. 2017).
While SNe have rarely been observed with V — i color in
such early epochs, the redward V — i color evolution of
SN 2018a0z during this phase appears similar to those of
SN 2004D (Patat et al. 1996) and KSP-OT-201509b
(Moon et al. 2021), two normal Type Ia SNe from the
over- and subluminous extremes, respectively, attributed
to the evolution of spectral features in the i bands (Moon
et al. 2021), e.g., Call (Parrent et al. 2012, see Figure 1
therein).

2. By the second color transition epoch, near the i-band
primary peak, both B — V and V — i colors have reversed
their direction of evolution, evolving redward and
blueward, respectively. The redward B — V color evol-
ution has been attributed to the development of Fe-peak
absorption features in the B band and the blueward V —i
color evolution to the continued temperature increase as
deeper deposits of “°Ni within the ejecta continue to be
exposed by the SN expansion (Moon et al. 2021).

3. While the B — V color sustains redward evolution by 1.0
mag until the fourth color transition epoch, the V—i
color, after evolving blueward by 1.0 mag, changes
direction again at the third color transition epoch,
coinciding with the onset of the secondary rise in the i
band. The i-band secondary rise, which is due to the
increased line opacity in the B and V bands from the
recombination of Felll (Kasen 2006), causes the V —i
color to evolve redward by 1.2 mag until the fourth color
transition epoch.

4. After the fourth color transition epoch, near the i-band
secondary peak, both B—V and V —i colors evolve
linearly blueward at rates of 0.013 and 0.009 mag day ',
respectively, as the SN enters the Lira law phase (230
days post-peak). During this phase, the intrinsic B —V
colors of Type Ia SNe evolve blueward linearly,
following the Lira law (Phillips et al. 1999).

The dotted line in Figure 4 (top panel) represents the Lira
law evolution of the B — V color of Type Ia SNe from Burns
et al. (2014), which provides a Lira law slope of —0.011 mag
day ' for sz, = 0.797. The difference of ~0.003 mag day '
between the observed B — V slope of SN 2018aoz in the Lira
law phase and that of the Lira law is consistent with the
observed range of scatter in the B — V slopes of Type Ia SNe in
the Lira law phase (~0.004 mag day '; Burns et al. 2014).
Thus, we find that a simple vertical shift corresponding to a
reddening of E(B— V) = 0.09 mag, assuming Ry = 3.1, is
sufficient to match the Lira law to the observed color evolution
of SN 2018ao0z. This reddening is consistent with the Galactic
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extinction expected toward the direction of the source,
supporting a negligible amount of extragalactic extinction for
SN 2018a0z as expected from its location in the halo of
NGC 3923.

Appendix B
Light-curve Classification

The classification of SN 2018aoz as a normal Type la SN
that is intermediate between the CN and BL subtypes
(Section 3.3) is supported by its near-peak light curves as
follows. Figure Bl (top panel) compares the peak B-band
absolute magnitude and AM,5(B) light-curve parameters of
SN 2018ao0z to those of other Type Ia SNe from the CN, BL,
91bg-like, and 91T-like subtypes. The parameters of
SN 2018ao0z are consistent with both CN and BL subtypes of
the normal Type Ia SNe, while they are inconsistent with the
subluminous /fast-declining 91bg-like and the overluminous/
slow-declining 91T-like events. This confirms that SN 2018aoz
is normal, belonging to either CN or BL, though the two
subtypes are not clearly distinguished based on their light-curve
properties alone. The bottom panel compares the peak Sill
velocity and AM5(B) of SN 2018a0z with those of other Type
Ia SNe from the same four subtypes as in the top panel. As seen
in the panel, the CN and BL subtypes are more easily separated
by these two parameters. The Sill velocity and AMs(B) of
SN 2018a0z are each consistent with both CN and BL
subtypes, while the SN itself is located within the CN-subtype
cluster. This confirms that SN 2018a0z exhibits properties in
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Figure B1. (Top) Comparison of AM,s(B) and My of SN 2018a0z (orange
star; Paper I) measured in the rest frame with those of other Type Ia SNe (gray
crosses, Burns et al. 2018). The colored circles represent the average values for
the four main subtypes of Type Ia SNe (Parrent et al. 2014): CN (blue), BL
(cyan), 91bg-like (green), and 91T-like (red). (Bottom) Comparison of
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common with both CN and BL subtypes, consistent with its
intermediate classification, though the SN may be more similar
to CN/NV than BL/HV events overall.

We note that for a normal Type Ia SN, the pre-peak light
curves of SN 2018aoz rise exceptionally fast. Population
studies of Type Ia SNe find rise times of 18-25 days from
the first light to the B-band maximum in normal events by
fitting power-laws with indices of 2 to the early light curves
(Riess et al. 1999; Aldering et al. 2000; Conley et al. 2006),
while rise times of 15-22 days are found when the power-law
index is freely fitted (Miller et al. 2020b). The 15.32 day rise
time of SN 2018a0z, measured using a power-law fit with a free
index (Ni et al. 2022), is consistent with what has been found in
normal events, but near the low end of the distribution.

Appendix C
Effect of Infant-phase B-band Suppression on Companion
Constraints

In our analyses in Section 4, we excluded the B-band light
curve of SN 2018a0z during 0-1 day since the first light from
the comparisons between the observed brightness and the

Ni et al.

model prediction from ejecta-companion interactions.
Figure B2 is the same as Figure 9, but obtained by comparing
the entire BVri early light curves of SN 2018aoz during 0-3
days, including those of the B-band plateau (top-left panel).
The inclusion of the B-band plateau results in much stronger
constraints on the companion by disallowing separation
distances from ~10'" to ~4 x 10'* cm for almost all viewing
angles (Figure B2, right panel). This substantially increases the
likelihood of small companions (i.e., WD or He star) for
SN 2018a0z, with main-sequence and subgiant companions of
>1 M, now essentially excluded and those with smaller masses
(i.e., M or K dwarfs) only allowed for a more limited range of
viewing angles of ~90°-180°. These clearly show that,
compared to the Vri bands, the early B-band light curve of
SN 2018a0z over-constrains its companion to favor much
smaller ones as a result of being suppressed by surface Fe-peak
elements (Paper I). Our results suggest that caution needs to be
exercised in general when future observations probing the
infant-phase evolution of Type Ia SNe are used to constrain
physical parameters of progenitors and explosion mechanisms,
such as the companion size based on comparing the model
brightness and light curves.
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