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Abstract

We present observations and analysis of the hostless and luminous Type Ia supernova 2022ilv, illustrating it is part
of the 2003fg-like family, often referred to as super-Chandrasekhar (Ia-SC) explosions. The Asteroid Terrestrial-
impact Last Alert System light curve shows evidence of a short-lived, pulse-like early excess, similar to that
detected in another luminous Type Ia supernova (SN 2020hvf). The light curve is broad, and the early spectra are
remarkably similar to those of SN 2009dc. Adoptlng a redshrft of 7=10.026 £ 0.005 for SN 2022ilv based on
spectral matching, our model light curve requires a large *°Ni mass in the range 0.7—1.5 M, and a large ejecta mass
in the range 1.6-2.3 M_,,. The early excess can be explained by fast-moving SN ejecta interacting with a thin, dense
shell of circumstellar material close to the progenitor (~10'* cm) a few hours after the explosion. This may be
realized in a double degenerate scenario, wherein a white dwarf merger is preceded by the ejection of a small
amount (~10>-10"% M) of hydrogen and helium-poor tidally stripped material. A deep pre-explosion Pan-
STARRSI stack indicates no host galaxy to a limiting magnitude of r ~ 24.5. This implies a surprisingly faint limit

for any host of M,
metallicity environments.

= —11, providing further evidence that these types of explosions occur predominantly in low-

Unified Astronomy Thesaurus concepts: Supernovae (1668); Type la supernovae (1728)

Supporting material: machine-readable table

1. Introduction

A rare subclass of Type la supernovae (SNe Ia) is often
referred to as “super-Chandrasekhar” Ia or [a-SC. The
observational properties of this subclass are defined by the
prototype SN 2003fg (Howell et al. 2006) along with SNe
2006gz, 2007if, and 2009dc (Hicken et al. 2007; Scalzo et al.
2010; Taubenberger et al. 2011), among others. Their broad
light curves would require >1 M., of radioactive *°Ni and well
over a Chandrasekhar mass (Mcy,) of ejecta. However, we now
understand that this is a diverse subclass of objects (Ashall

et al. 2021), with peak luminosities ranging from
ME™ ~ —19.1 for ASASSN-15hy (Lu et al. 2021) to
M;;“k ~ —20.4 for SN 2006gz and SN 2009dc (Scalzo et al.

2010; Taubenberger et al. 2011).

The subclass is generally characterized by high luminosities,
broad light curves, relatively low expansion velocities, and
high ultraviolet (UV) and near-infrared (NIR) luminosities,
posing a challenge for theoretical models (Taubenberger 2017).
Most of these events do not follow the width—luminosity

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

relation, typically showing negative Hubble residuals (Ashall
et al. 2021).

Early observations a few hours to days past explosion are a
vital diagnostic tool for investigating the SN Ia explosion
mechanism and nature of the binary companion (Maoz et al.
2014). A significant fraction (~20%) show evidence of a flux
excess in their early light curves (Magee et al. 2020; Deckers
et al. 2022). Multiple physical mechanisms have been proposed
—SN ejecta colliding with a binary companion within the
single-degenerate scenario (e.g., Kasen 2010), SN ejecta
interacting with extended circumstellar material (e.g., Levanon
& Soker 2017), the presence of °Ni clumps in the outermost
layers of the ejecta (e.g., Shappee et al. 2019), and helium shell
detonations occurring on the WD surface in the double-
detonation scenario (e.g., Polin et al. 2019).

Recently, an early flux excess was detected for the peculiar,
luminous Ia SN 2020hvf by Jiang et al. (2021), who invoked
circumstellar material (CSM) interaction involving ~1072 M.,
of extended material at a distance of ~10'> cm. A tentative
early excess was also reported for ASASSN-15pz (Chen et al.
2019) and LSQ 12gpw (Jiang et al. 2018). It is possible that the
early excess is ubiquitous in this subclass, which may help
understand their progenitor channel. In this paper, we present
another clear discovery of a flux excess in the early light curve
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Table 1
Summary of Photometric Observations of SN 2022ilv and SN 2020hvf
SN MID Mag Error Instrument Filter
2022ilv 59689.38 19.36 0.28 ATLAS o
2022ilv 59690.52 >20.02 . ATLAS o
2022ilv 59691.26 19.44 0.15 ATLAS o
2022ilv 59692.48 18.64 0.09 ATLAS c
2022ilv 59694.49 17.70 0.03 ATLAS o
2022ilv 59695.21 17.36 0.02 ATLAS o

Note. All magnitudes are in the AB system.

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

of a luminous Type Ia (SN 2022ilv) with extensive photometric
and spectroscopic data and light-curve models.

2. Discovery and Follow-up

SN 2022ilv was discovered by the Zwicky Transient Facility
(ZTF; Bellm et al. 2019) on 2022 April 24.30 UT, or MJD
59693.30, at a magnitude of » = 18.32 £ 0.07. It was classified
by Burke et al. (2022) on MIJD 59698.63 as a super-
Chandrasekhar SN Ia (Ia-SC) at a redshift of z=0.031.

We independently flagged it as a “real” transient in the
Asteroid Terrestrial-impact Last Alert System (ATLAS; Tonry
et al. 2018b) survey data on MJD 59692.48, a day prior to ZTF
discovery (Smith et al. 2020). The ATLAS units covered the
position of SN 2022ilv on four epochs (each with 4 x 30s)
between 59689.39 and 59992.48, all before the ZTF discovery
(see Section 3.1).

We triggered follow-up photometric and spectroscopic
observations of SN 2022ilv at the 2m Liverpool Telescope
(LT; Steele et al. 2004) under programs PL22A20 and
PL22B16 (PI Srivastav), and PL22A13 (PI Dimitriadis).
Point-spread function (PSF) photometry in griz was calibrated
against Pan-STARRS1 (PS1) reference stars and the u band
was calibrated using Sloan Digital Sky Survey (SDSS) data.
ZTF magnitudes in gr bands were obtained through the Lasair
broker'? (Smith et al. 2019). We also obtained images in the iz
bands using the 1.8m Pan-STARRS2 (PS2) telescope
(Chambers et al. 2016). The PS2 data were processed through
the Image Processing Pipeline (IPP; Magnier et al. 2020), and
image subtraction was performed using PS1 37 survey data
(Chambers et al. 2016) as reference.

SN 2022ilv was also observed by the Ultraviolet and Optical
Telescope (UVOT; Roming et al. 2005) on Swift (Gehrels et al.
2004). Four epochs of imaging were obtained and photometry
was performed using the uvotsource task within the High
Energy Astrophysics SOFTware (HEASOFT) package, follow-
ing Brown et al. (2009).

The photometry of SN 2022ilv and SN 2020hvf is summar-
ized in Table 1.

2.1. Search for the Host Galaxy

There is no host galaxy candidate coincident with the SN
location visible in the Pan-STARRS1 37 images (Chambers
et al. 2016) or the Dark Energy Camera Legacy Survey
(DECaLS; Dey et al. 2019) and no galaxies with a cataloged
spectroscopic redshift in the NASA Extragalactic Database
(NED) within a 4/5 radius of SN 2022ilv. We combined 328

12 https: / /lasair-ztf.Isst.ac.uk /object/ZTF22aahhywm/
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pre-explosion Pan-STARRS1 w-band (a broad g+r—+i
composite filter) exposures, with a total effective exposure of
7800s, to create a deep reference stack. The stacked image
(Figure 1) does not reveal a candidate host galaxy at the
location of SN 2022ilv. Assuming (w — r) ~ 0, we estimate a
30 limiting magnitude of r 2 24.5 mag (AB). Depending on the
adopted distance (see Section 2.2), the upper limit on the host
luminosity is M, 2 — 11 to —10.

The two sources with the least angular offset to the SN
location are marked in the w-band stack (Figure 1). Source 1,
offset by 172 east and 3”4 south of SN 2022ilv, is a red point-
like source, a likely foreground star. Source 2, offset by 10”4
west and 3”5 south, is an extended source and was considered
a potential host galaxy candidate. A spectrum of the galaxy,
obtained from the Inamori Magellan Areal Camera and
Spectrograph (IMACS) instrument on the Magellan telescope
on 2022 May 20, reveals emission lines at a redshift z~0.11,
clearly incompatible with any reasonable classification for
SN 2022ilv.

2.2. Redshift and Distance

In the absence of a host galaxy redshift, the redshift was
constrained using the spectral template matching tool SNID
(Blondin & Tonry 2007). We added the spectra of 2003fg-like
events SN 2007if (Scalzo et al. 2010) and SN 2009dc
(Taubenberger et al. 2011) to the SNID template library that
already contained the spectra of SN 2006gz. The top matches
on SNID are consistent with SN 2009dc and SN 2006gz for the
premaximum spectra. The spectra of SN 2022ilv show
excellent matches with SN 2009dc and SNID favors a low
redshift of z=0.020-0.022. For SN 2006gz, SNID favors a
higher redshift of z=0.030-0.032. Fits to normal SNe Ia
spectra are inferior around the maximum and premaximum
epochs, although not unreasonable postmaximum. Normal SN
Ia spectra at maximum do not show the prominent and
persistent C1I feature exhibited by SN 2022ilv, which is a
signature of 2003fg-like SNe. The normal SN Ia matches
require a redshift of z=10.030-0.035, implying peak absolute
magnitudes of M, < —20 for SN 2022ilv, incompatible with
normal SNe Ia. Based on the matches with SN 2006gz and SN
2009dc, we adopt a mean redshift of z = 0.026, with a range of
0.021 < z<0.031. Assuming a flat universe with {2,; = 0.3 and
adopting Hy=70 km s~' Mpc ™' implies a mean luminosity
distance of 114 Mpc with a range 91—136 Mpc (distance
modulus z = 35.287039 mag). For the subsequent analysis, we
present the properties of SN 2022ilv at this range of distances.

3. Light Curve and Spectral Data
3.1. Early Flux Excess

We manually performed forced photometry on all the 30's
difference images from ATLAS over the supernova duration
and before discovery. This forces a PSF fit that is obtained from
the individual input images prior to subtraction at the mean
position of the source. The forced photometry flux (f=* f..,) is
calibrated with stars in RefCat2 (Tonry et al. 2018a) in units of
microjansky (uJy). We compute a combined weighted flux (F)
from the fluxes (f;) measured in the quad of exposures on a
nightly basis, using weights dependent on the measurement
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Figure 1. ATLAS and Pan-STARRSI images for the field of SN 2022ilv. Top row (left to right): median-combined ATLAS input images on MJDs 59689.38,
59690.52, and 59691.26 and the reference ATLAS template used for the subtraction. Middle row: median-combined ATLAS difference images on MJDs 59689.38,
59690.52, and 59691.26 and the deep Pan-STARRS1 w-band stack with an effective exposure time of 7800 s. Bottom row: median-combined ATLAS input image on
MID 59689.38 and the Pan-STARRSI reference stack. The SN position is marked by the cross-hairs. Two sources closest to the SN position are marked. Source 1 is a
foreground star, and source 2 is a galaxy at z ~ 0.11, and thus ruled out as a host galaxy candidate for SN 2022ilv.

uncertainties, w; = fz_e?r

Ziwi X ﬁ
ZiWi .
This results in a 3.9¢ detection on MJD = 59689.38 (median

time of the quad) in the o band at F=65.7+16.8 uJy or

0=19.36 0.28 mag. The stacked measurements show 5o

detections on MJD 59691.26 and beyond, but we see a
nondetection in the intervening epoch of MJD 59690.52, at

F= (1)

F=233+11.9 uly, corresponding to a 30 upper limit of
0 >20.02). To illustrate the reliability of these combined flux
measurements on the individual frames, we also coadded the
images. The four individual 30 s exposures on each of the MJD
epochs 59689.38, 59690.52, and 59691.26 were aligned and
combined with median coaddition (Figure 1). Visual inspection
of the coadded input and difference images confirms the
presence of residual flux at the SN location on MJD 59689.38,
followed by no obvious detection the next day, on MID
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Figure 2. Multiband light-curve evolution of SN 2022ilv (colored symbols), compared to SN 2020hvf (this work) and the luminous SN 2009dc (Silverman et al. 2011;
Taubenberger et al. 2011). The absolute magnitudes for SN 2022ilv were computed for the assumed distance of 114 Mpc (corresponding to z = 0.026). The shaded
regions represent the range of absolute magnitudes for a distance range of 91-136 Mpc. Inset for the o-band light curve (middle right panel) shows the early excess

detected by ATLAS. All magnitudes are in the AB system.

59690.52. A clear 50 detection is recovered on the following
day MJD 59691.26, with SN 2022ilv subsequently showing the
usual SN-like rise. The detection on MJD 59689.38 and the
subsequent non-detection on MJD 59690.52 indicates a short-
lived early excess in the light curve of SN 2022ilv. The
timescale of this excess is similar to that of SN 2020hvf (Jiang
et al. 2021). Although we do not have as high-cadence
observations for SN 2022ilv as those for SN 2020hvf, we do
have an extra ATLAS observation that further constrains the
sharp SN 2020hvf rise shown by Jiang et al. (2021).

3.2. Multiband Light Curves

The multiband light-curve evolution of SN 2022ilv is shown
in Figure 2. Also shown are the light curves of SN 2020hvf
(this work) and SN 2009dc (Silverman et al. 2011; Tauben-
berger et al. 2011). The observed magnitudes of SN 2022ilv
and SN 2020hvf were corrected for foreground Galactic
extinction (Schlafly & Finkbeiner 2011), with Ry, =3.1 and E

(B—V)=0.11 and 0.04, respectively. The UBVRI magnitudes
of SN 2009dc were converted to ugriz using the transforma-
tions prescribed by Jester et al. (2005). For a meaningful
comparison, we convert the extinction-corrected apparent
magnitudes to absolute magnitudes, assuming p = 35287039
for SN 2022ilv (Section 2.2). The shaded region in the plot
shows the range of absolute magnitudes for the range in
distance (91-136 Mpc) for SN 2022ilv.

The large uncertainty in the distance translates to a large
uncertainty in the peak absolute magnitude for SN 2022ilv,

with Mgpeak = —19.89.039. Even at the lower distance limit of

91 Mpc, the peak luminosity of SN 2022ilv is M;’eak > —19.4,
comparable to or more luminous than that of normal SNe Ia.
The g-band decline rates for SN 2022ilv and SN 2020hvf are
identical, Am,s(g) =0.58 + 0.05. The derived g-band decline
rate for SN 2009dc is also similar within uncertainties,
Amy5(g) =~ 0.56 +0.04. SN 2009dc was very luminous, with
a derived MP*™* ~ —20.3.
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Figure 3. Bolometric light curves of SN 2022ilv (1600-23500 A), SN 2020hvf (1600-19000 A), and SN 2009dc (1600-23500 A). The shaded region represents the
luminosity range for SN 2022ilv given the uncertainty in the distance. Inset shows the fractional flux contribution from optical, UV, and NIR bands to the total

bolometric flux of SN 2009dc. Dashed lines represent the best-fitting Arnett models for each SN.

3.3. Bolometric Light Curves

The quasi-bolometric light curves of SN 2022ilv and
SN 2020hvf were computed from the broadband optical
ugcroiz magnitudes using the SuperBol code (Nicholl 2018).
The UV-optical-NIR bolometric light curve of SN 2009dc was
computed from the published photometry using the same
method for consistency. For SN 2020hvf, we also compute a
UV-optical-NIR bolometric light curve using the UVOT and
LT H-band photometry.

Since SN 2022ilv and SN 2009dc show a similar spectral
evolution (Figure 4), we compute the time-dependent fractional
UV (uwvw2 —m2 — wl) and NIR (JHK) contribution to the
bolometric flux for SN 2009dc and apply those corrections to
compute a UV-optical-NIR bolometric light curve for
SN 2022ilv assuming a similar fractional contribution in the
UV and NIR. The bolometric light curves of SN 2022ilv
(1600-23500 A), SN 2020hvf  (1600-19000 A), and SN
2009dc (1600-23500 A) are shown in Figure 3. The shaded

region represents the range of luminosity for SN 2022ilv for the

distance range. The inset shows the time-dependent fractional
flux  contribution from the optical (UBVRI), UV
(uvw2 —m2 —wl), and NIR (JHK) to the bolometric light
curve of SN 2009dc. We use the Arnett model (Arnett 1982;
Valenti et al. 2008) to estimate explosion parameters from the
bolometric light curves. We fit for >°Ni mass My;, ejected mass
M., kinetic energy E, and rise time f. and fix the opacity at
x£=0.1 cm® g~'. The photospheric velocity Vpn from the Sill
A6355 velocity around maximum for each SN was measured to
constrain the fits. For SN 2022ilv, we measure
9000 < vpp < 12,000kms ™', depending on the adopted red-
shift, leading to explosion parameters in the ranges
My; ~0.7-1.5 M, Mej ~1.6-2.3 M, and Es; ~ 0.8-2.0 foe.

3.4. Spectral Features

The spectra of SN 2022ilv are almost identical to the
luminous, carbon-rich SN 2009dc (Figure 4) for an adopted
redshift of z=0.021. SN2022ilv shows a prominent CII
A6580 feature in the —8.9 day spectrum that is comparable in
strength to the Sill A6355 feature, with CII A\7234 also
detected. This C II feature persists until well beyond maximum
and is clearly detected in the +9.1day spectrum for
SN 2022ilv, as in the case of other 2003fg-like events. For
the mean adopted redshift of z = 0.026 £ 0.005 for SN 2022ilv,
we deduce a Sill \6355 velocity of ~11,500 km s at
—8.9 days, slowing down to ~10,200 kms~! at +4.0 days,
with a systematic uncertainty of 1500 kms~' owing to the
uncertainty in redshift.

The CII 6580 feature is also detected in the —8.9 day
spectrum of SN 2020hvf. It is weaker than the other two and
does not persist beyond the epoch of maximum. SN 2020hvf
shows very high expansion velocities, particularly in the pre-
maximum phase. The broadened and asymmetric Sill 6355
line profile in SN 2020hvf likely has a contribution from a
high-velocity ejecta component. Using a Gaussian fit, we
deduce a Sill expansion velocity of 20300+ 700 kms™' at
—16.9 days, falling to 12800+ 600 kms™' by +1.1 days.
Broad O 1 A\7774 is also detected in the —16.9 days spectrum at
a comparable velocity of 20200 4+ 800 km s

4. Analysis of the Early Flux Excess

An early flux excess was detected in high-cadence ATLAS
observations of the field of SN 2022ilv (Section 3.1), the
timescale (~1 day) of which is comparable to that detected in
SN 2020hvf (Jiang et al. 2021). ATLAS also caught
SN 2020hvf during the early excess phase (Figure 5); however,
the 2 day cadence at the time meant that positive identification
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Figure 4. Our LT spectra (with SPRAT) of SN 2022ilv and SN 2020hvf (this work), plotted with the spectra of SN 2009dc (Taubenberger et al. 2011) at similar
epochs for comparison. The spectra of SN 2022ilv and SN 2020hvf will be made available on the Weizmann Interactive Supernova Data Repository (WISeREP;

Yaron & Gal-Yam 2012).

of this feature was not possible. The most promising scenario to
explain this pulse-like, short-lived early excess involves the
interaction of fast-moving SN ejecta with dense, confined CSM
(e.g., Piro & Morozova 2016; Jiang et al. 2018). The CSM is
shock-heated and subsequently cools, powering this initial peak
(Piro 2015). Following the one-zone analytic formulation of
Piro (2015) for the interaction-powered emission, the timescale
of the excess depends on the amount of extended CSM as

1/2
tp%( ) |

Here, M. is the mass of the extended CSM, « is the electron-
scattering opacity of the material, and v, is the velocity of the
shocked CSM. The fraction of kinetic energy from the ejecta
that is deposited into the CSM (E.) depends on the SN ejecta
mass (M) and Kinetic energy (Es;) as

M.k

Ve C

2

-0.7 0.7
M .
E.~4 x 109 E5)| — M.\ 3)
M, 0.01 M,
The peak luminosity for the emission is given by
E.R.
L,~ ——". “)
P 2

p

Here, R, is the initial extent or inner radius of the extended
CSM. The radius of the extended material as a function of time
is R(t)=R.+ v.t. The time-dependent interaction-powered

luminosity is thus denoted as

d |

where . is the characteristic expansion timescale, f. = R./Ve.
We note that the model is quite degenerate, and the interaction-
powered luminosity (Equation (5)) is sensitive to the choice of
several parameters such as M., x, and Es;, which in turn
depends on ejecta mass M,; and the bulk photospheric velocity
for the ejecta, vp,. Equation (2) suggests that the timescale of
the emission depends primarily on the CSM mass M.. The
duration of the pulse therefore provides an important constraint
on the amount of extended material around the WD progenitor.
The peak luminosity of the pulse, on the other hand, depends
mainly on the radial extent of the CSM rather than its mass
(Equation (4)).

Using the constraints from modeling the bolometric light
curve of SN2022ilv (Section 3.3), we fix M.~2 Mg and
Vph ~ 10,000 km s~!. Given the degeneracy in the model and
the uncertainty on distance, we expect these parameters to be
uncertain by a factor of ~2. The electron-scattering opacity was
set at k=02 cm® g ' assuming hydrogen-poor CSM
(Piro 2015). For extended material present at a distance of
R.~10" cm, the resulting ejectaCSM interaction and
subsequent shock-cooling is expected to produce a luminous
excess mostly in the optical/UV (Raskin & Kasen 2013). The

1+ 2t)

t.E
L) = ==ex 5)
12 217
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Figure 5. Top panel: ATLAS o-band absolute magnitude light curve of
SN 2022ilv, with the synthetic o-band Piro (2015) model for the interaction-
powered early excess and a power-law fit to the radioactively driven
subsequent rise. The composite model (sum of the two) is shown as a dashed
line. A SNEC-based CSM model (EEx) computed by Jiang et al. (2021) to
explain the short-lived early excess emission observed in SN 2020hvf is shown
for comparison. Bottom panel: the Tomo-e (clear filter) light curve of
SN 2020hvf from Jiang et al. (2021), along with our ATLAS photometry that
enhances the sampling of the published pulse. Inset: a zoomed-in plot showing
a comparison of the early excess feature in SN 2022ilv and SN 2020hvf. Since
SN 2020hvf has a longer rise time, the light curve of SN 2022ilv was shifted by
~1 day to match with SN 2020hvf.

luminosity of the excess emission detected by ATLAS, at
M, ~ —16.2 mag, is consistent with CSM present at R, ~ 10"*
cm. Finally, the ~1day timescale of the excess emission
indicates a small amount of CSM. We find that a CSM mass of
M. ~ 107> M_, provides a reasonable fit to the observed excess.
Assuming blackbody emission, we estimated a temperature for
the shock-heated CSM, and model light curves in different
bands were computed from synthetic photometry using
synphot (STScl Development Team 2018).

The post-excess, rising o-band light curve of SN 2022ilv was
fit with a simple power law (Firth et al. 2015) as

F=a(t — )" (6)

The constant «, time of explosion #,, and the exponent n
were varied as free parameters and the best-fit values are
n=155+0.18, 1 =59689.66+0.69 (corresponding to
—17.8 £ 0.7 rest-frame days relative to the g-band maximum).
A composite model for the early light curve was computed by
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summing the flux from the ejecta—CSM interaction model of
Piro (2015) and the power-law model of the radioactively
driven rise (see Figure 5). Also shown is the synthetic V-band
light curve computed by Jiang et al. (2021) to explain the
observed early excess in SN 2020hvf. The Jiang et al. (2021)
model involves a more sophisticated treatment for the density
profile of the extended CSM formulated by Piro & Morozova
(2016), and synthetic light curves were computed using the
SuperNova Explosion Code (SNEC; Morozova et al. 2015).

The Jiang et al. (2021) model for the early excess of
SN 2020hvf provides a very reasonable fit, without any scaling
in time or luminosity axes, to the early excess and subsequent
rise for SN 2022ilv. The timescale of our Piro (2015) model is
comparable to that of the Jiang et al. (2021) EEx model.
However, we note that Jiang et al. (2021) estimate a CSM mass
of 1072 M., roughly an order of magnitude higher than our
estimate based on the simpler analytic approach.

The inset in Figure 5 shows the early excess feature in the
two events SN 2022ilv and SN 2020hvf. Although the features
are comparable in terms of luminosity and timescale, we are
limited in constraining the CSM properties due to the
uncertainty in the distance for SN 2022ilv and the cadence of
the observations. Although the uncertainty in distance yields
large uncertainties on the explosion parameters for SN 2022ilv,
the mean M. of ~2 Mg is similar to that inferred for
SN 2020hvf. Assuming the CSM opacity ~ and timescale #, of
the two events is similar, Equation (2) suggests that the higher
photospheric velocity of SN 2020hvf around peak (~13,000
km s~ ', in contrast to ~10,000 kms~' for SN 2022ilv) would
imply a higher CSM mass for SN 2020hvf compared to
SN 2022ilv by a factor of ~1.3. High-cadence, multiband
observations of these early excess features in more such Ia-SC
events will reveal further insights into the properties of the
CSM around their WD progenitors.

5. Discussion and Conclusions

The early excess detected in these two peculiar and luminous
SNe Ia (SN 2020hvf and SN 2022ilv) was tentatively also
detected in the 2003fg-like events ASASSN-15pz (Chen et al.
2019) and LSQ12gpw (Jiang et al. 2018). This feature could be
common within the family of carbon-rich, luminous SNe Ia.
The short timescale of the excess, low intrinsic volumetric rate
of these events, and limitations in cadence and sensitivity of
surveys are factors that may have curtailed previous discov-
eries. Rapid real-time detection and follow-up of this early
excess feature in more such events will enhance our under-
standing of the nature of the progenitor.

A lingering question for 2003fg-like events is whether the
high luminosities of the main peaks are purely radioactively
driven, or if interaction with surrounding material boosts the
(otherwise normal) luminosity. Super-Mc, WD progenitors
have been invoked for many 2003fg-like events (Taubenber-
ger 2017) to explain their extreme properties. Such super-Mcy,
models succeed in reproducing the high luminosity and broad
light-curve shape. Double WD merger simulations show that
tidal stripping of the secondary can eject ~10*~10"2 M, of
material (Raskin & Kasen 2013; Dan et al. 2014), forming a
carbon/oxygen-rich CSM. If the time lag between merger and
explosion is a few hours (~10* s), the CSM would be placed at
~10" cm from the WD (Raskin & Kasen 2013), consistent
with our estimates from modeling the early excess for
SN 2022ilv (Section 4). However, the super-Mcy, scenario has
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some shortcomings. Nebular spectra of SN 2009dc and SN
2012dn (among other 2003fg-like SNe) show clear evidence of
a low ionization state (Taubenberger et al. 2013, 2019),
contrary to what is expected for a large amount of heating from
a high “°Ni mass.

A plausible alternative to the super-Mcy, scenario is a normal
My, explosion occurring within a dense, carbon and oxygen-
rich envelope (e.g., Hachinger et al. 2012; Taubenberger et al.
2013; Noebauer et al. 2016). The empirical correlation between
the Sil velocity and strength of the C II feature in a sample of
2003fg-like events (Ashall et al. 2021) supports this idea. It
may explain the prominent and persistent C II features observed
owing to a large amount of unburnt material. SN 2020esm
(Dimitriadis et al. 2022) shows premaximum spectra almost
entirely dominated by unburnt carbon and oxygen. The
interaction of SN ejecta with the surrounding material provides
enhanced luminosity, and the reverse shock would decelerate
the ejecta (Noebauer et al. 2016), potentially explaining the
combination of high luminosity and low velocity. Noebauer
et al. (2016) estimated a carbon/oxygen-rich CSM mass of
~0.6 M. for SN 2009dc through detailed hydrodynamic
simulations. While their models reproduced the light-curve
shape of SN 2009dc remarkably well, it had too low a
luminosity by a factor of 0.2 dex. The early excess observed in
SN 2022ilv requires M, ~ 10~ M, within a radius R. ~ 10"
cm, implying a density of order ~10~ "' g cm ™. The Noebauer
et al. (2016) model requires a much larger mass of ~0.6 M,
with a 0power—law density profile between ~10~° gcm > and
~107"% g cm™> out to R. ~ 1.4 x 10'* cm. If CSM contributes
to both the early excess and the main luminosity peak, it would
likely require two separate components or a structured CSM
profile.

If such a significant amount of carbon/oxygen-rich CSM is
the explanation for either the pulse or main peak, then its origin
remains mysterious. This could be a natural outcome of the
double-degenerate scenario, wherein the disruption and sub-
sequent accretion of the secondary WD lead to the formation of
a hot, spherical CO envelope and a centrifugally supported disk
(Yoon et al. 2007). Simulations have shown that the outcome is
sensitive to whether the explosion occurs promptly after the
merger (Moll et al. 2014), or after a lag (Raskin et al. 2014).
Hsiao et al. (2020) and Ashall et al. (2021) have suggested an
alternative of a CO WD merging with the degenerate core of an
asymptotic giant branch star, or the core-degenerate scenario
(Kashi & Soker 2011). This scenario predicts a significant
X-ray luminosity due to the interaction, which should be
detectable in nearby events. The lack of narrow emission
features in observed spectra of 2003fg-like events is a
significant shortcoming of all interaction-based scenarios.
Photometric, spectroscopic, and polarimetric observations of
more such events, in conjunction with modeling efforts and
binary population synthesis calculations, will be necessary for
unraveling the progenitor puzzle.

The luminous family of 2003fg-like SNe Ia is known to
occur preferentially either in low-luminosity hosts or remote
locations in luminous hosts (Taubenberger 2017). The limit of
M, 2 —11 for the host of SN 2022ilv (Section 2.1) is consistent
with these findings. The luminous lenticular galaxy NGC 5872
(z=0.024556; Van den Bosch et al. 2015) is at the right
redshift and is offset by 7/7 from the location of SN 2022ilv or
a projected radial separation of ~250 kpc. This could imply the
host is a dwarf galaxy satellite of this more luminous and
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massive galaxy. The striking preference for environments that
are likely low-metallicity should be considered for progenitor
modeling and scenarios.
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