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Abstract

We present optical, infrared, ultraviolet, and radio observations of SN 2022xkq, an underluminous fast-declining
Type Ia supernova (SN Ia) in NGC 1784 (D≈ 31 Mpc), from <1 to 180 days after explosion. The high-cadence
observations of SN 2022xkq, a photometrically transitional and spectroscopically 91bg-like SN Ia, cover the first
days and weeks following explosion, which are critical to distinguishing between explosion scenarios. The early
light curve of SN 2022xkq has a red early color and exhibits a flux excess that is more prominent in redder bands;
this is the first time such a feature has been seen in a transitional/91bg-like SN Ia. We also present 92 optical and
19 near-infrared (NIR) spectra, beginning 0.4 days after explosion in the optical and 2.6 days after explosion in the
NIR. SN 2022xkq exhibits a long-lived C I 1.0693 μm feature that persists until 5 days post-maximum. We also
detect C II λ6580 in the pre-maximum optical spectra. These lines are evidence for unburnt carbon that is difficult
to reconcile with the double detonation of a sub-Chandrasekhar mass white dwarf. No existing explosion model
can fully explain the photometric and spectroscopic data set of SN 2022xkq, but the considerable breadth of the
observations is ideal for furthering our understanding of the processes that produce faint SNe Ia.

Unified Astronomy Thesaurus concepts: Supernovae (1668); White dwarf stars (1799); Type Ia supernovae (1728)

Supporting material: data behind figure

1. Introduction

Type Ia supernovae (SNe Ia) result from the thermonuclear
explosions of carbon-oxygen white dwarfs (Hoyle & Fow-
ler 1960) and are a critical tool for measuring the expansion
history of the universe, as they are standardizable candles
(Phillips 1993; Hamuy et al. 1996; Guy et al. 2007; Jha et al.
2007). Despite their importance, the exact nature of the
explosion mechanisms and progenitor systems of SNe Ia are
still being actively investigated (see, e.g., Jha et al. 2019, for a
recent review).

There are several critical observational probes of SNe Ia that
shed light on the possible explosion and progenitor scenarios.
Among the most promising are very early multiband and high-
cadence light curves, which in a handful of well-observed cases
have exhibited color-dependent excesses over a smooth power-
law rise (e.g., Marion et al. 2016; Hosseinzadeh et al. 2017;
Jiang et al. 2017; Miller et al. 2018; Dimitriadis et al. 2019;
Shappee et al. 2019; Miller et al. 2020a; Burke et al. 2021; Jiang
et al. 2021; Hosseinzadeh et al. 2022b; Ni et al. 2022; Sai et al.
2022; Hosseinzadeh et al. 2023b; Wang et al. 2023). Recent
samples indicate that∼10%–30% of all SNe Ia, if observed early
enough and with high cadence, would exhibit such excesses
(Miller et al. 2020b; Bulla et al. 2020; Burke et al. 2022a, 2022b;
Deckers et al. 2022). Notably, such early light-curve features
were predicted for the single-degenerate scenario owing to the
collision between the SN ejecta and a nondegenerate companion
star, manifesting as a UV/blue excess that is visible for only a
few days for favorable viewing angles (Kasen 2010). Similar
“bump” features in the early light curve may also be attributable

to an unusual distribution of radioactive 56Ni (e.g., Magee &
Maguire 2020; Magee et al. 2020), rapid velocity evolution of
the Ca II H and K feature (Ashall et al. 2022), circumstellar
medium (CSM)−ejecta interaction (e.g., Piro & Morozova 2016;
Jiang et al. 2021), or a natural consequence of a sub-
Chandrasekhar mass, double-detonation explosion (e.g., Polin
et al. 2019). Even well-observed examples that do not exhibit an
early light curve excess are important for understanding SN Ia
light-curve demographics (e.g., Olling et al. 2015), and the early
light curves of many subtypes, including transitional and 91bg-
like SNe Ia, have not yet been explored.
Another key measurement in SNe Ia is the incidence of

carbon in the early spectra. Depending on the explosion
mechanism, some carbon can escape being burned during the
runaway carbon fusion in a C/O white dwarf, which makes
carbon a direct probe of the explosion. Several studies have
focused on the C II λ6580 feature, which is seen on the red
shoulder of the ubiquitous Si II λ6355 absorption feature and is
detectable in ∼20%–40% of spectra taken before maximum
light (Parrent et al. 2011; Thomas et al. 2011; Blondin et al.
2012; Folatelli et al. 2012; Silverman & Filippenko 2012;
Maguire et al. 2014; Wyatt et al. 2021). There is mounting
evidence that the near-infrared (NIR) C I 1.0693 μm line is
particularly strong in transitional and/or 91bg-like SNe Ia
(Hsiao et al. 2015; Wyatt et al. 2021; Li et al. 2022).
The amount of carbon (or lack thereof) depends on the

explosion physics and the degree of mixing. The pure-
deflagration W7 model (Nomoto et al. 1984) leaves significant
carbon behind in the outer ejecta, as does the violent merger
model (Pakmor et al. 2012) and the pulsational-delayed-
detonation models (Höflich et al. 1995). Meanwhile, delayed-
detonation models have nearly complete carbon burning at
normal SN Ia luminosities (Khokhlov 1991; Kasen et al. 2009),
with increasing amounts of unburnt carbon remaining for fainter
events (Höflich et al. 2002). Notably, sub-Chandrasekhar
double-detonation models, which have been suggested to be
the dominate explosion mechanism for faint SNe Ia (Blondin
et al. 2017; Goldstein & Kasen 2018), leave little to no carbon
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behind (e.g., Polin et al. 2019). This indicates that the presence
of unburnt carbon may be a distinguishing observational
signature of the explosion mechanism in faint SNe Ia.

In this paper we present high-cadence, multiwavelength
photometric and spectroscopic observations of the faint SN Ia
SN 2022xkq. We discuss the discovery of SN 2022xkq in
Section 2, observational details in Section 3, and the proper
classification for SN 2022xkq in Section 4. In Sections 5 and 6,
we analyze the photometric and spectroscopic observations of
SN 2022xkq and compare them to models of several different
explosion scenarios. In Section 7, we examine radio observa-
tions and their constraints on the progenitor system. We discuss
the possible origins of the observed color and the implications
of spectral features in Section 8 and conclude in Section 9.

2. Discovery

SN 2022xkq, also known as DLT22r, was discovered at
R. A. (J2000)= 05h05m23 710, ( ) = -  ¢ decl. J2000 11 52 56. 10
by the Distance Less Than 40Mpc survey (DLT40; for survey
description see Tartaglia et al. 2018) on 2022 October 13,
06:43:35 UTC (59865.28 MJD; Janzen et al. 2022). The last
nondetection was on 2022 October 12, 11:47:37 UTC
(2,459,864.99 JD) by the Asteroid Terrestrial-impact Last Alert
System (ATLAS) to a>2σ limit of o> 19.47 (Tonry et al. 2018;
Smith et al. 2020; Shingles et al. 2021). SN 2022xkq was
initially classified as a Type I SN (Chen et al. 2022a) and then
reclassified as an SN Ic (Hosseinzadeh et al. 2022a). It was
eventually classified as an SN 1991bg-like SN Ia (Chen et al.
2022b); the exact classification will be discussed further in
Section 4.

As shown in Figure 1,55 SN 2022xkq is located in
NGC 1784, a barred spiral SB(r)c galaxy (de Vaucouleurs
et al. 1991; Erwin & Debattista 2013) and SN 2022xkq is the
first recorded SN in the galaxy. Underluminous SNe Ia

preferentially explode in older galaxy populations and are
most likely to be found in elliptical and occasionally in early-
type spiral galaxies (Hamuy et al. 2000; Howell 2001;
Gallagher et al. 2005; Sullivan et al. 2006; Li et al. 2011;
Nugent et al. 2023). However, late-type spiral galaxies also
possess old stellar populations, and while underluminous SNe
Ia in late-type hosts are uncommon, there have been a few. The
most notable is SN 1999by, which occurred in the SAb galaxy
NGC 2841 (Höflich et al. 2002; Garnavich et al. 2004).
NGC 1784 has a redshift z= 0.007735 (Koribalski et al. 2004).

The Virgo infall distance to NGC 1784 is 31± 2Mpc (μ=
32.46± 0.15 mag; Mould et al. 2000) for H0= 70 km s−1

Mpc−1, which we use as the distance to SN 2022xkq, and is listed
in Table 1. This measurement is in general agreement with the
Tully–Fisher distance of 28.07Mpc (Tully et al. 2016) for
H0= 70 km s−1Mpc−1, as well as the distance modulus
calculated based on the multiband light curve by SNooPy (see
Section 5; Burns et al. 2011) of μ= 32.9± 0.1 mag for H0=
72 km s−1Mpc−1.

3. Observations and Data Reduction

3.1. Photometry

Following the discovery of SN 2022xkq by the DLT40
survey, continued photometric monitoring was done by two of
DLT40ʼs discovery telescopes, the PROMPT5 0.4 m telescope
at the Cerro Tololo Inter-American Observatory and the
PROMPT-USASK 0.4 m telescope at Sleaford Observatory.
Observations taken by these telescopes using a Clear or Open
filter (labeled DLT40 in Figure 2) are calibrated to the Sloan
Digital Sky Survey r band, as described in Tartaglia et al.
(2018). These “DLT40”-band observations were taken with a
cadence of ∼9 images per day until maximum light, ∼3 per
day for the next 40 days, and ∼1 per day for the following

Figure 1. Composite g, r, i image of SN 2022xkq in NGC 1784 obtained by
Las Cumbres Observatory on 2022 November 14, +18 days after B-band peak.

Table 1
Summary of SN 2022xkq Properties

Parameter Value

Last Nondetection MJD 59864.49
First detection MJD 59865.28
Explosion epocha MJD 59865.0 ± 0.3
Redshift z 0.007735
Distance 31 ± 2 Mpc
Distance modulus (μ) 32.46 ± 0.15 mag
E(B − V )tot 0.1155 ± 0.0023 mag
Peak magnitude (Bmax) −18.01 ± 0.15 mag
Time of Bmax MJD 59879.03 ± 0.34
sBV 0.63 ± 0.03
Δm15(B) 1.65 ± 0.03 mag
56Ni mass 0.22 ± 0.03 Me

Si II velocity (−11.6 days) 11, 920 ± 350 km s−1

Si II velocity (1.2 days) 9, 980 ± 200 km s−1

Si II λ5972 EW (1.2 days) 38 ± 1 Å
Si II λ6355 EW (1.2 days) 129 ± 7 Å
Hα luminosity <8.8 × 1036 erg s−1

He I λ5875 luminosity <4.0 × 1037 erg s−1

He I λ6678 luminosity <8.8 × 1036 erg s−1

Stripped H mass (Botyánszki) 2 × 10−4 Me

Stripped H mass (Dessart) 7 × 10−5Me

Stripped He mass (Botyánszki) 7 × 10−4 Me

Note.
a From power-law fit.

55 Image produced using https://afterglow.skynet.unc.edu.
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53 days. Additionally, multiband BVgri photometry was taken
at the Prompt5 telescope at a cadence of ∼6 observations per
day until maximum light and ∼2 per day for the next 40 days.
The BVgri light curves were created using aperture photometry
and calibrating to the APASS (BVgri) catalog.

Further UBVgri photometry of SN 2022xkq was obtained
using the Sinistro cameras on Las Cumbres Observatory’s
robotic 1 m telescopes (Brown et al. 2013), located at the
Siding Spring Observatory, the South African Astronomical
Observatory, and the Cerro Tololo Inter-American Observatory
as part of the Global Supernova Project (GSP) collaboration.
The photometric data from Las Cumbres Observatory were
reduced using lcogtsnpipe (Valenti et al. 2016), a PyRAF-
based image reduction pipeline. lcogtsnpipe utilizes a low-
order polynomial fit and a standard point-spread function (PSF)
fitting technique to remove the background and calculate
instrumental magnitudes. Apparent magnitudes were calibrated
to the APASS (BVgri) catalog and a Landolt (U) standard field
that was observed on 2022 November 24 alongside observa-
tions of SN 2022xkq.

We also include BV photometry obtained with the 0.8 m
Telescopi Joan Oró (TJO) at the Montsec Observatory.
Instrumental magnitudes were measured using AutoPhOT
(Brennan & Fraser 2022) and calibrated to BV APASS tabulated
magnitudes.
We also collect images with the 0.4 m Ritchey–Chrétien

Super Light Telescope (SLT) at the Lulin Observatory, Taiwan,
as part of the Kinder project (Chen et al. 2021), and we use
Photutils (Bradley et al. 2022) to perform aperture photometry
on the images.
Additionally, we include photometric observations in gri

bands taken with the Swope 1 m optical telescope at Las
Campanas Observatory, Chile, taken as part of the Swope
Supernova Survey. All Swope photometry was processed using
biases and flat fields in the same instrumental configuration as
described in Kilpatrick et al. (2018), using the photpipe
imaging and photometry package (Rest et al. 2005), including
bias subtraction, flat-fielding, image stitching, and photometric
calibration. Observations were calibrated using standard sources
from the Pan-STARRS DR1 catalog (Flewelling et al. 2020).

Figure 2. SN 2022xkq light curves from DLT40 (stars), Las Cumbres Observatory (circles), SLT (side-up hexagons), Swift (pentagons), Swope (plus signs), and TJO
(vertex-up hexagons). NIR photometry from NTT, NOT, and CAHA is also included (quadrilaterals). Main figure: light curves with offsets in absolute and extinction-
corrected apparent magnitudes. Swift observations are plotted as nondetections when the measurement error is >3σ. Inset: zoom-in of the DLT40 light curve
immediately before and after discovery without offsets. The DLT40 discovery is marked by the red star, and the last nondetection by ATLAS is marked by the yellow-
orange cross. Epochs of optical (blue) and infrared (red) spectra are displayed as lines along the upper x-axis. Phase is relative to the time of Bmax (MJD 59879.03).

(The data used to create this figure are available.)
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Using the Pan-STARRS1 3π images as templates, we performed
image subtraction using hotpants (Becker 2015) and forced
photometry at the position of SN 2022xkq to obtain the reported
Swope photometric measurements.

We include JHK photometry obtained with SOFI mounted
on the European Southern Observatory (ESO) 3.5 m New
Technology Telescope (NTT) at La Silla Observatory,
Omega2000 at the 3.5 m Calar Alto telescope (CAHA), and
NOTCam at the 2.5 m Nordic Optical Telescope (NOT).
Photometry was measured with AutoPhOT and calibrated to
Two Micron All Sky Survey star cataloged photometry.

We also include optical and ultraviolet (UV) photometry from
our high-cadence photometric follow-up campaign with the
Ultraviolet/Optical Telescope (UVOT; Roming et al. 2005) on
the Neil Gehrels Swift Observatory (Gehrels et al. 2004). The
aperture photometry from the UVOT images was measured using
the High-Energy Astrophysics software (HEA-Soft; NASA High
Energy Astrophysics Science Archive Research Center (Hea-
sarc), 2014) and a 3″ aperture centered at the position of
SN 2022xkq. The background was measured from a region
devoid of stars. Zero-points for the UVOT data were taken from
Breeveld et al. (2011), with time-dependent sensitivity correc-
tions updated in 2020.

The complete Milky Way and host-extinction-corrected (see
Section 3.4 for details) multiband light curves of SN 2022xkq
are shown in Figure 2.

3.2. Spectroscopy

We present 92 optical spectra from the first 153 days
following the explosion. These spectra where observed using
the Robert Stobie Spectrograph (RSS) on the Southern African
Large Telescope (SALT; Smith et al. 2006), the ESO Faint
Object Spectrograph and Camera (EFOSC2; Buzzoni et al.
1984) on the NTT (ESO-NTT) as part of the ePESSTO+
survey (Smartt et al. 2015), the FLOYDS spectrographs
(Brown et al. 2013) on the Las Cumbres Observatory’s 2 m
Faulkes Telescopes North and South (FTN/FTS) as part of the
GSP collaboration, the Inamori-Magellan Areal Camera and
Spectrograph (IMACS; Dressler et al. 2011) on the Magellan
Baade Telescope, the Alhambra Faint Object Spectrograph and
Camera (ALFOSC) on the Nordic Optical Telescope (NOT),
the Goodman High Throughput Spectrograph (GHTS; Clemens
et al. 2004) on the Southern Astrophysical Research Telescope
(SOAR), the Boller and Chivens Spectrograph (B&C) on the
University of Arizona’s Bok 2.3 m telescope located at Kitt
Peak Observatory, the University of Hawaii 2.2 m telescope
(UH88) on Maunakea using the Supernova Integral Field
Spectrograph (SNIFS; Lantz et al. 2004) as part of the
Spectroscopic Classification of Astronomical Transients survey
(SCAT; Tucker et al. 2022), one of the Multi-Object Double
Spectrographs (MODS1; Pogge et al. 2010) on the Large
Binocular Telescope (LBT), the Kitt Peak National Observa-
tory Ohio State Multi-Object Spectrograph (KOSMOS; Martini
et al. 2014; Tran et al. 2019) instrument at the Astrophysical
Research Consortium 3.5 m telescope (ARC) at Apache Point
Observatory, the Intermediate Dispersion Spectrograph (IDS)
on the Isaac Newton Telescope (INT), the Binospec instrument
on the MMT (Fabricant et al. 2019), the Optical System for
Imaging and low-Resolution Integrated Spectroscopy (OSIRIS;
Cepa et al. 2000, 2003) at Gran Telescopio Canarias (GTC), the
Kast dual-beam spectrograph (Miller & Stone 1993) on the
Lick Shane 3 m telescope, the Low-Resolution Imaging

Spectrograph (LRIS; Oke et al. 1995) on the 10 m Keck I
telescope as part of the Young Supernova Experiment (YSE;
Jones et al. 2021; Aleo et al. 2023), and the Low Dispersion
Survey Spectrograph (LDSS-3; Stevenson et al. 2016) on the
Magellan Clay Telescope. We also include the two classifica-
tion spectra (Chen et al. 2022a, 2022b) from the Transient
Name Server that were not obtained by our team. These spectra
were taken by the Zwicky Transient Facility (ZTF; Bellm et al.
2019) using the Spectral Energy Distribution Machine (SEDM;
Blagorodnova et al. 2018) instrument on the Palomar 60-inch
telescope (P60). Optical spectra were reduced using the
FLOYDS pipeline (Valenti et al. 2014), the PyNOT-redux
reduction pipeline,56 the PESSTO pipeline (Smartt et al. 2015),
PySALT (Crawford et al. 2010), the Goodman pipeline (Torres
et al. 2017), the IDSRED package (Müller Bravo 2023), the
SNIFS reduction pipeline (Tucker et al. 2022), the Binospec
IDL pipeline (Kansky et al. 2019), the modsCCDRed package
(Pogge 2019), the UCSC Spectral Pipeline57 (Siebert et al.
2019), and standard IRAF and PyRAF routines (Tody 1986;
Science Software Branch at STScI 2012).
We also present 19 NIR spectra taken using the Near-

Infrared Echellette Spectrometer (NIRES; Wilson et al. 2004)
on Keck II as part of the Keck Infrared Transient Survey
(KITS) collaboration (Tinyanont et al. 2023), the Son of
ISAAC spectrograph (SOFI; Moorwood et al. 1998) on ESO-
NTT, the Espectrógrafo Multiobjeto Infra-Rojo (EMIR; Garzón
et al. 2022) on GTC, and TripleSpec (Schlawin et al. 2014) on
the Southern Astrophysical Research Telescope (SOAR). The
NIRES data were reduced using the PypeIt package (Prochaska
et al. 2020b, 2020a). SOFI data were reduced using the
PESSTO pipeline (Smartt et al. 2015). EMIR observations
were reduced using PyEmir (Pascual et al. 2010; Cardiel et al.
2019). The Triplespec data were reduced using a modified
version of the Spextool package (Cushing et al. 2004) and were
corrected for telluric absorption with the software and
prescription of Vacca et al. (2003).
All spectra are corrected for Milky Way extinction and the

host galaxy redshift (z = 0.007735). Optical spectra are plotted
in Figures 3 and 4, and infrared spectra are plotted in Figure 5.
All spectra are logged in Table 3.

3.3. Radio Observations

SN 2022xkq was observed with the Australia Telescope
Compact Array (ATCA) at 5.5 and 9.0 GHz on 2022 October
15 (12 days before Bmax) between 19:55 and 22:50 UT using a
bandwidth of 2GHz (Ryder et al. 2022). The observations and
reductions were done in a similar way to what was described for
SN 2018gv in Lundqvist et al. (2020). Since the ATCA primary
flux calibrator was below the horizon throughout, PKS B0823–500
was used as the flux and bandpass calibrator, while PKS
B0514–161 was observed every 15 minutes for gain and phase
calibration. No radio emission was detected to 3σ upper limits on
the flux density of 0.07 and 0.04 mJy at 5.5 and 9.0 GHz,
respectively. For a host galaxy distance of 31Mpc, this implies
upper limits on the luminosity of 8.05 (4.60)× 1025 erg s−1 Hz−1

for 5.5 (9.0) GHz.

56 https://pypi.org/project/PyNOT-redux/
57 https://github.com/msiebert1/UCSC_spectral_pipeline
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3.4. Extinction

The equivalent widths (EWs) of Na I D absorption lines
correlate with interstellar dust extinction (Richmond et al.
1994; Munari & Zwitter 1997). Na I D EWs can be converted
to E(B− V ) values using Equation (9) of Poznanski et al.
(2012), with an additional normalization factor of 0.86 from
Schlafly et al. (2010). However, this relation saturates at an EW
of ∼0.2Å. Milky Way Na I D lines are clearly apparent in the
spectra of SN 2022xkq; however, the EWs of these lines are
�0.5Å for all observed spectra. We instead use the Schlafly &
Finkbeiner (2011) value of E(B− V )MW= 0.1155± 0.0023
mag. There is no evidence of host Na I D in any of the spectra
of SN 2022xkq, so the host extinction is likely negligible.

We also estimate the host extinction by using the slope of the
B− V color from 30 to 90 days after V-band maximum
(Lira 1996; Phillips et al. 1999). We employ this method,
known as the Lira law, by using the procedure described in

Phillips et al. (1999) and the equation

( ) ( ) ( ) ( )- = - + - -B V E B V t0.725 0.0118 60 . 1V0 host

In Figure 6, we perform a weighted least-squares fit to
Equation (1), where (B− V )0 is the B− V color curve corrected
for only Milky Way extinction and tV is the phase with respect
to V-band maximum. From this we find an unphysical
E(B− V )host=− 0.059± 0.009 mag, assuming RV of 3.1, which
is consistent with zero given the known scatter of the Lira law
(∼0.05 mag; Phillips et al. 1999). Given the location of the
SN in the host (see Figure 1), minimal host extinction is
expected. We therefore assume negligible host extinction and
adopt E(B− V )tot= E(B− V )MW= 0.116± 0.002 mag.

4. Classification

Underluminous SNe Ia come in a variety of subtypes, often
with overlapping definitions. This is made more complex by

Figure 3. Optical spectroscopic evolution of SN 2022xkq until 20 days post-maximum light, corrected for E(B − V )tot = 0.12. SN 2022xkq clearly exhibits the
characteristic 91bg-type Ti II band from 4000 to 4500 Å (see Figure 7 for comparison to other underluminous SNe Ia). Spectra are color-coded to denote telescope (see
Section 3 for more details). Labels are relative to the time of Bmax.
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the fact that some subtype classifications are based on
spectroscopy and others are based on photometry. The most
common of the underluminous subtypes is 91bg-like, which
make up ∼5%–20% of all SNe Ia (Graur et al. 2017; Desai
et al. 2023). 91bg-like is a spectroscopic classification,
characterized by strong Ti II and and Sc II features that create
a distinctive “titanium trough” (Liu et al. 2023).

In contrast, “subluminous” and “transitional” are photome-
trically classified underluminous subtypes. Subluminous SNe
have fast-declining light curves, weak or nonexistent secondary
NIR maxima, and NIR peaks that occur after the B-band peak
(Garnavich et al. 2004; Phillips 2012; Hsiao et al. 2015). Hsiao
et al. (2015) suggest the existence of a photometrically classified
“transitional” subtype, which bridges the gap in the Phillips
(1993) relationship between between subluminous 91bg-like and
normal SNe Ia. Transitional SNe Ia have fast-declining light
curves similar to subluminous SNe but have a primary NIR
(iYJHK ) maximum before B-band maximum like normal SNe Ia.

The majority of 91bg-like SNe are subluminous (e.g.,
SN 1991bg and SN 1999by), and the terms 91bg-like and
subluminous are often mistakenly used interchangeably. Con-
versely, many transitional SNe Ia (e.g., iPTF 13ebh and
SN 2015bp) do not possess a Ti II trough and are not spectro-
scopically 91bg-like (see Figure 7). However, since transitional is
a photometric classification and 91bg-like is a spectroscopic
classification, these classes are not entirely separate populations.
Objects with both 91bg-like and transitional characteristics

are not uncommon. Further investigation into the infrared
properties of 91bg-like SNe reveals that this population is
bimodal in that some 91bg-like SNe display the NIR properties
of subluminous SNe while others display those of transitional
SNe (Krisciunas et al. 2009; Folatelli et al. 2010; Phillips 2012;
Hsiao et al. 2015; Dhawan et al. 2017). These SNe tend to be
slightly brighter than subluminous 91bg-like SNe and have
weaker Ti II features, though the feature is still a prominent
trough shape (Dhawan et al. 2017; see Figure 7). Notable

Figure 4. Same as Figure 3, but for epochs after 20 days post-maximum light. Some spectra have been rebinned for clarity; the unbinned spectra are displayed at lower
opacity.

7

The Astrophysical Journal, 960:29 (28pp), 2024 January 1 Pearson et al.



examples include SN 1986G (Phillips et al. 1987), SN 2003gs
(Krisciunas et al. 2009), and SN 2012ij (Li et al. 2022), all of
which would be spectroscopically classified as 91bg-like and
photometrically classified as transitional.

As shown in Figure 7, SN 2022xkq has a strong Ti II trough
(4000–4500Å) at Bmax, leading to the classification of

SN 2022xkq as a 91bg-like SN Ia. The shape of this titanium
trough is strikingly similar to SN 1986G, which is notably
photometrically transitional (Ashall et al. 2016). Similarly,
SN 2022xkq exhibits all the photometric characteristics of
transitional SNe (see Section 5). With a = -B 18.01max mag,
SN 2022xkq is somewhat faint but still within the expected
luminosity range of transitional SNe Ia. Furthermore,
SN 2022xkq is a fast decliner, Δm15(B)= 1.65± 0.03, similar
to other SNe Ia with comparable peak magnitudes.
To determine whether SN 2022xkq has the NIR properties of

the transitional subclass, we fit the i-band light curve. We
exclude the JHK observations from this analysis since these
observations began after NIR maximum. We find that the
DLT40 and Las Cumbres Observatory i-band light curves peak
at −1.2± 0.1 days and −1.0± 0.2 days with respect to B-band
maximum, respectively. Given that these measurements are
consistent with one another, the i-band peak occurs ∼1 day
before the B-band peak, as shown in Figure 8. Further, the i-
band light curve displays a clear secondary peak (the r band
also displays a weak secondary peak as seen in Figure 8).
Indeed, the early NIR maximum and clear secondary bump in
the i band classify SN 2022xkq as a transitional SN Ia.
Given the strong titanium trough and early NIR maximum, we

classify SN 2022xkq as spectroscopically 91bg-like and photo-
metrically transitional. SN 2022xkq adds to the growing sample of
SNe with such properties, which link purely transitional SNe and
subluminous 91bg-like SNe. The photometric and spectroscopic

Figure 5. NIR spectroscopic evolution of SN 2022xkq, corrected for E(B − V )tot = 0.12. Labels are relative to the time of Bmax. Spectra have been rebinned and
telluric bands have been removed for clarity; the unbinned spectra are displayed at lower opacity.

Figure 6. Milky Way extinction-corrected B − V color curve of SN 2022xkq.
The color on the radioactive tail is offset from the Lira (1996) law by
E(B − V )host = − 0.059 ± 0.009 mag, which is consistent with zero given the
known scatter of the Lira law. We discuss the color curve of SN 2022xkq and
compare to other SNe Ia in Section 5 and Figure 9.
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data set presented in this work makes SN 2022xkq the best-
observed SN of this type and can provide insight into the different
progenitor scenarios for both 91bg-like and transitional SNe.

5. Photometric Properties

Optical and Swift UV light curves (shown in Figure 2) were
obtained for SN 2022xkq beginning immediately following the
discovery of the SN (MJD 59865.28; 14 days before Bmax).

Light-curve properties were fit using the SNooPy software
package (with H0= 72 km s−1 Mpc−1; Burns et al. 2011).
Currently, SNooPy lacks UV templates for SN Ia fitting; thus,
we exclude any UV data from these fits and only include
DLT40 and Las Cumbres Observatory BVgri data. The results
of these processes are tabulated in Table 1. SN 2022xkq
reached = - B 18.01 0.15max mag (mB= 14.45 mag) on
MJD 59879.03± 0.34. Further, SNooPy measures a decline
rate of Δm15= 1.62± 0.06 mag and a color-stretch parameter
of sBV= 0.63± 0.03. The color-stretch parameter is a better
characterization of the light curves of fast-declining SNe Ia.
The B band declines very quickly in many faint SNe, resulting
in a diverging MB versus Δm15 relation (Burns et al. 2014). In
contrast, using the sBV color-stretch parameter allows these fast-
declining events to appear as part of the tail end of the normal
SN Ia population (Burns et al. 2018; Gall et al. 2018). We also
measure Δm15(B) directly from the DLT40 and Las Cumbres
Observatory B-band light curve by fitting an eight-degree
polynomial to the data between maximum light at 15 days post-
maximum light using a least-squares method; this returns a
value of 1.65± 0.03 (reported in Table 1). The measured Δm15

and sBV values for SN 2022xkq are consistent with other 91bg-
like and transitional SNe Ia with similar maximum MB

magnitudes.
At maximum light, the bolometric luminosity of an SN Ia is

related to the amount of 56Ni produced in the explosion; this
relation is known as Arnett’s rule (Arnett 1982; Arnett et al.
1985). To determine the 56Ni mass, we use Equation (7) of
Stritzinger & Leibundgut (2005), which gives the peak
luminosity of an SN Ia with 1.0 Me of 56Ni as

( ) ( )=  ´ -


L

M

M
2.0 0.3 10 erg s , 2max

43 Ni 1

where MNi is the nickel mass and Lmax is the maximum
bolometric luminosity. The complete bolometric light curve,
which includes the JHK photometry, has a peak luminosity of
4.3× 1042 erg s−1, resulting in a 56Ni mass of 0.22± 0.03 Me.

Figure 7. Comparison of spectra taken near Bmax for transitional and 91bg-like SNe Ia. SN 2022xkq is underluminous ( = -B 18.01max ) and exhibits a “titanium
trough” (highlighted), characteristics of 91bg-like SNe Ia. Note that the blue part of the titanium trough is actually Sc II.

Figure 8. Plot of the B-, r-, and i-band DLT40 and Las Cumbres Observatory
light curves of SN 2022xkq. The solid lines are polynomial fits to each band of
the light curve. The maroon vertical dashed–dotted line marks the time of i-
band maximum. The i band peaks at ∼ − 1 day relative to Bmax and also
exhibits a clear secondary maximum. The secondary maximum is also present
in r band, though much weaker. These light-curve attributes are typical of
transitional SNe Ia.
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To ensure that this mass is reasonable, we also determine the
56Ni mass from the maximum of the pseudo-bolometric light
curve that we calculated from the UBVgri Las Cumbres
Observatory light curve. To account for the ∼10% of light at
maximum that is emitted outside of the optical (Suntzeff 1996),
we follow the procedure in Stritzinger et al. (2006), which
multiplies the resulting mass by a factor of 1.1. This method
results in a pseudo-bolometric luminosity of 3.9× 1042 erg s−1

and a 56Ni mass of 0.21± 0.03 Me. This mass is consistent

with the value from the full bolometric light curve, so we
assume that 56Ni mass and list it in Table 1.
In Figure 9, we compare the color evolution of SN 2022xkq

with that of notable and relevant SNe Ia: SN 1986G (Phillips
et al. 1987), SN 1999by (Garnavich et al. 2004), SN 2011fe
(Richmond & Smith 2012), SN 2012ij (Li et al. 2022), iPTF
13ebh (Hsiao et al. 2015), SN 2015bp (Srivastav et al. 2017),
SN 2017cbv (Hosseinzadeh et al. 2017), SN 2018gv (Yang et al.
2020), SN 2018aoz (Ni et al. 2022), SN 2019yvq (Burke et al.
2021), and SN 2021aefx (Hosseinzadeh et al. 2022b). The color

Figure 9. Color evolution of SN 2022xkq compared to other notable SNe Ia, including SN 1986G (Phillips et al. 1987), SN 1999by (Garnavich et al. 2004),
SN 2011fe (Richmond & Smith 2012), SN 2012ij (Li et al. 2022), iPTF 13ebh (Hsiao et al. 2015), SN 2018aoz (Ni et al. 2022), and SN 2021aefx (Hosseinzadeh
et al. 2022b). The color curve of SN 2022xkq is remarkably similar to that of SN 1986G. SN 2022xkq exhibits an early red color, which is most visible in (B − i). This
early red color before maximum light is most similar to that observed in SN 2018aoz, which has a bump that coincides with its early red evolution. However,
SN 2022xkq is generally redder than SN 2018aoz and has a different color evolution at later times.
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evolution of SN 2022xkq is very similar to that of the transitional
SNe Ia iPTF 13ebh and SN 2015bp but also to that of SN 2012ij
and SN 1986G. SN 1986G is heavily extincted, and we use
E(B− V )tot= 0.88 from Ashall et al. (2018), though E(B− V )
values as high as 1.1 (Cristiani et al. 1992) and as low as 0.63 (di
Serego-Alighieri & Ponz 1987) have also been suggested. If we
assume that SN 1986G has a slightly lower extinction (∼0.78),
the color evolution of SN 1986G is almost identical to that of
SN 2022xkq. The similarity in color between SN 2022xkq and
SN 1986G is particularly of note because these two SNe are also
remarkably similar spectroscopically.

A striking aspect of SN 2022xkq’s color evolution is its very
red color immediately following explosion (until ∼− 10 days
before the time of Bmax), which is especially notable in the
(B− i) color curve, though it is present in all bands. The strong
red color is somewhat similar to that observed in SN 2018aoz

(Ni et al. 2022, 2023a). However, SN 2022xkq is generally
redder than SN 2018aoz, and there is no bright bump in
SN 2022xkq as was observed in the very early light curve of
SN 2018aoz. The flux excess of SN 2022xkq is similar to the
normal SNe Ia ZTF 18aayjvve and ZTF 18abdfwur (see Figure
6 in Deckers et al. 2022), which have been identified as having
early red colors. Underluminous SNe Ia are intrinsically redder
than normal SNe Ia (Taubenberger et al. 2008), and to our
knowledge there is no 91bg-like SN Ia with multiband
photometry as early as for SN 2022xkq. Therefore, this very
early (within ∼5 days of explosion) red color could be typical
for the subclass. The possible causes of this color will be
further discussed in Section 8.1.

5.1. Power-law Fit

Densely sampled early light curves, like those obtained for
SN 2022xkq, provide useful constraints on the progenitor
system and/or explosion mechanism. In particular, bumps and
excesses in the early light curve can be distinguishing factors
among various explosion mechanisms or progenitor scenarios.
Some light-curve excesses and smaller bumps can be difficult
to distinguish by eye, but these features are notable when the
observed light curves are compared to a power-law rise
(Dimitriadis et al. 2019).
Using the nonlinear least-squares method, we fit the first

10 days of the Las Cumbres Observatory multiband and the
DLT40 band (see Section 3.1 for more information) light curve
to a power law of the form

( ) ( )= -F c t t , 3a
exp

where texp is the time of explosion, F is the flux, and c and a are
free parameters. Photometry is binned to 0.3 days to reduce the
impact of the different observational sites. When we limit the fit
to only when the light curve reaches half-maximum flux (the
procedure used in Firth et al. 2015), the unconstrained fit
returns an explosion epoch that is inconsistent with the
observations. Alternatively, we constrain texp to vary only
between the last nondetection and discovery epoch, though an
unconstrained fit of the first 10 days returns a weighted mean
texp value consistent with the observed limits. When each
individual filter is fit separately, a weighted mean of

= t 59864.9 0.2exp MJD is returned, shown in Figure 10.
We use this value as the explosion epoch for SN 2022xkq.
The power-law model favors a= 1.6± 0.2 in B band and

a∼ 1.4 in all others. This differs from the a= 2 of the fireball
model, which is commonly used to describe the rising light
curves of SNe Ia (Riess et al. 1999; Goldhaber et al. 2001).
Fixing a= 2 results in texp almost 2 days before the last
nondetection and is unable to reproduce the shape of the first
few days of the rising light curve. Surveys have found a= 2 to
be roughly consistent with normal SNe Ia (Conley et al. 2006;
Hayden et al. 2010; Ganeshalingam et al. 2011; Zheng et al.
2017; Miller et al. 2020b; Fausnaugh et al. 2023); however,
those with low sBV (sBV< 0.8) have been observed to have
systematically lower a values than normal SNe Ia (González-
Gaitán et al. 2012), so a value <2 is expected for SN 2022xkq.
There is a trend in the residuals of the power-law fit; such

trends have been linked to early-time light-curve excesses
(Burke et al. 2022b; Ni et al. 2022, 2023b). To best highlight
the flux excess, we plot the residual as a fraction of the power-
law model flux at each epoch (see lower panels of Figure 10).

Figure 10. The binned LCO multiband and DLT40 open band light curves fit
to a power law, with = t 59865.0 0.3exp MJD (marked by the gray line in the
top panel). Residuals for each band are plotted as fractional residuals, i.e.,
residual divided by the power-law model flux. Immediately following
explosion, the power-law fit overpredicts flux in the blue filters and
underpredicts flux in the red; this indicates the presence of a slight red flux
excess.
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The observed residual trends indicate that the power-law fit
overpredicts flux in the blue filters and underpredicts flux in the
red. This red flux excess is coincident with the early red colors
of SN 2022xkq.

5.2. Comparison to Models

The trend in the residual of the power-law fit is an indicator
of an excess of flux in the early light curve (3 days after
inferred explosion). Here we compare to specific models that
display early bumps and excesses to examine the possible
source of this flux.

5.2.1. Companion Shocking

Early light-curve excesses may arise from SN ejecta
colliding with a nondegenerate companion, resulting in the
SN becoming briefly bluer and more luminous (Kasen 2010).
We fit a combination of the Kasen (2010) companion-shocking
component and SiFTO templates (Conley et al. 2008) using a
Markov Chain Monte Carlo routine implemented in the Light
Curve Fitting (Hosseinzadeh & Gomez 2020; Hosseinzadeh
et al. 2023a) package using the same parameters and procedure
as described in Hosseinzadeh et al. (2023b). The SiFTO models
are scaled to each band so that they match the observed
maximum for SN 2022xkq without preserving the colors of the
original SiFTO template. The SiFTO models for U and i bands
have also been slightly shifted in time when necessary to best
match the observed light curve. We only include the data up to
the time of Bmax (59879.14 MJD) in the fit since the SiFTO
template does not match the observed post-maximum light
well, especially the secondary infrared maximum. All
SN 2022xkq optical photometry is binned by 0.1 days. The
SiFTO template does not include the UV, so we exclude the
Swift photometry. Finally, we include a σ term that allows for
proper handling of the intrinsic scatter in the photometry by
effectively inflating the photometric uncertainties by a factor of

s+1 2 . The prior and posterior distributions of the fit
parameters are given in Table 2, and the best-fit model and
SiFTO templates are compared to the observed light curve in
the left panel of Figure 11.

The possibility of an early excess is further justified by a
comparison to a SiFTO SN Ia template (Conley et al. 2008),
which fits U, B, V, and g well but underestimates the light curve
in the redder bands, most notably in the i band. The
companion-shocking component fits excesses that exist
primarily in bluer bands. The red color of the excess in
SN 2022xkq is not well explained by these models. However,
the redder color of SN 2022xkq’s light curve does not
necessarily exclude the possibility of companion interaction
(Deckers et al. 2022). Further modeling is needed to determine
whether companion interaction can produce a red color without
producing a detectable bump in bluer optical bands.

5.2.2. Double Detonation

Another scenario that could result in early excess flux is the
double detonation of a sub-Chandrasekhar mass white dwarf.
Double detonation occurs when a shell of surface helium
detonates before the white dwarf core ignites. This process has
been suggested as an explosion mechanism for producing
underluminous SNe Ia (Polin et al. 2019; Gronow et al. 2021).
Further, double-detonation models are linked to early red
excesses in SNe Ia (Jiang et al. 2017; Ni et al. 2023a; see
Section 8.1 for further discussion). We compare the Polin et al.
(2019) double-detonation models to the observations of
SN 2022xkq. To account for uncertainties in explosion time,
we apply a time offset from 0 to 3 days at 0.5-day intervals. We
calculate the reduced χ2 (c̄ cº N2 2 , where N is the number
of photometric points that overlap the model) for each model in
the grid. The model with the lowest c̄2 (see the right panel of
Figure 11) is of a 0.9 Me white dwarf with a 0.05 Me helium
shell offset by 3.0 days.
The double-detonation model can somewhat reproduce the

photometry near and after maximum light in all bands except U,
where the model underpredicts the luminosity. However, it fails
to reproduce the color and early light curve and requires a large
time shift, which is inconsistent with observed nondetections. To
determine whether this was a result of comparing to the
photometry rather than the color evolution, we also run the same
process to find the model with light curves closest to the observed
U− B and B− V color. The model best matched to the color is a

Table 2
Companion-shocking Model Parameters

Parameter Variable Prior Shape Prior Parametersa Best-fit Valueb Units

Companion-shocking Model (Kasen 2010)

Explosion time t0 Uniform 59864.49 59865.28 -
+59864.7 0.2

0.3 MJD

Binary separation a Uniform 0 0.1 -
+0.04 0.01

0.02 1013 cm

Viewing angle θ Uniform 0 180 50±30 °

SiFTO Model (Conley et al. 2008)

Time of B maximum tmax Uniform 59877.14 59881.14 59879.26±0.07 MJD
Stretch s Log-uniform 0.5 2 0.858±0.008 dimensionless
Time shift in U ΔtU Gaussian 0 1 +0.14±0.07 d
Time shift in i Δti Gaussian 0 1 +0.46±0.06 d

Combined Model

Intrinsic scatter σ Half-Gaussian 0 1 7.3±0.3 dimensionless

Notes.
a The “Prior Parameters” column lists the minimum and maximum for a uniform distribution and the mean and standard deviation for a Gaussian distribution.
b The “Best-fit Value” column is determined from the 16th, 50th, and 84th percentiles of the posterior distribution, i.e., median ± 1σ.
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1.0 Me white dwarf with a 0.1 Me helium shell offset by 3.0
days. This model is overluminous in all bands while still
requiring a time shift that conflicts with nondetections.

The Polin et al. (2019) double-detonation models were not
designed for SN 2022xkq; adjusting any number of parameters
in the model could result in a double-detonation model that is a
better match to SN 2022xkq. Specifically, we note that the
next-best match to the photometry is a model of a 0.9 Me white
dwarf with a 0.01 Me helium shell. The available model grid
does not include any models of 0.9 Me white dwarfs with
helium shell masses between 0.05 and 0.01 Me, which may
produce a better match to SN 2022xkq. Further, double
detonation is an asymmetric process, and the viewing angle
can have a significant impact on the light curve, particularly in
the bluer bands (Shen et al. 2021b). The Polin et al. (2019)
models are 1D and cannot account for viewing angle effects.
We are therefore unable to rule out the possibility of a double-
detonation scenario using the early light curves alone.

5.2.3. Distribution of Nickel

Another possible explanation for the red color in the early light
curve of SN 2022xkq is shells or clumps of 56Ni near the surface of

the ejecta, providing extra photons in the rising light curve as a
result of radioactive decay. We compare the observed color curves
of SN 2022xkq to nickel models from Magee et al. (2020) and
Magee & Maguire (2020), which were produced to explain the
early excesses in SN 2017cbv and SN 2018oh (see dashed lines in
the right panel of Figure 11). Following the same process as for the
double-detonation models, we find the best-matched nickel model
to be 0.4 Me of 56Ni distributed according to an exponential
density profile with a scaling parameter of 9.7 and a kinetic energy
of 5.04× 1050 erg; the model is offset by 3.0 days. This model is a
good match to the observed B−V color and the U−B color after
the first few days. Overall, the nickel models are a much better
match to the observed light curve than the best double-detonation
model, though the nickel model underpredicts the rising light curve
and slightly overpredicts the peak luminosity in all bands. Similar
to the double-detonation models, the nickel models to which we
compare were not designed for SN 2022xkq and presumably could
be improved to produce a better match to the observations.

5.2.4. Interaction with Circumstellar Medium

Accretion or merging proceses are integral to the production
of SNe Ia, and these processes could result in CSM near an

Figure 11. Left: SiFTO templates (dashed) and the combination of the SiFTO templates and Kasen (2010) companion-shocking component (solid lines) fit using the
Light Curve Fitting package. A companion-shocking component is unable to reproduce the light curve in the redder bands without introducing a large blue excess,
which is not observed. In combination with the residuals from the power-law fit (see Figure 10), this suggests the existence of a red excess in the early light curve.
Right: the double-detonation model (solid lines) from Polin et al. (2019), nickel distribution model (dashed–dotted lines) from Magee et al. (2020), and CSM
interaction model (dotted lines) from Piro & Morozova (2016), which best match the observed photometry of SN 2022xkq. No model is a particularly good description
of the observed light curve, though the nickel distribution and CSM interaction models do somewhat reproduce the rising light curve, particularly in the redder bands.
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exploding white dwarf. This ejecta–CSM interaction can result
in excesses in the early light curve similar to those observed in
companion-shocking models. We compare the photometry of
SN 2022xkq with models of interaction with CSM from Piro &
Morozova (2016) using the same procedure as for the double-
detonation and nickel models. The best-matching model is of a
1.25 Me C/O white dwarf with 0.5 Me of 56Ni that has been
distributed using boxcar averaging of width 0.1 Me (for details
see Piro & Morozova 2016) interacting with extended CSM
material of radius 1011 cm and a mass of 0.3 Me. As shown in
the right panel of Figure 11, this model provides the best match
to photometry of any considered model in the BgVri bands and
is a great match to the observed B− V color. However, the
CSM interaction model significantly exceeds the observed U-
band flux, resulting in a poor match to the U− B color. The
model also slightly undershoots the r and i bands in the epochs
where the red early color is most obvious (∼3 days after
explosion). The models presented in Piro & Morozova (2016)
primarily produce light curves with blue early colors and flux
excesses. However, these models do not consider radiative
transfer and opacity effects in detail and are not expected to
describe real SNe. While CSM signatures may be present in the
early light curves of SNe Ia, the primary observational
signature of this interaction is the presence of hydrogen in
nebular spectra (see Section 6.4). A more detailed modeling of
ejecta–CSM interaction in SN 2022xkq, particularly once late-
time (>300 days) nebular spectra are available, may be able to
better describe the rising light curve and U− B color.

5.2.5. Other Possible Scenarios

Additionally, we compare the photometry of SN 2022xkq
with models of pulsational-delayed detonations from Dessart
et al. (2014) using the previously discussed procedure. The
pulsational-delayed-detonation model set produces the worst
match to the light curve of SN 2022xkq of any of the
previously discussed models, and we refrain from discussing
it further.

We further compare to the light curves of the delayed
detonation of a Chandrasekhar white dwarf, the violent merger
of two sub-Chandrasekhar white dwarfs, the detonation of a
bare sub-Chandrasekhar white dwarf, and two pure-deflagra-
tion models presented in Noebauer et al. (2017). The majority
of these models have red colors at early times (merger, sub-
Chandrasekhar detonation, and delayed detonation). While the
shape of the early light curve is somewhat similar to the violent
merger model, none of these models produce a B− V color
evolution similar to what was observed in SN 2022xkq.

Here we briefly summarize our observations of the early
light curve and our model exploration. The B− V color of
SN 2022xkq reveals an early color that is generally redder than
most of the SNe Ia to which we compare. This color evolution
is somewhat similar to the evolution observed for SN 2018aoz,
which has an identified red excess. Further, the early light curve
of SN 2022xkq exhibits a red excess in the residual when the
light curve is fit using a simple power-law rise. The power-law
residuals, combined with the SN’s early color, suggest the
presence of a red early excess in SN 2022xkq. To determine the
mechanism responsible for this excess, we compare to several
models of SN Ia explosions. However, the rising light curve
and color evolution of SN 2022xkq are not well described by
any of the models we consider here, though we are unable to

rule out any of the mechanisms to which we compare, as
tailored models may produce better results.

6. Spectroscopic Properties

6.1. Optical Spectra

As is typical of SNe Ia, the optical spectra of SN 2022xkq
lack hydrogen and helium features while exhibiting character-
istic strong absorption features of intermediate-mass and iron-
peak elements such as Si II, Ca II, and Fe II, as seen in Figures 3
and 4.
In Figure 7, we compare an optical spectrum of SN 2022xkq

taken near Bmax to the peak spectra of other notable low-
luminosity SNe Ia: the transitional iPTF 13ebh (Hsiao et al.
2015), SN 2015bp (Wyatt et al. 2021), the 91bg-like
SN 1991bg (Filippenko et al. 1992; Leibundgut et al. 1993;
Turatto et al. 1996), SN 1999by (Garnavich et al. 2004), the
transitional/91bg-like SN 2012ij (Li et al. 2022), and
SN 1986G (Phillips et al. 1987). SN 2022xkq has a strong
Ti II feature at maximum light, indicating a lower photospheric
temperature than found in typical SNe Ia (Mazzali et al. 1997).
This Ti II feature is similar to those seen in the spectra of the
91bg-like SNe, confirming the classification of SN 2022xkq. At
peak SN 2022xkq is most spectroscopically analogous to
SN 1986G, a highly reddened SN that is spectroscopically
91bg-like but has photometric properties not typical of 91bg-
like SNe (for more in-depth discussion see Section 4).
The Si II λλ5972 and 6355 absorption features are

ubiquitous in SNe Ia. In SN 2022xkq, both of these Si II lines
are asymmetric starting ∼10 days before peak and persisting to
∼3 days post-peak, though Si II λ6355 remains asymmetric
until its disappearance. The Si II lines over these epochs are not
well fit with a single Gaussian. When the Si II lines at −10 days
relative to Bmax are fit using a two-component Gaussian, we
find a 13,000± 500 km s−1 component and a 10,000± 500 km
s−1 component. We note that this is a small difference (∼3000
km s−1) and that it is therefore difficult to determine whether
there are truly two separate features (Silverman et al. 2015).
91bg-like SNe often exhibit asymmetric Si II absorption
features (see Figure 7), possibly the result of a spectral-forming
region located at higher velocities than for normal SNe Ia
(Blondin et al. 2018) or of the blending of Fe II and Si II lines
(Galbany et al. 2019). So while the observed asymmetry could
indicate the presence of two velocity components, we refrain
from making a definitive statement. We instead measure the
velocities and EWs of Si II lines by fitting both with a fourth-
degree spline. Using the location of the absorption trough, we
find a Si II velocity of 11,920± 350 km s−1 in an early
spectrum (−11.6 days) and 9980± 200 km s−1 near Bmax
(1.2 days). Near B-band maximum (1.2 days), we measure an
EW of 38± 1Å and 129± 7Å for Si II λλ5972 and 6355,
respectively. These results are tabulated in Table 1.
SN 2022xkq’s Si II velocities and EWs at Bmax are similar to

SN 1986G and close to other 91bg-like SNe. Polin et al. (2019)
introduced the use of a plot of Si II λ6355 velocity and peak
absolute B-band magnitude to identify SNe Ia that may be the
result of sub-Chandrasekhar mass double-detonation explo-
sions. Burrow et al. (2020) identify three subgroups of SNe Ia
in this plot: “main,” which may result from near-Chandrasekhar
mass progenitors, and “fast” and “dim,” both of which may
have sub-Chandrasekhar mass progenitors with thin He shells
(Polin et al. 2019). As shown in Figure 12, SN 2022xkq is a
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dim SNe, consistent with other underluminous SNe Ia. We note
that the frequency of C II λ6580 detection in dim SNe has
raised questions about the mass of their progenitors (see
Sections 6.3 and 8.2.1). The EWs of SN 2022xkq’s Si II lines at
peak are also similar to other 91bg-like SNe, which categorizes
SN 2022xkq as “cool” in the Branch classification scheme
(Branch et al. 2006; Burrow et al. 2020). Further, the Si II
velocities of SN 2022xkq following explosion and at peak are
consistent with other 91bg-like SNe (Wang et al. 2009). We
note that Wang et al. (2009) exclude 91bg-like SNe from the
normal-velocity (NV) and high-velocity (HV) classification
scheme but that they roughly coincide with NV SNe.

6.2. Infrared Spectra

In addition to optical spectra, we also collected an infrared
spectral sequence (see Figure 5). The pre-maximum light NIR
evolution of SN 2022xkq is very similar to that of both
SN 1999by and iPTF 13ebh. However, post-maximum light the
NIR evolution is much closer to that of iPTF 13ebh than
SN 1999by, which has more distinct absorption features in the
J band than either SN 2022xkq or iPTF 13ebh.

There is a NIR feature around 2 μm that appears, both in
emission and in absorption, in some of the NIR spectra. Given
the lack of consistent evolution and the proximity of the nearby
telluric region, we do not consider this feature real and do not
mention it further.

Prominent iron-peak emission in the H band begins to appear
around 5 days post-Bmax. The blue-edge velocity, vedge, of this
feature can indicate the outer location of the Ni distribution.
Assuming that the iron-peak emission begins at 1.57 μm (value

used in Ashall et al. 2019), we measure vedge of ∼11,000 km s−1

at 10 days post-Bmax and ∼5500 km s−1 at 21 days post-Bmax.
This is in line with transitional SNe Ia like SN 2012ij (Li et al.
2022), SN 2015bp, and iPTF 13ebh (Ashall et al. 2019) but is
significantly larger than 91bg-like SN Ia SN 1999by (Ashall
et al. 2019). This behavior may indicate a Ni distribution similar
to that of transitional SNe Ia, though we note that SN 1999by is
the only other 91bg-like SN Ia for which robust NIR
observations exist.

6.3. Optical and Infrared Carbon Detection

The presence of C lines in the early spectra can provide
important constraints on the explosion mechanisms of SNe Ia.
SN 2022xkq displays both optical C II λ6580 and NIR C I
λ10693 in the pre-Bmax spectra (see Figure 13). We compare
the evolution of the carbon features in SN 2022xkq to that of
other transitional/91bg-like SNe Ia that also exhibit strong
carbon features: SN 1999by, iPTF 13ebh, and SN 2015bp.
The optical carbon absorption feature in SN 2022xkq is clear

in the earliest spectra before weakening to a “flat” feature by
−7 days post-Bmax and disappearing soon after. This evolution,
though more rapid, is similar to what was observed in
SN 2015bp (Wyatt et al. 2021). In contrast, iPTF 13ebh,
despite its strong NIR carbon feature, has a flat C II λ6580
profile in the earliest epochs that quickly fades. The optical
carbon observed in SN 1999by also has a flat C II pre-
maximum, though this feature persists much closer to peak
than observed in SN 2022xkq.
Based on the classification scheme of Folatelli et al. (2012),

the clear presence of C II λ6580 in the spectra from −13 to
−9 days of SN 2022xkq can be classified as “A” (i.e.,
absorption), for a clear C II λ6580 feature in the earliest
spectrum. This is also the classification assigned to SN 2015bp.
In contrast, iPTF 13ebh was classified as “F,” named for the flat
profile on the red side of Si II λ6355, which indicates a
marginal detection of C II λ6580. SN 1999by was also
classified as F, though its earliest optical spectrum is from a
significantly later epoch (−3 days relative to the time of Bmax)
than SN 2022xkq or iPTF 13ebh, which prevents the detection
of an earlier, and perhaps stronger, carbon feature. No C II
λ6580 (classified as “N”) was observed in SN 1991bg, though
the lack of early spectra likely precludes its detection. Most
transitional/91bg-like SNe with early optical spectra show
evidence for the presence of C II λ6580 in some capacity (see
Figure 12), including SN 2022xkq. We note that this feature
has been attributed to Fe II λ6516 in some of the 91bg-like SNe
(Galbany et al. 2019); however, we do not observe any strong
Fe II lines (i.e., λλ6456, 6516, 7308, 7462, 7711) within this
wavelength region in SN 2022xkq.
The earliest NIR spectrum of SN 2022xkq was taken only 3

days after the initial detection of the SN. This spectrum, as well
as several subsequent spectra, exhibits a feature at 1.03 μm on
the blue side of the Mg II 1.09 μm multiplet. This feature is
analogous to those observed in the early NIR spectra of several
other transitional/91bg-like SNe (e.g., SN 1999by, iPTF
13ebh, and SN 2015bp), where it was identified as C I
λ10693. Further, as shown in Figure 13, this feature has a
similar velocity evolution to C II λ6580. We therefore identify
this line as C I λ10693. We note that this feature has also been
suggested to be He I λ10830 (Boyle et al. 2017; Collins et al.
2023), and we explore this possibility in Section 8.2.3.

Figure 12. Plot of the B-band peak absolute magnitude vs. the Si II λ6355
velocity at Bmax of SN 2022xkq compared to SNe Ia reported in Zheng et al.
(2018), the transitional SN Ia sample (squares) presented in Wyatt et al. (2021,
see their Table 7), and a few 91bg-like SNe Ia (stars): SN 1986G, SN 1991bg,
and SN 1999by. Transitional and 91bg-like SN Ia points are colored based on
whether C II λ6580 is observed in their early data. A tentative detection is
illustrated by a “flat” profile in the C II region. C II classifications are taken
from Wyatt et al. (2021) for transitional objects and from Ashall et al. (2016)
for SN 1986G. In addition to SN 2022xkq, we classify SN 1991bg and
SN 1999by.
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The line we identify as C I λ10693 persists past Bmax and is
still present at +5 days with respect to B-band maximum (see
Figure 13). In the earliest spectra, SN 2022xkq has a C I
λ10693 feature similar in shape to that of iPTF 13ebh (Hsiao
et al. 2015), which displays a strong feature in the −13- and
−11-day spectra, but the feature has weakened significantly by
−7 days. The persistence of the C I λ10693 feature in
SN 2022xkq is most analogous to that of SN 1999by, which
displays a strong C I λ10693 feature post-Bmax as well.
However, the C I λ10693 feature in SN 1999by is still present
at 15 days post-Bmax. Höflich et al. (2002) suggested that there
may have also been a strong C I λ9406 feature in SN 1999by
given the strength of the C I λ10693 line. However, we do not
detect C I λ9406 in the spectra of SN 2022xkq. The C I λ10693
in SN 1999by persists for much longer than observed in
SN 2022xkq, where the feature has mostly disappeared after 5
days post-Bmax. We note that in the 9- and 10-day NIR spectra
of SN 2022xkq there is a shoulder in the Mg II λ10927 feature;
this shoulder has been linked to fading C I λ10693 (Hsiao et al.
2015), so the NIR carbon may be present even past 5 days after
the time of Bmax.

SN 2022xkq exhibits more persistent carbon lines, in both
the optical and NIR, than those observed in either iPTF 13ebh
or SN 2015bp. Of the three transitional/91bg-like SNe Ia with
clear NIR carbon features to which we compare, perhaps only
SN 1999by displays evidence of stronger carbon than observed
in SN 2022xkq. With the addition of SN 2022xkq, the sample
of transitional/91bg-like SNe Ia with carbon features indicates
that these lines may be commonplace in underluminous SNe.
This is perhaps not a surprising result, as several authors

(Thomas et al. 2011; Maguire et al. 2014) have noted a
correlation between narrow light curves, denoted by low sBV
values, and the presence of carbon. The detection of carbon in
SN 2022xkq may have significant implications for the explo-
sion mechanism of the SN; this is further discussed in
Section 8.2.

6.4. H and He Constraints from Nebular Spectroscopy

To place further constraints on the progenitor of
SN 2022xkq, we use the late-time, low-resolution (R ≈ 650),
high signal-to-noise ratio spectrum taken using the LDSS-3
spectrograph at the Magellan Clay telescope +118 days
post-Bmax. If the progenitor system of SN 2022xkq has a
nondegenerate companion, models indicate that the SN ejecta
will ablate part of its envelope, resulting in narrow hydrogen or
helium emission lines 100 days after explosion (most recently
Boehner et al. 2017; Botyánszki et al. 2018; Dessart et al.
2020). Models predict 0.1 Me of stripped hydrogen
(Botyánszki et al. 2018; Dessart et al. 2020); however, there
is diversity in the predicted shape and strength of the Hα
emission line based on the details of the SN explosion, the
companion, and treatment of non-LTE effects.
There are no hydrogen or helium emission features visible in

the LDSS-3 spectrum (see Figure 4). Using the methodology of
Sand et al. (2018, 2019, 2021), we set limits on narrow Hα and
He I (λλ5875, 6678) emission. We note that the NIR spectrum
taken at +103 days has too low signal-to-noise ratio to perform
a meaningful analysis on the He I λ10830 line. The extinction-
corrected and flux-calibrated spectrum is binned to the native
resolution and smoothed on scales larger than the expected

Figure 13. The optical C II λ6580 and NIR C I λ10693 evolution of SN 2022xkq compared to transitional/91bg-like SNe Ia: SN 1999by (Höflich et al. 2002;
Garnavich et al. 2004), SN 2015bp (Wyatt et al. 2021), and iPTF 13ebh (Hsiao et al. 2015). The C II evolution of SN 2022xkq is similar to that of SN 2015bp, starting
with a strong C II line that evolves to a “flat” feature before disappearing near Bmax. SN 2022xkq also has a strong NIR C I λ10693 feature that persists until ∼5 days
post-Bmax, which is somewhat comparable to the NIR C I evolution in SN 1999by.
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emission (FWHM ≈ 1000 km s−1) using a second-order
Savitzky & Golay (1964) filter with a width of 132Å.
Hydrogen and helium emission features with widths similar
to those expected from a single-degenerate scenario would be
apparent when comparing the unsmoothed and smoothed
versions of the spectrum.

We insert emission lines with width 1000 km s−1 and a peak
flux five times the rms of the residual spectrum into our data in
order to set quantitative limits on the Hα and He I nondetec-
tions. As shown in Table 1, the resulting flux and luminosity
limits (assuming D = 31 Mpc) are (1) Hα of 7.6× 10−17 erg
s−1 cm−2 and 8.8× 1036 erg s−1, (2) He I λ5875 of 3.4×
10−16 erg s−1 cm−2 and 4.0× 1037 erg s−1, and (3) He I λ6678
of 7.6× 10−17 erg s−1 cm−2 and 8.8× 1036 erg s−1. For
reference, the Hα luminosity limit for SN 2022xkq is between
∼4 and 10 times fainter than the Hα detections seen in three
recent low-luminosity, fast-declining SNe Ia with similar
photometric properties to SN 2022xkq (Kollmeier et al. 2019;
Vallely et al. 2019; Prieto et al. 2020; Elias-Rosa et al. 2021),
indicating that we would detect such features if they were
present.

First, we use the radiation transport model sets from Botyánszki
et al. (2018) to translate the hydrogen and helium luminosity limits
to masses. The 3D radiation transport results of Botyánszki et al.
(2018) present simulated SN Ia spectra 200 days after explosion
based on the ejecta–companion interaction simulations of Boehner
et al. (2017); see Botyánszki et al. (2018) for further details.
The simulated spectra presented in Botyánszki et al. (2018)
have LHα≈ (4.5–15.7)× 1039 erg s−1 (Mstrip∼ 0.2–0.4 Me)
for the main-sequence, subgiant, and red giant companion star
models. This is roughly 500–1800 times brighter than the detection
limit for SN 2022xkq. In order to quantify the stripped mass limit
for SN 2022xkq, we adopt the quadratic fitting relation between
Hα (and He I λλ5875 and 6678) luminosity and stripped hydrogen
(/helium) mass (Equation (1) in Botyánszki et al. 2018 as updated
by Sand et al. 2018) and correct for the epoch of our observations
(118 days after Bmax or 133 days after explosion; see Botyánszki
et al. 2018). This yields a stripped hydrogen mass limit of
MH,strip 2× 10−4Me and a helium mass limit of
MHe,strip 2× 10−3Me and MHe,strip 7× 10−4Me for the He I
λλ5875 and 6678 lines, respectively.

We also constrain the amount of stripped hydrogen based on
1D non-LTE radiative transfer calculations of several delayed-
detonation models (Blondin et al. 2013; DDC0, DDC15, and
DDC25) presented in Dessart et al. (2020). We interpolate the
available model grid, 100–300 days post-explosion, to the
explosion epoch of SN 2022xkq. This gives a stripped
hydrogen mass of MH,strip 7× 10−5 Me with very little
variation between the models. Dessart et al. (2020) do not
present a luminosity-to-mass conversion for helium, so we do
not derive a stripped helium mass for this model.

Limits on hydrogen and helium luminosity and stripped
mass are listed in Table 1. Other narrow emission lines, such as
[O I] λ6300 and Ca II λλ7291 and 7324, may be sensitive to
helium star companions in particular (e.g., Lundqvist et al.
2013). The LDSS-3 spectrum of SN 2022xkq constrains the
luminosity of [O I] λ6300 to be L[O I]<8.8× 1036 erg s−1.
Further collection of nebular spectra of SN 2022xkq is needed
to search for signatures of a single-degenerate scenario at later
times. This is especially important given the detection of Hα in
several similar low-luminosity SNe Ia (Kollmeier et al. 2019;
Vallely et al. 2019; Prieto et al. 2020; Elias-Rosa et al. 2021).

7. Radio Nondetection

We have modeled any possible radio emission from SN
2022xkq in the same way as in Lundqvist et al. (2020) and
Hosseinzadeh et al. (2022b)—that is, we assume that any
emission would arise as a result of circumstellar interaction.
Behind the SN blast wave, electrons are accelerated to relativistic
speeds, magnetic fields are generated, and the relativistic
electrons thereby radiate synchrotron emission. For a power-
law distribution of the electron energies, = -dN dE N E p

0 ,
where E= γmec

2 is the energy of the electrons and γ is the
Lorentz factor, the intensity of optically thin synchrotron
emission ∝ν−α, where α= (p− 1)/2. We have adopted p= 3
(Chevalier & Fransson 2006). The structure of the circumstellar
medium depends on the progenitor system. For a double-
degenerate progenitor system, a constant density medium may be
expected (as might be expected for relatively undisturbed
interstellar medium), whereas for the single-degenerate scenario
we might expect the circumstellar environment to be shaped by
the companion star and binary processes. In this case, we assume
wind-like circumstellar medium described by a constant mass-
loss rate ( M ) and a constant wind speed (vw), implying a density
decrease with radius as ( ) ( )r p= r M r v4 w

2 . We assume a
constant function of post-shock energy density from amplified
magnetic fields, defined as òB= uB/uth, where uth is the post-
shock thermal energy density ( r~ vs

2, where vs is the velocity of
the shock) and uB is the magnetic field energy density. We use
the model N100 (Röpke et al. 2012; Seitenzahl et al. 2013) for
the SN ejecta to test the single-degenerate scenario. To the fastest
ejecta in the model (∼2.8× 104 km s−1) we add even faster
ejecta with a density profile ρej∝ r−n with n= 13 (see Kundu
et al. 2017, for a discussion on n). In both models, we also
assume a constant function of post-shock energy density from
relativistic electrons, òrel= 0.1, where òrel= urel/uth, and urel is
the energy density in relativistic electrons. For the brightness
temperature of the radio emission at the frequency at which the
optical depth of synchrotron self-absorption is unity we adopt
Tbright= 5× 1010 K (see Björnsson & Lundqvist 2014, for a
discussion on Tbright).
In Figure 14 we show the predicted radio emission from our

wind model. We have assumed that the explosion occurs 3.5 days
prior to the epoch of radio data, i.e., 1 day before detection in the
optical. The ratio of M vw has been tuned to give the highest
luminosity possible that does not conflict with the observational
radio limits. Solid (dashed) lines are for òB= 0.1 (0.01). A higher
wind density is needed to compensate for less efficient
conversion to magnetic field energy density, and we obtain

 ( ) ( )´ - - - M M v2.1 11.0 10 yr 100 km sw
8 1 1 for òB=

0.1 (0.01). The observed upper limit at 9.0 GHz constrains the
models the most, and for the òB= 0.1 (0.01) model the
circumstellar shock is at ≈2.4 (1.9)× 1015 cm 3.5 days after
explosion. The figure also shows a model with = ´M 9.3

( )- - -
M v10 yr 100 km sw

6 1 1 and òrel= 0.1 (dotted lines). For
higher wind densities than this, synchrotron self-absorption
becomes so large that the modeled emission is predicted to fall
below the observed luminosity at 9.0 GHz. So, in essence, our
models can only rule out the interval (= ´M 2.1

) ( )´- - - -
M v10 to 9.3 10 yr 100 km sw

8 6 1 1 for òB= 0.1.
However, since multiepoch radio observations have limited
M to a few× 10−8Me yr−1 (vw/100 km s−1) for many SNe Ia
(Chomiuk et al. 2016; Lundqvist et al. 2020), with the notable
exception of SN Ia–CSM (Kool et al. 2023), the M value
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highlighted by the dotted lines in Figure 14 should only be
considered as a formal limit.

To test the double-degenerate scenario, we have used a
constant density for the ambient medium. In this case the
modeled radio flux increases with time (e.g., Chomiuk et al.
2012, 2016; Kundu et al. 2017; Lundqvist et al. 2020). The
progenitor model used is the violent merger model by Pakmor
et al. (2012), simulating the merger of two C/O degenerate
stars with masses 1.1 and 0.9Me. The total mass and
asymptotic kinetic energy of the ejecta for this model are
1.95Me and 1.7× 1051 erg, respectively. We assume the same
n= 13 density profile for this model as for the single-
degenerate model. Again, the 9.0 GHz data are the most
constraining, and we obtain an upper limit on the density of the
ambient medium of 1450 (9800) cm−3 for òB= 0.1 (0.01). For
the òB= 0.1 (0.01) model the circumstellar shock is at
≈2.6 (2.1)× 1015 cm 3.5 days after explosion.

In summary, the radio data can be used to put a limit on the
density of the ambient medium outside ∼2× 1015 cm. In a
single-degenerate scenario, the mass-loss rate of the progenitor
system is 2.1× 10−8Me yr−1 (vw/100 km s−1) for òB= 0.1.
When we compare these limits to the mass-loss rate parameters
of single-degenerate models defined by Chomiuk et al. (2012),
we find that these limits are deep enough to rule out most
symbiotic systems (red giant companions). These systems are
characterized by slow winds (10–100 km s−1) and mass-loss
rates of 10−6 to 10−8 Me yr−1 (Seaquist & Taylor 1990). Radio
upper limits have ruled out red-giant companions for the
majority of SNe Ia (Chomiuk et al. 2012; Horesh et al. 2012;
Pérez-Torres et al. 2014; Chomiuk et al. 2016; Lundqvist et al.
2020; Pellegrino et al. 2020; Burke et al. 2021; Hosseinzadeh
et al. 2022b, 2023b). However, many models involving main-
sequence companions still lie within the radio limits for
SN 2022xkq. For the double-degenerate scenario, or the single-
degenerate scenario with spun-up/spun-down super-Chandra-
sekhar-mass white dwarfs (Di Stefano et al. 2011; Justham
2011), where mass transfer no longer occurs at the time of

explosion, a near-uniform density of the ambient medium is
expected. However, the early radio data here are not ideal to
test this since the likely number density is of order 1 cm−3, and
our upper limit on the density is 1450 cm−3 for òB= 0.1. The
limits on mass-loss rates and ambient medium density are a
factor of ≈5–7 larger for òB= 0.01. Given that the radio flux is
expected to increase with time in the case of interaction with
uniform medium (Chomiuk et al. 2016), we encourage further
monitoring of this SN in order to obtain more stringent limits.

8. Discussion

8.1. Origin of the Red Excess

Several SNe Ia exhibit early flux excesses in the UV and
bluer optical bands (Hosseinzadeh et al. 2017; Miller et al.
2020a; Burke et al. 2021; Hosseinzadeh et al. 2022b, 2023b;
Srivastav et al. 2023; Wang et al. 2023). Population studies of
SNe Ia have suggested that these “blue bumps” may be a
common occurrence (Burke et al. 2022a, 2022b; Deckers et al.
2022; Magee et al. 2022). However, red flux excesses are much
less common. Only a handful of SNe Ia have been suggested to
have an early time “red excess,” notably MUSSES1604D
(Jiang et al. 2017), SN 2018aoz (Ni et al. 2022), and the more
peculiar SN 2018byg (De et al. 2019) and SN 2022joj (Padilla
Gonzalez et al. 2023; Liu et al. 2023). Ni et al. (2023b) suggest
that SN 2021aefx may also have had a red flux excess, although
it was not characterized this way by other authors (Hosseinza-
deh et al. 2022b; Ashall et al. 2022).
Jiang et al. (2017) attribute the red excess in MUSSES1604D

to double detonation, where the He-shell detonation produces
radioactive isotopes in the outer ejecta layers, creating an early
flux excess. The He-shell detonation also creates iron-group
and intermediate-mass elements, like Ti and Ca, which
primarily absorb in the blue optical bands, thus blocking the
blue flux and producing an overall red B− V color. The early
bump in the light curve of MUSSES1604D was thus attributed
to a flash produced by decaying radioactive isotopes. Ni et al.
(2023a) give three possible explanations for the red flux excess
in SN 2018aoz: (1) surface radioactive isotopes, (2) interaction
with a binary companion, and (3) interaction with surrounding
circumstellar material. They note that, similar to MUS-
SES1604D, some Fe-group line blanketing is required to
produce the observed color evolution; therefore, any scenario
will likely include the production of radioactive materials in the
outer ejecta. Similarly, the red excesses in SN 2018byg and
SN 2022joj have also been linked to double detonation and
iron-group element absorption in the blue. However, double-
detonation models cannot reproduce the observed C II features
in SN 2022joj (Padilla Gonzalez et al. 2023; Liu et al. 2023).
For SN 2021aefx, double detonation has been used to explain
the UV suppression and the early redder color (Ni et al. 2023b).
However, Hosseinzadeh et al. (2022b) note that there are
observational features of SN 2021aefx that do not support a
double-detonation scenario, including the presence of carbon
lines at pre-maximum epochs and the lack of strong [Ca II]
emission in the nebular spectra.
Other origins for an early red color in SNe Ia have also been

suggested. ZTF 18aayjvve and ZTF 18abdfwur were identified
as possibly having red excesses, but neither were well
explained by a double-detonation scenario and were better
explained as the result of the presence of 56Ni in the outer
layers or companion/CSM interaction (Deckers et al. 2022).

Figure 14. Radio data for SN 2022xkq (Ryder et al. 2022), together with
models at 5.5 GHz and 9.0 GHz for a ρ(r) ∝ r−2 wind. Models use

( ) ( )= ´ - - - M M v2.1 11.0 10 yr 100 km sw
8 1 1 for òB = 0.1 (0.01), with

solid (dashed) lines being for òB = 0.1 (0.01). Common parameters in both
models are òe = 0.1, Tbright = 5 × 1010 K, n = 13, and vw = 100 km s−1. The
most constraining observation is that at 9.0 GHz on day 3.5. As there is only
one epoch of observations, there is also an upper limit on the derived mass-loss
rate shown here for òB = 0.1 as dotted lines. See text for more details.
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As we discuss further below, we do not favor a double-
detonation mechanism for SN 2022xkq, but we cannot rule it
out. A wide variety of explosion parameters can significantly
change the color evolution of double-detonation explosions,
including the exact mass of the white dwarf progenitor and the
He shell (Kromer et al. 2010; Shen et al. 2010; Sim et al. 2012;
Polin et al. 2019), the degree of mixing (Polin et al. 2019;
Gronow et al. 2020), non-LTE effects (Shen et al. 2021a; Dong
et al. 2022), and viewing angle effects (Kromer et al. 2010; Sim
et al. 2012; Gronow et al. 2020; Shen et al. 2021b). Viewing
angle effects in particular have been shown to have a significant
impact on the color, light-curve morphology, and spectral
evolution of double-detonation SNe (Sim et al. 2012; Gronow
et al. 2020; Shen et al. 2021b). We also cannot discount
impacts from other processes that might result in bluer early
colors in more luminous SNe Ia, like companion and CSM
interaction. The strong Ti absorption features that denote 91bg-
like SNe dominate in U and B bands and may suppress any
blue bumps, resulting in a red early color. Further modeling is
needed to understand the origin of the early red color excess in
SN 2022xkq.

8.2. Further Explosion Constraints

The progenitors and explosion mechanisms of transitional/
91bg-like SNe Ia are the subject of some debate. Studies have
long suggested double detonation in sub-Chandrasekhar mass
white dwarfs as the origin for faint SNe Ia (Goldstein &
Kasen 2018; Polin et al. 2019; Shen et al. 2021b; Collins et al.
2023). However, the analyses of a few transitional and 91bg-
like SNe suggest that many of these objects are best described
by the delayed detonation of near-Chandrasekhar mass white
dwarfs (Höflich et al. 2002; Ashall et al. 2016, 2018). One of
the differentiators between these two scenarios is the amount of
unburnt carbon in the ejecta. Here we discuss the presence of
carbon in sub-Chandrasekhar mass models, both pure and
double detonation, and compare the spectra of SN 2022xkq
with models of a Chandrasekhar mass delayed detonation and
pure sub-Chandrasekhar mass detonation to try to shed further
light on the origins of this SN. Finally, it has been suggested
that the double-detonation scenario may produce a He I line
that could be misidentified as C I (Boyle et al. 2017; Collins
et al. 2023); we discuss this possibility in Section 8.2.3.

8.2.1. Carbon in Sub-Chandrasekhar Mass Models

The carbon lines observed in SN 2022xkq, as well as other
transitional/91bg-like SNe Ia, can be difficult to reconcile with
sub-Chandrasekhar mass progenitors. For underluminous SNe
Ia both pure and double-detonation sub-Chandrasekhar mass
models have higher carbon-burning efficiencies, resulting in
less unburnt carbon than Chandrasekhar mass models with
similar 56Ni masses and therefore weaker or nonexistent carbon
features. However, we note that the actual amount of unburnt
carbon is model dependent.

In the double-detonation sub-Chandrasekhar models pre-
sented by Polin et al. (2019), the amount of unburnt carbon left
following detonation would not produce optical carbon features
in the spectra of an SN Ia. However, the sub-Chandrasekhar
mass models presented in Blondin et al. (2017) have NIR
carbon in the spectra pre-maximum light. We note that the
Blondin et al. (2017) models are of pure central detonation of a
bare CO white dwarf and do not account for any He-shell

effects that could potentially result in less unburnt carbon.
Neither Polin et al. (2019) nor Blondin et al. (2017) predict the
presence of optical carbon in the spectra of an SN Ia produced
by a sub-Chandrasekhar mass progenitor. The Blondin et al.
(2017) models produce a feature on the red wing of Si II λ6355,
though this feature is due to the Mg II λ6347 doublet rather
than C II λ6580. Given that the amount of unburnt carbon
following the detonation (whether pure or double) of a sub-
Chandrasekhar white dwarf is dependent on the physical
parameters of the model, we caution against using the presence
of carbon as the sole indicator of the progenitor.

8.2.2. Sub-Chandrasekhar versus Delayed Detonation

Blondin et al. (2017) modeled the explosion of a transitional
SN Ia using two types of explosion models: Chandrasekhar
mass delayed-detonation models with nickel masses of 0.3 and
0.21 Me, denoted as DDC20 and DDC22, respectively; and
models of the pure central detonation of a sub-Chandrasekhar
0.95 and 0.93 Me white dwarf (56Ni masses of 0.23 and
0.17 Me) labeled as SCH3p0 and SCH2p5, respectively. We
compare these four models to the spectra of SN 2022xkq in
Figure 15. For the optical spectra (left panel), we scale all
models to the wavelength weighted average flux from 6000 to
7500Å of the comparison spectra of the same epoch; this
region was chosen because it is primarily continuum absorp-
tion. In the NIR (right panel), models were similarly scaled to
the spectral region from 10,000 to 13,000Å, a region with little
influence from telluric lines.
We find that immediately following explosion (<−7 days

from time of Bmax) the pure sub-Chandrasekhar mass models
are a somewhat better reproduction of the shape of the optical
spectra of SN 2022xkq compared to the delayed-detonation
models; this is most evident on the blue end of the optical
spectra (see Figure 15, left panel). We note, however, that the
pure sub-Chandrasekhar mass models are still too red to map
the 4000–6000Å region at early times. A week before Bmax and
beyond, of the sub-Chandrasekhar mass models SCH3p0 is a
slightly better representation, though at peak SCH2p5 matches
the optical data remarkably well. Despite being not blue
enough at early times, the DDC20 delayed-detonation explo-
sion also matches the observations near and after peak light.
In the infrared, the pure-detonation sub-Chandrasekhar mass

models have features with higher velocities than observed in
SN 2022xkq at early times. At peak light, the sub-Chandrase-
khar mass models are a slightly better match to the data than
the delayed-detonation models. However, in the early spectra
the delayed-detonation models reproduce the NIR C I feature
better than the pure-detonation sub-Chandrasekhar mass
models. The pure sub-Chandrasekhar mass models have more
C I λ10693 than the delayed-detonation models immediately
following explosion since the line-forming region is located at
higher velocities, where the carbon abundance is significantly
higher. Conversely, neither the sub-Chandrasekhar mass nor
the delayed-detonation Chandrasekhar mass models display
C II λ6580 since its line formation region is located in the
ejecta layers where the carbon abundance is too low. All of the
models reproduce the evolution of the NIR C I line in the
spectra, strongest immediately following explosion and then
eventually weakening and disappearing. However, none of the
models to which we compare have carbon post-maximum light.
Given the less pronounced Sc II/Ti II absorption trough

around 4000–4200Å and the decent match to the optical and
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infrared spectral evolution near maximum light, the observa-
tions of SN 2022xkq are closer to the pure sub-Chandrasekhar
mass white dwarf model. However, we note that pure central
detonation is only an approximation and the detonation
mechanism will have significant impacts on the spectral
evolution. Further, modeling uncertainties in nucleosynthesis
and burning front propagation can have significant impacts on
carbon abundance in delayed-detonation models. Other
delayed-detonation models have shown considerable promise
in describing the general spectral evolution, including the C II
λ6580 and NIR C I features, of other SNe similar to
SN 2022xkq, including SN 1986G (Höflich et al. 2002; Ashall
et al. 2016, 2018). Ultimately, neither of the models to which
we compare was designed for SN 2022xkq, which has an
inferred 56Ni mass that falls between these models, and
dedicated work may result in models that more closely follow
the evolution of the SN for either scenario.

8.2.3. Helium in Double-detonation Models

In double-detonation models, the surface detonation of
helium can result in observable trace amounts of unburnt
helium in the outer ejecta of the SN. These helium features are
difficult to model since their optical depth depends on the
treatment of non-LTE effects, the evolution of the velocity
gradient, the ejecta density, variations in radiation temperature,
the viewing angle, and so on (Kromer et al. 2010; Boyle et al.
2017; Shen et al. 2021b; Collins et al. 2023). Boyle et al.
(2017) present the expected evolution of NIR He I 1.0830 and

2.0581 μm in both “high-mass” (1.025 Me CO core mass) and
“low-mass” (0.58 Me CO core mass) models. The high-mass
model corresponds to normal-luminosity SNe Ia (Fink et al.
2010). The low-mass model is designed to describe under-
luminous, peculiar thermonuclear events (Sim et al. 2012).
SN 2022xkq is an intermediate case, though closer in
luminosity to the low-mass model. The helium absorption
lines are much stronger in the low-mass model, where more
helium remains in the ejecta. However, both low- and high-
mass models have prominent He I 1.0830 μm features that
somewhat resemble the absorption features we identify as C I
1.0693 μm in Figure 13.
In both the high- and low-mass models, helium is visible at

maximum light and grows stronger past maximum (Boyle et al.
2017). In contrast, the observed feature in SN 2022xkq gets
weaker post-maximum rather than stronger. However, Collins
et al. (2023) recently presented a sub-Chandrasekhar mass
double-detonation model in which helium is strongest
immediately following explosion and fades near peak lumin-
osity. This model plausibly reproduces the C I feature in iPTF
13ebh with just He I 1.0830 μm. Therefore, the evolution of the
observed feature in SN 2022xkq could be explained by either
helium or carbon.
The model presented in Collins et al. (2023) does reproduce

the flat profile of C II λ6580 observed in iPTF 13ebh, so optical
carbon features alone cannot be used to confirm the presence of
NIR C I. Instead, we use other He I features to determine
whether the C I 1.0693 μm feature is actually due to He I

Figure 15. Optical and NIR spectra of SN 2022xkq compared to models of delayed-detonation and pure-detonation sub-Chandrasekhar mass explosions from Blondin
et al. (2017). Optical models are scaled to the weighted average flux from 6000 to 7500 Å of the spectrum to which they are compared, and NIR models are scaled to
the wavelength weighted average flux from 10,000 to 13,000 Å. The spectral evolution of SN 2022xkq is closer to the models of the pure detonation of a sub-
Chandrasekhar mass white dwarf. Phases are relative to the time of Bmax. The input models and synthetic spectra shown in this figure are publicly available on Zenodo
(Blondin et al. 2023).
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1.0830 μm. We cannot properly assess whether there is a He I
2.0581 μm absorption feature given its proximity to the nearby
telluric region. The next-strongest He I line in the Collins et al.
(2023) models is He I λ5875. This line is blended with other
lines in the region and is completely gone by ∼9 days after
explosion but is detectable in earlier spectra. The earliest
infrared spectrum of SN 2022xkq was taken just 2.6 days after
explosion. This is well within the period in which we would
expect to observe He I λ5875 given the strength of the potential
He I 1.0830 μm line. As shown in Figure 16, there is no clear
detection of He I λ5875 at the expected He I velocity.
Therefore, there is no evidence that the NIR feature at
1.03 μm is He I 1.0830 μm.

Based on current models, we are unable to suggest either the
delayed-detonation or the double-detonation scenario as the
explosion mechanism of SN 2022xkq at this time. More
tailored modeling would be needed to determine the origin of
this SN.

9. Summary and Conclusions

SN 2022xkq is one of the best-observed underluminous SNe
Ia and is by far the most well-studied photometrically
transitional and spectroscopically 91bg-like SN to date. The
high-cadence observations of SN 2022xkq offer a detailed view
of its photometric and spectroscopic evolution, in particular the
early light curve and carbon features. The early multiband light
curve of SN 2022xkq reveals a possible flux excess that is most
prominent in the redder bands. To our knowledge, SN 2022xkq
is the first transitional/91bg-like SN Ia with multiband

observations soon enough after explosion to detect the presence
of an early excess. Multiband photometry within days of
explosion of more transitional/91bg-like SNe is crucial to
understanding whether the red color in SN 2022xkq is unique
or typical of this subclass of SNe Ia.
SN 2022xkq is another member of the increasing sample of

transitional/91bg-like SNe Ia that exhibit strong carbon
features, in both the optical and infrared. The spectroscopic
data set presented in this paper offers near-complete coverage
of the evolution of the C II λ6580 and C I λ10693 lines. The
NIR data set collected for this SN is the most complete C I
evolution observed to date and will be invaluable for under-
standing the processes that produce carbon-rich SNe Ia.
No current model of any explosion scenario predicts a red

excess and early light curve like those exhibited in SN 2022xkq.
Red excesses are often linked to double-detonation mechanisms.
However, the overall light-curve shape and color, as well as the
strong C lines of SN 2022xkq, do not agree with existing double-
detonation models. Other scenarios predicted to produce early
flux excesses, including companion shocking, nontypical nickel
distribution, and mergers, are unable to describe both the color
and shape of the pre-maximum light curve as well.
Spectroscopically, SN 2022xkq is not particularly well

described by the models we consider either. The spectra are
closer to modeled spectra of the detonation of a pure sub-
Chandrasekhar mass white dwarf when compared to models of
delayed detonation. However, models currently suggest that
sub-Chandrasekhar mass progenitors, for both pure and double
detonation, do not produce the strong and persistent carbon
features observed in SN 2022xkq. The evolution of the line we
identify as C I could be produced by He I in a sub-
Chandrasekhar double-detonation scenario (Collins et al.
2023), though we do not detect any other expected He I lines
despite obtaining spectra less than 48 hr after explosion. In
contrast, delayed-detonation models have been shown to better
explain the carbon evolution but do not explain the weaker
Sc II/Ti II absorption trough at 4000–4200Å in the early
spectra of SN 2022xkq.
No current publicly available model can explain the early

color and light curve, the spectroscopic evolution, and the
strength of the carbon features of SN 2022xkq all at once.
Given the breadth of the observational record available, this SN
offers the unique opportunity to rigorously test progenitor
scenarios. SN 2022xkq will be an important reference point in
our efforts to understand the progenitors and explosions of
underluminous SNe Ia.
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Appendix

Table 3 shows the complete spectroscopic log, both optical
and NIR, of observations of SN 2022xkq reported in this work.
All spectra are available on WISeRep.59

Table 3
Log of Spectroscopic Observations

Date (UTC) JD Epoch (days)a Telescope Instrument Range (Å) Exp (s) Slit (arcsec)

2022-10-13 2459865.938 −13.6 P60 SEDM 3780–9220 1800 IFU
2022-10-13 2459866.496 −13.0 SALT RSS 3930–8600 1980 1.50
2022-10-15 2459867.833 −11.7 ESO-NTT EFOSC2-NTT 3670–9270 2700 1.0
2022-10-15 2459868.022 −11.5 FTN FLOYDS 3500–10,000 3600 2
2022-10-15 2459868.041 −11.5 Keck NIRES 9410–24,690 1000 0.55
2022-10-16 2459868.666 −10.9 ESO-NTT EFOSC2-NTT 3370–7490 1800 1.0
2022-10-16 2459868.692 −10.9 ESO-NTT SOFI 9380–16,480 3240 1
2022-10-16 2459868.753 −10.8 Baade IMACS 4200–9390 900 0.7
2022-10-16 2459868.782 −10.8 ESO-NTT EFOSC2-NTT 6020–10,010 1800 1.0
2022-10-17 2459869.571 −10.0 NOT ALFOSC 3400–9610 1800 1.3
2022-10-17 2459869.674 −9.9 SOAR GHTS RED 3650–7000 1800 1.0
2022-10-17 2459869.816 −9.7 P60 SEDM 3780–9220 1800 IFU
2022-10-17 2459870.07 −9.5 FTN FLOYDS 3500–10,000 3600 2
2022-10-18 2459870.669 −8.9 ESO-NTT SOFI 9380–16,480 3240 1
2022-10-18 2459870.878 −8.7 Bok B&C 4100–8000 4500 1.50
2022-10-18 2459871.484 −8.1 SALT RSS 3920–8600 1980 1.50
2022-10-19 2459871.8 −7.8 Bok B&C 4870–6020 7500 1.50
2022-10-19 2459872.019 −7.6 UH88 SNIFS 3400–9100 1800 IFU
2022-10-19 2459872.489 −7.1 SALT RSS 3920–8600 1980 1.50
2022-10-20 2459872.876 −6.7 Bok B&C 4000–8000 6000 1.50
2022-10-20 2459873.071 −6.5 FTN FLOYDS 3500–10,000 2100 2
2022-10-21 2459873.68 −5.9 SOAR TripleSpec 9400–24,660 300 1.0
2022-10-21 2459874.093 −5.5 FTN FLOYDS 3800–10,000 1800 2
2022-10-22 2459874.57 −5.0 NOT ALFOSC 3440–10,260 900 1.0
2022-10-22 2459875.074 −4.5 UH88 SNIFS 3400–9100 1800 IFU
2022-10-22 2459875.142 −4.5 Keck LRIS 3160–10,150 250 1
2022-10-24 2459876.605 −3.0 NOT ALFOSC 3400-9660 900 1.3
2022-10-24 2459877.043 −2.6 FTN FLOYDS 3500–10,000 1800 2
2022-10-26 2459878.718 −0.9 SOAR GHTS RED 4980–8990 600 1.0
2022-10-26 2459879.051 −0.6 UH88 SNIFS 3400–9100 1800 IFU
2022-10-27 2459879.74 0.1 SOAR GHTS BLUE 3700–7120 600 1.0
2022-10-27 2459879.743 0.1 GTC EMIR 8900–23,000 480 0.8
2022-10-27 2459879.779 0.1 SOAR TripleSpec 9400–24,660 180 1.1

59 https://www.wiserep.org
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Table 3
(Continued)

Date (UTC) JD Epoch (days)a Telescope Instrument Range (Å) Exp (s) Slit (arcsec)

2022-10-28 2459880.822 1.2 LBT MODS1 3630–10,000 1800 1
2022-10-28 2459880.938 1.3 Shane Kast 3250–10750 600 2.0
2022-10-29 2459881.928 2.3 ARC KOSMOS 3900–9200 400 2.10
2022-10-29 2459882.46 2.8 SALT RSS 3920–8600 1980 1.50
2022-10-30 2459882.781 3.1 SOAR GHTS RED 4000–7910 1200 1.0
2022-10-30 2459883.141 3.5 FTS FLOYDS 3500–10,000 900 2
2022-10-31 2459883.55 3.9 NOT ALFOSC 3420–9700 900 1.0
2022-10-31 2459883.787 4.1 ESO-NTT EFOSC 3650–9250 1080 1.5
2022-10-31 2459884.019 4.3 UH88 SNIFS 3400–9100 1800 IFU
2022-11-01 2459884.788 5.1 ESO-NTT SOFI 9380–16,480 960 1
2022-11-02 2459886.047 6.4 FTS FLOYDS 3500–10,000 900 2
2022-11-04 2459887.526 7.8 INT IDS 3800–9000 1500 0.974
2022-11-04 2459887.882 8.2 Shane Kast 3250–10,890 600 2.0
2022-11-05 2459888.501 8.8 INT IDS 3800–9000 1200 0.974
2022-11-05 2459888.626 8.9 GTC EMIR 8900–23,000 480 0.8
2022-11-05 2459889.071 9.4 FTS FLOYDS 3500–10,000 900 2
2022-11-06 2459889.711 10.0 INT IDS 3600–9000 1200 0.974
2022-11-06 2459890.005 10.3 Keck NIRES 9410–24,690 800 0.55
2022-11-07 2459890.586 10.9 INT IDS 3800–9000 1500 1.488
2022-11-09 2459893.428 13.7 SALT RSS 3920–8600 1980 1.50
2022-11-10 2459894.02 14.3 FTS FLOYDS 3500–10,000 899 2
2022-11-10 2459894.424 14.7 SALT RSS 3920–8600 1980 1.50
2022-11-13 2459896.61 16.8 NOT ALFOSC 3400-9630 900 1.3
2022-11-13 2459897.415 17.6 SALT RSS 3920–8600 1980 1.50
2022-11-14 2459897.743 18.0 SOAR TripleSpec 9400–24,660 300 1.0
2022-11-15 2459899.029 19.2 UH88 SNIFS 3400–9100 2200 IFU
2022-11-16 2459899.874 20.1 Bok B&C 3940–8250 6000 1.50
2022-11-16 2459899.948 20.2 UH88 SNIFS 3400–9100 1800 IFU
2022-11-16 2459899.966 20.2 FTS FLOYDS 3500–10,000 900 2
2022-11-17 2459901.005 21.2 Keck NIRES 9410–24,690 480 0.55
2022-11-17 2459901.403 21.6 SALT RSS 3920–8600 1980 1.50
2022-11-18 2459901.812 22.0 ESO-NTT SOFI 9380–16,480 960 1
2022-11-18 2459901.92 22.1 Bok B&C 4900–6000 7500 1.50
2022-11-21 2459904.841 25.0 Shane Kast 3250–10,690 600 2.0
2022-11-22 2459905.679 25.8 SOAR TripleSpec 9400–24,660 300 1.0
2022-11-23 2459907.019 27.2 FTS FLOYDS 3500–10,000 899 2
2022-11-27 2459910.994 31.1 UH88 SNIFS 3400–9100 2400 IFU
2022-11-28 2459911.545 31.7 NOT ALFOSC 3400–9710 900 1.0
2022-11-28 2459911.686 31.8 SOAR GHTS RED 4960–8970 600 1.0
2022-11-29 2459912.587 32.7 SOAR TripleSpec 9400–24,660 300 1.0
2022-11-29 2459912.683 32.8 SOAR GHTS BLUE 3750–7110 600 1.0
2022-11-29 2459913.056 33.2 FTS FLOYDS 3500–10,000 900 2
2022-12-03 2459916.988 37.1 FTS FLOYDS 3500–10,000 900 2
2022-12-06 2459920.361 40.4 SALT RSS 3920–8600 1910 1.50
2022-12-12 2459925.599 45.6 SOAR GHTS RED 4950–8960 1800 1.0
2022-12-13 2459926.558 46.6 INT IDS 3800–9000 1800 1.001
2022-12-14 2459927.902 47.9 FTN FLOYDS 3500–10,000 900 2
2022-12-15 2459928.761 48.7 Bok B&C 4000–8000 7500 1.50
2022-12-17 2459930.536 50.5 GTC EMIR 8900–23,000 1440 0.8
2022-12-19 2459932.772 52.7 MMT Binospec 5260–7750 3600 1
2022-12-21 2459934.644 54.6 SOAR GHTS RED 4960–8960 1800 1.0
2022-12-21 2459934.751 54.7 ESO-NTT SOFI 9380–16,480 2970 1
2022-12-21 2459934.806 54.7 Shane Kast 3250–10,890 1200 2.0
2022-12-24 2459937.838 57.8 ARC KOSMOS 3780–9650 1800 2.10
2022-12-24 2459938.138 58.0 FTS FLOYDS 5050–10,000 2700 2
2022-12-29 2459942.691 62.6 ESO-NTT EFOSC 3360–7480 1800 1.5
2022-12-29 2459942.691 62.6 ESO-NTT EFOSC 6000–10,010 1800 1.5
2022-12-31 2459944.971 64.8 Keck NIRES 9410–24,690 1200 0.55
2023-01-05 2459950.398 70.2 GTC EMIR 8900–23,000 1440 0.8
2023-01-07 2459952.451 72.3 SALT RSS 3920–8600 1980 1.50
2023-01-11 2459955.72 75.5 SOAR GHTS RED 4920–8930 1800 1.0
2023-01-13 2459957.646 77.4 MMT Binospec 5260–7750 3600 1
2023-01-13 2459957.655 77.4 ESO-NTT EFOSC 3360–7480 1800 1.5
2023-01-13 2459957.679 77.4 ESO-NTT EFOSC 6000–10,000 1800 1.5
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Table 3
(Continued)

Date (UTC) JD Epoch (days)a Telescope Instrument Range (Å) Exp (s) Slit (arcsec)

2023-01-14 2459958.998 78.7 FTS FLOYDS 3500–10,000 2700 2
2023-01-25 2459970.452 90.1 GTC OSIRIS 3630–7790 800 1.0
2023-01-25 2459970.452 90.1 GTC OSIRIS 5100–10,300 800 1.0
2023-01-26 2459970.592 90.3 SOAR GHTS RED 4920–8930 1800 1.0
2023-01-27 2459971.757 91.4 Shane Kast 3250–10740 2400 2.0
2023-01-31 2459976.388 96.0 SALT RSS 3920–8600 1980 1.50
2023-02-01 2459977.001 96.6 FTS FLOYDS 3500–10,000 2700 2
2023-02-08 2459983.819 103.4 Keck NIRES 9410–24,690 2400 0.55
2023-02-11 2459987.346 106.9 SALT RSS 6140–6940 2400 1.50
2023-02-23 2459998.551 118.0 Clay LDSS-3 3900–10,630 900 1.0
2023-02-24 2459999.941 119.4 FTS FLOYDS 3500–10,000 3600 2
2023-03-05 2460008.582 128.0 Baade IMACS 4200–9380 1200 0.7
2023-03-14 2460017.892 137.2 FTS FLOYDS 3500–10,000 3600 2
2023-03-30 2460033.507 152.7 SOAR GHTS RED 4930–8930 3600 1.0

Note.
a Relative to Bmax.
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