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Abstract

We present panchromatic observations and modeling of calcium-strong supernovae (SNe) 2021gno in the star-forming
host-galaxy NGC 4165 and 2021inl in the outskirts of elliptical galaxy NGC 4923, both monitored through the Young
Supernova Experiment transient survey. The light curves of both, SNe show two peaks, the former peak being derived
from shock cooling emission (SCE) and /or shock interaction with circumstellar matenal (CSM) The primary peak in SN
2021gno is coincident with luminous, rapidly decaying X-ray emission (L, =5 x 10*' erg s~") detected by Swift-XRT at
6t =1 day after explosion, this observation being the second-ever detection of X-rays from a calcium- strong transient. We
interpret the X-ray emission in the context of shock interaction with CSM that extends to r < 3 x 10" cm. Based on
X-ray modeling, we calculate a CSM mass Mcsp = (0.3—1.6) X 1073 \ and density n = (1—4) X 10'°cm . Radio
nondetectlons indicate a low-density environment at larger radii (#> 10'® cm) and mass-loss rate of M < 1074 M.,

!, SCE modeling of both primary light-curve peaks indicates an extended-progenitor envelope mass M, = 0.02—0.05
M@ and radius R, =30—230 R.. The explosion properties suggest progenitor systems containing either a low-mass
massive star or a white dwarf (WD), the former being unlikely given the lack of local star formation. Furthermore, the
environments of both SNe are consistent with low-mass hybrid He/C/O WD + C/O WD mergers.

Unified Astronomy Thesaurus concepts: Supernovae (1668); X-ray transient sources (1852); X-ray telescopes
(1825); White dwarf stars (1799)

Supporting material: machine-readable tables, data behind figures

1. Introduction

Calcium-rich (Ca-rich) transients are a peculiar class of
stellar explosions whose progenitor system remains ambiguous
(Filippenko et al. 2003; Perets et al. 2010; Kasliwal et al.
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2012). These SNe are defined primarily based on an observed
integrated emission line flux ratio of [Ca1l]/[O 1] > 2 when the
explosion has reached its nebular phase (Milisavljevic et al.
2017) and the current sample consists of N 2 25 confirmed
objects. Consequently, these SNe are labeled as “Ca-rich”
compared to other transients when observed in their optically
thin regime. However, because modeling of these SNe has
indicated that they do not in fact produce more Ca in an
abundance relative to O (Milisavljevic et al. 2017; Jacobson-
Galdn et al. 2020a, 2021), but rather are simply “rich” in Call
emission, we choose to adopt an alternative naming convention
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and refer to these as “Ca-strong transients” (CaSTs) from this
point forward (Shen et al. 2019).

Beyond their prominent Call emission, CaSTs have other
observational characteristics that make them a well-defined
explosion class. First, these SNe are typically low-luminosity
explosions (Mpeq > —16.5 mag) that have fast photometric
evolutions (e.g., rise-times <15 days; Taubenberger 2017).
Physically, CaSTs are typically low-energy explosions
(E,~ 10 0 erg) that produce small amounts of ejecta (<0.6 M)
and *°Ni (<0.1 M,); the latter being the dominant radioactive
isotope that dictates their peak light-curve luminosities. Spectro-
scopically, most CaSTs exhibit type I spectra with prominent He T
transitions at early times and then experience an expedited
transition to nebular phases where [Call] dominates. Lastly, the
explosion environments of early samples of CaSTs showed a
strong preference toward the outskirts of early-type galaxies
where no star formation was detected, indicating a compact
progenitor star, e.g., a white dwarf (WD) system (Perets et al.
2010, 2011; Kasliwal et al. 2012; Lyman et al. 2014; Foley 2015;
Lunnan et al. 2017; Dong et al. 2022). However, as the sample of
confirmed CaSTs has grown, there has been an increased
diversity in the host environments of new objects. For example,
CaSTs such as iPTF15eqv (Milisavljevic et al. 2017), iPTF16hgs
(De et al. 2018a), SN 2016hnk (Galbany et al. 2019; Jacobson-
Galan et al. 2020b), and SN 2019ehk (Jacobson-Galan et al.
2020a; Nakaoka et al. 2021) were all discovered in star-forming
host-galaxies, while a number of CaSTs reported in a recent
sample by De et al. (2020) continued to show a preference toward
early-type hosts.

Many of these SNe were found at relatively large offsets
from their host-galaxy nuclei (Perets & Beniamini 2021, and
references therein), showing a different offset distribution than
type Ia SNe (Kasliwal et al. 2012), which prompts suggestions
of the progenitors residing in globular clusters or ejected at
high velocities from their original formation closer to the host-
galaxy nuclei (Perets et al. 2010; Foley 2015; Shen et al. 2019).
However, a more detailed study (Perets & Beniamini 2021)
showed that the large offsets originate from the SNe in early-
type galaxies (also consistent with the two new SNe that we
discuss here), where a large fraction of the CaST SNe are
found. In such galaxies, the old stellar population extends to
large distances, and the overall large offset distribution is
consistent with the distribution of the old stellar populations in
such galaxies, further supporting old stellar progenitors for
likely the majority of the CaST SNe (Perets 2014; Perets &
Beniamini 2021).

While the heterogeneous environments of CaSTs make it
difficult to constrain a single progenitor channel, there have been
significant constraints made to the parameter space of viable
CaST progenitor systems. First, the discovery of multiple CaSTs
with double-peaked light curves (e.g., iPTF16hgs, SN 2018lqo,
SN 2019ehk; De et al. 2018a, 2020; Jacobson-Galan et al. 2020a)
has indicated that the progenitors of at least some of these
transients must arise from stars surrounded by either extended
envelopes or confined circumstellar material (CSM). Another
major breakthrough in the study of these objects came from the
discovery of the closest CaST to date, SN2019ehk, which
exploded in the spiral host-galaxy M100 at D= 16.2 Mpc
(Jacobson-Galan et al. 2020a; Nakaoka et al. 2021; De et al.
2021). SN 2019ehk was detected within ~10 hr of explosion and
produced luminous X-ray emission, coincident with shock-
ionized spectral emission lines, and a double-peaked light curve
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(Jacobson-Galan et al. 2020a, hereafter WJG20a). The combina-
tion of these observations (X-ray to radio) revealed that the
SN 2019ehk progenitor star exploded into a confined shell of H-
and He-rich CSM with mass of ~7 x 107> M.,. Furthermore,
SN 2019ehk is the first CaST with preexplosion Hubble Space
Telescope imaging, which revealed no detectable progenitor, but
did constrain the possible progenitor channels to a low-mass
massive star (<10 M) or a WD system. Lastly, given its close
proximity, SN 2019ehk was imaged out to ~400days post
explosion, which allowed for the tightest constraints to date to be
made on the total amount of synthesized-radioactive-decay
isotopes °Ni and *'Ni in a CaST; the isotope mass ratio
suggests a progenitor channel involving the merger of low-mass
WDs (Jacobson-Galan et al. 2021).

In this paper, we present, analyze, and model multiwavelength
observations (X-ray to radio) of two new CaSTs, SNe 2021gno
and 202linl, both with double-peaked optical light curves.
SN 2021gno was discovered with an apparent magnitude of 18.2
mag by the Zwicky Transient Facility (ZTF) on 2021 March 20
(MJID 592932) and is located at o= 12"12™10.29°, 6 =
+13°14’57.04" (Bruch et al. 2021). While SN 2021gno was
originally classified as both a type II and type IIb supernova (SN;
Hung et al. 2021), the spectral time series, coupled with its light-
curve evolution, indicates that it belongs in the CaST class.
SN 2021inl was discovered by ZTF on 2021 April 07 (MID
59311.2) with a detection magnitude of 19.5 mag and is located
at o= 13"01m33.24°%, § = +27°49/55.10” (Munoz-Arancibia
et al. 2021). SN2021inl was classified as a type Ib-peculiar
and was noted to be spectroscopically consistent with the “Ca-
rich” transient class (Taggart et al. 2021).

SN 2021gno is located 23”.3 NW of the nucleus of the SABa
galaxy NGC4165. For SN 2021gno, we use the redshift-
independent distance of 30.5 4+ 5.6 Mpc, which was calculated
using the Tully-Fisher relation (Theureau et al. 2007). For
SN 2021inl, we use a redshift z=0.0182 +0.0001 (Albareti
et al. 2017), which corresponds to a distance of 79.9 = 0.4 Mpc
for standard ACDM cosmology (Ho=70kms™' Mpc !,
Q) =0.27, Q5 =0.73); unfortunately no redshift-independent
distance is available. Possible uncertainties on the SN 2021inl
distance could be the choice of Hy and/or peculiar velocities of
the host-galaxy; the uncertainty on the former can, for example,
contribute to <5% uncertainty of the SN luminosity. For each
SN, we define the time of explosion as the mean phase between
last nondetection and first detection. This results in a time of
explosion of MJD 59292.7 £+ 0.6 days (2021 March 19) for
SN 2021gno and MJD 59309.4 £ 0.1 days (2021 April 05) for
SN 2021inl. The main parameters of SNe 2021gno and 2021inl
and their host-galaxies (Figure 1) are displayed in Tables 1 and
2, respectively.

2. Observations
2.1. UV/Optical/NIR Photometry

SN 2021gno was observed with the Ultraviolet Optical
Telescope (UVOT; Roming et al. 2005) on board the Neil
Gehrels Swift Observatory (Gehrels et al. 2004) from 2021
March 20 until 2021 April 21 (6 t= 0.84-33.0 days since
explosion). We performed aperture photometry with a 5”
region with uvotsource within HEAsoft v6.26,>' following
the standard guidelines from Brown et al. (2014). In order to

21 We used the calibration database (CALDB) version 20201008.
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Figure 1. (a) PS1/YSE r-band explosion image of Ca-strong SN 2021gno in host-galaxy NGC 4165. (b) PS1/YSE g-band explosion image of Ca-strong SN 2021inl,

offset from host-galaxy NGC 4923 by 60”.

Table 1 Table 2
Main Parameters of SN 2021gno and Its Host-galaxy Main Parameters of SN 2021inl and Its Host-galaxy
Host-galaxy NGC 4165 Host-galaxy NGC 4923
Galaxy Type SAB(r)a T s
Galactic Offset 24.3"(3.6 kpc) alaxy lype | /
Redshift 0.0062 =+ 0.0002 Galactic Offset 60.0”(23.3 kpc)
Distance 30.5 + 5.6 Mpc* Redshift 0.0182 + 0.0001?
Distance Modulus, 1 32.4 + 0.4 mag BTstance Modul 3195(9) i g‘(‘) ;V[PC
RAgn 12"12™10.29° RlAstance odulus, p i3h01m3'3 ZZiag
Decsy +13°14/57.04" SN Do
Time of Explosion (MJD) 59292.7 + 0.6 Decsy _ +27°49/55.10
EB — V)uw 0.030 £ 0.001 mag Time of Explosion (MJD) 59309.4 + 0.1
EB - V) 0.0 EB — V)mw 0.008 + 0.001 mag
" ' EB V) 0.0°
mpek 17.50 + 0.03 mag ek '
Mpcak —14.9 + 0.1 ma cd mg 20.2 + 0.1 mag
’ oo™ Mpe ~143 £ 0.2 mag® ®
g ! . g

Notes. No extinction corrections have been applied to the presented apparent
magnitudes.
# Theureau et al. (2007).
® No host reddening detected at explosion site.
C o - .
Extinction correction applied.
4 Relative to second g-band light-curve peak.

remove contamination from the host-galaxy, we employed
images acquired at f ~ 122 days after explosion, assuming that
the SN contribution is negligible at this phase. This is
supported by visual inspection in which we found no flux
associated with SN 2021gno. We subtracted the measured
count rate at the location of the SN from the count rates in the
SN images following the prescriptions of Brown et al. (2014).
Consequently, we detect bright UV emission from the SN
directly after explosion (Figure 2) until the maximum
bolometric light. Subsequent nondetections in wl, m2, w2
bands indicate significant cooling of the photosphere and/or
Fe-group line blanketing.

Additional griz-band imaging of SN 2021gno and SN 2021inl
was obtained through the Young Supernova Experiment (YSE;
Jones et al. 2021) with the Pan-STARRS telescope (PS1; Kaiser
et al. 2002) between 2021 March 24 and 2021 July 21 (6t =4.80
—123.5 days since explosion) and 2021 April 06 and 2021
June 10 (6= 0.97—66.0 days since explosion), respectively. PS1

Notes. No extinction corrections have been applied to the presented apparent
magnitudes.

@ Albareti et al. (2017).

® No host reddening detected at explosion site.

¢ Extinction correction applied.

9 Relative to second g-band light-curve peak.

images of SNe 2021gno and 2021linl are presented in Figure 1.
Furthermore, SN 2021gno was observed with the DECam
Extension survey of YSE between 2021 March 22 and 2022
January 09 (6t =1.49—294.7 days) on the Cerro Tololo Inter-
American Observatory Blanco 4 m telescope (Rest et al. 2022).
The YSE photometric pipeline is based on photpipe (Rest
et al. 2005). Each image template was taken from stacked PS1
exposures, with most of the input data from the PS1 37 survey.
All images and templates are resampled and astrometrically
aligned to match a skycell in the PS1 sky tessellation. An image
zero-point is determined by comparing point-spread-function
(PSF) photometry of the stars to the updated stellar catalogs of
PS1 observations (Chambers et al. 2017). The PS1 templates are
convolved with a three-Gaussian kernel to match the PSF of the
nightly images, and the convolved templates are subtracted from
the nightly images with HOTPANTS (Becker 2015). Finally, a
flux-weighted centroid is found for each SN position, and PSF
photometry is performed using forced photometry: the centroid of
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Figure 2. UV /Optical /NIR light curve of SN 2021gno with respect to second r-band maximum (67 ~ 15 days). Peak of primary light-curve peak occurs at phase
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2 days. Observed photometry (absolute and apparent magnitudes) is presented in the AB magnitude system. ATLAS data/3c upper limits are presented as

triangles, PS1/YSE as squares, Swift as diamonds, ZTF as circles, Nickel as polygons, and DECam as stars. The epochs of our spectroscopic observations are marked
by black dashed lines. Blue vertical dashed line marks the time of the X-ray detection in SN 2021gno.

the PSF is forced to be at the SN position. The nightly zero-point
is applied to the photometry to determine the brightness of the SN
for that epoch.

Both SNe 2021gno and 2021inl were observed with ATLAS
(6r=0.70 — 84.6 and 6r=0.10—28.1 days since explosion,
respectively), a twin 0.5m telescope system installed on
Haleakala and Mauna Loa in the Hawai’ian islands that
robotically surveys the sky in cyan (c) and orange (o) filters
(Tonry et al. 2018a). The survey images are processed as
described in Tonry et al. (2018a) and photometrically and
astrometrically calibrated immediately (using the RefCat2
catalog; Tonry et al. 2018b). Template generation, image
subtraction procedures, and identification of transient objects
are described in Smith et al. (2020). PSF photometry is carried
out on the different images, and all sources greater than So are
recorded, and all sources go through an automatic validation
process that removes spurious objects (Smith et al. 2020).
Photometry on the different images (both forced and
nonforced) is from an automated PSF fitting as documented
in Tonry et al. (2018a). The photometry presented here is

weighted averages of the nightly individual 30s exposures,
carried out with forced photometry at the position of the SNe.

The complete light curves of SNe 2021gno and 2021inl are
presented in Figures 2 and 3, respectively, and all photometric
observations are listed in Appendix Tables A7 and AS. In
addition to our observations, we include g/r-band photometry
of SNe 2021gno and 2021inl from the ZTF (Bellm et al. 2019;
Graham et al. 2019) forced-photometry service (Masci et al.
2019), which span from 2021 March 20 to 2021 June 15 (6
t =0.54—87.5 days since explosion) and 2021 April 07 to 2021
May 08 (6 = 1.85—-32.9 days since explosion).

The Milky Way (MW) V-band extinction and color excess
along the SN 2021gno line of sight is Ay = 0.093 mag and E(B-
V)=0.03 mag (Schlegel et al. 1998; Schlafly & Finkbei-
ner 2011), respectively, which we correct for using a standard
Fitzpatrick (1999) reddening law (Ry = 3.1). Additionally, the
MW V-band extinction and color excess along the SN 2021inl
line of sight is Ay=0.025 mag and E(B-V)=0.008 mag
(Schlegel et al. 1998; Schlafly & Finkbeiner 2011). For both
SNe, we do not correct for host-galaxy contamination given the
absence of Na I D absorption in all spectra at the host redshift.
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Figure 3. (a) Optical /NIR light curve of SN 2021inl with respect to second r-band maximum (8¢ = 10 days). Peak of primary light-curve peak occurs at phase 67 ~ 2
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(The data used to create this figure are available.)

2.2. Optical/NIR spectroscopy

In Figures 4 and 3(b), we present the complete series of
optical spectroscopic observations of SN?2021gno and
SN 2021inl from § t=3—84 days and 6 t=25—111 days
relative to explosion, respectively. A full log of spectroscopic
observations is presented in Appendix Tables A2 and A4.

SNe 2021gno and 2021inl were observed with Shane/Kast
(Miller & Stone 1993) and Keck/LRIS (Oke et al. 1995)
between ¢ t=3-54 days and § t=25—111 days relative to
explosion, respectively. For all these spectroscopic observa-
tions, the standard CCD processing and spectrum extraction
were accomplished with IRAF.** The data were extracted using
the optimal algorithm of Horne (1986). Low-order polynomial
fits to calibration-lamp spectra were used to establish the
wavelength scale, and small adjustments derived from night-
sky lines in the object frames were applied. We employed
custom IDL routines to flux calibrate the data and remove
telluric lines using the well-exposed continua of the spectro-
photometric standard stars (Wade & Horne 1988; Foley et al.
2003). Details of these spectroscopic reduction techniques are
described in Silverman et al. (2012).

Spectra of SN2021gno were also obtained with the
Alhambra Faint Object Spectrograph (ALFOSC) on The
Nordic Optical Telescope (NOT), as well as Binospec on
MMT, and SpeX at the NASA Infrared Telescope Facility
(IRTF). All of the spectra were reduced using standard
techniques, which included correction for bias, overscan, and
flat-field. Spectra of comparison lamps and standard stars
acquired during the same night and with the same instrumental
setting have been used for the wavelength and flux calibrations,
respectively. When possible, we further removed the telluric
bands using standard stars. Given the various instruments
employed, the data-reduction steps described above have been

2 https://github.com/msiebert] /UCSC_spectral_pipeline

applied using several instrument-specific routines. We used
standard IRAF commands to extract all spectra.

2.3. X-Ray Observations with Swift-XRT

The X-Ray Telescope (XRT; Burrows et al. 2005) on board
the Swift spacecraft (Gehrels et al. 2004) started observing the
field of SN 2021gno from 2021 March 20 to 2021 November 6
(6 t=0.81—233.6 days since explosion with a total exposure
time of 28.8 ks, IDs 14199 and 14214). We analyzed the data
using HEAsoft v6.26 and followed the prescriptions detailed in
Margutti et al. (2013), applying standard filtering and screen-
ing. A bright source of X-ray emission is clearly detected in
each individual observation with significance of >3¢ against
the background in the first two epochs (6 t =0.81—1.14 days;
total exposure time of 4.73 ks) and count rates of
(3.84+1.6) x 1072 and (2.3 4 1.1) x 107> ¢, respectively.
Given how close in time the first XRT observations are to one
another, we chose to merge the two event files and use the
combined epoch for analysis of the X-ray spectrum.

To test the validity of the X-ray emission observed in
SN 2021gno, we first employ a binomial test to understand the
likelihood that the fading-X-ray emission was a chance
coincidence. In this test, we compared the observed counts in
the combined early time epoch to a late-time, template XRT
image (3.6 ks) of the explosion site at ~234 days. We find a
probability of fading-X-ray emission of only ~0.34%, further
indicating that the observed X-ray photons were in fact derived
from the SN at early times. Furthermore, in the template image,
no X-ray emission is detected above the background level at
later phases. The complete X-ray light curve is presented in
Figure 5(a).

From the merged event file at r < 2.1 days, we extracted a
spectrum using a 15" region centered at the location of
SN 2021gno. We find that the X-ray spectrum of the
SN emission has a best-fitting photon index I'=0.7 £0.5
(1o error) corresponding to an unabsorbed 0.3—10 keV flux of
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Figure S. (a) X-ray light curve of SN 2021gno (red circles) and other thermonuclear transients, e.g., SNe Iax (gray plus signs), SNe Ia (gray stars), and CaSTs (orange
squares). Core-collapse SNe Ib/c are shown as light-blue octagons and GRBs are displayed as black polygons. The decline rate of SN 2019¢hk’s X-ray emission
(green squares; L, %) is shown as a black dashed line, which is also consistent with SN 2021 gno’s decline rate (black dashed line). (b) Radio nondetections of
SN 2021gno (red circles) compared to nondetection limits of thermonuclear SNe and SNe Ib/c.

F.=@41+22)x 107" erg s~ 'em 2. No evidence for intrin-
sic neutral hydrogen absorption is found (NHpypw <2.2 X
10" cm™?). The Galactic neutral hydrogen column density
along our line of sight is NHyw =2.4 X 10*°cm 2 (Kalberla
et al. 2005), which is used to account for the contribution of the
host-galaxy in modeling the X-ray excess. We then use the
best-fitting spectral parameters inferred from the merged
observations to flux-calibrate the count-rate upper limits
derived for the following epochs (Table Al). Given the
distance to SN 2021gno, these measurements indicate a steeply
decaying, large X-ray luminosity of L, < 4.6 x 10" ergs™' at
t < 2.1 days (Figure 5), rivaling even the gamma-ray-burst SN,
1998bw (Kouveliotou et al. 2004). This very early time
observation represents only the second X-ray detection in a
CaST, the first being SN 2019ehk, which showed luminous
rapidly fading-X-ray emission at # < 4.2 days since explosion
(WJG20a). Furthermore, SN 2021gno’s decay in X-ray lumin-
osity is consistent with the steep light-curve slope of Lot >
found in SN 2019ehk. However, because SN 2021gno has one
X-ray detection, it is important to note that its X-ray decline
rate could vary differently than that observed in SN 2019ehk.
The hard 0.3-10keV X-ray spectrum of SN 2019ehk is
suggestive of thermal bremsstrahlung emission with temper-
ature 7> 10 keV. Consequently, we fit the SN 2021gno
contribution with a bremsstrahlung spectral model with
T=20keV and find an inferred emission measure of
EM = [nndV is EM=(1.840.7) x 10 cm™> (at 6t~ 1.0
d), where n, and n; are the number densities of electrons and
ions, respectively. Furthermore, in Section 7, we apply the
estimated EM from the XRT detections to derive parameters of
the CSM surrounding the progenitor system of SN 2021gno.

2.4. Radio Observations

We observed SN 2021gno with the Arcminute Microkelvin
Imager Large Array (AMI-LA; Zwart et al. 2008; Hickish et al.
2018) on 2021 April 21, 25 and November 19 (6r= 35, 39,
& 245 days since explosion) and found no evidence for radio
emission from the SN. These data were all taken at a central
frequency of 15.5 GHz across a 5 GHz bandwidth consisting of
4096 channels, which we average down to 8 for imaging.
Radio-frequency-interference flagging and bandpass and phase
reference calibration were performed using a custom reduction
pipeline (Perrott et al. 2013). Additional flagging and imaging
was performed in the Common Astronomy Software Applica-
tions (CASA; McMullin et al. 2007) package. For imaging we
use natural weighting with a clean gain of 0.1. To measure the
source flux density we use the CASA task IMFIT. The
resolution of the AMI-LA (characteristic beam dimensions
400 x 3000) when observing at the decl. of J1820 means that
the source is unresolved in all epochs. Details of each
observation are presented in Appendix Table A3, and the
derived-radio-luminosity limits for SN 2021gno are plotted in
Figure 5(b).

3. Host-galaxy and Explosion Site

SN 2021gno is located 3.6 kpc in projection from the nucleus
in the outer arm of its SBa type host-galaxy NGC 4165
(Figure 1(a)). We determine the host-galaxy oxygen abundance
12 + log(O/H) by using an SDSS spectroscopic observation
taken on 2004 April 20 of the galactic core; given the SN
location, the metallicity at the explosion site is likely lower.
Using a combination of line flux ratios ([O 111] / HS and [N 11]/
Ha) in Equations (1) amd (3) of Pettini & Pagel (2004), we
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determine a range of host metallicities of 12 + log(O/H) =
8.94—-9.15 dex (1.03-1.06 Z). Using the same spectrum, we
find an Ha emission line luminosity of Ly, = 8.7 X 10*°
ergs', which corresponds to a star formation rate of
SFR = 0.07 M_, yr ' (Kennicutt 1998).

In order to understand the star formation rate (SFR) and
metallicity at the exact location of SN 2021gno, we acquired an
additional host spectrum at the explosion site using the
Goodman spectrograph on SOAR on 2021 January 27, when
the SN emission is not expected to be detected given its
brightness at this phase and signal-to-noise ratio of the
spectrum. We find no detectable host-galaxy emission lines at
the SN location and perform a manual, optimal Gaussian
extraction with a 60 region, 30 on each side of the SN location,
which translates to distance of 0.22 kpc. We then derive a limit
on the Ha emission line luminosity by simulating a marginal
detection as a Gaussian profile (FWHM = 100 km sfl) with a
peak flux of three times the spectrum’s root-mean-square flux.
We then calculate Ly, < 4.3 X 10%° erg s~ and a local SFR of
<3.4x 107> M, yr . This estimate is consistent with the low
SFR of ~9.2 x 107> M, yr " inferred from the explosion site
of SN 2019ehk (WJG20a) and suggests that SN 2021gno is
more likely to have originated from an older progenitor system
(e.g., low-mass massive star or WD binary). Furthermore, the
Ha luminosity at the explosion site of SN 2019ehk is only
consistent with the HII region luminosity at the location of
~20% of H-stripped SNe (Galbany et al. 2018; Kuncarayakti
et al. 2018).

Similar to many other CaSTs, SN 2021inl is located at a
large projected offset (~23 kpc) from early-type, E/SO host-
galaxy NGC 4923 (Figure 1(b)). While the explosion site
indicates no star formation at the SN location, we also use an
SDSS spectroscopic observation taken on 2007 February 22 of
the galactic core to infer the properties of NGC 4923. To derive
the properties of the host-galaxy, we model the SDSS spectrum
as well as Galaxy Evolution Explorer All-Sky Survey Source
Catalog (Seibert et al. 2012) UV, SDSS ugriz, and near-IR
(NIR) Two Micron All Sky Survey (Jarrett et al. 2000) JHK
photometry with the Fitting and Assessment of Synthetic
Templates code (FAST; Kriek et al. 2009). Our model grid
includes stellar initial mass functions by Salpeter (1955) and
Chabrier (2003), star formation history that is exponentially
decreasing, a delayed function, and the stellar population
libraries presented by Bruzual & Charlot (2003) and Conroy
et al. (2009). For models without host-galaxy dust reddening,
we find a total stellar mass of M, ~ (4.6 —7.6) x 10"° M.,
metallicity of Z~ Z. and SFR < 107> M, yr'. We also find
consistent M, and Z measurements within a grid of models that
included dust (Ay=0.6), but all models found an SFR =0.
Overall, these models indicate that SN 2021inl, given its large
offset from a host with no apparent star formation, is not from a
massive star progenitor.

4. Optical Light-curve Analysis
4.1. Photometric Properties

SNe 2021gno and 2021inl are the fourth and fifth confirmed
CaSTs with clearly defined double-peaked light curves as shown in
Figures 2 and 3(a), respectively. The other double-peaked objects
in the present CaST sample are iPTF16hgs (De et al. 2018a),
SN 2018Ilqo (De et al. 2020), and SN 2019ehk (Jacobson-Galan
et al. 2020a; Nakaoka et al. 2021; De et al. 2021). Similar to other
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double-peaked SNe, we define the phase of these SNe relative to
both the secondary, “Nickel-powered” peak and to explosion as
defined at the end of Section 1. For both CaSTs, we calculate the
time of maximum by fitting a third-order polynomial to g- and r-
band photometry. For SN 2021gno, we find best-fit g- and r-band
peak absolute magnitudes of M, = — 14.90 £ 0.03 mag at MID
59305.2 £0.6 and M, = — 15.3 £ 0.2 mag at MID 59307.6 & 0.6,
respectively, resulting in an r-band rise-time of #.=153 +0.6
days. For SN 2021inl, we find best-fit g- and r-band peak absolute
magnitudes of M, =—14.3 +-0.1 mag at MJD 59318.6 = 0.1 and
M,=—148+0.2 mag at MJD 593174+0.1, respectively,
resulting in an r-band rise-time of #, = 8.04 4 0.10 days.

In Figure 7, we present r- and g-band light-curve
comparisons of SNe2021gno and 202linl to a sample of
confirmed CaSTs. Overall, both objects have a consistent light-
curve evolution to other CaSTs, e.g., ¢ S15  days,
Mpeac > —16.5 mag, and fast-decaying post-maximum photo-
metry. Both SNe are among the lowest-luminosity events
compared to other CaSTs, with SN 202linl being ~1 mag
fainter than SNe 2005E (Perets et al. 2010) and 2019ehk
(Jacobson-Galan et al. 2020a; Nakaoka et al. 2021) and
~2mag less luminous than the peculiar “Calcium-strong”
SN 2016hnk (Galbany et al. 2019; Jacobson-Galdn et al.
2020b). Despite being intrinsically fainter, SN ?2021gno’s
overall photometric evolution is most similar to SN 2019ehk
and iPTF16hgs (De et al. 2018a); all three objects contain
double-peaked light curves, as well as consistent rise-times and
post-peak decline rates in both g and r bands. SN 2021inl’s
post-maximum decline is also consistent with SNe 2019¢ehk,
2021gno, and iPTF16hgs, with all objects exhibiting a
relatively rapid decay in g-band flux following the Ni-powered
SN peak. Additionally, we compare the g—r colors of
SNe 2021gno and 202linl to a CaST sample in Figure 6.
Same as the photometric evolution, the overall g—r color
evolution of these two objects at 0t < 70 days post peak is quite
consistent with the colors typically observed in other CaSTs.
Similar to other objects observed early and with high-cadence
observations (e.g., iPTF16hgs, SN 2019ehk), SNe 2021gno and
2021inl display blue colors at the start of their evolution
(g — r <0 mag), but quickly transform into instrinsically red
explosions (g — r > 1 mag) following SN peak.

4.2. Bolometric Light Curve

For SN 2021gno, we construct a bolometric light curve by
fitting the ZTF, PS1, Nickel, ATLAS, and Swift photometry
with a blackbody model that is dependent on radius and
temperature. The extremely blue UV colors and early time
color evolution of SN 2021gno during its first light peak
impose nonnegligible deviations from the standard Swift-
UVOT count-to-flux conversion factors. We account for this
effect following the prescriptions by Brown et al. (2010). Each
spectral energy distribution (SED) of SN2021gno was
generated from the combination of multicolor UV /optical/
NIR photometry in thg w2, m2, wl, u, b, v, g, c, 0, 1, i, and z
bands (1500-10,000 A). Similarly, for SN 2021inl, we con-
struct a bolometric light curve by fitting the ZTF, PS1, Nickel,
and ATLAS photometry with the same blackbody model to
multiband g, ¢, o, r, i, and z bands (3000-10,000 A). For both
SNe, we extrapolated between light-curve data points using a
low-order polynomial spline in regions without complete color
information. All uncertainties on blackbody radii and temper-
ature were calculated using the covariance matrix generated by
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Figure 6. g-r color comparison of SN 2021gno (red circles), SN 2021inl (blue
polygons), and current sample of CaSTs. All photometry has been extinction
corrected.

the SED fits. For the secondary, Nickel-powered light-curve
peak, we find the peak bolometric luminosities of (4.12 &
1.57) x 10" ergs™ and (2.37+£0.05) x 10" ergs™"  for
SN 2021gno and SN 2021inl, respectively.

In Figures 8(a)/(b), we present the bolometric light curves of
SNe 2021gno and 2021inl, in addition to their blackbody radius
and temperature evolution in Figure 9. In both figures, we also
present the bolometric luminosities, blackbody radii, and
temperatures of CaST SN 2019ehk (WJG20a). Overall, both
SNe are less luminous than SN 2019ehk throughout all of their
bolometric evolution except the very first data point of the first
light-curve peak where the luminosities are comparable.
However, the post-peak bolometric decline in SNe 2021gno
and 2021inl is consistent with the rate observed in SN 2019¢ehk;
all of these objects decline faster than the typical decay of
%%Co — *°Fe that assumes complete trapping of ~-rays.
Furthermore, as shown in Figure 9, the blackbody temperature
of SNe 2019¢ehk, 2021gno, and 2021inl are all nearly identical
throughout the early time evolution, 6f<70 days since
explosion. However, the blackbody radius of SN 2019ehk is
larger than both SNe throughout their evolution, while
SN 2021gno and SN 2021inl are consistent with one another
for most early time epochs. Additionally, it should be noted
that the blackbody approximation may not be appropriate when
the emission lines (e.g., Call) begin to dominate the spectrum
of SNe 2021gno and 2021inl, which occurs ¢ > 40 days after
explosion. Consequently, a blackbody assumption for these
objects in those phases is most likely an oversimplification
and could result in additional uncertainty on the presented
bolometric luminosities.

For SN 2021gno, the earliest inferred blackbody radius is
~9 x 10" cm (~1300R.) at 6 =0.84 days since explosion.
This suggests a compact progenitor star with radius
R, <10 — 100 R, which allows for the first detected black-
body radius to be reached given a shock velocity of
vea 1.2 x 10 km s~ Similarly, the first blackbody radius of
~10"cm (~1400R.) in SN202linl at & =0.97 days also
allows for a compact progenitor radius of R, < 10 — 100 R, for
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vea 1.2 x 10*kms~'. Similar inferences that we made for
SN 2019ehk whose initial blackbody radius at 6~ 0.4 days
after explosion rule out an extended progenitor. Furthermore, in
all three SNe, WD progenitors are still permitted given the time
it would take the SN shock to reach the first blackbody radii
from a much smaller initial stellar radius.

To determine physical parameters of both SNe such as ejecta
mass (M), kinetic energy (E\), and 5°Ni mass (My;), we model
both bolometric light curves with the analytic expressions
presented in Appendix A of Valenti et al. (2008) and in
Wheeler et al. (2015). Same as in SN 2019ehk, we exclude the
first light-curve peak and model two distinct phases of the light
curve: photospheric (6 < 30 days; Arnett 1982) and nebular
(6t > 40 days; Sutherland & Wheeler 1984; Cappellaro et al.
1997). The analytic formalism applied in this modeling self-
consistently implements the possibility of incomplete y-ray
trapping, and a typical opacity of x = 0.1 cm” g~ is applied in
each model. Furthermore, we correct for the known degeneracy
between kinetic energy and ejecta mass (e.g., see Equation (1)
in WJG20a) by applying photospheric velocities of v~
6000kms~' for SN202lgno and v,,~7500kms ' for
SN 2021inl, both of which are derived from Sill absorption
features in the SN spectra. For SN 2021gno, we find an ejecta
mass of M.;=0.60+£0.01 M., kinetic energy of E, = (1.3 &
0.2) x 10° erg, and “°Ni mass of My;=(1.20+0.02) x
107°M_,. For SN202linl, we calculate an ejecta mass of
M.; =0.29 +0.01 M, kinetic energy of Ey=(9.6£0.4) x
10% erg, and “°Ni mass of My; = (6.90 & 0.06) x 10°M.... In
both SNe, the photospheric and nebular model fits (shown in
Figure 8) return consistent parameter values. We note that all
uncertainties on these explosion parameters are purely
statistical, and there are likely larger systematic errors derived
from the construction of the bolometric light curve, as well as
the assumed opacity and velocity of the SN ejecta. Overall, the
explosion parameters in SN 2021gno are very consistent with
those derived for SN 2019ehk (WJG20a) despite a slightly
lower My;;, which explains the larger luminosities observed in
SN 2019ehk. However, SN 2021inl’s explosion parameters are
all lower than those observed in SNe 2019ehk and 2021gno,
but are consistent with the values generally found in the CaST
class (De et al. 2020). We compile all explosion parameters of
SNe2021gno and 202linl, in addition to SN 2019ehk,
iPTF16hgs, and the objects studied in De et al. (2020), in
Appendix Table AS.

5. Optical/NIR Spectral Analysis
5.1. Spectroscopic Properties

The complete spectral series of SNe 2021gno and 2021inl is
presented in Figures 4 and 3(b), both of which include obvious
ion identifications for both SNe. During their photospheric
phase, both SNe display prominent Hel, O1, Call, SiIl, and
Fe-group element transitions; neither SNe showing evidence
for detectable HI. In the first spectrum of SN2021gno at
+3 days post explosion, we find that all the broad features can
be identified as fast-moving HeI A\ 4471, 5016, 5876, 6678
profiles and find a consistent expansion velocity of
~1.3x 10*kms~' from the minimum of the absorption
profile. Based on the absorption profiles in the SN 2021gno
maximum light spectrum, we find characteristic ejecta
velocities of ~7000—8000km s~! for He I, ~6500km s~! for
Sim, and ~7000kms ™' for Call. We find similar expansion
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Figure 7. (a) Early time g-band comparison of SN 2021gno (red circles), SN 2021inl (blue polygons), and classified CaSTs (Sullivan et al. 2011; Lunnan et al. 2017;
De et al. 2018a; Jacobson-Galdn et al. 2020a, 2020b). The peculiar, calcium-strong SN 2016hnk also presented for reference (gray hexagons). SNe 2021gno and
2021inl are the fourth and fifth objects in this class to show a double-peaked light curve, iPTF16hgs (orange stars), SN 2019¢ehk (green squares), and SN 2018lqo (De
et al. 2020) being the first three confirmed cases. (b) r-band comparison of SN 2021gno (red circles), SN 2021inl (blue polygons), and classified CaSTs.
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Figure 8. (a) Bolometric light curves of SNe 2021gno (red circles) and 2019¢hk (gray squares). Secondary, *°Ni-powered peak in SN 2021gno is at a phase of & ~ 10
days, while the primary peak from shock cooling emission or CSM interaction is during phases ¢t < 5 days. Photospheric light-curve model for the early time light
curve of SN 2021gno (Section 4.2) is plotted as dashed black line. Modeling of the nebular phase data plotted as dotted black line. Blue dashed line shows the
luminosity decline rate for a radioactive-decay-powered light curve with complete -ray trapping. (b) Bolometric light curves of SNe 2021inl (blue polygons) and
2019ehk (gray squares). Secondary, *°Ni-powered peak in SN 2021inl is at a phase of & ~ 10 days.

velocities in SN 2021inl, such as ~(1 — 1.2) x 10*%ms~! for
Hel, ~7500kms™" for Sil, and ~8000kms™ ' for CalL
Overall, the ejecta velocities estimated for both SNe are
consistent with the ion velocities found for SN 2019ehk
(WJG20a) and other CaSTs (Kasliwal et al. 2012; Lunnan
et al. 2017; De et al. 2020).

In Figure 10, we present the IR spectra of SN2021gno at
+10days after second maximum compared to SN 2019ehk at
+38 days; these two observations being the only confirmed IR
spectra of a CaST during the photospheric phase. The IR
spectrum of SN 2021gno shows nearly identical transitions to
SN 2019ehk, both objects showing clear P-Cygni profiles of
Ca1, Hel, C1, and Mg 1. Furthermore, the expansion velocities
of these transitions are consistent with the ejecta velocities

derived from optical spectra, e.g., ~1.1 x 10*kms™" for Hel
and ~9000kms ™" for CalL

In Figure 11(a), we present early time spectral comparisons
of SNe2021gno and 2021inl to other CaSTs near (second)
maximum light. Overall, both SNe show consistent spectral
features to all plotted CaSTs, but are most similar to
SN 2019ehk and iPTF16hgs at this phase. All four objects
show prominent HeT and Call transitions as well as the fast
emergence of a [Call] emission profile relative to peak.
Furthermore, we compare the midtime spectra of SN 2021gno
at +19days to SNe2005E, 2007ke, and 2019ehk in
Figure 11(b). At this phase, SN 2021gno shows nearly identical
transitions to these CaSTs such as prominent [Call] and
marginal [OI]. These spectral comparisons are further

10
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Figure 9. Blackbody radii (bottom panel) and temperatures (top panel) derived
from SED modeling of all multicolor optical photometry from SNe 2021gno
(red circles), 2021inl (blue polygons), and 2019ehk (gray squares).

indication that both SNe2021gno and 202linl are clear
members of the CaST class.

5.2. Inferences from Nebular Phase Spectroscopy

Similar to other CaSTs, SNe 2021gno and 2021inl show a
fast transition from the photospheric to the optically thin
regime where their spectra become dominated by forbidden
emission lines such as [Call] and [O1I] (Figure 12). For
SN 2021gno, the transition to the nebular regime occurs at
~13-18 days after explosion, which is evident from the
presence of [Call] emission in the early time spectra; this
transition then comes to dominate the spectra at later phases
(Figure 4). Despite the lower-cadence spectroscopic observa-
tions, a similar behavior is observed in SN 2021inl, whose first
spectrum at 48 days shows marginal evidence for [Call]
emission, which later becomes the dominant transition by
+94 days (Figure 3(b)).

Once in the optically thin regime, we calculate [Ca1l]/[O1]
line flux ratio, which, if greater than 2, is a common classifier
of CaSTs and present this quantity in Figure 13(a) for both
SNe. Based on this metric, we find that both objects are
significantly rich in [Call] emission as shown by a maximum
line flux ratio of [Call]/[O1]~ 10. These flux ratios are
consistent with other CaSTs presented in Figure 13(a), but
neither SN has as large of a [CaII]/[O1] ratio as SN 2019ehk,
which remains the member of CaST with the largest [Ca I1] flux
relative to [O 1] at all phases. Furthermore, in Figures 13(b)/(c),
we present the velocity profiles [Call] and [OI] of
SNe 2021gno and 2021inl, respectively, with the O emission
scaled to match the Ca feature. We find that, in both objects,
these forbidden line transitions are consistent in shape and
indicate [Call] and [OI] expansion velocities of ~5000-
6000 km s~ based on the FWHM of the emission profiles.

In order to understand the Ca and O abundance in each
explosion, we apply a similar analysis to that outlined in
Section 6.3 of WJG20a where the observed luminosities of
[Call] and [O1] are related to the populations of the excited
states, ion number densities (n, > 10’ c¢cm ), and Einstein A
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Figure 10. SPEX NIR spectrum (red) of SN 2021gno at +10 days relative to
second B-band peak. NIR spectrum of SN 2019ehk shown in blue (WJG20a);

these being the only early time NIR spectra taken of CaSTs. Prominent line
transitions are marked in black.

coefficient values of each ion:
Loy = no1 Ajoy hvion (5/14) —22000/T

Lican) = ncan Ajcan) Avicam (10/11) e=19700/T

ey
@

where hv is the photon energy, n is the ion number density,
Aicam =26 s, Aicam~390A0p, the exponentials are the
Boltzmann factors (T is in K), and the numerical factors are
statistical weights. To find the ion number densities and
subsequent masses in each SN, we first estimate the forbidden
line luminosities to be Loy =3.9 x 10*® erg s~ and Lic, =
35%x10% erg s™' for SN202Igno (6t=84 days since
explosion), and Lioy=82x 10" erg s™' and Licam=
3.6x 10 erg s' for SN202linl (§t=111 days since
explosion). In the analytic relations above, we choose to calculate
Ca and O masses for a range of temperatures 7= 5000 — 10* K,
for completeness.

For SN 2021gno, we calculate O and Ca masses of
M(0) = (0.6 — 6) x 107°M_, and M(Ca)=(1—9) x 10*M..,
for temperatures 7= 10* — 5000 K. Similarly, for SN 2021inl,
we find O and Ca masses of M(O)=0.01 -—0.1M; and
M(Ca)=(1—10) x 10~*M_, for T=10*—5000 K. These
abundances are lower overall, but still somewhat consistent, to
those found by WJG20a for SN 2019ehk, e.g., M(O) = 0.10M,
and M(Ca) =4 x 1073M®. However, it should be noted that at
these phases both SNe are not fully nebular, and therefore the
derived masses may be lower than the true elemental masses in
the explosion. Nevertheless, these mass estimates continue to
prove that the richness of Ca emission in CaSTs is not due to a
larger intrinsic amount of Ca relative to O, but rather it is likely
the result of relative abundances and ionization temperatures in
the inner, low-density ejecta.

6. Early Time Flux Excess

6.1. Observational Properties

Similar to other double-peaked CaSTs, the early time excess
in flux above the **Ni-powered continuum is observed in all
available UV /optical /NIR filters used to observe SNe 2021gno
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Figure 11. (a) Spectral comparison of SN 2021gno (red), SN 2021inl (blue), and other CaSTs near maximum light (Perets et al. 2010; Sullivan et al. 2011; Lunnan
et al. 2017; De et al. 2018a). Common ions are marked by gray lines. (b) Direct spectral comparison of SN 2021gno (black) and CaSTs SNe 2007ke, 2005E, and
2019ehk at approximately the same phase (Perets et al. 2010; Lunnan et al. 2017). Almost every line transition is matched between spectra, with SN 2021gno showing

similar Ca II emission to all other objects.

and 2021inl. Additionally, these very early time observations of
both SNe represent the only other instances where the initial
rise of the primary light-curve peak was recorded in a CaST,
the first being in SN 2019ehk. In Figure 14, we present the g—r
colors, as well as r- and g-band light curves of SNe 2019ehk,
2021gno, 2021inl, and iPTF16hgs during their primary light-
curve phase.

For all four double-peaked CaSTs in Figure 14(a), the g—r
color evolution during the flux excess follows a consistent
trend: all objects show a linear increase in color following first
detection, and all begin with quite blue colors, e.g.,
g —r<—0.2 mag. Seemingly, the physical process behind
this early time flux excess is responsible for a retention of high
blackbody temperatures and, consequently, blue colors until the
SN emission becomes dominated by energy injection from “°Ni
decay.

As shown in Figures 14(b)/(c), SN 2019¢ehk remains the
most luminous double-peaked CaST, with its flux excess
peaking at M =~ —16.5 mag in g and r bands. SNe 2021gno and
2021inl are lower-luminosity events compared to SN 2019ehk
and iPTF16hgs, with their primary g- and r-band light curves
peaking at M ~ —14.8 mag and M =~ —15.2 mag, respectively.
Furthermore, the light-curve slopes during this phase varies
between all CaSTs. SN 2021gno shows a g-band decline rate of
Am(g)s = 0.52 mag during the ~5 day primary peak duration
while SN 2021inl has a decline rate of Am(g); =0.64 mag.
Additionally, SN 2019ehk has a very fast decline rate of
Am(g)s=1.1 mag during its largest flare in early time
flux, while iPTF16hgs has a similarly rapid decline of
Am(g); =0.75 mag.

6.2. Shock Breakout and Envelope Cooling Model

For stellar progenitors with an extended envelope, the energy
deposited by the passage of a shock through their envelopes
manifests in detectable shock cooling emission (SCE) on a
timescale of ¢+ <days after shock breakout. This process has
been modeled both analytically (e.g., Nakar & Piro 2014;
Piro 2015) and numerically (e.g., Sapir & Waxman 2017;
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Piro et al. 2017, 2021), these models being highly effective at
reproducing the early time double-peaked light curves of
SNe IIb (e.g., SNe 1993J, 2011dh, 2016gkg, 2017jgh; Wheeler
et al. 1993; Arcavi et al. 2011, 2017; Piro et al. 2017;
Armstrong et al. 2021), superluminous SNe (e.g., DES14X3-
taz; Smith et al. 2016), SNe Ic (e.g., SNe 2014ft, 2020bvc,
20200i; De et al. 2018b; Ho et al. 2020; Gagliano et al. 2022),
fast-risers (e.g., 2019dge; Yao et al. 2020), and CaSTs (e.g.,
iPTF16hgs, SN 2019¢ehk; De et al. 2018a; Nakaoka et al. 2021;
Jacobson-Galdn et al. 2020a). Furthermore, by fitting the
primary light-curve peaks of these double-peaked SNe,
information about the extended material around the progenitor
star at the time of explosion can be derived, such as the
envelope mass and radius, as well as the shock velocity.

In order to understand the physical origin of their early time
flux excess, we fit the primary light-curve peaks of
SNe 2021gno and 2021inl with models for SCE of extended
material. We apply four models to fit the SN light curves: the
original SCE model by Piro (2015) as well as the revised two-
component formalism presented in Piro et al. (2021), in
addition to the models of Sapir & Waxman (2017) who
numerically model SCE from both red and blue supergiant,
H-rich envelopes (polytropic index of n=3/2 and n=3,
respectively). Presentation of the analytic expressions behind
these models can be found in Arcavi et al. (2017) or Section 7.3
of WIJG20a. Following the shock breakout, each model
produces constraints on the envelope mass, M,, envelope
radius, R,, the velocity of the envelope, v,, and the time offset
from explosion ¢, (consistent with our explosion time estimate).
In this analysis, we use emcee, a Python-based application of
an affine invariant Markov Chain Monte Carlo with an
ensemble sampler (Foreman-Mackey et al. 2013). We compile
the best-fit parameter estimates from each model in Table A6.

In Figures 15 and 16, we present the best-fitting multicolor light
curves of the aforementioned models for SNe2021gno and
2021inl, respectively. We also present model bolometric light
curves, as well as their blackbody temperatures and radii, in
Figure 17 with respect to the SNe 2021gno and 2021inl data. In
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Figure 12. Nebular spectra of all confirmed CaSTs (Sullivan et al. 2011; Kasliwal et al. 2012; Foley 2015; Lunnan et al. 2017; Milisavljevic et al. 2017; Jacobson-
Galan et al. 2020a, 2020b). Nebular spectra of SN 2021gno at +84 days and SN 2021inl at +111 days, shown in red and blue, respectively, both spectra further
establishing these objects as CaSTs. Prominent [O 1] and [Ca II] lines as well as Hoa marked by dashed gray lines.

general, we find that SCE can accurately reproduce the early time
flux excess in both objects, with the models of Sapir & Waxman
(2017) providing the best-fit and lowest x> value overall. From all
four model fits, the SN 2021gno light curve is best reproduced by
an extended mass M,~0.013—-047M, with radius
R,~275—385R. and shock velocity v,~ (4.5—7.8) %
10*%kms . Furthermore, we find two best-fitting times of
explosions: 59292.3 MJD for Piro (2015); Piro et al. (2021)
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models; and 59293.01 MID for Sapir & Waxman (2017) models;
both values being consistent with the model-independent estimate
of texp = 59292.7 & 0.55 MJD. Additionally, for SN 2021inl, we
find best-fitting SCE model parameters of M, ~0.02 — 1.61 M.,
R, ~20.5 —207R., and v, ~(4.5 — 7.8) x 10%kms~"; there is no
change to the original explosion date estimate. Lastly, we caution
against using the M, derived from the blue supergiant SCE model
by Sapir & Waxman (2017) to best understand the progenitor
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Figure 13. (a) Ratio of integrated [Ca II] and [O I] flux with respect to phase for
SN 2021gno (red stars), SN 2021inl (blue stars), and current sample of CaSTs
(gray circles, diamonds, and polygons), and assorted types of core-collapse
SNe. All CaSTs, including SNe 2021gno and 2021inl, show [Ca11]/[O 1] > 2.
[Ca11]/[O 1] values for all Type II/Ibc objects from Milisavljevic et al. (2017).
(b)/(c) Velocity profiles of [Call] A\ 7291,7324 (red) and scaled [O 1] AA
6300, 6364 (blue) in SN 2021gno at +54 days and SN 2021inl at +111 days
post explosion.

environments of these CaSTs given that the estimated envelope
mass is larger than the ejecta mass in SN 2021inl and a significant
fraction of the mass of SN2021gno, both scenarios being
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unphysical in nature. We therefore conclude that the
most physical range of best-fitting extended masses for both
objects are M, =(1.5—4.5)x 10 *M., for SN2021gno and
M,~23 x 10"* M, for SN 2021inl; only the Piro (2015) model
returned a mass that was not comparable in size, and consequently
unphysical, to SN 2021inl’s total ejecta mass.

In Figure 18, we attempt to compare the radius and mass of
the extended material estimated from the SCE modeling of
SNe 2021gno and 2021inl to other double-peaked events
whose primary light-curve peak was modeled in a similar
fashion. As shown in the plot, the SCE parameter space of all
five double-peaked CaSTs is highly consistent: on average,
these objects can be modeled with SCE from extended material
that has a compact radius of ~50-120R. and mass of
~0.05-0.1 M. Compared to SCE model parameters presented
in the literature, CaSTs show a similar extended mass to fast-
rising events such as SN 2019dge (Yao et al. 2020) and SNe IIb
(Wheeler et al. 1993; Arcavi et al. 2011, 2017; Piro et al. 2017;
Armstrong et al. 2021), the latter typically exhibiting larger
extended radii, likely indicating a more massive progenitor star
than what produces CaSTs. Furthermore, the SCE parameter
space of CaSTs is unlike that of SNeIc (De et al. 2018b; Ho
et al. 2020; Gagliano et al. 2022) and superluminous SNe
(Smith et al. 2016), the former showing a much larger range of
radii and smaller masses, while the latter is best fit by a much
larger extended material mass and radius. However, we note
that the parameters derived for all CaSTs presented were done
using four separate SCE models (e.g., Piro 2015; Piro et al.
2021; Sapir & Waxman 2017), while other objects shown were
only modeled with one of these formalisms. Therefore, a direct
comparison of the SCE parameters may not be completely
accurate.

6.3. CSM Interaction Model

In addition to the SCE model, we explore interaction of the
explosion’s shock with a circumstellar medium as a mechanism
to explain the primary light-curve peaks of SNe 2021gno and
2021inl. We model the interaction as homologously expanding
ejecta interacting with a detached CSM shell. In this picture,
the CSM is sufficiently optically thick; the radiation becomes
visible only after shock breakout from the outer edge of the
CSM. The light curve is then powered by the resulting shock
cooling emission of the swept up CSM and ejecta.

In this model, we assume a broken power-law ejecta with
density profile pej o 7! and Pej X #~'%in the inner and outer
ejecta, respectively; and assume the ejecta is expanding
homologously with a kinetic energy of Eg,. The CSM of mass
M, extends from an inner radius R, with a width of AR .
The density profile follows a pegmocr > profile out to
Rcsm + ARcsm~

We run numerical simulations using the radiation hydro-
dynamics code Sedona (Kasen et al. 2006). The equations of
radiation hydrodynamics are solved in a one-dimensional
spherical symmetry using an implicit Monte Carlo radiative
transfer (Roth & Kasen 2015) coupled to a moving mesh
hydrodynamics code based off of Duffell (2016). We assume a
gray electron-scattering opacity of kes=0.1cm? g~' and an
absorptive opacity of Kups = €kes, With € = 1073 to account for
Compton thermalization. We assume M.;=0.3 — 0.6 M, (ie.,
M, for SN2021gno and SN 202linl, respectively), Eg, =
(1 —2) x 109 ergs™" (i.e., Ey for SN 2021gno and SN 2021inl,
respectively), Megn=0.02M,, Regn=10"cm, AR.y=
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Figure 14. (a) g-r color comparison of SNe 2021gno (red circles), 2021inl (blue polygons), 2019¢ehk (green squares), and iPTF16hgs (orange stars) during the primary
light-curve peak. Phases of X-ray detections in SNe 2021gno and 2019ehk shown as dotted red and dashed green lines, respectively. (b)/(c) Absolute magnitude r-
and g-band (left and right) photometry of all four CaSTs during their primary light-curve peak.

10" cm. These CSM properties are based on SCE model
parameters (Section 6.2) and X-ray/radio observations
(Section 7), and allow us to create a fiducial model for
comparisons to observations as well as rough estimations of
CSM properties in both objects.

These models are presented with respect to both objects’
bolometric luminosities during the early time flux excess in
Figure 17. As shown in the plot, both model light curves
overestimate the total luminosity in the primary light-curve
peak for both SNe; this indicates that the CSM mass is likely
lower than that used in the simulations, i.e., My, < 0.02 Mo,
For reference, we also plot the CSM interaction model
desi§ned for SN 2019ehk’s early time excess (Mcym = 1.5 X
107" Mo, Regm = o cm), which yields a better match to the
light-curve peak in SNe 2021gno and 2021inl. Furthermore,
based on these model comparisons, the inferred CSM proper-
ties in SN 2021gno are consistent with the CSM mass
independently inferred from X-ray modeling in Section 7.

7. CSM Constraints from X-Ray/Radio Emission in SN
2021gno

SN 2021gno is the second CaST, after SN 2019ehk
(WJG20a), to show luminous X-ray emission (L.~ 5 X 10*
erg s ') at very early time phases (&t~ 1 days), as shown in
Figure 5(a). Given the consistency with a rapidly-decaying
X-ray emission (L, x t73) and the hard spectrum (Section 2.3),
we suggest that, like SN 2019ehk, the X-ray luminosity
observed in SN 2021gno is most likely derived from thermal
bremsstrahlung emission from shocked CSM gas in an
adiabatic expansion. Emission measures are EM :nZV, and
we can derive the properties of the local CSM density in
SN 2021gno by the following relation:

n = [(EM)(p, 1) AnR*ARF) ']/ 3)
where ., p; are the electron and ion molecular weights,
respectively, R is the radius of the CSM, AR is the CSM
thickness, and f'is the filling factor (i.e., how homogeneous the
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shell of CSM is around the progenitor). For the expression
above, we use an emission measure of EM=(1.8 £
0.7) x 10%*cm ™, filling factor f=1, and g, = y; assuming
H-rich CSM, and the CSM thickness is AR ~ R. Because the
exact CSM extent is unknown, we calculate multiple possible
particle densities based on different CSM geometries. For a
shock traveling with speed vy=0.lc, the location of the
blastwave at the time of X-ray emission (61~ 1 day) gives
Rcspy =3 X 10" cm and thus a particle density of n=(9.4 £
1.9) x 10°cm ™. Assuming a H-rich CSM composition, this
yields a CSM density of pcsy = (1.6 £ 0.3) x 1074 gcnf3
and mass of Mcgy=(1.6£0.3) x 10_3M®, assuming a
spherical geometry. If the CSM radius is in fact comparable
to the blackbody radius at 6 ~ 1 day (e.g., Rcsp = 9 X 10" cm),
as was done for the X-ray analysis of SN 2019¢ehk (WJG20a), we
find a CSM density and mass of pcsm = (7.4 £ 1.5) X 107
g em > and Mcsy = (3.4 £0.7) x 1074M®, respectively.

At larger distances from the progenitor, we interpret the
radio upper limits discussed in Section 2.4 (6t =35 —245
days) in the context of synchrotron emission from electrons
accelerated to relativistic speeds at the explosion’s forward
shock, as the SN shock expands into the medium. To derive the
parameters of the medium, we adopt the synchrotron self-
absorption (SSA) formalism by Chevalier (1998), and we self-
consistently account for free—free absorption (FFA) following
Weiler et al. (2002; however, see Terreran et al. 2022; and
Jacobson-Galan et al. (2022); for application and additional
details on these derivations). For the calculation of the free—free
optical depth 7(v), we adopt a wind-like density profile
Pesm OC > in front of the shock, and we conservatively assume
a gas temperature 7= 10* K (higher gas temperatures would
lead to tighter density constraints). The resulting SSA+FFA
synchrotron spectral energy distribution depends on the radius
of the emitting region, the magnetic field, the environment
density, and the shock microphysical parameters ez and ¢, (i.e.,
the fraction of post-shock energy density in magnetic fields and
relativistic electrons, respectively).
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Figure 15. Multicolor shock cooling model fits to the first light-curve peak in SN 2021gno assuming a blackbody SED. Left: Piro (2015) and Piro et al. (2021) models
are presented as dotted and dotted—dashed lines, respectively. Right: Sapir & Waxman (2017) models shown as dashed (n = 3) and solid (n = 3/2) lines. Model
specifics are discussed in Section 6.2, and physical parameters are presented in Table A6.

At the time of the latest radio nondetection in SN 2021gno,
the shock will have probed distances of ra2 x 10'®cm for
vy=10*kms~'; however this distance could vary based on the
chosen shock speed. We find that, for typical microphysical
parameters ez =0.01 and ¢,=0.1 (same as for CaST
SN 2019ehk; WIJG20a), the lack of radio emission indicates a
low-density medium that corresponds to a progenitor mass-loss
rate of M < 10~* Mg yr~!, for an adopted wind speed of
v, = 500 km s~ 1. This v,, value is the same as in SN 2019e¢hk,
which had direct detections of CSM velocity based on shock-
ionized emission lines in the early time spectra (WJG20a).
Overall, the mass-loss limits of both SNe2021gno and
2019ehk are consistent with one another, the latter being more
constraining given the depth of the radio observations.
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8. Discussion
8.1. A Physical Progenitor Model

The high-cadence, multiwavelength follow-up of SNe
2021gno and 2021inl allows for some of the best constraints
to be made on CaST progenitor systems to date. For
SN 2021gno, modeling of the bolometric light curve has
revealed that the explosion was low energy (E,~ 1.3 x 10°°
erg), which produced ~0.6 M. of ejecta and synthesized
~0.012 M., of *°Ni. Furthermore, the multiband light curve
revealed a flux excess above the radioactive-decay-powered
continuum emission that lasted ~5days post explosion.
Modeling of this primary light-curve peak (e.g., Section 6.2)
suggests that the progenitor star could have had an extended
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Figure 16. Multicolor shock cooling model fits to the first light-curve peak in
SN 2021inl assuming a blackbody SED. Left: Piro (2015) and Piro et al. (2021)
models are presented as dotted and dotted—dashed lines, respectively.
Right: Sapir & Waxman (2017) models shown as dashed (n = 3) and solid
(n=3/2) lines. Model specifics are discussed in Section 6.2, and physical
parameters are presented in Table A6.

envelope of material with radius R, =30 — 230 R, and mass
M,=(1.5—4.5)x 107>M.. Additionally, modeling of the
luminous X-ray emission detected in SN 2021gno at ~1 day
after explosion indicates that the progenitor system also
contained a shell of CSM that extended to R~ (0.9 — 3) x
10" cm and was comprised of ~(0.3 — 1.6) x 10 °M,, of H-
and/or He-rich gas, if the CSM composition is similar to
SN 2019ehk. In Figure 17, we show that this amount of CSM
can also be the power-source behind the multiband primary
light-curve peak; this material being ejected by the progenitor
star in the final months before explosion for a possible wind
velocity of ~500 km s Lastly, the radio nondetections at
late-times suggest a relatively clean progenitor environment at
distances of 10'®'7 cm and a progenitor mass-loss rate in the
final year(s) before explosion of M < 107* Mg yr—".

The above information allows for decent constraints to be
made on the potential progenitor star(s) responsible for
SN 2021gno. One progenitor scenario is that SN 2021gno
resulted from a low-mass, massive star (~8—11 M) that
experienced enough enhanced mass loss prior to explosion to
remove all stellar H-rich material as well as to place
~(1 —4) x 1072M_, of extended material /envelope at distances
<230R., and/or ~(0.3—1.6)x 10°M. CSM at r<3x
10" cm. A massive star progenitor is also consistent with the
location of SN 2021gno in the spiral arm of a star-forming host-
galaxy. However, the increased mass loss in such a progenitor
could only have taken place in the final months before explosion
given the low mass-loss rate of M < 107* Mg yr~! in the
progenitor’s  final year(s). Compared to simulations,
SN 2021gno’s ejecta mass is consistent with the collapse of a
9-10 M., progenitor (Wanajo et al. 2018), but the total
synthesized Ni mass is, on average, an order of magnitude lower
in these models. Similarly, from BPASS library (Eldridge et al.
2017), all massive star explosions occurring in binary systems in
the lowest-mass bins (e.g., 8—11 M) produce > 1.5 M, of ejecta
and synthesize a total *°Ni mass that is inconsistent with
SN 2021gno. Furthermore, while ultra-stripped SN (USSN)
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Figure 17. Top: bolometric luminosity during the primary light-curve peaks in
SNe 2021gno and 2021inl. Shock interaction models plotted as orange/cyan/
green dashed lines (see Section 6.3). Shock cooling models are plotted as solid
lines: Piro (2015) in gray, Piro et al. (2021) in black, Sapir & Waxman (2017)
n=3/2[3] in pink[blue]. SCE model parameters: M,=0.02 — 0.5 M,
R, =40 — 230 R, and v, = (7 —9) x 10°km s~ Middle: Blackbody tem-
peratures during the primary light-curve peak. For the interaction model, we
show the effective blackbody temperature. Bottom: Blackbody radii during the
primary light-curve peak. The shock interaction model presents the radius of
the emitting region.

progenitor models (e.g., Yoshida et al. 2017; Moriya et al.
2017) produce M, S0.2 M, they can reproduce the Ni yield
observed in SN 2021gno, but it is unclear whether these
progenitors can retain enough of a He-rich envelope to produce
SCE as well as CSM capable of luminous X-ray emission via
shock interaction. Lastly, a promising progenitor candidate is a
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Figure 18. Radius vs. mass of extended material derived from light-curve
modeling with shock cooling emission models (e.g., see Section 6.2 for
discussion of representative sample). Double-peaked CaSTs shown as stars
(2021gno in red, 2021inl in blue), fast-rising transients as blue plus signs,
SNe Ic as blue squares, SNe IIb as gray circles, and superluminous SNe as gray
triangles. Note that not all of these double-peaked SN light curves were fit with
exactly the same SCE models.

He-star binary system capable of producing a type Ib-like
explosion (e.g., see Yoon et al. 2017; Jung et al. 2022). Based on
the models presented in Table A6 of WJG20a, the ejecta mass of
SN 2021gno is consistent with a He-star with an artificial
envelope removal (e.g., models #2, 4) and a He-star + NS
binary (models #7, 8), both ending in O core burning. However,
all of these models would be ruled out if the X-ray emission is
derived from H-rich CSM. Furthermore, it is difficult to reconcile
a massive star progenitor with the nondetection of a star-forming
region at the SN 2021gno explosion site (Section 3) and a SFR
of <34 x 10> M, yr ', under the assumption of on-going star
formation. Given these constraints on a massive star progenitor
for SN 2021gno, it may be the case that a WD system is better
suited to reproduce the SN observables, as discussed below for
SN 2021inl.

In terms of constraining the progenitor of SN 2021inl, the
large offset of the SN from an early-type elliptical galaxy
makes a massive star progenitor system very unlikely.
Consequently, a more plausible scenario is one that involves
the explosion of a WD in a binary system. However, such an
explosion needs to produce ~0.3 M, of ejecta and ~0.012 M,
of °Ni, as well as allow for either SCE from a confined
(~20-150 R) and low-mass (~0.02 M) extended envelope
and/or <107* M, of CSM. While such a SN is unable to be
formed by the typical SN Ia explosion channels, the formation
of a confined, extended envelope can occur during the ejection
of material in “tidal tails” that then “settles” around the primary
WD prior to merger (Raskin & Kasen 2013; Shen et al. 2012;
Schwab et al. 2016).

We explore the possibility that SN 2021inl resulted from a
double degenerate system containing a hybrid and a CO WD,
which was initially presented by WIJG20a to explain
SN 2019ehk. In this scenario, the tidal disruption of the hybrid
HeCO WD by lower-mass CO WD (or another hybrid WD) can
induce a He-detonation that can lead to a CaST-like transient
(Bobrick et al. 2017; Perets et al. 2019; Zenati et al.
2019b, 2019a). Furthermore, prior to the disruption, significant
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Figure 19. Density profile of the explosion environment of CaSTs 2021gno
(red), 2021inl (blue), 2019ehk (green), and iPTF16hgs (orange). Densities
plotted as polygons are derived from shock cooling modeling. Shown as red
and green squares are density limits derived from X-ray detections in
SNe 2021gno and 2019ehk, respectively. The red and green circles are the
density limits derived from modeling of the radio nondetections in
SNe 2021gno and 2019ehk (WIJG20a), respectively. Blue lines are CSM
models for WD mergers at the time of explosion (see Section 8.1).

mass transfer (M ~ 10~2 M, yr—") will place CSM in the local
environment, capable of powering the initial light-curve peak
observed in SN 2021inl. We note that such a system could also
reproduce the observables in SN 2021gno such as M and
M(®Ni) (e.g., see Table A3 of Jacobson-Galan et al. 2021), as
well as X-ray emission from CSM interaction and the lack of
detectable star formation at the explosion site. In Figure 19, we
show the density profiles in the preexplosion environments of
SNe 2019ehk, 2021gno, 2021inl, and iPTF16hgs derived from
SCE models as well as X-ray and radio modeling for
SNe 2019ehk and 2021gno specifically. We show that the
preexplosion environments are consistent with the CSM
density profiles of WD disruption models discussed above,
further indicating that this scenario may be a plausible model to
explain these CaSTs.

8.2. SNe 2021gno and 2021inl in the Calcium-strong Class

Based on the observational properties of both SNe 2021gno
and 2021linl, it is evident that these objects fit within the
confines of the CaST observational class. As discussed in
Section 4.1, both SNe display low-luminosity (M peak = —15
mag) and rapidly evolving (¢,~8 — 15 days) light curves
whose color evolutions are consistent with other confirmed
CaSTs (e.g., Figure 6). Furthermore, the spectroscopic
evolution of SNe2021gno and 2021inl also solidifies their
place in this observational class: both objects show type I
spectra near peak, which quickly transitions to an optically thin
regime where all nebular emission is dominated by [Call]
emission and weak [O1] (e.g., [Call]/[O1] > 2; Figure 13).

Nonetheless, these SNe do appear to deviate from normative
CaST characteristics based on their double-peaked light curves
and preexplosion environments. With regards to the former,
SNe 2021gno and 2021inl now represent the fourth and fifth
confirmed CaSTs with early time flux excesses, the other
events being iPTF16hgs, SN 2018lqo, and SN 2019ehk. The
observation of this primary light-curve peak confirms the
presence of an extended stellar envelope capable of producing
SCE and/or a dense CSM that powers the initial flux excess
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through SN shock interaction in at least some CaST progenitor
systems. Of the 9 CaSTs discovered <3 days after explosion
and with <2 day photometric cadence, 5 (55%) show a clear
early time flux excess: iPTF16hgs, SNe 2018lqo, 2019¢ehk,
2021gno, and 2021inl. However, it is possible that 100% of
these objects show this signature given the marginal detections
of a very early time flux excess in the remaining subsample
objects PTF11kmb, PTF12bho, SN 2018kyj, and SN 2019hty,
indicating that this feature is potentially ubiquitous to CaSTs.

In terms of their progenitor environments, both SNe exist in
visibly different host-galaxies, the large projected offset of
SN 2021inl from its early-type host-galaxy being most similar
to the environments of many other CaSTs (Perets et al.
2010, 2011; Kasliwal et al. 2012; Lyman et al. 2013, 2014;
Perets 2014; Foley 2015; Lunnan et al. 2017; De et al. 2020;
Perets & Beniamini 2021). Additionally, despite the fact that
SN 2021gno exploded in a star-forming, late-type galaxy, there
is no evidence for star formation at the explosion site (similar to
SN 2019ehk), which makes this event quite similar to other
CaSTs in spite of the visibly different host-galaxy type.
However, a number of CaSTs have been discovered in spiral
host-galaxies with explosion site star formation (e.g., iPT-
F15eqv, iPTF16hgs, SN 2016hnk; Milisavljevic et al. 2017; De
et al. 2018a; Galbany et al. 2019), as well as in, or offset from,
disk galaxies (e.g., PTF09dav, SN 200lco, SN 2003H,
SN 2003dr, SN 2003dg; Sullivan et al. 2011; Kasliwal et al.
2012; Perets 2014; Foley 2015). This spread in CaST host
environments continues to indicate that the progenitor systems
responsible for these transients are likely heterogeneous, some
arising from certain types of massive stars, and others coming
from the explosion of compact stars such as WDs.

Lastly, SN 2021gno is now the second confirmed CaST to be
detected in X-rays, a novel observational probe for this
explosion class. The X-ray emission in SN2021gno was
detected earlier than SN 2019ehk (WJG20a), in addition to
being more luminous, but was nonetheless consistent with a
rapidly declining rate of L.~ ¢ >. Now that this behavior has
been confirmed in more than one CaST, it is more likely that
X-ray emission from shock interaction in a dense, confined
shell of CSM is a trait that could be more common to the CaST
class as a whole. However, detecting future CaSTs at X-ray
wavelengths requires the discovery of future objects at D < 40
Mpc and the follow-up of these transients with X-ray
telescopes in the first ~day after explosion. Given that X-rays
were detected in both SNe 2019ehk and 2021gno, the only two
CaSTs where Swift-XRT was repointed at very early phases
(6t < 4 days), it is highly likely that X-ray emission is present
in all double-peaked, and possibly all single-peaked, CaSTs
directly after explosion.

9. Conclusions

In this paper, we have presented multiwavelength observa-
tions of two new CaSTs, SNe 2021gno and 2021inl. Despite
their unique double-peaked light curves, both objects are
photometrically and spectroscopically consistent with proto-
typical CaSTs throughout their evolution, which solidifies their
place in this explosion class. Below we list the primary findings
that make SNe2021gno and 202linl significant and novel
additions to our understanding of these peculiar explosions:

1. SN 2021gno was first detected within 0.5 days of explosion
and is located on the outer edge of the star-forming spiral
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host-galaxy NGC 4165. SN 2021inl was first detected
within 0.1 days of explosion and is located at a large offset
from early-type host-galaxy NGC 4923.

. Based on their fast light-curve evolution (7, < 15 days),

low-overall luminosities (Mg, peac > — 15 mag), and
dominant [CalI] emission lines (e.g., [Call]/[O1] ~10),
both SNe can be confidently classified as CaSTs.
Furthermore, the ratio of ion masses derived for both
SNe in Section 5.2 (e.g., M(O) > M(Ca)) continues to
indicate that these explosions are not “rich” in Ca
abundance but rather are “rich” in Ca emission, i.e.,
“Calcium-strong.”

. Despite visibly different host-galaxies, modeling of the

host spectra reveals that the explosion sites of both SNe
had very little (S107°M., yr ') or no recent star
formation, which strongly suggests that neither SN came
from a massive star progenitor.

. SN2021gno is the second CaST with confirmed,

luminous X-ray emission (L,=5 X 10*! erg s as
detected by Swift-XRT at ¢z~ 0.8 days post explosion.
Based on the rapid fading and modeling of the X-ray
spectrum, we conclude that this emission was derived
from shocked CSM gas comprised of Mcgy =
(0.3 —1.6) x 10°M,,, of shocked gas that extended to
distances R = (0.9 — 3) x 10'* cm, possibly comprised of
H- and/or He-rich material. At larger distances from the
progenitor star (e.g., ~ 10" cm), modeling of
SN 2021gno radio observations indicates a progenitor
mass-loss rate of M < 107* Mg yr~! (v,,=500kms ")
in the final year(s) before explosion.

. SNe 2021gno and 2021inl are the fourth and fifth CaSTs

with multicolor, double-peaked light curves. We model
the initial flux excess using four analytic formalisms for
shock cooling emission from extended material to derive
best-fit parameters of this material (Section 6.2). For
SN 2021gno, we find that a radius and mass of the
extended material ranging from R,~ 30 —230R. and
M,=~0.02 — 0.05 M., respectively, can reproduce the
early time emission. Similarly, for SN 202linl, we
derive radius and mass of extended material of
R,~20—150R, and M, =~ 0.02 M., respectively.

. Given the direct evidence for CSM interaction in

SN 2021gno, we also model the primary light-curve peak
in both SNe with numerical models for shock interaction
with confined CSM (Section 6.3). We find that the
observed flux excess in SN 2021gno can be fit with
Resv = 1077 em and Mgy < 1072 M., both proper-
ties being consistent with X-ray modeling. For
SN 2021inl, we find a similar best-fit CSM radius
and mass.

. Using a combination of shock cooling, shock interac-

tion, X-ray, and radio modeling, as well as host-galaxy
SFR, we are able to place some of the tightest
constraints to date on the density profile of the local
CaST progenitor environment (Figure 19). For both
SNe2021gno and 202linl, as well as other double-
peaked CaSTs SN 2019ehk and iPTF16hgs, the pro-
genitor CSM density is consistent with the models for
the merger of low-mass, hybrid WDs. For SNe 2019¢hk,
2021gno, and 2021inl specifically, this is supported by
the lack of host-galaxy star formation at the explosion
sites of these events.
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Future multiwavelength (X-ray to radio) observations of
double-peaked CaSTs at very early time phases will be
instrumental in filling out the progenitor environment phase
space and constraining the progenitor channel of these peculiar
explosions. Multicolor transient surveys with higher limiting
magnitudes (>21 mag) such as YSE currently and LSST in the
future will greatly increase the number of CaSTs discovered
within a day of explosion.
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Appendix

In this section we present data Tables A1, A2 and A3 for all
X-ray, spectroscopic and radio observations SN 2021gno,
respectively. Table A4 presents the spectroscopic observations
of SN 2021inl. Table A5 presents the explosion parameters for
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CaSTs and Table A6 shows the best fitting shock cooling
model parameters for SNe 2021gno and 2021inl. Tables A7
and A8 present photometric observations of SNe 2021inl and
2021gno, respectively.

Table A1
X-Ray Observations of SN 2021gno
MIJDs Phase® Photon Index 0.3-10 keV Unabsorbed Flux Instrument
(days) @) 1072 ergs~' ecm™?)
59293.51, 59293.84 0.81-1.14 0.747339 41723 Swift-XRT
59294.36, 59295.44, 59296.23 1.66-3.53 . <1.6° Swift-XRT
59298.28, 59302.66, 59303.14, 59308.71 5.58-16.01 <42 Swift-XRT
59313.30, 59317.86, 59325.64, 59414.17, 59524.21 20.6-231.51 <73 Swift-XRT
Notes.
 Relative to explosion (MJD 59292.7).
® Flux calibration performed assuming same spectral parameters inferred at t = +1.21-1.54 d.
Table A2
Optical Spectroscopy of SN 2021gno
UT Date MID Phase® Telescope Instrument Wavelength Range
(days) (A)
2021-03-22 59295 +2.3 NOT ALFOSC 3600-9000
2021-03-22 59295 +2.3 Shane Kast 3300-10200
2021-03-30 59303 +10.3 ANU 2.3 m WiFES 3800-7000
2021-04-01 59305 +12.4 Livermore Telescope SPRAT 3800-8000
2021-04-02 59306 +13.3 NOT ALFOSC 3600-9000
2021-04-06 59310 +17.3 Shane Kast 3300-10200
2021-04-10 59314 +21.3 IRTF SpeX 7000-25000
2021-04-13 59317 +24.3 Shane Kast 3300-10200
2021-04-19 59323 +30.3 Shane Kast 3300-10200
2021-05-03 59337 +44.3 Shane Kast 3300-10200
2021-05-12 59346 +53.3 Keck LRIS 3000-10000
2021-04-09 59376 +83.3 MMT Binospec 3800-9200
Note.
# Relative to explosion (MJD 59292.7).
Table A4
Optical Spectroscopy of SN 2021inl
UT Date MID Phase® Telescope Instrument Wavelength Range
(days) A)
2021-04-13 59317 +7.7 Shane Kast 3300-10200
2021-04-19 59323 +13.7 Shane Kast 3300-10200
2021-05-12 59346 +36.7 Keck LRIS 3000-10000
2021-07-08 59403 +93.7 Keck LRIS 3000-10000
Note.

 Relative to explosion (MJD 59309.4).
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Table A3

VLA Radio Observations of SN 2021gno

Jacobson-Galan et al.

Start Date Time" Frequency Bandwidth Flux Density”
UT) (days) (GHz) (GHz) (1Jy/beam)
2021-04-21 35 155 5 <258
2021-04-25 39 15.5 5 <276
2021-11-19 245 15.5 5 <285
Notes.
# Relative to explosion (MJD 59292.7).
b Upper limits are quoted at 3o.
Table A5
Explosion Parameters
SN Peak® Luminosity M, E; M(C°Ni) Voh
(erg s™") (M) (erg) M) (kms")
2021gno (4.12 + 1.57) x 10" 0.60 + 0.01 (1.3 +£0.2) x 10%° (1.20 £ 0.02) x 1072 6000
2021inl (2.37 £ 0.05) x 10* 0.60 + 0.01 9.6 £0.4) x 10% (6.90 £ 0.06) x 1073 7500
2019¢ehk” (9.81 £ 0.15) x 10*! 0.72 + 0.04 (1.8 £0.1) x 10% (3.1£0.11) x 1072 6500
iPTF16hgs® ~3x 10" 0.38 2.3 x 10% 8.0x 1073 10000
Ca-Ib/c* 0.1-0.4 1.5 %1072 (6 — 10) x 10*
Notes.
# Second, radioactive-decay-powered light-curve peak.
® Jacobson-Galdn et al. (2020a).
¢ De et al. (2018a).
4 De et al. (2020).
Table A6
Shock Cooling Models
Model SN Phase Range R, M, Ve toff X?/
days R, [x107%] M, [x10°] km s~ Days
Piro (2015) 2021gno t<5 62.010%9 17215913 6.6 & 0.40 0.00175:9%2 105
Piro et al. (2021) 2021gno 1<5 231.5%%%8 1517093 6.1910% 0.0175:99! 513
Sapir & Waxman (2017) [n=3/2] 2021gno t<5 31142 4.47%0 7.07+5014 0.2870019 10.8
Sapir & Waxman (2017) [n=3] 2021gno 1<5 3747133 5047139 8.57%919 031400 10.2
Piro (2015) 2021inl <6 156.8759° 2.29+0:19 524020 0.01+5:9%2 40.1
Piro et al. (2021) 2021inl 1<6 21244 37.17%7 9.4610:%3 0.00313:0% 7.91
Sapir & Waxman (2017) [n=3/2] 2021inl 1<6 247433 18.7742 526702 0.00379:0%3 5.57
Sapir & Waxman (2017) [n=3] 2021inl 1<6 027778 1707133 515402 0.00475:9% 3.71
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Table A7 Table A8
Optical Photometry of SN 2021inl Optical Photometry of SN 2021gno
MID Phase® Filter =~ Magnitude = Uncertainty Instrument MID Phase® Filter Magnitude Uncertainty Instrument
59310.36 +0.97 g 19.51 0.05 PS1 59293.29 +0.59 g 17.74 0.02 ZTF
59312.49 +3.10 g 19.87 0.07 PS1 59296.35 +3.65 g 18.13 0.03 ZTF
59313.47 +4.08 g 20.05 0.10 PS1 59298.39 +5.69 g 18.26 0.06 ZTF
59314.31 +4.92 g 20.15 0.07 PS1 59302.35 +9.65 g 17.64 0.04 ZTF
59316.46 +7.07 g 20.34 0.15 PS1 59304.26 +11.56 g 17.57 0.03 ZTF
59317.37 +7.98 g 20.23 0.10 PS1 59307.31 +14.61 g 17.55 0.01 ZTF
59319.35 +9.96 g 20.22 0.07 PS1 59309.31 +16.61 g 17.80 0.02 ZTF
59321.45 +12.06 g 20.42 0.08 PS1 59311.23 +18.53 g 18.10 0.02 ZTF
59322.49 +13.10 g 20.56 0.11 PS1 59313.26 +20.56 g 18.48 0.03 ZTF
59323.36 +13.97 g 20.71 0.17 PS1 59315.28 +22.58 g 18.64 0.10 ZTF
59350.26 +40.87 g 21.47 0.43 PS1 59321.25 +28.55 g 19.43 0.05 ZTF
59353.37 +43.98 g 22.12 0.63 PS1 59323.28 +30.58 g 19.47 0.08 ZTF
59312.50 +3.11 r 19.75 0.08 PS1 59325.32 +32.62 g 19.48 0.11 ZTF
59314.31 +4.92 r 19.84 0.05 PS1 59335.25 +42.55 g 19.91 0.12 ZTF
59317.38 +7.99 r 19.69 0.07 PS1 59338.31 +45.61 g 20.10 0.11 ZTF
59319.34 +9.95 r 19.76 0.05 PS1 59340.21 +47.51 g 19.98 0.08 ZTF
59321.46 +12.07 r 19.81 0.04 PS1 59342.23 +49.53 g 20.18 0.09 ZTF
59326.30 +16.91 r 20.21 0.14 PS1 59344.26 +51.56 g 20.32 0.11 ZTF
59332.44 +23.05 r 20.64 0.22 PS1 59350.21 +57.51 g 20.46 0.16 ZTF
59334.43 +25.04 r 21.09 0.55 PS1 59353.23 +60.53 g 20.62 0.31 ZTF
59334.44 +25.05 r 20.92 0.20 PS1 59362.18 +69.48 g 20.95 0.19 ZTF
59336.44 +27.05 r 21.08 0.24 PS1 59365.19 +72.49 g 21.22 0.30 ZTF
59344.27 +34.88 r 21.47 0.17 PS1 59367.25 +74.55 g 20.88 0.23 ZTF
59352.43 +43.04 r 21.50 0.33 PS1 59369.23 +76.53 g 20.91 0.20 ZTF
59360.27 +50.88 r 22.04 0.69 PS1 59371.19 +78.49 g 21.28 0.29 ZTF
59364.40 +55.01 r 22.28 0.39 PS1 59373.18 +80.48 g 21.07 0.22 ZTF
59375.37 +65.98 r 22.52 0.88 PS1 59376.22 +83.52 g 20.96 0.31 ZTF
59414.28 +104.89 r 22.37 0.87 PS1 59378.19 +85.49 g 21.18 0.31 ZTF
59310.36 +0.97 i 20.02 0.07 PS1 59293.24 +0.54 r 18.20 0.03 ZTF
59313.47 +4.08 i 19.86 0.07 PS1 59296.36 +3.66 r 17.94 0.03 ZTF
59316.45 +7.06 i 19.84 0.10 PS1 59298.30 +5.60 r 17.88 0.06 ZTF
59322.49 +13.10 i 19.77 0.05 PS1 59302.26 +9.56 r 17.33 0.03 ZTF
59323.35 +13.96 i 19.72 0.06 PS1 59304.30 +11.60 r 17.16 0.02 ZTF
59326.30 +16.91 i 19.66 0.10 PS1 59307.25 +14.55 r 17.05 0.01 ZTF
59334.42 +25.03 i 20.71 0.51 PS1 59309.27 +16.57 r 17.08 0.01 ZTF
5934227 +32.88 i 2091 0.18 PS1 59311.31 +18.61 r 17.22 0.01 ZTF
59346.40 +37.01 i 21.25 0.21 PS1 59313.30 +20.60 r 17.39 0.02 ZTF
59349.45 +40.06 i 21.56 0.51 PS1 59315.25 +22.55 r 17.53 0.22 ZTF
59351.38 +41.99 i 20.82 0.26 PS1 59317.21 +24.51 r 17.83 0.02 ZTF
59362.39 +53.00 i 21.82 0.50 PS1 59321.29 +28.59 r 18.08 0.02 ZTF
59368.34 +58.95 i 21.98 0.54 PS1 59323.32 +30.62 r 18.23 0.03 ZTF
59373.33 +63.94 i 2225 0.33 PS1 59325.26 +32.56 r 18.32 0.03 ZTF
5933244 +23.05 z 20.85 0.34 PS1 5933521  +42.51 r 18.72 0.05 ZTF
59334.44 +25.05 z 21.10 0.33 PS1 59338.23 +45.53 r 18.90 0.04 ZTF
59336.44 +27.05 z 20.56 0.28 PS1 59340.23 +47.53 r 19.08 0.05 7ZTF
59353.37 +43.98 k4 21.01 0.31 PS1 59342.28 +49.58 r 19.15 0.05 ZTF
59360.26  +50.87 z 21.40 0.47 PS1 5934423  +51.53 r 19.18 0.04 ZTF
59364.41 +55.02 z 21.40 0.31 PS1 59346.31 +53.61 r 19.34 0.07 ZTF
59366.41 +57.02 z 21.55 0.38 PS1 59348.19  +55.49 r 19.33 0.05 ZTF
5941428  4104.89 z 21.79 0.66 PS1
Note.
Note. # Relative to explosion (MJD 59292.7).

# Relative to explosion (MJD 59309.4).

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