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ABSTRACT

We present an extensive optical photometric and spectroscopic investigation into the calcium-rich supernova (SN) — SN 2023xwi.
Observations from a variety of ground-based telescopes follow the SN from 8 d pre-peak brightness to 87 d post-peak, covering
both early-time (photospheric) and late-time (nebular) phases of the SN. Objects of this class are characterized by nebular spectra
that are dominated by [Call] AA 7291, 7324 emission. SN 2023xwi displays a unique peculiarity in that its forbidden [Ca11]
feature is visible in its peak photospheric spectrum — far earlier than expected in current models. This is one of the strongest
and earliest detections of this feature in Ca-rich SNe in photospheric-phase spectra. We investigate the velocity evolution of
this spectral feature and show that it cannot be easily explained by conventional progenitor systems. From our observations, we
propose an SN progenitor embedded in an environment polluted by a recurrent He-nova AM CVn system.

Key words: novae, cataclysmic variables — supernovae: general —supernovae: individual: SN 2023xwi — white dwarfs.

1 INTRODUCTION

Ca-rich supernovae (SNe) are characterized by their strong forbidden
[Ca11] emission in nebular-phase spectra, relative to the emission
of [O1]. Although modelling of these SNe suggests that they do
not produce a higher abundance of calcium compared to oxygen,
they are noted for their prominent [Call] emission (Milisavljevic
et al. 2017; Jacobson-Galan et al. 2022). Thus, while some have
opted to call them ‘Ca-strong transients’ (CaSTs; Shen, Quataert &
Pakmor 2019), we refer to them as ‘calcium-rich transients’ to reflect
this characteristic. For Ca-rich SNe that occur in remote locations,
the strong presence of [Call] indicates that the progenitors of these
objects are sub-Chandrasekhar mass white dwarfs (WDs). The ejecta
of more massive progenitors would continue to burn into heavier
elements than Ca, resulting in spectra that would no longer be
dominated by [Ca1I] emission (Polin, Nugent & Kasen 2021).

In addition to strong [Ca II] emission in their nebular-phase spectra,
Ca-rich SNe share a unique set of behaviours: absolute magnitudes
between that of novae and SNe, fast photometric evolution with
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rise times of <15 d, photospheric velocities between 6000 and
11000 km s~!, and rapid evolution to their nebular phase (Kasliwal
et al. 2012). These transients are often found far from their host
galaxies with no underlying star formation, indicating that they
originate from old stellar populations (Lyman et al. 2014; Lunnan
et al. 2017). Ca-rich SNe typically have peak absolute magnitudes
between —14 and —16.5 mag (Perets et al. 2010; Kasliwal et al.
2012; Zenati et al. 2023). This makes these objects far fainter
than SNe Ia, which have peak absolute magnitudes of —19.5 mag
(Branch 1998). The combination of these features makes Ca-rich SNe
particularly difficult to detect, so few have been observed, despite
rate estimates suggesting they occur between 33 percent and 94
percent as frequently as SNe Ia (Frohmaier et al. 2018). Despite
the challenges, investigating Ca-rich SNe remains imperative. These
events not only challenge our understanding of thermonuclear SNe,
but also offer insight into other areas of astrophysics. Ca-rich SNe
may, for example provide enough Ca to explain the observed excess
of Ca in the intracluster medium (ICM) — a long-standing mystery
of the ICM (Mulchaey, Kasliwal & Kollmeier 2013).

Historically, our knowledge of these exotic SNe has been limited
by the small number of events we have been able to observe. The
upcoming era of high cadence all-sky surveys such as the Vera C.
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Rubin Observatory’s Legacy Survey of Space and Time (LSST),
however, will significantly expand the available data set (Arendse
et al. 2024). This will, in turn, allow us to gain a better understanding
of the progenitor systems responsible for Ca-rich SNe.

In this paper, we present the transient SN 2023xwi which displays
all of the characteristic behaviours of Ca-rich SNe. It also, however,
has peculiar spectroscopic behaviour that defies our current under-
standing of objects of this class. From the earliest spectrum at +1
d from peak, there is a distinct nebular forbidden [Ca11] feature. No
explosion mechanisms of Ca-rich SNe allow for the photospheric
phase ejecta to be at the low densities required to observe any
nebular features (Dessart & Hillier 2015). The unique behaviour
of SN 2023xwi therefore acts as a case study through which we can
re-evaluate our understanding of the progenitor systems of Ca-rich
SNe.

This paper presents a full spectroscopic and photometric analysis
of SN 2023xwi. In Section 2, we present the discovery of SN 2023xwi
and outline the photometric and spectroscopic observations. We
determine physical parameters of the progenitor white dwarf from
the photometric data in Section 3. Section 4 covers the investigation
of the evolution of the spectra, with a specific focus on the forbidden
[Ca1] and [O1] features in Section 5. In Section 6, we discuss the
pitfalls of current models, and present a plausible progenitor scenario
that may explain the observed behaviour of SN 2023xwi. Finally,
in Section 7, we give an overview of the work on SN 2023xwi and
suggest future observations that could test the validity of the proposed
progenitor system.

Calculations in this paper assume a Wilkinson Microwave
Anisotropy Probe 9-year data release (WMAPY) flat Lambda cold
dark matter (ACDM) cosmology with Hy = 70 km s~' Mpc~! and
Qym = 0.3.Throughout this paper, the phase is mentioned with respect
to c-band peak brightness.

2 DISCOVERY AND OBSERVATIONS

2.1 Discovery and classification

SN 2023xwi was first detected by the Mobile Astronomical Sys-
tem of Telescope-Robots (MASTER) network on 2023 Novem-
ber 15 (MJD 60263.9) with an internal name of MASTER OT
J094735.55+711423.6 and was reported to the Transient Name
Server (TNS) on 2023 November 16 (Gress et al. 2023). Its
apparent magnitude was measured to be ~18.5 mag in open
filter at coordinates o = 09"47M35540 § = + 71°14°24740,
with a last non-detection date of 2022 November 21. This ini-
tial detection was followed up with spectral analysis by Padova—
Asiago using the Asiago Faint Object Spectrograph and Camera
(AFOSC) on the Copernico 1.82m telescope on 2023 Novem-
ber 18. The spectrum of SN 2023xwi closely matched that of
SN 2016hgs, contributing to its classification of a SN Ib-Ca-
rich with a redshift of z = 0.01. SN 2023xwi was also detected
by Asteroid Terrestrial-impact Last Alert System (ATLAS; see
Tonry et al. (2018); ATLAS23vxx), the Gravitational wave Op-
tical Transient Observatory (GOTO; see Steeghs et al. (2022);
GOTO23bld), the Zwicky Transient Facility (ZTF; ZTF23abrgldj),
and Gaia (Gaia23dpu). Fig. 1 shows the pre-explosion colour
composite image we compiled using g-, r-, and i-band Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS;
see Chambers et al. 2016) data of the field of SN 2023xwi.
The object is offset 8.91 + 0.1 kpc from its host galaxy PSO
J146.8867+71.2435.
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Figure 1. Colour composite image of the field of SN 2023xwi based on
Pan-STARRS g-, r-, and i-band imaging data. SN 2023xwi (white cross) and
its host PSO J146.8867+71.2435 (white triangle) have a separation of 8.91
+ 0.17 kpc.

We obtained spectra of the host galaxy from the Alhambra Faint
Object Spectrograph and Camera (ALFOSC), using the [O11I] AA
5007 feature in the host galaxy Nordic Optical Telescope (NOT)
spectrum, we confirmed the redshift to be z 0.0112 £+ 0.0005,
corresponding to a luminosity distance of 48.4 + 1.2 Mpc to the
host of SN 2023xwi.

2.2 Photometry

SN 2023xwi was imaged in g-, r-, i-, z-band at the Las Cumbres
Observatory (LCO) and late-time follow-up imaging was sourced
via Liverpool Telescope (LT). It was also imaged using ZTF in
r-band, ATLAS in c- (41006600 A) and o-band (5600-8100 A)
(Tonry et al. 2018), and GOTO in L-band (4000-7000 A) (Dyer
et al. 2024). LCO and LT data were reduced using tools available in
ASTROPY (Price-Whelan et al. 2022) and PHOTUTILS (Bradley et al.
2024). Final photometry was calibrated to the Pan-STARRS system.
ZTF r-band data, processed by the ZTF forced photometry pipeline
(Masci et al. 2018), have been included to cover the ~40 d r-band
data gap between the last LCO r-band detection and the first LT
r-band data point. ATLAS c- and o-band photometry, taken from
the ATLAS forced-photometry server (Shingles et al. 2021), are
the only observations of the source in epochs pre-, mid-, and post-
peak. GOTO data, which were pre-reduced with forced photometry
and their internal photometry pipeline, describe the pre-peak data
with greater cadence than was possible with other telescopes. The
compiled multiband light curves from all observations between MJD
60260.5 and MJD 60373.9 from the above telescopes are shown
in Fig. 2. We corrected for foreground Galactic reddening using
the Schlafly & Finkbeiner (2011) recalibration of the Schlegel,
Finkbeiner & Davis (1998) extinction maps. The Galactic reddening
at the location of SN 2023xwi was E(B —V) = 0.056 4 0.003 mag.
We corrected this assuming a Cardelli, Clayton & Mathis (1989)
extinction law, with Ry = 3.1. As SN 2023xwi is remote from
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Figure 2. Multiband rest-frame light curves of SN 2023xwi showing the time evolution of its absolute magnitude in various filters (red: r, orange: o, yellow:
i, green: g, blue: ¢, purple: z) relative to the c-band peak. Data have been compiled from LCO (diamonds), LT (crosses), ATLAS (squares), ZTF (circles), and
GOTO (stars), and have been offset in absolute magnitude by the value specified in the legend. Magnitudes were corrected for Galactic reddening (Section 2.2).
Open tick marks represent upper limits of non-detections. A model of Bazin-like evolution has been overlaid onto the ATLAS c-band data. Black vertical tick
marks show the times at which spectra were observed. The dashed black vertical line shows the explosion epoch (see Section 3.1).

its host, we did not correct for host extinction. We estimated the
peak absolute magnitude of SN 2023xwi in r-band to be —15.8 £+
0.1 mag at MJD 60276.1. The non-detections, represented by open
tick marks in Fig. 2, are the upper 3¢ limit of detections of SN
2023xwi.

There is an early flux excess in the ATLAS c-band and GOTO L-
band data before —10.7 d from peak. This early flux excess has been
noted before in a handful of Ca-rich SNe (e.g. Jacobson-Galan et al.
2020b; Ertini et al. 2023). Modelling of these double degenerate
systems has shown that this can be reproduced by shock cooling
emission or shock interaction with circumstellar material (De et al.
2018; Jacobson-Galén et al. 2022), with some Ca-rich SNe (e.g. SN
2016hnk) likely being the result of thick He-shell detonation (Polin,
Nugent & Kasen 2019; Jacobson-Galdn et al. 2020a).

2.3 Spectroscopy

The first spectrum of SN 2023xwi was taken at —8 d from peak
with AFOSC and its similarity to SN 2016hgs at 6 d post-peak led
to its formal classification as Type Ib/c-Ca-rich (De et al. 2018).
Further follow-up spectra were observed using ALFOSC at the NOT
and the Optical System for Imaging and low Resolution Integrated
Spectroscopy (OSIRIS) at the Gran Telescopio CANARIAS (GTC)
between MJD 60266.5 and MJD 60362.1 (41 and 87 d post-peak,
respectively). The NOT spectra were reduced with the PyNOT-
redux reduction pipeline. Fig. 3 shows all spectra, overlaid with
their smoothed data using a Savitzgy—Golay filter — a function that
models each successive group of small sets of the overall data set
as a low-order polynomial to increase signal precision with minimal
distortion effects to its overall shape (Orfanidis 1995). The telluric
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Figure 3. Spectral evolution of SN 2023xwi from —8 d (top) to +87 d (bottom) from c-band peak obtained using AFOSC, ALFOSC, and OSIRIS. The raw
data has been overlaid by a smoothed data set using a Savitzky—Golay filter. The telluric absorption features are marked with a dot—dashed line. Each emission
line of the nebular forbidden [Ca11] Ax 7291, 7324 feature and the Call near-infrared (NIR) triplet A% 8498, 8542, 8662 are marked with black vertical lines.
The wavelengths of the forbidden [O1] AA 5577, 6300 emission lines — offset by 6000 km s~! — are marked with black vertical lines. The strong He IAA 4472,
5876, 6680, 7068 emission lines are marked with grey vertical lines. Phases shown are with respect to c-band peak brightness.

absorption features at AA 7615, 6890 are marked with a dot—dashed
line on this figure.

3 PHOTOMETRIC ANALYSIS

The light curve evolution of thermonuclear SNe is primarily driven
by the mass of radioactive °Ni synthesized in the explosion. This
determines the peak brightness of an SN, its rise time, and influences
the behaviour of its photosphere (Bora, Vinké & Konyves-T6th
2022). Investigating these characteristics of SN 2023xwi from its
light curve (Fig. 2), and inferring the mass of synthesized °Ni, allows
us to place further constraints on the progenitor systems of Ca-rich
SNe. Any deviation of the photometric behaviour of SN 2023xwi
from that of other members of its class may indicate abnormal
amounts of synthesized *Ni. This, in turn, could indicate that SN
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2023xwi is the result of a particularly unique explosion mechanism
or progenitor system.

The multiband light curves of SN 2023xwi (Fig. 2) display the
expected behaviour of Type Ib/c Ca-rich SNe. Estimating the peak
magnitude from the r-band data gives a value of —15.8 4+ 0.1 mag at
MID 60276.1, with typical values of the class around —15.5 (Zenati
et al. 2023). The early flux excess, while not present in the light
curves of all Ca-rich SNe, has been previously observed in a number
of objects of this class (see Section 2.2).

3.1 Time of peak brightness

We used the methods of Bazin et al. (2009) to determine the peak time
of SN 2023xwi. As ATLAS c-band was the only non-broadband filter
covering the event before, during, and after peak, it was modelled
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with a Bazin-like evolution (Bazin et al. 2009) of the form

e~ (=10)/Ttan

fy=A4A (€]

with time #, and fit parameters A, Tyse, T, fo- This model does not
directly represent any physical processes occurring in the explosion,
but instead describes a smoothly evolving light curve with fit
parameters that give insight into the general time evolution of the
source. The normalization of the magnitude is set by A, the rise and
fall time variations are characterized by 7,5 and 7y, respectively,
and 7y can be used to determine the date of peak, #pcax, by

Ipeak = To + Tiise In <Tfall - 1) . 2
Trise

Fitting this model to the ATLAS c-band data gave a c-band peak
of 2023 November 26 (MJD 60274.9 & 0.1). Tracing the ATLAS
c-band model back to the limit of non-detection gives an explosion
date of 2023 November 11 (MJD 60259.1 &£ 0.1), a result which is
consistent with the data presented in the light curve. This gives arise
time of 15.9 &£ 0.2 d. Ca-rich SNe are expected to have rise times
around 15 d (Kasliwal et al. 2012), confirming SN 2023xwi to have
a rise time that is typical of objects of this class.

3.2 Properties of ejecta

3.2.1 SUPERBOL

To investigate the properties of the ejecta of SN 2023xwi, we
synthesized a pseudo-bolometric light curve using SUPERBOL — an
open-source PYTHON package that calculates the bolometric light
curves of SNe using observed photometric data (Nicholl 2018). The
quasi-bolometric (or pseudo-bolometric) method within SUPERBOL
combines time-series multicolour photometric data across the broad-
est possible wavelength range. Ideally, data would be available across
all wavebands — ultraviolet (UV) to infrared (IR) — but this is often
not possible. Using its inbuilt capacity to approximate blackbody
flux outside of the observed wavelengths, SUPERBOL can create a
pseudo-bolometric light curve from a narrow range of filters.

Running the code allows for blackbody fitting across all wave-
lengths, cosmological distance corrections, extinction corrections,
and integration of the synthesized pseudo-bolometric light curve.
By integrating the flux of the input SN, SUPERBOL determines the
luminosity at each of the key epochs. This package is based on
the assumption that the photosphere remains spherical throughout
its evolution. As SNe are neither intrinsically spherical nor perfect
blackbodies, the calculated blackbody values therefore should only
be treated as approximate estimates which describe the time evolution
behaviour of the blackbody parameters. We generated the rest-frame
quasi-bolometric light curve of SN 2023xwi, covering the g, 7, i,
Z, 0, and ¢ bands. Constant colours were assumed to compute the
magnitudes at common epochs. To account for the expected flux
contribution from the UV and NIR regions, we extrapolated the
spectral energy distribution (SED) — using the blackbody model — by
integrating over the observed fluxes and obtained the full bolometric
light curve.

The peak luminosity of SN 2023xwi, determined from this pseudo-
bolometric light curve, is 2.2 £ 0.3 x 104 erg s~1. Kasliwal et al.
(2012) report a similar peak luminosity of 4.6 x 10*! erg s~! for PTF
10iuv, and Jacobson-Galén et al. (2022) found the peak luminosities
of SN 2021gno and SN 2021inl to be 4.12 x 10* and 2.37 x 10*' erg
s™!, respectively. This confirms that SN 2023xwi has a similar peak
luminosity to that of other members of its class.

SN 2023xwi: early [Can]and [O1] 1019

The blackbody radius expands from 0.6 & 0.1 x 10" cm at peak
to 1.2 £ 0.3 x 10 cm at 14 d post-peak, at which point it begins
to recede. As nebular features are only expected to be present in the
spectra of SNe once the photosphere recedes into inner layers of the
explosion, it can be approximated that nebular features should not
be visible in SN 2023xwi until well after this time of 14 d post-peak.
This value is consistent with other Ca-rich SNe where some tentative
signatures of nebular features are seen from ~ +14 d (De et al. 2020;
Jacobson-Galan et al. 2022). As we discuss in Section 4, however,
this is not the case for SN 2023xwi which shows nebular features
earlier than this estimate.

3.2.2 5°Ni mass

As the peak brightness of a thermonuclear SN is directly related to
the amount of *Ni synthesized in the explosion of the CO white
dwarf (Arnett 1982), determining the synthesized mass of °Ni in a
SN allows us to place further constraints on the responsible explosion
mechanisms. Double detonation models for Ca-rich SNe predict 3°Ni
masses between 0.01 and 0.05 Mg, (e.g. Zenati et al. 2023) — any
significant deviations from this value would require the modification
of current explosion models.

As SN 2023xwi was initially classified as a Type Ib/c-Ca-rich, we
used the methods of Khatami & Kasen (2019) to determine the mass
of nickel synthesized in the explosion and the total ejecta mass. The
peak time-luminosity relation in Type Ib/c SNe is given by

2eni Mi
.‘SZTNi2

+26.56(1 — (1 4+ Breo)e Py, 3

Lpeask = [0.83(1 — Brwi)e ™

with peak luminosity L., specific heating rate of Ni-decay e;,
mass of nickel synthesized in the explosion My;, the opacity and
concentration-dependent factor 8, and decay-time parameters Ty;
and tc,. T and 7¢, are related to the decay time-scales of nickel
and cobalt (tx; = 8.8 d and fc, = 111.3 d) by ™ = fpeax/tni and
TCo = tpeak/fco Where feqy is the time between first light and peak of
the SN. To calculate the mass of nickel synthesized by SN 2023xwi,
we used en; = 3.9 x 10'% erg g=!' s7! and B = 9/8 (see table 2 of
Khatami & Kasen 2019). Using Ly = 2.2 £ 0.3x10* erg s7!,
given by the peak luminosity of the pseudo-bolometric light curve,
and rise time #,e = 15.9 d from the Bazin-like model yields a nickel
mass of 0.02 = 0.01 Mg, This is consistent with the expected range
of 0.01 to 0.05 Mg, (Ertini et al. 2023; Zenati et al. 2023).

3.2.3 Ejecta mass

In addition to the *Ni mass discussed above, estimating the ejecta
mass of thermonuclear SNe allows us to further constrain current
models of their explosion mechanisms (Zenati et al. 2023).
Following the methods of Khatami & Kasen (2019), the total ejecta
mass M.; can be determined from the diffusion time-scale ¢4 using

KM
la= 4/ —2, )
‘UejC
with electron scattering opacity «, ejecta velocity v, and speed of
light c. We used a value of 4 = 32.0 & 0.1 d, given by the equation

Tpeal 9 i
Pk 0.111n <1 + 2N ) —0.36, 5)
1q t

with #eq calculated using the method discussed above.
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Using the assumption that the ejecta is dominated by iron-group
elements, we took « to be 0.1 cm? g~! (Piro & Nakar 2013;
Dimitriadis et al. 2023). The ejecta velocity can be determined from
the absorption components of the He I A1 5876 and Ca 11 NIR features
in photospheric spectra. At +1 d, the velocities of these features
were vge; = 10900 £ 100 km s~! and vyg = 8100 £ 100 km s~/
yielding total ejecta masses of Mj = 1.2 £0.2 Mg and M; =0.9 £
0.2 Mg, respectively. It should be noted that these calculated values
are overestimates of the true values of the mass of the ejecta as the
methodology relies on the assumption that the SN is spherical. As
SNe are intrinsically ‘messy’ events, the calculated ejecta mass value
of Mj = 1.2 M, can serve only as an upper limit (Maeda et al. 2010).

4 SPECTROSCOPIC ANALYSIS

Fig. 3 shows the full spectral evolution of SN 2023xwi between —8
d and +87 d of the c-band peak. The photospheric spectra (i.e. up
to +14 d) show a distinct He 1AL 5876 feature. By modelling the
absorption feature as a Gaussian profile, we measured the associated
velocity at peak to be 10910 & 100 km s~! — a value consistent with
the population of Ca-Ib/c events presented in De et al. (2020). The
nebular spectra show prominent forbidden [Cali] and Ca1 (NIR)
features — the signature of objects of this class.

SN 2023xwi notably differs from other Ca-Ib/c and Ca-rich SNe in
general due to two key features in its spectra: the distinct presence of
[Ca11] emission at peak, and the presence of forbidden [O 1] emission
from 6 d post-peak. We discuss these features in Section 5.

4.1 Spectral decomposition
4.1.1 SYNAPPS

To gain further insight into the chemical composition of the ejecta
of SN 2023xwi, we modelled each photospheric phase spectrum
using SYNAPPS — a highly parametrized synthetic spectrum-fitting
software (Thomas, Nugent & Meza 2011). SYNAPPS is an automated
implementation of SYN++ — a local thermodynamic equilibrium
(LTE) spectral synthesis code based on the following assumptions:
spherical symmetry, homologous expansion, a sharp photosphere
that emits a continuous blackbody spectrum, and line formation
by resonance scattering — a quantum mechanical effect that arises
from the interaction between photons and atoms/molecules (Fisher
et al. 1997; Parrent, Branch & Jeffery 2010; Kumar et al. 2021).
The resonance scattering is treated in the Sobolev approximation —
an approximation of the solution of the radiative transfer equation,
assuming that local velocity gradients are negligible compared to the
overall velocity gradient (Jeffery & Branch 1990). The primary aim
of SYN++ is to aid line identification and estimations of photospheric
velocity. SYNAPPS, the automated version of this, is based on the
same assumptions. These approximations are suited to high-density
environments, making SYNAPPS a suitable tool for the modeling of
photospheric spectra (Thomas et al. 2011). As our focus was with
the line identification of photospheric spectra, it was not necessary to
use more complex and computationally expensive non-LTE codes.
Spectra of Ca-rich SNe have also been modelled using non-LTE
codes (e.g. Dessart & Hillier 2015; Zenati et al. 2023), that account
for radiative energy leakage from the rapidly expanding, low density,
ejecta of the SN. Intriguingly, Dessart & Hillier (2015) show a strong
contribution from Till is possible around peak in the region we
identify as [Ca1] (Section 5.1) and even a blended contribution
from Sc1l and Till near where we identify [O1] (Section 5.2).
When compared to literature examples of Ca-rich SNe, however,
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they find that these models are redder due to line blanketing from
the large amount of Till. Given that SN 2023xwi is more similar
to the literature sample of Ca-rich SNe than to these models, we
proceed our analysis under the assumption that strong [Cali] and
[O1] are present in our photospheric phase spectra. We do encourage
detailed, non-LTE modelling of SN 2023xwi and other Ca-rich SNe
to conclusively identify and better understand the origin of these
features.

4.1.2 Photospheric spectra

Various combinations of component ions were tested for each
spectrum. Each SYNAPPS fit was optimized using the AIC (Akaike
Information Criterion) and BIC (Bayesian Information Criterion)
values for each iteration of ions tested. AIC and BIC are defined as

AIC = —2In(L) + 2k (6)
and
BIC = —21In (L) + 2k In(N), 7

with likelihood L, number of model parameters k, and number of
data points N (Akaike 1974; Stone 1979). For each fit, we calculated
the AIC and BIC values using REGSCOREPY — a PYTHON package that
aids model comparison with the use of various regression models.
AIC does not penalize as harshly as BIC, and can therefore favour
more complex models provided the fit is significantly better. The
favoured model using AIC therefore may be overfitting the data,
and as such may not be physically plausible. Conversely, BIC
penalizes harshly for additional parameters, and will favour the
simplest appropriate model. This can result in a favoured model
that is an oversimplification of the underlying physical mechanisms.
Due to the intricacies of each criterion, it is best to optimize a fit
with respect to both the AIC and BIC values to ensure the model is
neither unnecessarily complicated nor overly simplified.

Fig. 4 shows the observed spectrum and the best SYNAPPS fit
to each of SN 2023xwi’s photospheric spectra. The ionic species
included in the final SYNAPPS model for each spectrum were Hel,
O1, Car, Ti1, and MnI. The middle panel shows the contribution
of each ionic species — extracted from the total fit using SYN++ — to
the total spectrum of SN 2023xwi at 46 d after c-band peak. While
the SYNAPPS model is an overall good fit, there are three spectral
features it cannot model in each spectrum: the emission features at
~5500, ~6300, and ~7300 A. To ensure their presence would not
distort the fit, these emission features were masked from the input
spectrum. The start and end points of the masked sections were taken
to be the local minima on either side of each emission feature. As
discussed in Section 3.2.1, we would expect SN 2023xwi to start
to transition to its nebular phase at +14 d. Ca-rich objects rapidly
transition to their nebular phase, at which point SYNAPPS struggles
to model their spectra. As a result, the SYNAPPS fit at 414 d deviates
more from the observed spectrum than the fits from the earlier, more
truly photospheric, spectra.

The AIC and BIC values before and after the peculiar emission
features were masked in each spectrum are given in Table 1. The
‘unmasked’ values are the AIC and BIC values for the normalized
spectra, and the ‘masked’ values are those for the spectra where the
emission features at ~7300, ~6200, and ~5500 A were masked in
the SYNAPPS fit. The spectra at +31 and 487 d have been omitted
as they are too nebular for SYNAPPS fitting to be appropriate. The fit
of the SYNAPPS models to the masked data is significantly improved
from the unmasked data in each of the photospheric spectra. This

G20z Areniga4 oz uo Jasn uojdweyinog 10 AlsieAiun Aq €1 HS6.2/S10L/Z/LES/8Nle/seiuw/woo dno olwapese//:sdiy Woll papeojumoc]



>
©

+1d Spectrum
SYNAPPS fit

Normalised flux

T T T

+6d Spectrum
—— SYNAPPS fit
Ton contribution

/\/\/

\ Hel
/\/\/ o1
m o

\ -
\ Mu T

Normalised flux + offset

S

LS

o] +14d Spectrum
= —— SYNAPPS fit
==}

=

3

=

-

[©]

Z

4000 5000 6000 7000 8000 9000

Rest wavelength [4]

Figure 4. Top: SYNAPPS fit of the +1 d spectrum of SN 2023xwi. Middle:
spectral decomposition of the +6 d spectrum. The data (light pink) have
been overlaid with the SYNAPPS fit (dark pink). The [Ca11] feature at 7308 A,
along with the telluric absorption features (dot—dashed vertical lines) were
masked in the fitting process. The contribution of each fitted ion to the overall
spectrum fit is shown by black traces in order of ion mass: HeI (top) to Mn1
(bottom). The flux of each ion contribution has been normalized relative to
the overall spectrum fit. Bottom: SYNAPPS fit of the +14 d spectrum. Dot—
dashed lines show the telluric features which were masked from all SYNAPPS
fits. The wavelengths that were additionally masked from the SYNAPPS fits in
the ‘masked’ section of analysis (see Table 1) have been highlighted in grey.
Phases shown are with respect to c-band peak brightness.

indicates that the emission features are not expected for photospheric-
phase spectra — it is instead more likely that these are nebular phase
emission features.

As discussed in Section 3.2.1, we would not expect to see nebular
features in the spectra of SN 2023xwi until well after +14 d from
peak. The presence of these three nebular-phase features so early in
the spectra is not predicted by current progenitor systems of Ca-rich
SNe as the ejecta at this phase would be too dense for the necessary
forbidden transitions to occur.

5 EARLY NEBULAR EMISSION

The wavelengths of the peculiar emission features identified in
Section 4.1.2 indicate that they are [Ca 1] and [O 1]. These are typically
nebular-phase features — they are caused by emission cooling of the
centre of the SN and are visible after the photosphere has receded
to reveal the core of the explosion. As was estimated in Section 3.2,
the photosphere does not begin to recede until ~14 d post-peak, and

SN 2023xwi: early [Can]and [O1] 1021

Table 1. AIC and BIC values for the SYNAPPS model fit to unmasked and
masked +1, +6, and +14 d input spectra of SN 2023xwi. ‘Unmasked’ refers
to the normalized spectra with only the telluric absorption features masked,
and ‘masked’ refers to additional masking of the emission features at ~7300,
~6300, and ~5500 A. A lower value of both AIC and BIC for the same input
data implies a better fit. Phases mentioned are with respect to c-band peak
brightness.

Unmasked Masked
AIC BIC AIC BIC
+1d —6510 —6448 —8753 —8705
+6d —7129 —6742 —8918 —8870
+14d —6696 —6613 —7906 —7858

thus we would not expect to observe nebular features until well after
this time. In the nebular phase, the ejecta have reached low-enough
ion number densities for these transitions to occur (~107 gcm™3
for [Ca1]). The presence of these features in the photospheric
spectra, a phase where the ejecta densities are greater than this
critical density, is therefore unexpected. To determine whether the
presence of these typically nebular-phase features is compatible with
our current understanding, we investigate the nature and evolution of
these features below.

5.1 Forbidden [Ca11] feature

The spectral time series of SN 2023xwi (see Fig. 3) shows clear
presence of the [Call] AA 7291, 7324 emission feature from the
peak-phase spectra out to late times. Peak [Ca1I] emission has only
previously been detected in one other Ca-rich SN — SN 2019ehk
(Jacobson-Galan et al. 2020b). In this section, we present analysis
of the line profiles and evolution of [Call] in SN 2023xwi. We
also couple this with our unique detection of [O 1] around peak (see
Section 5.2), to speculate on the physical origin of our forbidden
emission and present a progenitor scenario in Section 6.

5.1.1 [Can] velocity evolution

Fig. 5 shows the continuum-corrected velocity evolution and full
width at half-maximum (FWHM) evolution of the [Cali] feature
of SN 2023xwi in its spectra between 1 and 87 d post-peak. We
modelled the feature as a combination of the local pseudo-continuum
and the profile of the emission lines. The local pseudo-continuum
was approximated by a linear relationship between wavelength and
observed flux between the two local minima of the emission feature.
The emission profile was modelled as a singular Gaussian profile
as the two-component emission lines of this feature could not be
resolved. Uncertainties were calculated following one of the standard
routine for least-squares minimization within LMFIT (Newville et al.
2016). The mean velocity associated with this feature is 1600 £
100 km s~! at peak. This is far less than the photospheric velocity of
10900 + 100 km s~!, and therefore the observed feature cannot be
the result of Ca in the photosphere. The mean velocity of the feature
decreased with time to 300 & 100 km s~! at 87 d post-peak, a value
which is consistent with zero at a significance level of 2.60. As the
nebular spectra show the intrinsic properties of the core of the SN, we
expect the velocity associated with the [CaII] emission feature to be
O0km s~ . This is not the case for the [Ca II] features at +1 d and +6d
of SN 2023xwi which have a velocity inconsistent with O to 6. The
FWHM remains constant across all phases at 5300 4200 km s~ ! ata
significance level of 2.3¢ . This implies the velocity dispersion of the
emitting region remains constant and therefore there is no significant
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Figure 5. Left panel: continuum-corrected velocity-space emission features for [O 1] AA5577 (blue, left), 6300 (green, centre left), and [Ca1i] AL 7308 (pink,
centre right). Relative to the c-band peak, dashed (ALFOSC) and dotted (OSIRIS) lines show the features at +1 d, dot—dashed lines at 46 d, solid lines at +14
d, dot—dot—dashed lines at +31 d, and dot—dot—dot—dashed lines at 487 d. Right panel, top: the velocity evolution of the three features with the 1o uncertainties
associated with each value. Right panel, bottom: full width at half-maximum (FWHM) evolution of the three features with the 1o uncertainties associated with
each value. Hollow tick marks show the estimated [O 1] FWHM at 431 d. Phases shown are with respect to c-band peak brightness.

deceleration of the ejecta due to interaction with dense external
material. The large difference between the mean [Ca11] velocity and
the FWHM suggests the [Call] emission originates from a narrow
region which is extended at a large radius from the core of the SN
(Taubenberger et al. 2019).

Prentice et al. (2020) presented a similar early nebular feature of
[Caq] in SN 2019bke. This feature was present in the spectra from
13 d post-peak and had an associated velocity of 10000 km s~'. This
source evolved very rapidly, with a rise time of ~6 d, so the early
presence of [Call] was concluded to be due to early evolution to the
nebular phase, and not nebular emission within the photospheric-
phase spectra as is seen in SN 2023xwi. There was no clear origin
of the high velocity [Cali] feature, but one suggestion was that the
measured high velocities were the result of observing a ‘blob’ of
ejected material that was in front of the photosphere. In this model,
the emission is explained as excitation from radioactive material in
the ‘blob’. As the [Ca1r] velocity in SN 2023xwi is lower than the
photospheric velocity, it is unlikely that a ‘blob’ was ejected from
the SN as it is not moving at a great enough velocity to escape the
photosphere, and as such would not be observable. Additionally, as
the [Ca 1] feature was not present in the spectra of SN 2019bkc until
+13 d, the ‘blob’ model does not explain the presence of [Cali]
emission in the photospheric spectra of SN 2023xwi at +1 d.

It could be that the photosphere overtook an external region of
low-density Ca between + 6 and 414 d (velocities of 900 £+ 100
and 200 4 100 km s~, respectively) and this is why we observe two
distinct velocities of ~0 km s~! (after +14 d) and ~1600 km s~!
(up to 46 d). The higher velocity would therefore correspond to the
low-density region, and the zero-velocity to the true nebular-phase
feature of the SN itself.

For the above to be plausible, an area of low-velocity low-density
Ca would have to be in close-proximity to the progenitor system
before the SN event. Ca is synthesized during the SN, so current
models do not account for the presence of sufficient quantities of
Ca in the system pre-explosion. We are therefore left with one key
question: how does a region of low-density low-velocity Ca exist
before the SN?

5.1.2 Estimating synthesised Ca mass

Following the methods of Jacobson-Galan et al. (2022), the relation-
ship between the mass of calcium synthesized in the explosion and
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the luminosity of the nebular [Ca11] feature is given by

10\ _
Lican) = Vpuicam Ajcamhvican (ﬁ) e 1T/T ®)

with luminosity of the [Ca1I] feature L;c,y, volume of photosphere
Vo, Binstein A coefficient Ajcayy = 2.6 s™', number density of Call
ions nc,yr, energy of a photon hv(c,y;, temperature of the photosphere
T, and statistical weighting given by the fraction (10/11). This relation
is appropriate when the [Cali] feature is in its high-density limits,
i.e. ion number densities greater than 10’ gcm~3. Using a range of
temperatures of T = 5000 to 10* K, and [Ca1I] feature maximum
integrated luminosity Lican = 2.7 % 10% erg s~! yields values of
Ca 1 ion number density nc,; = 2.3 x 107 and 0.3 x 107 gecm™3. As
only the low temperature limit of 5000 K yields an appropriate ion
number density for use of equation (8), we only use this temperature
value in the further calculations.

Using the same photospheric volume as above to determine the
number of Call ions synthesized gives an upper limit of synthesized
calcium mass Mc, = 9 x 10~* M, for 5000 K. This is consistent
with the values presented in Jacobson-Galan et al. (2022) which
determined the synthesized calcium mass for the same temperature
as Mg, =9 x1074 M, for SN 2021gno, and M¢, = 10 x 107* Mg
for SN 2021inl. The consistency between these values confirms that a
standard mass of Ca is synthesized in SN 2023xwi. It therefore rules
out the possibility of the abnormally strong early forbidden [Ca1i]
emission feature being a byproduct of increased Ca synthesis.

It should be noted that as the final spectrum at +87 d is not fully
nebular, the derived mass of calcium is likely to be lower than the true
elemental mass in the explosion. Despite this, as the mass estimates
for SN 2023xwi are consistent with those presented in Jacobson-
Galan et al. (2022), this method proves to be a useful metric in
determining whether the mass of Ca synthesized in a Ca-rich SN is
abnormal.

5.2 Forbidden [O1] feature

As is the case for the [Call] feature discussed above, the [OI]AL
5,577, 6300 features are forbidden transitions, and as such should
only be present in the nebular spectra. The [O1] Ax 6300 feature is
present in all spectra from 46 to 431 d, and is blended into other
spectroscopic features in the +1 d spectra. The [O1] AA 5577 feature
is present in all spectra from +1 to +31 d. Neither of the features are
detected in the nebular-phase spectrum at +87 d. This is common in
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nebular spectra of Ca-rich SNe as cooling via [CalI] emission is far
more efficient than via [O 1] emission — the Einstein A coefficient of
[Cam] is 2 orders of magnitude greater than that of [O 1] (Jacobson-
Galén et al. 2022). Due to this, even small quantities of calcium will
cause [Call] emission features to dominate the spectra.

The two [O1] features evolve almost identically with the measured
velocities of each feature agreeing at a 1.5¢0 significance level. The
[O1] features have a very peculiar velocity evolution compared to
the [Ca1] nebular feature. Fig. 5 shows the continuum-corrected
velocity evolution and FWHM evolution of these features from +1
to +31 d. The FWHM measurements at +31 d are estimates of the
true FWHM at this phase as the two [O1] features were too blended
with the continuum to be accurately modelled. The emission features
were modelled as a combination of the pseudo-continuum and a
Gaussian emission profile. Unlike the [Ca II] nebular feature wherein
the mean velocity at 4+1 d is ~2000 km s~!, the mean velocity
of [O1] AL 5577 is 6600 & 200 km s~! at the same phase. Due
to the blending of spectral features around this wavelength at this
phase, it was not possible to isolate and determine the velocity of
the [O1] AA 6300 feature. In addition to this, as neither [O 1] feature
is detected in the +87 d spectrum, it is not possible to measure the
true nebular-phase velocity of [O1] in SN 2023xwi. As with [Ca11],
we would expect its nebular velocity to be consistent with 0 km
s~!. The FWHM of the two [O1] features are consistent with one
another and remain constant from +1 to 4+ 14 d at 3700 £ 300 km
s~! at a significance level of 2.10. The constant FWHM of the [O 1]
features implies there is no significant deceleration of the ejecta due
to interaction with dense external material (see Section 5.1). As the
[Ca1i] FWHM is greater than of the [O 1] feature, the emission lines
up to +14 d likely originate from two distinct regions (Dastidar
et al. 2024), with the [Ca1I] emitting region encompassing a broader
spread of velocities (Prentice et al. 2022).

6 PROGENITOR SYSTEM

The spectral features of SNe are described by two phases: the
photospheric phase and the nebular phase. Due to the physical
mechanisms responsible, nebular features such as [Call] and [O1]
should not be present in photospheric spectra. The clear presence
of these features from as early as +1 d in SN 2023xwi indicate
the existence of Ca and O that is external to the SN. To explain
this pollution from heavy synthesied elements, we introduce an
interpretation of an AM CVn progenitor system.

6.1 AM CVn progenitor

V445 Puppis — a known galactic helium nova — has been the subject
of many investigations due to its status as a potential progenitor
system of Type la SNe (Kato, Saio & Hachisu 2018; Nyamai et al.
2021; Banerjee et al. 2023). During periods of high-accretion rates
in binary systems, the accreted He-shell around a white dwarf can
reach high enough densities and temperatures to ignite and undergo
a He-shell flash. Such He-novae are expected to occur in binaries
of a 0.75-1.05 Mgy CO white dwarf and a low mass H-deficient
companion (Wong & Bildsten 2021). The companion can either
be non-degenerate or, in the case of AM CVn systems, semi/fully
degenerate (Roelofs et al. 2007). In sufficiently compact AM CVn
systems that undergo recurrent He novae, it is possible that the
primary white dwarf would accrete enough He to be a Type Ia SN
progenitor (Patat et al. 2007; Wang et al. 2009). Our investigation
is therefore focussed on the validity of an AM CVn system as a
progenitor system of Ca-rich SNe.

SN 2023xwi: early [Cau]and [O1] 1023

Woudt et al. (2009) describe the nova remnant and the outburst
from a He-nova in the AM CVn system V445 Puppis. They report an
equatorial dust disc that obscures the nova remnant and large polar
outflow velocities of 6720 & 650 km s~!. The geometry and velocity
of the polar lobes of this system suggest that a V445 Puppis-type
system may be responsible for the spectroscopic behaviour observed
in SN 2023xwi.

Fig. 6 shows a schematic of a V445 Puppis-type progenitor
system, adapted to explain the observed behaviour of SN 2023xwi.
The primary white dwarf in the double-degenerate binary system
accretes He from its companion and undergoes recurrent He-novae.
In each event, He is expelled and forms polar He-wind lobes, as in
Woudt et al. (2009). Mixing between freshly accreted He, O from the
surface of the white dwarf, and the ashes of earlier He-novae causes
material from the primary white dwarf to be swept into the lobes in
subsequent He-novae. This could form low-density O regions at ~
wind velocities (i.e. similar to the polar outflow velocity of V445
Puppis: 6720 & 650 km s~'). In more violent He-novae, it is also
possible for elements up to Ca to be synthesized and ejected into
the lobes (Kato et al. 2018). As this matter is synthesized in violent
He-novae, and not directly swept-up by the winds, the low-density
Ca regions within the lobes will have a lower velocity than the
low-density O regions and the He wind. After recurrent novae, the
primary white dwarf will accrete enough He from its companion to
undergo an SN event (Patat et al. 2007; Wang et al. 2009). In the
SN, these low-density Ca and O regions would initially be farther
from the centre of the explosion than the ejecta, and therefore would
produce observable [Call] and [O1] emission features that would
not be ‘obscured’ by the photosphere. As the ejecta expand beyond
the reach of the lobes and the photosphere recedes, the true nebular
[Ca11] and [O 11] features of the SN would dominate the spectra. Such
a system could therefore explain not only the presence of [Call]
and [O11] emission in the photospheric phase, but also the observed
velocity and FWHM evolution of these features in SN 2023xwi.

6.1.1 Early [Can] and [O 1] emission

Cooling via [O1] emission is relatively inefficient compared to
cooling via [Call] emission (see Section 5.2). If the [O1] and
[Ca11] emissions originated from the same region, the system would
therefore require high quantities of low-density oxygen in this region
for the emission to be discernible from the continuum. In addition
to this, the FWHM evolution of the [Ca1I] and [O1] features in SN
2023xwi suggest that the early [Ca11] and [O1] emission originates
from two distinct regions (see Section 5.2). This is explained in
a V445 Puppis-type system as the regions of low density O and
Ca extend to different radii. As the two emission regions in such
a system are essentially separate, this would allow [O1] emission
from lower abundances of O without it being dominated by [Ca1I]
emission. Kato et al. (2018) found that violent He-novae synthesize
only small amounts of Ca, with fractional abundances of the total
ejecta mass X(Ca) = 1073-107*. As line cooling via [Ca II] emission
is a very efficient mechanism, only trace amounts of Ca are required
to produce the observed spectra of SN 2023xwi.

6.1.2 [Cau] and [O 1] velocity evolution

The photospheric velocities of [Ca11] and [O 1] in SN 2023xwi impose
constraints on a V445 Puppis-type progenitor system. The mean [O 1]
AA 5577 velocity of SN 2023xwi at +1 d from c-band peak is 6600
+ 200 km s~!. The polar outflow velocities in V445 Puppis were
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Figure 6. A 2D schematic of our proposed progenitor system of SN 2023xwi, adapted from the V445 Puppis system. Accreting binary CO white dwarfs (blue
spheres) are surrounded by a shell of accreted He (light pink). After recurrent He novae, a He wind is formed in polar lobes (light pink lobes). O from the surface
of the CO white dwarfs is swept-up into the lobes as low-density O regions (dark pink). In more violent disruptions, Ca is swept into the lobes as low-density
Ca regions (purple). Expected observable [Ca 1] and [O 1I] emission velocities after the white dwarf explodes are included as a gradient from high velocity (dark

blue) to low velocity (light blue).

determined to be 6720 + 650 km s~ !, and therefore it is feasible
that a similar system could result in the outflow velocities required
for SN 2023xwi (Woudt et al. 2009). As O is less massive than Ca,
the velocity of the low-density O region will be greater than the
velocity of the low-density Ca region if synthesized by the same, or
similar, novae. The observed mean [Ca11] velocity (1600 £+ 100 km
s~!) is significantly lower than that of [O 1], and therefore is feasible
in a V445 Puppis-type system. At 431 d, the observed mean [O1]
velocity is 3700 £ 200 km s~! —much greater than the [Ca 11] velocity
at this same phase of 300 &= 100 km s~'. In a Puppis-type system,
low-density O regions are expected to extend further from the binary
WD system than the low-density Ca regions (see Fig. 6). We would
therefore expect for the high velocity [O1] features to exist longer
than the high velocity [Calr] features as it would take more time
for the low-density O regions to be overtaken by the SN ejecta.
As the [O1] emission feature was not detected at +87 d, its mean
nebular velocity could not be investigated. It is expected that the
associated velocity would be consistent with 0 km s™', as is the case
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for [Ca11], but this cannot be confirmed without direct observations.
If non-zero nebular-phase velocities are observed in other Ca-
rich SNe, this would cast doubt on the validity of the progenitor
system.

The majority of O in the observable [O1] region will, however,
have been swept into the lobes by the He wind in previous He-novae,
and not ejected into the lobes in the same events that synthesize
Ca. The more-violent novae that produce Ca will also contain O in
their ejecta, creating a mixed region of O, Ca, and other synthesized
elements. Any emission from O mixed into the Ca regions would be
dominated by [CalI] emission, and thus strong [O 1] emission from
this mixed region would not be observed.

The outflow velocity of V445 Puppis was determined along the
pole. As the system is intrinsically non-spherical, if such a system is
observed off-axis, there will be a considerable discrepancy between
the observed velocity and the true velocity of the emitting regions
due to line-of-sight projection effects. These velocity constraints on
the system are therefore dependent upon the angle of the observer
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relative to the system. In addition to this, as V445 Puppis is the
only observed recurrent He nova to date, it is plausible that similar
systems could have polar outflows with higher velocities than the
V445 Puppis system. It is also likely that the geometry of similar
systems could vary significantly from V445 Puppis (e.g. the lobes
could be far wider or narrower). Without further observations of the
behaviour of the [Ca1r] and [O1] features, we cannot determine the
observation angle of SN 2023xwi relative to the proposed progenitor
system.

6.1.3 Future work

De et al. (2020) present spectroscopic and nebular spectra for a
number of known Ca-rich SNe. Despite it not being a focus of their
investigation, we noticed that many of the objects displayed the same
early [Ca1i] feature as SN 2023xwi. Fig. 7 shows the spectra near
peak — within 9 d from r-band maximum — of a number of known Ca-
rich SNe. The presence of the [Ca IT] feature in many of these objects
indicates pre-existing low-density Ca has polluted the environment
of these SNe. A V445 Puppis-type system may, therefore, be an
appropriate progenitor system for all Ca-rich SNe, supporting the
argument that Ca-rich SNe are a heterogeneous group (Prentice et al.
2020; Ertini et al. 2023). To investigate the validity of this progenitor
system, further observations of the velocity evolution of the [Cali]
and [O1] features are required.

Assuming the progenitor system is correct, two distinct regions in
velocity space produce [Call] emission — the low density Ca region
and the SN explosion itself. The combined emission from these two
regions could therefore create a complex profile in the [Ca11] feature
in the nebular phase. If the photosphere has receded before the SN
ejecta overtakes the low-density lobes, we would expect to observe
double-emission in the [Call] and [O1] features — one component
from the external low-density regions, and one component from the
core of the explosion. Conversely, if the photosphere has not receded
before it overtakes the lobes, we would not expect to observe emission
features from either of the low-density regions; in this scenario, the
photosphere would effectively ‘obscure’ the lobes. We do not observe
either of these transition features in SN 2023xwi. This is likely due to
the gaps in spectroscopic data between +6 and +14 d, and between
+31 and 487 d. Direct observation of these predicted transitional
features would support the validity of a V445 Puppis-type progenitor
system.

In addition to the velocity evolution of early [Call] and [O1]
features, the mean velocity at — or near — peak would provide
constraints for such a progenitor system. We expect the highest
observed [Cali] and [O1] velocities to correspond to observations
directly down the polar lobes, and the lowest velocities to be observed
perpendicular to these lobes (see Fig. 6). Determining the velocities at
peak of the full sample of Ca-rich SNe would place better constraints
on the peak velocities we would expect from these systems. While the
number of known Ca-rich SNe is small, the distribution of velocities
at (or close to) peak brightness would constrain the geometry of
these systems. If the velocity distribution is peaked at observation
angles along the polar lobes —i.e. if very few Ca-rich SNe show high
velocity [Call] and [O1] features — the lobes are likely to be very
narrow. If the velocity distribution is instead more gradual — i.e. if
most [Call] and [O1] features have varied, but distinctly non-zero,
velocities — the lobes will be broader.

If the angle of observation relative to the progenitor system can be
determined, the ‘true’ velocity of the low-density regions within the
lobes would provide valuable insight into the validity of this model.
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Figure 7. Near-peak rest-frame spectra of SN 2023xwi and a number of
known Ca-rich SNe (labelled). All spectra shown were taken within 9 d of r-
band maximum. The location of the expected [Ca 1] feature in each spectrum
is highlighted in dark pink.

For example a V445 Puppis-type system would not be viable if the
velocity of the low-density Ca and O regions within the lobes is
greater than the measured photospheric velocity of the SN. For this
to be the case, a He-nova would have to accelerate the same species
to a higher velocity than a far more energetic SN — this is implausible.
Direct observation of this would therefore disprove this progenitor
system.

These open questions regarding the nature of the velocity evolution
of these [Ca1] and [O1] features, as well as their velocities at peak,
remain the subjects of future work.
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7 SUMMARY

In this paper, we have presented optical photometric and spectro-
scopic observations of a newly discovered Ca-rich SN: SN 2023xwi.
Its absolute 7-band magnitude at peak of —15.8 & 0.1 mag, rise time
of 15.9 & 0.2 d, photospheric velocity of 10900 % 100 km s~!, and
strong nebular-phase [CaII] emission features confirm its status as a
member of this class of exotic SNe. Below we summarize the key
observations and peculiarities of SN 2023xwi, and propose a new
progenitor system for Ca-rich SNe.

(1) SN 2023xwi was detected 5 d post-explosion by the MASTER
network and was spectroscopically classified as a Ca-rich SN at 8§ d
post-explosion by Padova—Asiago. It has a large offset of 8.91 kpc
from its host galaxy PSO J146.8867+71.2435.

(ii) The spectroscopic behaviour of SN 2023xwi displays the
earliest and most prominent forbidden [Ca 11] feature in photospheric
spectra of Ca-rich SNe at 41 d relative to c-band maximum. From 4-6
drelative to c-band peak there is also definitive presence of forbidden
[O1] emission. These features are typically associated with the
nebular phase of SN observations, and are not expected to be observed
in Ca-rich SNe until ~30 d post-peak (Kasliwal et al. 2012; De
et al. 2020). The velocity evolution of these features negates the
possibility of an external ‘blob’ of ejecta being responsible for these
nebular features. There is a possibility that we have misidentified
our photospheric phase emission lines. Spectroscopic modelling by
Dessart & Hillier (2015) show a strong Ti I feature and a Sc 1I feature
in the region of the [Call] and [O1] features, respectively. These
models, however, do not paint a complete picture of SN 2023xwi
due to line blanketing effects that cause these models to be redder
than our object, and other literature examples of Ca-rich SNe. Our
analysis continued under the assumption that we correctly identified
the features in SN 2023xwi as strong [Cal1] and [O1].

(iii) The photometric behaviour exhibits an early flux excess as
seen in many other objects of this class. It displayed a peak magnitude
of —15.8 &+ 0.1 mag at MJD 60276.1, and a peak bolometric
luminosity of 2.2 £ 0.3 x 10" erg s~'. This value aligns with
other objects of this class, confirming it is not an uncharacteristic
luminosity which causes the peculiar spectroscopic behaviour of SN
2023xwi.

(iv) Using the photometric and spectroscopic observations, we
determined the total ejecta mass to be M = 0.9 £ 0.2 My, with
My; = 0.02 £ 0.01 Mg, of synthesized Ni and Mc, = 9 x 10~
Mg, of synthesized Call. All of these values are consistent with other
Ca-rich SNe, ruling out the possibility that SN 2023xwi’s unique
spectroscopic behaviour is caused by abnormal amounts of Ca or Ni.

(v) We present a SN progenitor embedded in an environment
polluted by a recurrent He-nova AM CVn system, based on V445
Puppis, that can explain the observed spectroscopic behaviour of SN
2023xwi and all other Ca-rich SNe. This model explains the presence
of [Ca11] and [O 1] nebular emission lines in the photospheric spectra
of SN 2023xwi, as well as the observed velocity evolution of these
emission features. To test the validity of a V445 Puppis-type system,
spectroscopic analysis into the evolution of the forbidden [Ca11] and
[O1] features should be conducted across a full sample of Ca-rich
SNe. These will be investigated in later works.
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