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ABSTRACT

We present an analysis of the optical and near-infrared properties of SN 2022Ixg, a bright (M, ,esx = —19.41 mag) and rapidly evolving
supernova (SN). It was discovered within a day of explosion, and rose to peak brightness in ~10 d. Two distinct phases of circumstellar
interaction are evident in the data. The first is marked by a steep blue continuum (7 > 15000 K) with flash-ionisation features due
to hydrogen and Hell. The second, weaker phase is marked by a change in the colour evolution accompanied by changes in the
shapes and velocities of the spectral line profiles. Narrow P-Cygni profiles (~150kms™") of HeT further indicate the presence of
slow-moving, unshocked material and suggest partial stripping of the progenitor. The fast decline of the light-curve from the peak
(3.48 +0.26 mag (50d)~! in g band) implies that the ejecta mass must be low. Spectroscopically, until +35 d there are similarities with
some Type IIb SNe but then there is a transition to spectra that are more reminiscent of an interacting SN II. However, metal lines are
largely absent in the spectra, even at epochs of ~80 d. Its remote location (~4.6 kpc projected offset) from the presumed host galaxy,
a dwarf with Mg ~ —14.4mag, is consistent with our metallicity estimate — close to the values of the Small Magellanic Cloud —
obtained from scaling relations. Furthermore, several lines of evidence (including intrinsic polarisation of p ~ (0.5-1.0)%) point to
deviations from spherical symmetry. We suggest that a plausible way of uniting the observational clues is to consider a binary system
that underwent case C mass transfer. This failed to remove the entire H envelope of the progenitor before it underwent core collapse.
In this scenario, the progenitor itself would be more compact and perhaps straddle the boundary between blue and yellow supergiants,
which ties in with the early spectroscopic similarity to Type IIb SNe.

Key words. circumstellar matter — stars: mass-loss — supernovae: general — supernovae: individual: SN 20221xg

1. Introduction driven winds, Eta-Carina-type giant outbursts, other variabili-

. . . ties, or even due to a binary companion (e.g. Meynet et al. 1994;
It is well accepted that the evolution of massive (28 M) stars Langer 1998, 2012; Woosley et al. 2002). Thus, the immediate

is primarily driven by mass loss, be it via line- or continuum- . : . . . .
environment into which a massive star explodes is modified by

* Corresponding author: pachar@utu. fi these processes. Regardless of how the mass loss happens, the
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distribution and extent of this circumstellar material (CSM), as
well as its composition, velocity, and amount can be indelibly
imprinted onto observations of the supernova (SN).

A clear signature of interaction between SN ejecta and the
surrounding medium is the presence of narrow (tens to hun-
dreds of kms™!) emission lines (Schlegel 1990). At the earli-
est epochs after explosion, radiation from the shock breakout
ionises this material, which results in prominent narrow emission
features associated with species such as He 11, C1v, and Nmi/1v
(often dubbed ‘flash features’). As the shock propagates through
the CSM, a fraction of the kinetic energy of the ejecta is con-
verted to energetic photons; these contribute to maintaining the
high ionisation levels, which compensates for the relatively short
recombination timescales of the ionised species. As the CSM
gas is swept up by the fast-moving ejecta, the temperature drops
and the narrow emission lines become weaker, ultimately giving
way to a nearly featureless continuum, followed by the emer-
gence of broad SN features (e.g. Chugai 2001; Fransson et al.
2005; Gal-Yam et al. 2014; Shivvers et al. 2015; Khazov et al.
2016; Yaron et al. 2017; Dessart et al. 2017; Bruch et al. 2021,
2023; Jacobson-Galén et al. 2024). The duration of this phase is
strongly dependent on the spatial extent and density of the sur-
rounding material, but typically lasts for approximately a week
in most cases (Bruch et al. 2021). This implies that the material
is spatially confined, and originates from presumably enhanced
mass-loss shortly (months to a few years) prior to core collapse.

In the single star framework and roughly solar metallicities,
we expect an inverse correlation between progenitor mass and
the amount of hydrogen remaining in the envelope at the time
of explosion. This translates into a sequence of SN subtypes
with the Type II-plateau (IIP) progenitors having the thickest H
envelopes, while the Type Ic progenitors, at the other extreme,
have lost both H and He layers. Between these, we find the II-
linear (IIL), IIb, and Ib subtypes that reflect a transition from
a H-dominated envelope to a He-dominated one. Although the
above framework is appealing and borne out by observations,
we both expect and find a significant contribution from binary
systems. Indeed, several studies have argued that a close binary
companion is necessary to efficiently remove the H and He layers
(e.g. Nomoto et al. 1993, 1995; Claeys et al. 2011; Yoon et al.
2017; Ercolino et al. 2024). Within either single or binary pro-
genitor frameworks, we might also expect to find a continuum
of observed properties (e.g. peak luminosity, duration). These
will primarily depend on the specifics of the mass and mass-loss
history, and the conditions in the core at the time of collapse, for
each case.

Within this multi-dimensional parameter space, SNe that dis-
play extreme properties usually in terms of peak absolute bright-
ness or decline rate from peak, often stand out (e.g. Barbary et al.
2009; Miller et al. 2009; Gezari et al. 2009). While several sys-
tematic studies of regular SNe II have been conducted, which
have incorporated an increasing number of events over the
years, most do not include objects with rest-frame light-curve
peaks exceeding ~—18.5mag in the V band, that is, luminous
SNe (LSNe II; e.g. Anderson et al. 2014a; Valenti et al. 2016).
However, a growing number of such events have been identi-
fied. These luminous objects were already noted by Patat et al.
(1994), who analysed a sample of 51 SNe II and highlighted a
gap between regular SNe II and brighter events (—18.5 mag in
the B band). More recently, Pessi et al. (2023a) (P23 hereafter)
considered a sample of six SNe II with peak V band magnitudes
brighter than —18.5, persistent blue colours, and fast decline
rates. Spectroscopically, the Balmer lines showed broad, multi-
component emission profiles over the time span of the obser-
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Fig. 1. r band image showing SN 2022Ixg (@ = 19"15™23.630%, § =
+48°19'27.70”, J2000), taken with NOT+ALFOSC on 25 July 2022
(+54.2 d). The inset shows the region around the SN; no obvious host
galaxy is apparent.

vations (~10—100d for most of the sample), and metal lines
were weak if at all present. Type II SNe that are brighter than
—18.5 mag at peak in the optical region are unlikely to be missed
by transient discovery surveys, and must therefore be rare. It is
important to understand whether they arise from some unique
combination of parameters, or whether they simply represent the
tail of the Type II parameter distribution with a preferred viewing
angle.

gOn 4 June 2022, the All-Sky Automated Survey for Super-
novae (ASAS-SN; Shappee et al. 2014) collaboration reported
the discovery of a rising transient (ASASSN-22hp, IAU name:
AT 20221Ixg) in an uncatalogued host galaxy (Stanek 2022) to the
Transient Name Server. Four days later, on 8 June 2022, the tran-
sient was classified as a SN II (SN 2022Ixg) based on a blue and
featureless spectrum (Ashall 2022). Given the excellent explo-
sion epoch constraints, the rapid rise to a peak absolute bright-
ness of —19.3 in the r band, and the presence of narrow emission
lines in the spectrum at +2 d, we embarked on an observational
campaign to monitor its evolution. We show the field of the SN
in Fig. 1. As no redshift information was available for the pre-
sumed host galaxy, we measured the redshift of SN 2022Ixg to
be z = 0.0214 + 0.0006, from the centroid of Ha and HS lines
in the late time spectra (+65 and +80d). Correcting the spectra
with this value results in the flash-ionisation lines in the early
spectra (Ha, HB and He 11.14686) being at their respective rest
wavelengths (Sect. 3.3).

In what follows, we present the follow-up and analysis of
SN 20221xg. We assume a Planck Collaboration ACDM cosmol-
ogy with Hy = 67.4kms™ Mpc™!, Q,, = 0.315, and Q, = 0.685
(Planck Collaboration VI 2020). The redshift, as inferred above,
corresponds to a distance of 96.6 Mpc and distance modulus
of u = 34.925. All phases are given relative to the estimated
explosion epoch (MJD =59731.37) in the transient rest-frame
(Sect. 3.2.1). Magnitudes are in the AB system (Oke & Gunn
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Fig. 2. Light-curves of SN 2022Ixg (corrected for MW extinction; E(B—V)yw = 0.059 mag). The explosion epoch is constrained to MJD 59 731.37.
The short vertical black dashes denote the epochs of spectroscopy (see Table A.2). Non-detections are shown as small downward-facing arrows.
The *°Co decay rate is shown as a dashed black line. Note the break in the x-axis to accommodate the latest epochs. The inset focuses on the
phases around the peak light (for the gri bands). The g band seems to plateau for ~ eight days at its peak (horizontal dashed line is a linear fit
to guide the eye), while the r band shows a bump around the time of the start of the g-band plateau, but then continues to rise to its main peak.
We show the Gaussian process interpolations used to infer the peak epochs in the gri bands (with 1o uncertainties as shaded regions), which are

marked with short vertical dashes (see also Table 1).

1983) unless noted otherwise, and the reported uncertainties cor-
respond to 68% (10) and upper limits to 30

2. Observations and data reduction

We acquired well-sampled imaging and spectroscopy, and three
epochs of imaging polarimetry from a range of telescopes
(Sect. 2). There is no evidence for host reddening in the spec-
tra given the blue slope at early times and lack of absorp-
tion features due to the NaID lines; hence we consider the
host reddening to be negligible. Throughout this work, we
assume a Cardelli et al. (1989) extinction law with Ry = 3.1
and a foreground Galactic extinction of Ay = 0.1815mag
(Schlafly & Finkbeiner 2011), to deredden our photometry and
spectra.

2.1. Ground-based imaging

We obtained ¢gri imaging with a roughly 2-3d cadence
via the Zwicky Transient Facility (ZTF; Graham et al. 2019;
Bellm et al. 2019; Dekany et al. 2020), the Palomar Schmidt
48-inch (P48) Samuel Oschin and the Spectral Energy Dis-
tribution Machine Rainbow Camera on the Palomar 60-inch
telescope (SEDM; Blagorodnova et al. 2018; Kim et al. 2022).
These data were processed using the ZTF forced photometry

service! (Masci et al. 2019) and FPipe (Fremling et al. 2016),
respectively. Further imaging obtained at the Liverpool Tele-
scope (LT; Steele 2004) with the I0:0 imager in the griz filters
was reduced using custom pipelines, while light-curves using
imaging from the Asteroid Terrestrial-impact Last Alert Sys-
tem (ATLAS; Tonry et al. 2018; Smith et al. 2020) survey in the
o and c bands were generated using the ATLAS Forced Pho-
tometry? service (Shingles et al. 2021). Two epochs of late-time
(>250d) imaging were obtained with the Alhambra Faint Object
Spectrograph and Camera (ALFOSC) mounted on the 2.56 m
Nordic Optical Telescope (NOT) on La Palma, Spain. The com-
plete, dereddened optical light-curves are shown in Fig. 2 and
tabulated (non-dereddened) in Table A.1.

2.2. Optical spectroscopy

We were able to collect 28 spectra of SN 2022Ixg spanning
~2-90d. The earliest spectrum was obtained using the Low-
Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) on the
Keck I 10-m telescope and reduced using 1pipe (Perley et al.
2019). Spectra obtained using SEDM were reduced as described
in Rigault et al. (2019); those collected with the Double Beam
Spectrograph (DBSP) on the Palomar 200-in telescope were

! https://ztfweb.ipac.caltech.edu/cgi-bin/
requestForcedPhotometry.cgi
2 https://fallingstar-data.com/forcedphot/
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reduced using custom pipeline (Mandigo-Stoba et al. 2022)
based on PypeIt (Prochaskaetal. 2020). An LT spectrum
was obtained with SPRAT instrument (Piascik et al. 2014) and
reduced using the automated LT pipeline (Barnsley et al. 2012).
All other spectra were obtained using the ALFOSC instru-
ment on the NOT as part of the ZTF and NUTS2 (NOT Un-
biased Transient Survey 2) collaborations. Reductions were per-
formed using Foscgui®. The spectra were scaled with the avail-
able gri photometry. The spectral series, scaled with the pho-
tometry and dereddened for Milky Way (MW) extinction, are
presented in Fig. 3 and a spectroscopic log is provided in
Table A.2.

2.83. Imaging polarimetry

We were also able to obtain three epochs of imaging polarime-
try (18 June 2022, 7 July 2022, 18 July 2022) with ALFOSC at
the NOT in the V and R filters. All observations were obtained
at four half-wave retarder plate (HWP) angles (0°, 22.5°, 45°,
67.5°). The data were reduced with a custom pipeline that uses
photutils (Bradley et al. 2024) for the photometry. The opti-
mal aperture size was chosen to be two times the full-width
at half-maximum (FWHM) in order to enclose the majority of
the flux in the aperture and avoid inducing spurious polarisa-
tion due to the different Point Spread Function (PSF) elongation
of the sources in the ordinary and extraordinary beams respec-
tively, that is a known effect in the imaging polarimetry mode
of ALFOSC (Leloudas et al. 2017 and discussions therein). The
third epoch was of insufficient signal-to-noise ratio (S/N) to
provide a useable measurement and thus was not included in
the analysis as observations with a S/N < 120 are unreliable
(Pursiainen et al. 2023). A log of the polarimetric observations
is provided in Table A.4.

3. Analysis
3.1. Host galaxy

There is no obvious bright host galaxy near SN 2022Ixg (Fig. 1).
A faint and diffuse source is located at 9778 North-West
(NW) from the SN. In the NASA/IPAC Extragalactic Database
(NED%), this object is WISEA J191523.71+481938.5. The late,
deep r-band image taken with the NOT when the SN has faded
away is shown in Fig. 4, where this galaxy becomes more evi-
dent. We retrieved archival photometry of this galaxy in stacked
Kron magnitudes from the Panoramic Survey Telescope and
Rapid Response System (PanSTARRS) catalogue (Huber et al.
2015) in the g, r, i, z filters. The magnitudes are: m, = 20.09 +
0.08 mag, m, = 19.70 £ 0.01 mag, m; = 19.50 + 0.04 mag, and
m, = 19.17 = 0.12 mag. Unfortunately, there is no photomet-
ric or spectroscopic redshift available for this galaxy. At the
luminosity distance of the SN, this separation corresponds to
a projected distance of 4.58 kpc. In the absence of other can-
didate hosts, we assume that this galaxy is the host galaxy of
SN 2022Ixg.

3 Foscgui is a graphic user interface aimed at extracting SN spec-
troscopy and photometry obtained with FOSC-like instruments. It was
developed by E. Cappellaro. A package description can be found at
https://sngroup.oapd.inaf.it/foscgui.html

4 https://ned.ipac.caltech.edu/
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3.2. Photometric analysis
3.2.1. Broadband light-curve evolution

In the following subsection, we present the features of the broad-
band light-curves of SN 20221xg. These include the explosion
epoch estimate, the peak epochs and magnitudes in the various
bands, the rise and decline timescales, and the colour evolution.

The last non-detection (in the i band) was at MJD 59 730.45
while the first detection was at MJD 59731.39 in the g band.
Moreover, the first three detections (in ZTF g, r and ATLAS
¢ bands) are within ~ one day from the last non-detection (at
59731.44 in r band and at 59 731.50 in ¢ band). However, due to
the very fast early rise and the very blue colours of SNe at epochs
so close to the explosion, the i-band last non-detection is not par-
ticularly constraining. In order to determine the explosion epoch,
we applied the following steps: The first estimates from the
blackbody fits some days after these very early detections (>2 d),
return temperatures ~20 000 K (see Sect. 3.2.2). However, right
after the explosion (<1d), SNe temperatures can decline very
rapidly from several 10000 K (Yaron et al. 2017). Hence we
assume a temperature of 40000K for these early epochs and
using the flux densities in the various bands, we obtained an esti-
mate of the radius (3.9 x 103 cm, 7.0 x 103 cm, 9.9 x 1013 cm
respectively). Applying the Stefan-Boltzmann law yields the
blackbody luminosities of these points and we propagated
the uncertainties of the luminosities in the standard way. Given
the inherent assumptions and systematic uncertainties in this
process (especially since we do not have UV photometry to
tightly constrain the early temperatures), we allowed for gener-
ous errors on the temperature (ot = 25000 K) and radius (og =
10'* cm). We fit a linear model to the obtained luminosities using
a custom Monte Carlo routine with 10 000 iterations (and assum-
ing uniform distributions for the priors), thereby retrieving a pos-
terior distribution on when the fits cross the zero luminosity level
(i.e. explosion epoch); we use the median of this distribution as
the explosion epoch estimate, and the 16th and 84th percentiles
as the explosion epoch uncertainties. The median fit is within 1o
from all the next, rising points (i.e. those not included in the fit),
hence a linear model suffices for the purpose of estimating the
explosion epoch. We find MJDeyp = 59 731.37f8:8§ and adopt
this as our reference epoch throughout the manuscript. There-
fore, the first g-band detection was made within ~1 hour from
the explosion.

In order to determine the epochs of maximum light in each
of the optical bands, we performed numerical interpolation of
the light-curves using a Gaussian process regression algorithm
(Seeger 2004). We used the Python package GPy’, employing a
radial basis function (RBF) kernel. The uncertainty in the peak
epoch was estimated as the time range when the GP light-curve
is brighter than the 1o lower bound on the peak brightness.
For the peak epochs of the three different bands (gri), we find
MIJD =59 739. 143-%;, 59745. 17:“}'3; and 59 746.263'2(1), respec-
tively. We note a lag between the peak epochs with the bluer
bands peaking earlier; 6.0 d between g and r, and 1.1 d between
r and i. The peak epochs are denoted as short vertical dashes in
the inset of Fig. 2 where we show the shape of the light-curves
around this time and the GP interpolations that were employed
to measure them. In terms of peak absolute magnitudes, we
obtain M, = —19.41 + 0.01 mag, M, = —19.31 £ 0.02 mag and
M; = —19.09 + 0.02 mag respectively. This brightness makes
SN 20221xg a LSN, in between the SNe II and the superluminous
SNe II (SLSNe-II). The photometric and spectroscopic proper-

> https://gpy.readthedocs.io/en/deploy/
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Fig. 4. Deep (1h) r-band image taken with NOT+ALFOSC on
16 April 2023 (+313.1d; Table A.1). A faint source is visi-
ble at the location of SN 2022Ixg. Interestingly, a known galaxy
(WISEA J191523.71+481938.5), 9778 NW of the SN is now apparent.
At our adopted luminosity distance of the SN, this separation corre-
sponds to a projected distance of ~4.6 kpc. The inset zooms in on the
position of the SN (indicated by a red cross), and the host galaxy (indi-
cated by a red arrow).

ties of SN 2022lxg show remarkable similarities with those of
the sample of LSNe Type II studied by P23. These properties
will be highlighted further as we present and study the proper-
ties of SN 20221xg.

The rest-frame rise time from explosion to peak in the g band
is 7.6 + 2.2days (and 13.5 and 14.6 days in the r and i bands
respectively), consistent with the median of Type II SNe (7.5 +
0.3 d; Gonzalez-Gaitéan et al. 2015). During this time frame, it
rose by 5.4 mags with a rate of 0.56 mag day~'. However, the rate
considerably slows down close to the peak, and especially in the
g band, there is a plateau of ~8 days at ~—19.38 mags that we
mark with a horizontal dashed line in the inset of Fig. 2 (a linear
fit to the plateau). That plateau is not seen in the r and i bands, the
former however shows a ‘bump’ at those epochs, while the lat-
ter shows a smoother evolution around peak (see also discussion
in Sect. 4.1.2). Hence, the fast rise can be better appreciated by
measuring the same quantities from the first to the second g-band
detection, where within ~1.9 days the g band rose by 4.9 mags, a
rate of 2.6 mag day~!. In order to account for this change in the
slope of the rise and fairly compare to other SNe with different
light-curve morphologies and tight explosion constraints, we fol-
low the approach of Gall et al. (2015) where they define an epoch
termed ‘end-of-rise’, as the epoch at which the r-band magni-
tude rises by less than 0.01 mag d~"'. This is estimated by fitting
a low-order polynomial to the data, with an iteratively chosen
step-size in time. For the - band, we measure the ‘end-of-rise’ at
MIJID 59741.59 +1.73 (i.e. 10.00 d post explosion in rest-frame)
with an absolute magnitude of —19.27 + 0.10. In the left panel of
Fig. 5, we plot the measured ‘end-of-rise’ time of SN 20221xg
in the r band versus the respective absolute magnitude at this
epoch, and we compare those to the sample of Gall et al. (2015),
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a compilation of 23 Type II SNe of various subtypes. SN 20221xg
is the brightest of them with an intermediate ‘end-of-rise’ time.

By 50d from peak, SN 2022Ixg has declined by 3.48 +
0.26 mag (50d)~! in the g-band; it continued to decline at this
rate until ~+100d (i.e. ~6.96 mag (100 d)~"), when it became too
faint for further observations. In order to compare with V-band
literature measurements, we employed the following process:
We obtained synthetic photometry in the g (ZTF) and V (Bessel)
filters (using the filter curves hosted at the SVO Filter Profile Ser-
vice; Rodrigo et al. 2012, 2024; Rodrigo & Solano 2020) from
our dense spectral series. In order to retrieve the V-band magni-
tudes at the g-band light-curve epochs, we linearly interpolated
the derived g—V synthetic colour curve. In that way we created a
‘transformed’ V-band light-curve and measured the decline rate
to be 3.18 + 0.33 mag (50 d)~". The decline is significantly faster
than the fastest declining (~2.5mag(50d)~"). Type IIL SNe
reported in Faran et al. (2014). Interestingly, the decline rate of
SN 20221xg is reminiscent of Type IIb SNe (5-9 mag (100d)™";
e.g. Gutiérrez et al. 2020 and references therein). Up to an epoch
of ~100d, the pseudo-bolometric luminosity of SN 2022Ixg
did not settle onto the expected decline rate for *°Co decay of
0.98 mag (100 day)~! (assuming complete gamma-ray trapping;
Woosley et al. 1989). Our attempt to obtain a late-time constraint
at +261.3d and subsequently at +313.1d, resulted in a non-
detection and an upper-limit of 22.96 mag, and in a detection
of 24.00 + 0.12mag (M, = —10.91 mag) respectively (Fig. 2).
We searched for archival images that could be used as templates
for difference imaging. However, the deepest image available
is from the PanSTARRS1 survey (Kaiser et al. 2002); we mea-
sure a limiting magnitude of » ~ +22.8 at the SN location. As
this is significantly shallower than our deepest science image,
we do not perform template subtraction. The late-time detection
implies that the initial fast decline rate reported above must have
slowed down, but it is difficult to firmly attribute the cause of this
based on a single data point.

In the right panel of Fig. 5, we show the magnitude decline
rate per 50 days versus the peak absolute magnitude. We com-
pare with two samples: the Type IIP/IIL sample of Faran et al.
(2014) and the one of P23 (both measure the decline rates
from the V band). The latter are all characterised as fast declin-
ing. Here, similar to P23, we consider as fast, those SNe with
decline rates > 1.4 mag (100d)~', an arbitrary limit that has pre-
viously been used to separate slow and fast declining SNell
(Davis et al. 2019 and references therein). We also include sev-
eral unusual transitional and/or interacting Type II SNe. The only
SN from the P23 sample that declines faster than SN 2022Ixg is
SN 2017hxz. We show the morphology of the r/R-band light-
curves (and few in the V-band) in Fig. 6 compared to brighter,
slower declining Type II SNe, and fainter, rapidly declining
ones. Although there is significant heterogeneity in the compar-
ison objects, as we discuss below, SN 20221xg has photometric
and spectroscopic properties in common with both fainter and
brighter Type II SNe.

Regarding the colour evolution, SN 20221xg has rather blue
colours (g — r < —0.2 mag) for the first ~10 days after the explo-
sion, then until +40 days, the colours redden rapidly and reach
a maximum value of g — r ~ 0.6 mag. Then we see the cool-
ing stop abruptly and the colour evolution plateaus, and even
colours become slowly bluer until +65d, followed by a more
gradual cooling until the SN becomes too faint to observe. An
almost identical colour evolution is seen in the P23 sample.
We showcase this in Fig. 7 by reproducing their Figure 9 and
including SN 20221xg in the comparison as well as a few well-
studied luminous SNe with similar colours, e.g. SNe 1998S and
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(Leonard et al. 2000; Fassia et al. 2000) (V band), SN 2016gsd (Reynolds et al. 2020) (B band), SN 2017ivv (Gutiérrez et al. 2020) (V band),
SN 2018ive (Bostroem et al. 2020; Maeda et al. 2023a; Reguitti et al. 2024) (B band), and the fast and faint Type IIb SN SN 2020ikq (Ho et al.

2023) (g band).

1979C (Branch et al. 1981; de Vaucouleurs et al. 1981). In order
to compare with B — V colours from the literature, we trans-
formed these measurements to g —r using a procedure analogous
to that described above for transforming to the V band. We plot
the Gaussian process interpolations of the g — r and B — V light-
curves (performed using the Python package GPy) and compare
with the sample of P23, and also with the B — V colours of the
sample of SNe II studied by de Jaeger et al. (2018). It is clear
that SN 2022Ixg follows the same pattern as the LSNe II of the
P23 sample, and differs from the gradual cooling shown by the
majority of Type II SNe. In Table 1, we tabulate various pho-
tometric properties of SN 20221xg that were presented in this
section.

3.2.2. Bolometric light-curve

We constructed a pseudo-bolometric light-curve of SN 20221xg
using SUPERBOL (Nicholl 2018). The flux in the available band-
passes was estimated at the epochs of our r-band photometry.
We interpolate the light-curves using polynomials of third to
fifth order and integrate under the spectral energy distribution
(SED) of each epoch to get the luminosity. We fit a blackbody
function to the SED at each reference epoch in order to estimate
the temperature and the radius, and also to calculate the missing
energy outside of the observed wavelength range. The pseudo-
bolometric light-curve, as well as the blackbody temperature,
radius and luminosity evolution are shown in Fig. 8. We note
that the results should be interpreted with caution as we have
photometric coverage for the full evolution of the SN in only
five optical bands (gcroi) and only four points between +40 to
+60d in the z band; thus, the temperature estimates at early times

are almost certainly underestimated. In the inset of the top panel
of Fig. 8 we visualise how we estimated the explosion epoch
(Sect. 3.2.1).

The bolometric light-curve analysis results in a blackbody
temperature that peaks at ~20000K at 5 days post explosion.
Then the temperature drops fast for the next 10 days, followed
by a ~10day break in the cooling and then the cooling rate
becomes fast again until +35d. From Between roughly +35 to
+75 d the cooling rate significantly drops and even plateaus, only
to drop again until the SN becomes too faint to observe. The
blackbody photosphere expands linearly until ~+20d, and a lin-
ear fit to this expansion results in an photospheric velocity of
Uph = 6759 + 724km s~!. Fixing R(t = 0) at zero, returns a
higher velocity of vy, = 13216 £660km s~! however the fit is not
as good. Between +15 to +35 days, the radius almost plateaus,
that is it slightly drops during the cooling rate break, and then
peaks again at Rgg ~ 1.4 X 10" c¢m, at the end of the second fast
cooling phase. After that, the photosphere contracts until the SN
becomes too faint to observe. The pseudo-bolometric luminosity
slowly peaks at ~7.2 x 10*? erg s~! at 12 days post explosion and
then smoothly declines. The luminosity derived from the Stefan—
Boltzmann (SB) law follows a similar evolution, with a sharper
peak of ~6.4 x 10" ergs™! at 5 days post explosion.

Using the bolometric luminosity, we make some °Ni mass
estimates produced in SN 2022Ixg. For H-rich SNe, it is very
difficult to estimate how much of the power comes from nickel
during the peak times when the hydrogen recombines, leading
to inaccurate estimates. This also applies to SN 20221xg; by
plugging the above peak estimates into the Arnett rule (Arnett
1982), we measure 0.25 Mg and 1.21 M, for the ®Ni mass, using
the pseudo-bolometric and the SB estimate respectively. These
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Fig. 6. Comparison of the absolute magnitude r-band light-curve of
SN 2022lxg to three LSNe from the P23 sample in the V band
(SN 2017cfo, SN 2017hbj, SN 2017hxz) and to other fast declining
transients of various subtypes: SN 1998S, SN 2016gsd, SN 2018ivc
in V band, and SN 1996al, SN 2020ikq, and two more Type IIb
SNe (SN 2011dh; Arcavi et al. 2011; Bersten et al. 2012, SN 201 1hs;
Bufano et al. 2014) in the r/R band. Visual extinctions (for both MW
and host galaxies) and distance moduli are retrieved from the referenced
works (see also Fig. 5 for the references). There is a remarkable simi-
larity in the decline rate (and luminosity) with SN 2017hxz of the P23
sample.

values should be seen as rough upper-limits. Based on the
colours of the SN before it faded, we construct a pseudo-SED
for our late r-band detection at +313.1 d. From that, we mea-
sure a pseudo-bolometric luminosity of (1.7 +0.7) x 103 erg s~!,
and from a blackbody fit and the Stefan—-Boltzmann law, we get
a luminosity of (6.2 + 2.7) x 10%° ergs~'. We use these to esti-
mate the *Ni mass from the tail of the luminosity using vari-
ous prescriptions (Tail, Hamuy 2003, SN 1987A ratio) and we
always measure values <0.009 Mg. Those values should be seen
as a rough lower-limits since we do not have a good estimate
of the bolometric luminosity at these epochs. The Ni masses
estimated from the tail are very low, further highlighting that the
estimates derived from the peak are not trustworthy and that the
peak is not dominated by *°Ni-heating. We tabulate the median
values of the above Y°Ni mass estimates in Table 1, and all the
individual values in Table A.3.
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Fig. 7. Gaussian process interpolations of the colours (g — r in orange
and B — V in blue) of SN 20221xg compared to those of other luminous
Type II SNe from the P23 sample. We overplot the actual measured
g — r colours of SN 20221xg with faint squares and the 1o uncertainties
of the interpolations as shaded lines. Mean values of B — V colours of
the sample of SNe II studied by de Jaeger et al. (2018) are presented in
grey for comparison (with the 1o~ standard deviation plotted as a shaded
region).

Table 1. Basic properties of SN 20221xg.

Property Value

z 0.0214 +0.0006

E(B - V)uw 0.059 mag

MID of last non detection (i band) 59 730.45

MID of first detection (g band) 59731.39

MJD of explosion 59731.37+)04

Peak g MID (phase) 59739.14*223 (+7.6d)

Peak g magnitude

Peak » MJD (phase)
Peak r magnitude

Peak i MJD (phase)
Peak i magnitude
End-of-rise r MJD
End-of-rise r magnitude
Decline (g band)
Half-flux duration (g band)
M(*°Ni) (from peak)
M(®Ni) (from tail)

—19.41+£0.01 mag
59745.17*}4 (+13.5d)
—19.31 +£0.02 mag
59746.26*28) (+14.6d)
—19.09 £ 0.02 mag
5974159 +1.73
—19.27 £0.10 mag

3.48 +0.26 mag (50d)!
25.70 +£0.26 days
<0.729 £0.163 M,,
>0.003 +£0.002 M,

Notes. MJDs are in observer frame, durations are in rest-frame.
Unless indicated otherwise, we use the g band as the reference. The
peak epochs and magnitudes are inferred as described in Sect. 3.2.1.
We derive the °Ni mass estimates from the luminosities calculated
with two different methods, either from the blackbody fits and the
Stefan-Boltzmann law, or from the pseudo-bolometric luminosity esti-
mates (see Sect. 3.2.2 for details). We provide the median values
of the different tail (313.1d; 0.001-0.009 M) and peak estimates
(0.247-1.210 Mp).
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Fig. 8. Pseudo-bolometric gcroiz light-curve of SN 20221xg (top panel)
and blackbody temperature and radius evolution (middle and bottom
panels) derived from blackbody fits to the SEDs. The bolometric lumi-
nosity derived with the Stefan-Boltzmann law is also shown in the top
panel, with the open markers showing the luminosity estimates of the
early first three detections (within three hours from the explosion), con-
verted from temperature to luminosity using the Stefan-Boltzmann law.
The inset zooms-in on those points where we plot in red ten random
samples from the posterior distribution of linear Monte Carlo fits. The
vertical grey line denotes the explosion epoch estimate (median of the
posterior distribution) while the shaded grey region denotes the uncer-
tainty on the estimate (16th and 84th percentiles). In the bottom panel,
we show linear fits to the rising part of the expanding photosphere (the
exact fitted region is within the vertical dotted lines), the dash-dotted
red fit has R(t = 0) fixed at zero, while the dashed green one does not.

3.2.3. Light-curve fits

We used the publicly available Modular Open Source Fitter for
Transients (MOSFiT®; Guillochon et al. 2018) to fit the multi-
band light-curves. MOSFiT takes as input the multi-band pho-
tometry and priors on the parameters of the model that is being
fit to the data. We used the built-in model csmni that combines
the luminosity from the decay of radioactive *°Ni and additional
luminosity from CSM interaction, wherein a fraction of the

% https://mosfit.readthedocs.io/en/latest/index.html

kinetic energy of the SN ejecta is converted to radiative energy
through collision with the CSM. The **Ni decay model is from
Nadyozhin (1994), while the CSM interaction model is based on
the semi-analytic treatment of Chatzopoulos et al. (2013). The
model is set up such that the contribution from CSM interaction
starts at time £y = Ro/vej, Where Ry is the inner radius of the
CSM shell and ve; is the bulk velocity of SN ejecta. Assuming
vej to be the average photospheric velocity of the SN ejecta, the
kinetic energy Ey of the ejecta is inferred from the free parame-
ters M.; (the ejecta mass) and vej, assuming a constant density

(Arnett 1982), using Ex =~ %Mejvejz. The model has 11 free

parameters, namely %Ni mass fraction (fyi = Mni [M¢;), y-ray
opacity («,), bulk velocity of SN ejecta (v;), mass of the CSM
shell (Mcswm), total ejecta mass (M.;), host galaxy hydrogen col-
umn density (7gnost), inner radius of the CSM shell (Rp), CSM
density at the initial radius Ry (0¢), minimum temperature (7'y;,)
that the expanding and cooling photosphere settles down to, time
of explosion relative to first epoch of observation (f..,) and a
white-noise variance term (o) representing the additional uncer-
tainty (in mag) that would make the reduced y> = 1. A power-
law density profile for the CSM shell is adopted with p(r) = gr~*,
where the scaling factor ¢ = pgRy*® (Chatzopoulos et al. 2012).
The power-law index was fixed to s = 2 corresponding to
a steady-wind CSM model (Chevalier & Irwin 2011). Further-
more, there are three more parameters that we fix; the Thom-
son scattering opacity () at 0.34cm?g™!, a typical value for
hydrogen-rich ejecta (close to the result of Nagy 2018), and the
density power-law parameters in the inner (pgj o r~°) and outer
(pej < r™") ejecta, 6 = 0 and n = 12, respectively (typical values
in H-rich ejecta; Chatzopoulos et al. 2013).

We set simple uninformative uniform or log-uniform priors
for each free parameter of the model. We set a well-constrained
uniform explosion time prior (fexp > —1) since we have put
tight constraints on the explosion time and we also use the
last non-detections for the fits. We also set a uniform veloc-
ity prior around our estimate of 20000kms~! (from the min-
ima of absorption lines; see Sect. 3.3): between 17000 and
23000kms~!. Based on the lack of narrow NalD absorption
lines in the spectra and the very faint (potential) host, we also
set an upper limit for the host galaxy extinction, Aypest <
0.5 mag, converted from the column density of neutral hydrogen
as Nppost < 102! cm™ based on Giiver & Ozel (2009). We also
have a good constraint on the T, from the blackbody fits, and
we set a prior between 5000 and 8000 K. Finally, we assume a
hydrogen-rich progenitor, but not necessarily an extended enve-
lope such as that of a red supergiant (RSG). Thus the minimum
inner radius of the CSM, Ry, is set at 0.1 AU (~20 Ry), roughly
half the radius of the blue supergiant progenitor of SN 1987A
(Podsiadlowski 1992) but larger than a Wolf-Rayet progenitor
of a stripped-envelope (SE) SN.

We ran MOSFiT using dynamic nested sampling with
DYNESTY’ (Speagle 2020) in order to evaluate the posterior
distributions of the model. We list the free parameters of the
model, their priors and their posterior probability distributions
in Table 2, and we present the model light-curves in Fig. 9, with
two-dimensional posteriors shown in Fig. B.1 of the Appendix.
The fit has fully converged with well-constrained parameters and
the logarithm of the Bayesian evidence Z (which quantifies the
quality of the fit) is equal to log (Z) = 191. The model is success-
ful in reproducing the multi-band light-curves. The only devia-
tion is that the model light-curves return a sharper peak (in all
bands) than the smoother peaks of the data. Finally, the r-band

7 https://dynesty.readthedocs.io/en/latest/
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Table 2. Priors and marginalised posteriors for the MOSFiT csmni
model.

Parameter Prior Posterior Units
log (fii) [-4,0]  -1.870%¢

log (k) -2, 1] 0.53ﬁ°;2{ cm?g!
Vej [1.7,2.3] 2.00f§'g§ 10*kms™!
log (Mcsm) — [<2,1.5] —1.79tg-%§ M
log (Mej) [-1,1.0] 0.01j8'{?;5 Ms
log (mpos)  [16,21]  16.93*076 cm™2
log (Ry) [-1,2.4] 0. 14fg»0;§ AU
log (00) [-15,-7] -8.61% ] gcm™
log (Twmin)  [3.7,3.9] 3.82j8~8i K
fexp [-1,0]  —0.21%003 days
log () [-4,2] —0.65j§f§§

K 0.34 - cm? g™!
n 12 —

5 0 -

K 2 -

Notes. The posterior results are the median of each distribution, and
the uncertainties are the 16th and 84th percentiles (which are purely
statistical). A dash in the posterior value and a single prior value denote
that the parameter was fixed to that value.

model light-curves successfully fit the late-time, deep r-band

epoch (+313.1d).
Some key explosion parameters are: Mg = 1.02t8§g My a
very low fraction of which (~1%) is *°Ni (My; = 0.013f8:882 M,

within 1o~ from our SB tail estimates), and v = 2.00%0:9¢ x

10* kms~!, which combined with the ejecta mass leads to Ey =
2.44%0°2 % 10°" erg. The very low **Ni mass and the high
ejecta velocity are fully consistent with the results derived from
other observables. However, the ejecta velocity of the model
(that fully agrees with what we derive from the spectroscopic
lines; see Sect. 3.3) is much higher compared to the rather
low photospheric expansion velocity derived from the black-
body fits (~7000 kms~!). This discrepancy is further discussed
in Sect. 4.2. The very low ejecta mass could be somewhat under-
estimated; however, a broadly low ejecta mass is consistent
with the fast nature of SN 20221xg and with the lack of typi-
cal metal lines in the spectra (see Sect. 3.3). Some key CSM
parameters are Mcsy = 0.016%9995 A7 with an inner CSM

~0.004
radius and density of Ry = 2.07f8:;2 x 10% cm (~1.38 AU)
and py = 2.45*118 x 107 gcm™ respectively. In order to repro-
duce the fast evolution and luminous peak of SN 2022lxg, the
model favours a low-mass, dense CSM close to the progen-
itor, blasted by the low-mass, fast-moving ejecta. The inner
CSM radius Ry can put an upper-limit on the radius of the pro-
genitor (R, <297Rg). The high density and low mass of the
CSM implies that it occupies a small volume (i.e. not extended).
The ejecta interact with the CSM immediately after explosion
(tmt ~ 2.9h after explosion), and due to the small volume of
the CSM, the fast ejecta sweep it up quickly. If indeed the
CSM is that dense, that could explain why the evolution of the
light-curves slows down around the peak epochs (even show-
ing a small plateau around peak in g band; see Sect. 3.2.1),
but then the light-curves decline rapidly. Finally, the model pre-
dicts a negligible host extinction and sets the explosion epoch at

MIDeyp = 59 731.18*003 within 30 from our estimate.
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Fig. 9. Fits to the multi-band light-curve using the csmni model in
MOSFiT (Guillochon et al. 2018). The relevant parameters are listed in
Table 2.

We note here several caveats of the model fits above. Con-
cerning the CSM configuration, the Chatzopoulos et al. (2013)
model assumes optically thick interaction that would not be
appropriate for low CSM masses. Additionally, regardless of
what the value of s, the power-law index (e.g. s = 2 for a wind-
like CSM and s = 0 for a shell of constant density), the CSM
is assumed spherically symmetric cf. Sect. 3.4. Another caveat
is that the y-ray opacity (k,) is a free parameter with a higher
prior up to 10. However, this value is usually assumed fixed at
0.027 cm? g~! (e.g. Cappellaro et al. 1997). Our best model fit
returns a value of 3.4cm? g~!. If we fix this value to 0.027, the
model under-fits the late-time r-band detection by ~ an order
of magnitude and suggests that the interaction with the CSM
starts ~2d after explosion, which is at odds with the observa-
tions. In order to assess the influence of «, and our last detection
(+313.1d) of the SN, we recomputed the fits with , fixed to
0.027cm? g~! and excluding the +313.1d data point. We find
mostly similar values for the ejecta and CSM parameters, but
with an order of magnitude higher °Ni mass. Overall, the fit
fails to match the rise or peak magnitude in any band, and for
some bands the decline as well. It is possible that weak ongo-
ing CSM interaction that is not accounted for by MOSFiT is
manifested as an increased value of x,. Furthermore, we tried
several configurations for the s, d, and n parameters but the fit
that we present in this section is the best (in terms of log(Z)
but also in capturing the photometric evolution both at early and
late times). We also tried relaxing the ejecta velocity priors (e.g.
setting the minimum to 5000 kms~') consistently returns veloc-
ities between 17000 and 23 000 kms~". Finally, we also tried
individually the default model (luminosity powered only by
the decay of radioactive °Ni) and the csm model (luminosity
powered only by interaction) and both models returned bad fits,
both in terms of log (Z) and fitting the data points, but also by
returning unphysically high **Ni masses (the former) or very low
ejecta masses (~0.5 M) the latter. All the above considered, the
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Fig. 10. Flash-ionisation features in SN 2022Ixg. Left: Keck+LRIS spectrum, +2.20d after the explosion. We see flash-ionisation lines of
He, HB, Hy, and HeI1 14686, on top of a blue continuum. The red spectrum below is a model from Dessart & Jacobson-Galdn (2023)
(‘mdotlem3early_nb5’) with a steady pre-explosion wind of 1 x 1073 M, yr~' that successfully reproduces the early continuum shape and
the flash-ionisation lines. The insets focus on the flash-ionisation lines of HB and He 11 (left inset) and of Ha (right inset), with the dashed vertical
lines denoting the rest wavelengths of those lines. Right: Early, continuum-subtracted spectra of SN 20221xg. Flash-ionisation lines are marked
with dashed vertical lines. From left to right, we detect Hy, He 11, HB, and Ha. The spectra (apart from the LRIS one) are binned to 12 A for visual
purposes. The horizontal dashed lines denote the zero flux level of each spectrum after the approximate continuum removal. The telluric features

are marked with shaded, vertical grey lines.

model fit results should be interpreted with caution and the strug-
gle of different configuration to explain the data might be a hint
that the CSM is indeed non-spherical.

3.3. Spectroscopic analysis
3.3.1. Early spectra and flash-ionisation features

Our earliest spectrum (+2.20 d, left panel of Fig. 10) shows flash
features on top of a ~18 000K continuum that we attribute to
He, HB, Hy and He 11 14686. We simultaneously fit Lorentzian
and Gaussian profiles to account for the narrow and underlying
broad components, respectively. For He we find a FWHM of
241+19kms~" and 2814+228 km s~'. For the He II features, we
find 226 +37kms~! and 3717 +356 kms~!, while for HS we find
389 + 65kms~! and 3829 + 1014 kms~'. A narrow component
around Ha appears in some of the later spectra, but at the reso-
lution of our spectra, we cannot determine whether this is due to
underlying emission from an HII region. As shown in the con-
tinuum subtracted spectra in right hand panel of Fig. 10, the flash
features persist out to ~8 d. The two subsequent spectra (+8.66
and +9.67 d) are of too low a spectral resolution to detect weak
narrow features, but by the epoch of our next spectrum (15.45 d),
there is no sign of He1l. We therefore conclude that the flash-
ionisation lines must have disappeared by ~+(8-9) d. Following
Bruch et al. (2023), we calculate the flash timescale as the time
from the estimated explosion date to the mid-point between the
last spectrum that shows the He 11 14686 line and the first one
that does. Choosing our +8.66 d spectrum as the latter, leads to a
timescale of 8.24 +0.42 days, while being more conservative and
choosing our +15.45d spectrum, gives 11.63 + 3.82 days. Both
values are in agreement with Bruch et al. (2023) who argue that

the duration of the flash-ionisation features is partially correlated
with the rise time and the absolute peak magnitude. We show the
location of SN 20221xg with their sample in Fig. B.2.

3.3.2. Spectral evolution and line identification

After ~10d broad, shallow line profiles develop and become
increasingly prominent as the continuum cools. The Balmer
lines and the Call NIR triplet (14 8498.02, 8542.09, 8662.14)
can be easily identified (Fig. 3). A feature close to He1 15876
and the Na1D doublet is also present. If it were solely due
to He 115876, then it appears red-shifted by ~3000kms~'. We
would expect NaID in emission to typically emerge at later
epochs; attempting to de-blend the feature with two Gaussian
profiles results in any contribution due to NaID being red-
shifted by ~5000 kms~!. Hence, we conclude that it most likely
is He115876 emission. There is also a broad feature around
5400 A that we tentatively identify as Fell (145169, 5267,
5363) and a blend of lines around and blue-wards the rest
wavelength of HS. Both the Hel and Fell features appear to
be strongest in the +41.73 d spectrum before gradually fading.
We used the tools SNID (Blondin & Tonry 2007) and GELATO
(Harutyunyan et al. 2008) to search for objects with spectra sim-
ilar to those of SN 2022Ixg during these early and interme-
diate phases (<+45d). The returned matches are of a range
of SN subtypes and epochs, and therefore inconclusive. Nev-
ertheless, a reasonable match is with the type IIb SN 2011fu
(Morales-Garoffolo et al. 2015). Interestingly, these tools also
return matches with some Type Ic SNe with broad spectral fea-
tures (SNe Ic-BL). Some examples are SN 2013dx (D’Elia et al.
2015), SN 2007ru (Sahu et al. 2009) and SN 1998bw (e.g.
Kulkarni et al. 1998; Woosley et al. 1999; Patat et al. 2001).
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Fig. 11. Evolution of optical spectroscopic lines in velocity space. Left: Region around He. Note that for the epochs >+45d, we seem to see a
break around 5700 A, with the continuum becoming suddenly stronger blue-wards of that wavelength. Middle: Region around HB. Right: Region
around Ca1I NIR triplet (centred on the middle line but all three lines are shown). The spectra are binned to 5 A for visual purposes and the original
spectra are plotted with lighter colours in the background. The dashed vertical grey line shows the central wavelength. The colours of the vertical
lines denote the different elements, green is for helium and black for iron. Although only He 115876 is robustly identified, we mark other helium
lines to guide the eye. The telluric features are marked with shaded vertical grey lines.

From about >+45d, most features begin to fade with the
exception of Ha and the Call NIR triplet. The He145876
feature, though weak, is still present in our last spectrum.
We defer a discussion of the evolution of the Ha line to
the next Section 3.3.3, but note that it displays a persistent
blueshift until ~+55d after which it remains close to its rest
wavelength, and gradually becomes narrower. In Fig. 11 we
show the evolution of Ha, HB, and the Call NIR triplet in
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velocity space. The latter shows a P-Cygni profile, with the
absorption minimum found at ~20000km ™!, extending up to
~24000kms~!. We note that for the epochs >+45d, we start
to see a break in the continuum around 5700 A, with the con-
tinuum becoming suddenly stronger blue-wards of that wave-
length. We again tried to find spectral matches to these epochs
of SN 2022lxg using the aforementioned tools and get matches
with SNe Type IIn. For epochs between +45 to +60d where
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there is still He1 15876 in the spectra, we get good matches
with SN 1996al (Benetti et al. 2016). After that, when Ha dom-
inates the spectrum, we get good matches with SN 2005ip
(Smith et al. 2009; Stritzinger et al. 2012). Indeed, the proper-
ties of SN 2022Ixg share similarities with transitional com-
plex SNe like SN 1996al (Type IIn/IIL; Benetti et al. 2016) and
SN 2018ive (Type IIb/IIL; Bostroem et al. 2020; Maeda et al.
2023a,b; Reguitti et al. 2024). They are fast rising and fast lin-
early declining (at least during their early <+150 d evolution, see
Fig. 6), with strong Ha emission as well as a prominent feature
likely due to He115876.

Allowing a free range in choice of epoch, we can also find
superficial matches with bright, slowly declining Type II SNe.
For instance the +103d and +200d spectra of SNe 1998S and
2021irp (Fassia et al. 2000; Reynolds et al. 2025a, respectively)
bear some similarity to the +65 d spectrum of SN 2022Ixg pos-
sibly indicative of similar ejecta or CSM conditions at those
epochs. From the previous discussion on the light-curve and
spectral evolution, it is clear that SN 20221xg shares some prop-
erties in common with all Type II SN sub-groups. However, it
consistently shares most properties in common mainly with the
sample of objects in P23. Therefore, in what follows, we restrict
our comparisons primarily to this group, but invoke analogous
behaviour for a small handful of other SNe for illustrative pur-
poses.

The spectral evolution of SN 2022Ixg is also noteworthy in
that typical metal lines seen in Type II SNe are conspicuous
by their absence. The broad feature that we attributed to Fe1n
(445169, 5267, 5363) is an exception. It is likely that our last
spectrum (~80d) does not probe the nebular phase. Neverthe-
less, this lack of metal lines in the photospheric phase is another
feature in common with P23. Another is a persistent emis-
sion line at ~5800 A, identified as He115876. The similarities
between the Ha profiles will be discussed in detail in Sect. 3.3.3.
In Fig. 12, we plot the spectral evolution of SN 2022lxg com-
pared to LSNe II of the P23 sample, in order to highlight the
spectral similarities throughout the different phases of the evolu-
tion of those SNe.

3.3.3. Ha properties

Even during the flash-ionisation phase (<+8 d), there is a broad
shallow Ha component underneath the narrow feature. The pro-
file broadens quickly and gradually becomes stronger. The LSNe
II in the P23 sample show a weak or non-existent absorption
component in their Ha profile (i.e. a P-Cygni profile). Similarly,
the Ha profile of SN 2022Ixg only shows a weak absorption
component, more evident at the +15.45 d spectrum, that appears
even weaker as the SN evolves, probably due to contamination
from the strong He 115876 emission. In studies of Type IIP SNe,
a weak or absent absorption component associated with the Ha
profile correlates brighter peak magnitudes, fast decline rates,
and high velocities (Gutiérrez et al. 2014), similar to what we
observe for SN 2022Ixg. As it evolves, the Ha emission pro-
file shows a blue excess, and a bump on its red side, coincident
with the wavelength of He116678. Blue-shifted emission peaks
are indeed expected in Type II SNe (Anderson et al. 2014b). At
2>+55 d the profile narrows down and becomes centred to the rest
wavelength, while the red bump completely disappears. We per-
formed a spectroscopic line study in order to quantify the prop-
erties of the He line using customized Python scripts. For this
study, we use all our eight NOT+ALFOSC spectra that ensure
consistency between the measurements and a good sampling of

the evolution of the event from explosion to fading. Addition-
ally, we include our first Keck+LRIS spectrum (+2.20d). For
all the following measurements, we remove the (linear) contin-
uum locally. We quantify the line luminosity and the pseudo-
equivalent width (pEW) by integrating under the line profile. In
order to measure the velocity width (FWHM) we used a custom
script in Python which first smooths the spectrum, then locates
the data points on the left and right of the maximum that have
flux values closest to the half of the maximum and then calcu-
lates the distance between them on the x-axis. The observed cen-
tral wavelength of the line is defined as the middle point of this
distance, and its distance from the central wavelength of Ha is
defined as the line offset. We use a custom Monte Carlo method
(10000 iterations of re-sampling the data assuming Gaussian
error distribution) in order to calculate uncertainties for the flux
(luminosity), line width and offset from the central wavelength.

In the sub-panels of Fig. 13, we present the Ha lumi-
nosity (top panel), pPEW (second panel), velocity width (third
panel) and offset from the rest wavelength (bottom panel), of
SN 20221xg. We find that the luminosity of the line is quickly
rising until it peaks at ~+36d with a luminosity of ~5.5 X
10¥ergs™!. After that, it declines with a slower pace, mea-
suring a luminosity of ~2.0 x 10*° ergs™! in our last spectrum
(+79.96d). The pEW very slowly rises until the intermediate
epochs (~+36d) and then it sharply rises. Since the pEW pro-
vides an indication of how strong the line is with respect to the
underlying continuum, what we observe in SN 2022lxg is that,
even though the luminosity of Ha drops after ~+36d, the lumi-
nosity of the continuum drops much faster. This is not surprising
since we have already highlighted how fast the light-curves of
SN 20221xg decline. The velocity width (FWHM) and offset of
the line, indeed evolves like the LSNe II in the P23 sample. The
FWHM quickly (~+10d) rises to values around 10000 kms™!
and then more slowly reaches its peak at ~15000km s~ in the
same epoch that the luminosity peaks. Similarly, the velocity
offset reaches a blueshift of ~—1000kms~! during the epochs
that the line luminosity and FWHM peaks, before it gradually
gets centred to the rest wavelength of Ha. There is one epoch
(first NOT+ALFOSC spectrum at +5.53 d) where the broad shal-
low profile seems to broaden too fast (a jump of ~8000kms~!
within ~3.5 days) and the offset reaches ~—2000 km s~". The off-
set drops down to ~350kms~! almost ten days after, and then
smoothly reaches the local blueshift minimum at ~+36d. This
same profile is seen in the +6.98 d UH88+SNIFS spectrum, giv-
ing further confidence that this is not instrumental/artefact, but a
real feature of the SN. The rapid light-curve rise of SN 2022Ixg,
can potentially explain the fast evolution of the line profiles as
well.

In Fig. 14, we present a direct comparison of the aforemen-
tioned Ha properties of SN 20221xg with those measured in the
spectra of the LSNe in P23. In the top panel we present the veloc-
ity width (FWHM) evolution (including available measurements
of SN 2018ivc) while in the bottom panel we present the pEW
evolution. For comparison, we also plot mean values for regu-
lar SNe II from the sample of Gutiérrez et al. (2017). The sim-
ilarity between the evolution of both the FWHM and pEW of
SN 20221xg, with those of the P23 sample is striking. Combined
with the fact that the velocity offset in their sample shows the
same behaviour as the one of SN 20221xg (most likely without
the ‘spike’ at +6d though), and with the fact that they show a
tentatively identified He 115876 as well as a clear lack of metal
lines, leads to the conclusion that the events are spectroscopi-
cally similar.

A138, page 13 of 30



Charalampopoulos, P, et al.: A&A, 700, A138 (2025)

HoHelHel

HyHelHBHelFell Hel

2018eph +4d

20221xg +5.53d
2018eph +11d

2017cfo +16d

2017hxz +21d

20221xg +15.45d

|| d d |

1 SN
i . 3 .-

. N S © « 9 —
™ ™ o <+ ¥ X

1 + o+ o+ T
N

—+ oD o o © —
o] o}

o < * %8 X B 2 |
0>~ o> Q! o~ oo

4 p N+ — ]
o o O o o O
@\ N N (@] [9 e\

2017hxz +61d

20221xg +65.28d

}9s330 + (Y4)bo| Pareds

2017cfo +80d

2018eph +90d

7000
Rest wavelength (A)

9000 10000

8000

5000 6000

4000
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3.3.4. Near-infrared spectroscopy

We present four publicly available near-infrared (NIR) spectra
of SN 2022Ixg in Fig. 15. The spectra were presented as part
of the Keck Infrared Transient Survey (Tinyanont et al. 2024)
and we collected them from the Weizmann Interactive Super-
nova data REPository (WISeREP®; Yaron & Gal-Yam 2012).
The spectra are taken at phases +8d, +23d, +40d, and +50d.
The first spectrum is practically featureless and blue, in accor-
dance with the optical spectra at that time. In the second spec-
trum, a broad P-Cygni profile of He1.0830 um line is formed,
again in accordance with the optical when the He1.45876 line
is emerging. In the last two epochs of +40d, and +50d, the
main difference that we see in the NIR spectra is that hydro-
gen lines have emerged, again in accordance with the optical.
We clearly detect strong Pag but unfortunately Paa is blended
with a strong telluric line. The He11.0830 um line has become
much stronger and is blended with Pay, and in the last spec-
trum we also detect He12.0581 pm which is also blended with
Bry. In Fig. 16, we visualise in velocity space, the comparison of
these last two spectra with the optical spectra at similar epochs
(left panel) and between the two helium NIR lines (right panel).
The absorption minimum of the He 11.0830 um P-Cygni profile
lies at ~20 000 km s~! and extends up to ~23000kms~!. That is
fully consistent for what we find from the P-Cygni profiles of
the Call NIR triplet and it also agrees with the FWHM of the

8 https://www.wiserep.org/
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Fig. 14. Ha line emission FWHM (top) and pseudo-equivalent width
(bottom) compared to other luminous Type II SNe from the P23 sample
(adapted from P23). Mean values for regular SNe II from the sample
of Gutiérrez et al. (2017) are presented in grey (with the 1o standard
deviation plotted as a shaded region). In the top panel, we also plot the
Ha FWHM of SN 2018ivc (from Bostroem et al. 2020).

Hea emission around the same epochs. All the above considered,
we assume an ejecta velocity of ~20000km s~! for SN 2022Ixg.

Finally, in the last two spectra, there is an emission line
at ~1.82 um that we identify as MgI1.183 um, and a line at
~1.65 um that we tentatively identify as Mg1r 1.680 um. How-
ever, there is no sign of MgI1.504 um in the spectra. There
also seem to be two lines at ~1.455 um and 1.965 um that are
harder to identify. Using the National Institute of Standards and
Technology (NIST) database”, we find two strong C1 transitions
close to these wavelengths that we mark with a question mark in
Fig. 15. We do the same with the magnesium lines in order to
highlight that all these lines are tentatively identified.

° https://physics.nist.gov/PhysRefData/ASD/lines_form.
html
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Fig. 15. NIR spectra of SN 20221xg taken from Tinyanont et al. (2024).
The spectra are binned to 5 A for visual purposes and the original spec-
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marked with black and red respectively (with a question mark next to
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Another feature revealed by the NIR spectra, is the pres-
ence of a narrow P-Cygni profile at the peak of the emission of
the He11.0830 um line, at +40 and +50 days. Such profiles are
often detected in spectra of interacting supernovae provided that
they are of sufficient resolution. This points to unshocked CSM
along our line of sight (e.g. Smith et al. 2002a; Kotak et al. 2004;
Trundle et al. 2008; Andrews et al. 2025). We fit two Gaussian
profiles to the absorption and emission components and mea-
sure a peak-to-peak offset between the two of 143.4 + 3.8 and
150.9 + 42kms™! respectively, which is larger than the instru-
mental resolution of Keck+NIRES (~100kms™!). The mixed H
and He CSM suggests partial stripping of the progenitor. We
searched for similar profiles in other lines (Fig. 17) and tenta-
tively identify an absorption component in the Pag line during
the same epochs as for the He11.0830 um line. Although our
optical spectra are of too low a spectral resolution to draw robust
conclusions, there may be hints of an absorption trough (Fig. 17)
if we are guided by the near-IR spectra.

3.4. Polarimetric analysis

The intensity-normalised Stokes parameters (¢ = Q/I and u =
U/I, where Q and U are the differences in flux with electric field
oscillating in two perpendicular directions, and [/ is the total flux)
were used to calculate the polarisation degree (p = +/¢? + u?),
and the polarisation angle (y = 0.5 arctan(u/q)). All values of
p presented in this paper have been corrected for polarisation
bias (e.g. Simmons & Stewart 1985; Wang et al. 1997) following
Plaszczynski et al. (2014).

We have measurements in the V and R bands for two epochs,
+17.4d and +36.1d. We present the Stokes g—u planes for the
imaging polarimetry results in Fig. 18 where we also plot the
ISP estimate as a grey star. The measured values can be found in
Table A.4. For the first epoch, we measure p = (1.04 + 0.24)%
and p = (0.79 + 0.23)% for the V and R band respectively, and
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a polarisation angle of y = (=25.92 + 6.44)° and y = (-33.90 =
8.03)°. For the second epoch, we measure p = (0.65 + 0.55)%
and p = (0.46 = 0.50)% for the V and R band respectively,
and a polarisation angle of y = (-28.85 + 19.45)° and y =
(—4.01 £ 22.55)°. The accuracy of the second epoch measure-
ments are low (p/o, ~ 1), however the first epoch measure-
ments are statistically significant (p/o, ~ 3—4) and we measure
polarisation of p ~ (0.8—1)%.

In order to estimate the intrinsic polarisation of a source, the
effect of the interstellar polarisation (ISP), introduced by dust
grains in the line of sight, has to be estimated. Since the (poten-
tial) host galaxy is very faint and distant from the SN, we con-
sider its contamination in the polarisation negligible. Hence we
only treat contamination from the MW. SN 2022Ixg lies in a
crowded field with many stars, so we can put tight constraints
on the MW ISP. For each filter, we make a weighted average
estimate between the field stars within each epoch and then dou-
ble confirm with the ISP estimate of the other epoch. We mea-
sure gisp = (0.19 £ 0.05)% and ujsp = (—0.23 + 0.05)% leading
to pisp = (0.29 + 0.05)% and ysp = (—25.75 + 4.92)°. Another
way to roughly estimate an upper-limit for the Galactic ISP is
with the empirical law 9XE(B—V)% (Serkowski et al. 1975), and
for SN 20221xg that would be ~0.53%, consistent with our esti-
mate. We also checked for polarisation standard stars published
in Heiles (2000) that are close to the location of SN 20221xg.
We find one star within 3.5° from the location of the SN with a
polarisation value of p = (0.0 + 0.2)%, again consistent with the
above estimate.

We perform vector subtraction in the g—u plane in order to
remove the ISP contribution and estimate the intrinsic polarisa-
tion of SN 20221xg. In Fig. B.3 of the Appendix, we present the
ISP subtracted Stokes g—u planes for the imaging polarimetry
results. For the first epoch, we measure p = (0.73 £ 0.25)% and
p = (0.49 + 0.24)% for the V and R band respectively, and a
polarisation angle of y = (=25.99 + 5.9)° and y = (-38.35 +
12.47)°. For the second epoch, we measure p = (0.34 + 0.55)%
and p = (0.30 £ 0.51)% for the V and R band respectively,
and a polarisation angle of y = (-30.66 + 31.00)° and y =
(—8.92 +31.06)°. The polarisation values in the first epoch (with
a robust S/N ~300) suggest a mildly aspherical configuration
(ellipticity of b/a ~ 0.85; Hoflich 1991). There seems to be an
evolution towards a more spherical configuration although the
S/N of the second epoch is not optimal (~150) and we cannot
draw robust conclusions from those measurements.

4. Discussion

In the previous sections, we presented the optical and NIR prop-
erties of SN 2022Ixg. We now attempt to piece them together to
place SN 2022Ixg in the context of other luminous Type II SNe,
with a view to shedding light on its progenitor system.

4.1. The nature of SN 2022Ixg
4.1.1. CSM interaction

There are several features in the data of SN 2022Ixg that point
to the fact that interaction between the ejecta and the CSM is
the primary energy source for a large part of its evolution. Con-
cerning the early phase, the very fast rise and the luminous
(V < —18.5mag) peak of Type II SNe are usually attributed
to such an ejecta/CSM interaction, where the kinetic energy
of the ejecta is thermalised by the interaction shock and then
radiated (see e.g. Moriya & Tominaga 2012; Andrews & Smith
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Fig. 16. Evolution of NIR spectroscopic lines in velocity space. The spectra are binned to 5 A for visual purposes and the original spectra are
plotted with lighter colours in the background. The vertical grey line shows the central wavelength. The colours of the vertical lines denote the
different elements; green is for helium and cyan for hydrogen. Left: Optical (blue/green colour map) and NIR (red/orange colour map) spectra,
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2018; P23). The flash-ionisation lines are also a clear spec-
troscopic indication (Gal-Yam et al. 2014; Shivvers et al. 2015;
Yaron et al. 2017; Dessart et al. 2017; Bruch et al. 2021, 2023;
Jacobson-Galén et al. 2024), along with the blue featureless con-
tinua (confirmed by the early blue colours), as shocks pro-
duced during the interaction of the fast moving ejecta with
the CSM heat the material. The broad-boxy profiles of Ha
is another signature (Dessart & Hillier 2022). Furthermore, the
blue pseudo-continuum observed (blue-wards of 5700 A in this
case) after >+45d, has been attributed to a forest of blended
Fell lines provided by fluorescence in the inner wind or post-
shock gas (Foley et al. 2007; Chugai 2009; Smith et al. 2009;
Pastorello et al. 2015; Perley et al. 2022), and its presence here
suggests that CSM interaction is ongoing.

Dessart & Jacobson-Galan (2023) considered a solar-
metallicity 15 M red supergiant exploding into circumstellar
material, and provide a grid of synthetic spectra resulting from
different initial parameters such as the CSM density and the
progenitor’s mass-loss rate. Although both the progenitor and
explosion properties are likely to be different for SN 20221xg, as
the authors note, this would introduce only moderate variations
and the overall conclusions presented should hold at a quali-
tative level. We attempted to find a match within this grid by
focussing on our earliest spectrum (+2.20d), that contains the
flash features. We found one model that provided an adequate

-1

match to these lines ‘mdotlem3early_nb5’, a standard RSG
star embedded in a steady-state wind with a mass-loss rate of
1 x 1073 Mg yr™!, 1.25days after the shock breakout (with a
CSM velocity of 50 km s~1). However, the model lacks the broad
wings that we observe in the data, and shows P-Cygni profiles
that we do not detect. We show the comparison in Fig. 10.
During the phases between +15 to +40d, the colours redden
quickly. However, around +40 d several important changes seem
to happen. The photosphere starts receding (see bottom panel of
Fig. 8) and we see the cooling stop abruptly and the colours reach
a plateau before slowly become bluer until +65 d when cooling
seems to take over again through to the end of our spectroscopic
coverage. Spectroscopically, the Ha luminosity and FWHM start
to decline (first and third panel of Fig. 13) and the HeI and Fe 11
lines start to fade as well. This is probably the result of the pho-
tosphere receding as the ejecta expand. As the temperature drops
and the optical depth in the ejecta decreases, we start to see
increasing emission from the CSM component and less from the
ejecta. It is no surprise then, that this is when we see interaction
dominate once again the colours (plateauing) and the spectra,
most evident in the latter as Hao becomes the most prominent
line in the spectrum. Even though the luminosity of Ha starts to
decline after +40 d, it declines slower than the continuum, which
explains the sudden rise in the pEW (bottom panel of Fig. 14).
Also the velocity of He decreases due to interaction taking over.
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Fig. 17. Narrow P-Cygni profiles in velocity space. Top (LRIS NIR
spectra): The two upper spectra clearly show narrow P-Cygni pro-
files of He11.0830 um with peak to peak separations of ~150kms™",
pointing to unshocked CSM. In the two lower (same epoch) spectra, a
narrow profile in the Pag line is tentatively detected. Bottom: Four low-

resolution optical spectra centred on Ha spanning ~10 days.

We also observe similar behaviour in the NIR hydrogen lines,
where Pag clearly emerges in the +40 d spectrum, but within ten
days it becomes narrower and stronger with respect to the con-
tinuum.

4.1.2. Similarities with transitional Type Il SNe

As discussed in Sect. 3.3.2, during the first ~15 days, we see a
blue continuum, featureless or with very shallow broad lines, a
result of the shock heated and shock ionised CSM. After that, the
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Fig. 18. Intensity-normalised Stokes ¢ and u parameters, from ALFOSC
imaging polarimetry, in the V (blue circles) and R (red squares) bands,
at phases +17.4 d (filled markers) and +36.1 d (open markers). The grey
star marks our best ISP estimate and the dashed circles mark the 0.5%,
1.0%, and 1.5% polarisation values (p). The first epoch (with a robust
S/N ~300) shows that SN 20221Ixg is intrinsically polarised.

continuum starts cooling, hydrogen recombines and we start to
see spectral lines likely originating in the ejecta. Along with the
Balmer series, we also see strong He 145876 and Fe 11 (115169,
5267, 5363), appearing at the same phases and with similar
shapes and FWHM (~10000-15 000 km s!) as Ha. This is evi-
dence that all these lines are coming from the ejecta and not from
the interaction with the CSM, which means that the ejecta con-
tain both hydrogen and helium. Furthermore, the evolution of
those lines and the emergence of the narrower, strong Ha at later
times (2+35 d) together with slow moving (~150km s~!) helium
suggests that the progenitor has undergone a degree of stripping
of its outer layers.

This is reminiscent of a Type IIb SN (cf. Sect. 3.3.2) so we
investigate whether there is further resemblance to transitional
Type II SNe. In Fig. 19 we compare SN 2022lxg to Type IIb
SNe, at different phases. We find a clear similarity with various
SNe IIb, both in the early phases (~+15d) and more so in the
subsequent ones (between +15 to +35 d), where the ejecta lines
have clearly emerged. As the optical depth of the ejecta drops
and the photosphere recedes around +40d (see bottom panel of
Fig. 8), the interaction with the CSM becomes dominant (>+35d
onwards) leading to a spectroscopic change from a SN IIb, to
spectra that resemble more an interacting SN II.

There are questions arising from the apparent similarity with
Type IIb SNe. We do not see two peaks in the light-curves typ-
ical in many SNe IIb, with the second peak occurring around
three weeks after the first (SN 1993J; Filippenko et al. 1993;
Wheeler et al. 1993; Richmond et al. 1994; Woosley et al. 1994,
SN 2011dh; Arcavi et al. 2011; Bersten et al. 2012; Ergon et al.
2015, SN 2011fu; Morales-Garoffolo et al. 2015, SN 201 1hs;
Bufano et al. 2014, SN 2013df; Morales-Garoffolo et al. 2014),
although there are SN IIb that do not show two distinct peaks
(e.g. SN 2008ax; Roming et al. 2009, SN 2020acat; Medler et al.
2022). A lack of the first shock breakout cooling peak, implies
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evolution.

that the progenitor must have been relatively compact. The first
luminous peak is thought to result from the shock breakout cool-
ing on the stellar surface, while the secondary peak is assumed
to be powered by *°Ni-heating. The °Ni mass that we infer for
SN 2022Ixg is more than 10x lower (Sect. 3.2) than the mean
value of 0.066 + 0.006 My, inferred from a sample of 20 SNe IIb
(Rodriguez et al. 2023). However, there are increasing indica-
tions that SNe IIb with a relatively small amount of “°Ni exist as
a population of under-luminous SNe IIb (Ouchi et al. 2021 and
see discussion in Maeda et al. 2023a) and/or as rapidly evolv-
ing transients (Ho et al. 2023). In the latter study, they present a
population of rapidly evolving SNe IIb without two light-curve
peaks.

Thus, a plausible scenario might be that SN 20221xg is intrin-
sically similar to these faint and rapidly evolving SNe IIb, but
that its properties are modified by the presence of CSM. The lack
of two distinct peaks in the light-curves of SN 20221xg might be
due to a combination of the following reasons: (i) the explosion
of a compact progenitor leading to a non-evident shock break-
out cooling peak, and/or (ii) the low amount of °Ni leading to a
non-prominent secondary peak (with the latter also contributing
to the fast evolution of the SN); (iii) the interaction of the ejecta
with the CSM gives rise to the luminous peak (as well as the
fast rise compared to typical SNe IIb) and further blends the two
distinct peaks. We note that the secondary peak can sometimes
be fainter than the first one, an effect that is more evident in the
bluer bands (e.g. SN 1993J, SN 201 1fu). It is possible that the

‘plateau’ we see in the g band during the peak (see Sect. 3.2.1
and inset of Fig. 2), and the corresponding lack of it in the red-
der bands, is a manifestation of the above blended with the lumi-
nosity provided by the strong interaction. Furthermore, during
the g-band ‘plateau’ epochs, we note a small drop in brightness
and a subsequent rise. That is more evident in the r band. This
might indeed be the manifestation of the shock breakout cooling,
smoothed by the power provided by the early interaction.

We note that the He 117065 line, routinely observed in Type
IIb SNe is never robustly detected in SN 2022Ixg at any epoch,
although a very weak, blue-shifted feature is present in the spec-
tra from ~54d. It is possible that the CSM interaction from
~+35d onwards suppresses the emergence of other lines and
marks the transition to spectra resembling those of interacting
SNe II.

We compare the He11.0830 and 2.0581um lines of
SN 20221xg at +50d, the latest near-IR epoch in our dataset,
to other type IIb SNe in Fig. 20. SN 20221xg has the broadest
He11.0830 um line with multiple absorption components (see
also Fig. 16), that also appear to be present in SNe 2011dh and
2008ax. At the spectral resolution of the comparison objects, it
is not possible to tell whether there is any unshocked, slow mov-
ing material ahead of the ejecta as is the case for SN 2022Ixg.
At this epoch, the He11.0830 um line is more centrally peaked
in the comparison objects than in SN 2022Ixg, which appears
to already have the beginnings of a flat-top; this may be linked
to its faster evolution. Indeed, both SNe 2008ax and 2020acat
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Fig. 20. SN 2022Ixg He1 NIR lines in velocity space and comparison with other Type IIb SNe: SN 2020acat (Medler et al. 2023), SN 2011dh

(Ergon et al. 2015), and SN 2008ax (Roming et al. 2009). The spectra are binned to 5 A for visual purposes and the original spectra are plotted
with lighter colours in the background. The vertical grey line shows the central wavelength. Left: He11.0830 um line. The spectra are normalised

at ~20000 km s~! red-wards of the central wavelength. Right: He12.0581 um line. The spectra are normalised at ~35000 km s~

central wavelength.

went on to develop flat-topped profiles at epochs >100d
(Roming et al. 2009; Medler et al. 2023). The He12.0581 pm
line of SN 20221Ixg is strikingly different compared to the other
SNe, being broad and shallow. It is possible that it is blended
with Bry, while the HT lines being less prominent in the com-
parison SNe. The broad multi-component profiles further under-
score the effects of ongoing CSM interaction (Dessart & Hillier
2022).

4.1.3. Influence of the host environment

As previously noted, SN 2022Ixg shows photometric and
spectroscopic similarities with the P23 sample. Differences
between these objects might be explained by variations in the
amount and configuration of the CSM that lead to features
appearing or disappearing at different times. Here we investigate
whether this group of SNe also share similar environmental
properties. In particular, we focus on the general lack of metal
lines in the spectra (Sect. 3.3.2). Although it is possible that
these may be suppressed by ongoing CSM interaction, one
would have to tailor this effect across all objects in this group
and across all epochs. The large projected host offset (~4.6 kpc)
of SN 20221Ixg, and blue colours prompt us to consider whether
low implied metallicity plays a role. This is further underscored
by previous studies, albeit on Type IIP SNe, that noted a corre-
lation between low-metallicity hosts (or explosion sites) and SN
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! red-wards of the

properties (e.g. Polshawetal. 2016; Taddiaetal. 2016;
Gutiérrez et al. 2018).

In order to investigate a potential correlation with the metal-
licity of their hosts, we use archival photometry and the L-Z
Tremonti et al. (2004) relation, in order to make some rough
metallicity estimates. For SN 20221xg, we use the archival PS
g-band magnitude of the potential host (see Sect. 3.1), and
after converting it to the B band (Mp = —14.41 + 0.10 mag,
using the Jordi et al. 2006 colour transformations), we find
12 +10g(O/H) =7.90 £ 0.03, that is Z = (0.16 +£0.01) Z, (assum-
ing 12 + log(O/H) = 8.69 for the Sun; Allende Prieto et al. 2001).
The estimated metallicity is very low compared to the SDSS
DR2 sample presented in Tremonti et al. (2004). We only find
archival g-band photometry for three out of six SNe of the
P23 sample, namely SN 2017cfo (that is spectroscopically the
most similar to SN 20221xg), SN 2017hxz (that is photomet-
rically the most similar to SN 2022Ixg) and SN 2018aql. We
show the results in Fig. 21. We also include SN 2009Z, a Type
IIb SN in a low surface brightness (LSB) galaxy (Zinn et al.
2012). Furthermore, we include the SESNe from the sample
of Modjaz et al. (2011) in the comparison whose oxygen abun-
dance was measured via strong-line diagnostics in the actual
position of the SNe. Following Modjaz et al. (2011), we con-
vert the oxygen abundance estimates derived with the empir-
ical L-Z Tremonti et al. (2004) relation to the Pettini & Pagel
(2004) strong-line diagnostic, using the empirical calibrations of
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Fig. 21. Metallicity of host galaxies as a function of host absolute B
magnitude. We have used the L—Z Tremonti et al. (2004) relation to
estimate the metallicity of the (potential) host of SN 20221xg, as well
as some SNe from the P23 sample along with SN 2009Z, a Type IIb
SN in a LSB galaxy. Contours show 50%, 75%, and 90% containment
of the kernel density estimate of the SDSS DR2 sample presented in
Tremonti et al. (2004). The metallicities where converted to the scale
of PP04-O3N2 (solid line) including 1o~ uncertainties (dashed lines),
using the empirical calibrations of Kewley & Ellison (2008). The rep-
resentative systematic error of 0.14dex for the PP04-O3N2 scale is
shown in the top left corner. We also include the SNe from the sam-
ple of Modjaz et al. (2011) in the comparison whose oxygen abun-
dance was measured via strong-line diagnostics. The metallicity of the
LSNe II hosts are consistently low compared to the sample, with the
fastest events (SN 2022Ixg and SN 2017hxz) having the lowest host
metallicities. The top panels show a mosaic of gri coloured cutouts
of the hosts of SN 2022Ixg and two SNe from the P23 sample. A
cyan cross denotes the position of the SN. From left to right we show:
SN 20221xg, SN 2017cfo, which is spectroscopically the most similar
to SN 20221xg, and SN 2017hxz, which is photometrically the most
similar to SN 2022Ixg.

Kewley & Ellison (2008). All the LSNe II have low metallicites
compared to the bulk of the SDSS galaxies, with the faster ones
(SN 2022Ixg and SN 2017hxz) showing remarkably low metal-
licites. However, as demonstrated by Modjaz et al. (2011), the
nuclear metallicity when derived from the SN host luminosity
is not a good proxy for the local oxygen abundance of the envi-
ronments of SNe: the local metallicities are often lower than the
inferred central ones, something evident in Fig. 21. Hence, the
true metallicities at the locations of those SNe might be even
lower.

In spite of all the caveats in estimating metallicities from
imaging, taken at face-value, it appears that the hosts of SNe
such as SN 2022lxg are of low-metallicity, which would explain

some of the properties of this group. Finally, the apparent sim-
ilarities of 22lxg-like transients with SNe IIb is in line with
the low-metallicity environment as studies of SN host environ-
ments that found SNe IIb to occur in distinctly different set-
tings compared to other CC-SNe, typically in metal-poor regions
with relatively low star formation rates (Galbany et al. 2018) or
showing a significant excess in dwarf galaxy hosts (Arcavi et al.
2010). However, we note that other studies, based on compara-
ble sample sizes (e.g. Pessi et al. 2023b) find that SNe IIb occur
in higher metallicity environments compared to regular Type II
SNe.

4.2. CSM configuration and a potential progenitor

We attempt here to make some rough estimates on the CSM
mass and the mass-loss history of SN 20221xg by making some
basic assumptions; first, we assume homologous expansion and
an ejecta velocity equal to 20000 km ™! (cf. Sect. 3.3). In order
to cover a range of possible steady-state wind velocities of pro-
genitor stars, we assume a value of 75kms™! typical value for
a yellow supergiant (YSG) (Humphreys 2010; Humphreys et al.
2023), with +25kms~! serving as our uncertainty estimates,
leading to a CSM velocity range typical for RSG and YSG stars
(Dessart & Jacobson-Galan 2023). The duration of the flash-
ionisation features (~8.24 days in our case, see Sect. 3.3.1) can
indicate the extent of the CSM, assuming that the lines dis-
appear when the SN ejecta sweep up the CSM where they
originate. Based on our ejecta velocity estimate, that would be
~1.42 x 10" cm, which is where the peak of the blackbody
radius lies (~1.37 x 10" cm). Assuming the aforementioned
CSM velocities, that would suggest that the mass-loss started
~6.0’jg years before the explosion. If we also assume a mass-

loss rate (% = M), then we can infer the CSM mass. The
models of Dessart & Jacobson-Galdn (2023) that we compare
to due to their resemblance to SN 2022Ixg (see Sect. 4.1.1)
have M = 1 x 1073 Mg yr~'. If we use the relations between
the mass-loss rate and duration of the flash-ionisation features
(tmn = 376.2M) presented in Jacobson-Galdn et al. (2024), we
get a M =~ 22 x 1072 Mgy yr~!, while if we use our model
fits (see Sect. 3.2.3), we can estimate the mass-loss rate at the
inner radius of the CSM as M = 47erSMR(2)po, returning a

M ~ 43 x 1073 My yr‘l. We note however, that this calcula-
tion assumes spherical symmetry. These three different values
for the mass-loss rate lead to a CSM mass (Mcsm) of 0.006 Mg,
0.132M,, and 0.026 M, respectively, with a mean value of
Mcsy = 0.055 M,. We stress however, that these estimates
result from assumptions that may not hold over the timescales
probed by our dataset. Nevertheless, they appear to be in line
with values found in other studies.

However, apart from the interaction that gives rise to the
flash-ionisation features, another phase of interaction appears to
be taking place 35—40 days post-explosion (Sect. 4.1.1). As the
optical depth of the ejecta drops and the photosphere recedes,
the interaction with the CSM becomes more evident. One possi-
bility might be that there is a change in the CSM density struc-
ture. Such a two-component CSM with different density struc-
tures has been previously invoked to explain the properties of
SN 2018ive, a Type IIb/IIL SN; that undergoes an extreme case
of case C binary mass transfer resulting in a SN intermediate
between SNe Ib/c and SNe IIP (Maeda et al. 2023b). The transi-
tional properties of SN 2022Ixg may well be a variant of such a
scenario.

Another option for creating a two-component CSM would
be a pre-explosion mass-loss episode, that is with an elevated
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2)

Outer CSM

(lower density)

Inner CSM  Progenitor Donor ?
Outer CSM

Line of sight/ (higher density)

¢ Early CSM/wind interaction

b)
o ¢ Ejecta driven photosphere
Ejecta  Photosphere

7 * Rgp/photosphere plateau

9

o * CSM interaction hidden
(inside ejecta photosphere)

dj * Rgp/photosphere receding

e CSM interaction revealed
(late-time Ha)

Fig. 22. Example of a possible configuration that gave rise to
SN 2022Ixg. We envisage a disc-like CSM (with a potentially
azimuthally asymmetric density distribution) with the line-of-sight at
a low inclination. (a) Before the explosion, we suggest that the CSM
closest to the progenitor is denser and could have been formed by
material transferred from a donor combined with stellar winds. (b)
The fast-moving ejecta crash into the inner dense CSM giving rise to
the observed flash-ionisation features and the luminous peak. Within
~10-154d this denser CSM is completely swept-up by the ejecta. (c)
Between 10-35d, the ejecta encounter the outer, hydrogen-rich, disc-
like CSM and encompass it. Broad lines from the free-expanding,
cooling ejecta emerge while the radius of the composite photoshpere
plateaus. (d) After ~35 d, the photosphere recedes, the optical depth of
the ejecta drops, and the power comes from the interaction. Narrower
Ha emerges and dominates the spectrum.

mass-loss rate rather than a steady-state wind, that could be
responsible for late signs of interaction. Making the same
assumptions as before, but this time using the starting time of
the late interaction signs (~+40 d), we can probe where the inner
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layer of this potential eruption ejected CSM lies. We find that
the material would lie at ~6.9 x 10! cm and assuming a conser-
vative eruption velocity of 2000 + 1000 kms~! (observed veloc-
ities show even higher values, e.g. four SLSN-I show velocities
spanning 3000—4400 km s~'; Gkini et al. 2025, or the 1843 erup-
tion of n Carinae ~3000-6000km s~'; Smith 2008), the erup-
tion should have occurred ~1.14_'(1):}1 years before the explosion.
Observations of precursor emission to core-collapse SNe are a
direct means of probing the enhanced mass-loss of the progeni-
tor star during its final moments, especially if it is a violent erup-
tion (Strotjohann et al. 2021). We requested forced photometry
from ZTF, ATLAS, and ASAS-SN (Hart et al. 2023) for the pre-
explosion epochs of SN 2022Ixg in order to search for potential
precursor emission. Forced photometry was combined into large
‘seasonal’ bins, defined by the longest unbroken runs of obser-
vations in a given observing season. The fluxes were combined
using an inverse-variance weighting scheme, with sigma clip-
ping applied to remove discrepant individual measurements in
some surveys. New upper limits were recomputed based on the
stacked fluxes and their uncertainties, with 5o limits being used
in practice. The results are presented in Fig. B.4. No significant
pre-explosion emission is detected for SN 20221xg. The forced
photometry rules out long-lasting precursors with absolute mag-
nitude M < —11 mag that might have happened four years before
the explosion. Data prior to that are not deep enough to rule out
outbursts similar to those of other SNe. All the above considered,
an eruption or sudden outburst seems less likely although cannot
be entirely ruled out.

As previously noted, the rather low photospheric expansion
velocity derived from the blackbody fits (~7000 km s~') is much
lower than ejecta velocity derived from the spectroscopic lines
and the light-curve model fits. Assuming a spherically sym-
metric CSM configuration and given the linear increase in the
blackbody radius, the photosphere should lie nearly at the inter-
acting region, that is, at the edge of the ejecta. This discrep-
ancy between vp, and v.j, can potentially point to asphericity or
line-of-sight (LOS) effects. Assuming a disc-like CSM around
the progenitor if our LOS is along the low-density region and
does not really intersect the dense CSM, we would expect broad
lines (essentially unshocked ejecta) while the power can be pro-
vided by the off-LOS interaction (where the ejecta are decel-
erated, and vy, can be much lower than the original unshocked
ejecta velocity. Furthermore the imaging polarimetry at +17d
and +36d (epochs at the start and the end of the cooling phase
respectively) reveals that SN 2022Ixg is intrinsically polarised
toap ~ (0.5-1.0)% level (see Fig. 18). This points to the
fact that there is some asphericity in the system. As the ejecta
expand and the photosphere recedes, the temperature drops and
the optical depth is decreasing so we start seeing more and more
emission from the CSM component and less from the ejecta.
The fact that Ha gradually starts getting centred after the cru-
cial phase of 35-40d (while it is blue-shifted until this point),
means that even if the CSM is aspherical, it probably has a
symmetric structure around the explosion. This could also point
to an asymmetric (and potentially disc-like) CSM around the
progenitor. Numerous examples of asymmetric CSM abound in
the literature (e.g. Hoffman et al. 2008; Chornock et al. 2011;
Smith et al. 2015; Mauerhan et al. 2015, 2017; Pursiainen et al.
2022; Reynolds et al. 2025b).

It has been suggested that strong late-time Ha profiles
observed in some Type II SNe, arise due to late-time interac-
tion with a disc-like CSM, when the photosphere recedes. Such
profiles are sometimes red-shifted (e.g. PTF11igb; Smith et al.
2015) or blue-shifted (e.g. SN 1998S; Leonard et al. 2000).



Charalampopoulos, P, et al.: A&A, 700, A138 (2025)

Smith et al. (2015) suggest (their Fig. 10) that such disc-like
CSM might arise from binaries with an azimuthally asymmet-
ric density distribution around the disc/torus, with higher densi-
ties on the receding side. Such a disc/torus configuration was
observed in the mass-transferring eclipsing binary RY Scuti
(Smith et al. 2002b). If one of the stars explodes as a SN in such
a system, a high-inclination observer would observe blue-shifted
or red-shifted late-time Ha, depending on whether the LOS is
towards the higher density or the lower density part of the CSM
disc respectively. An observer at a low inclination (like the one
we suggest that SN 20221xg is viewed from) would see a nar-
rower and more symmetric line profile. This is in agreement with
the late-time centring of the Ha profile. Following (Smith et al.
2015), we present a schematic visualisation of a plausible phys-
ical evolution of SN 20221xg in Fig. 22.

In summary, taking all the clues into account, we find that
a plausible scenario for explaining the salient properties of
SN 2022Ixg and related objects could be to use our findings
from Sect. 4.1.3 as our starting point. Previous studies of mas-
sive binary evolution have shown an inverse correlation between
the size of massive stars and metallicity (e.g. Brott et al. 2011;
Georgy et al. 2013; Schootemeijer et al. 2019). Thus if we con-
sider mass transfer in a close binary, required to create a CSM
with the properties as described above, then it is likely that mass
transfer via Roche lobe overflow occurs only late in the evolu-
tion (case C) as the progenitor is too compact during earlier evo-
lutionary stages. The resulting CSM would then naturally have a
preferred axial symmetry. With this framework, the rapid rise to
peak brightness, the colour evolution, and the spectral behaviour
can be qualitatively explained. Furthermore, the apparent rarity
of such objects also follows, although larger sample sizes are
warranted.

5. Conclusions

We have presented the analysis of the optical and NIR properties
of SN 2022Ixg, a peculiar, bright (M, = —19.41 mag at peak),
and fast evolving SN at ~96.6 Mpc. Based on our analysis we
find the following:

1. The most probable host galaxy is a faint (M, = —15.2)
and diffuse source (WISEA J191523.71+481938.5) 4.58 kpc
NW from the location of the SN.

2. The SN is luminous and peaks at M, = —19.41 mag. The
rise and the decline are relatively fast, 7.6 days from explo-
sion (for which we put very tight constraints) to peak, and a
decline of 3.48 +0.26 mag (50d)~! (both in the g band). The
SN slows down around the peak epochs, where we might
see a hint of the shock breakout cooling in the light-curves,
blended with the power from the interaction (responsible for
the luminous peak).

3. The spectral evolution can be divided into three phases:

— Until ten days post explosion, the SN shows very blue
continua (7 > 15000 K) with flash-ionisation features of
hydrogen and He II until ~+8 d.

— Between roughly +10 to +35d, the SN cools and broad
(~2 x 10*kms~!) lines appear, identified as hydrogen,
helium, a strong iron complex around 5300 A and the
Ca1r NIR triplet. At this phase, there are striking simi-
larities with early spectra of SNe IIb.

— After ~+35d, a previously blue-shifted Ha gets cen-
tred to the rest wavelength, becomes narrower, and its
pseudo-equivalent width rises sharply, dominating the
spectra until +80d, when our spectroscopic follow-up
stops as the SN is already too faint (m, ~ 20 mag).

4. Using various standard methods and light-curve model fits,
we find that SN 20221xg must have a low amount of *°Ni
(0.013M). Several signs point to interaction between
the ejecta and circumstellar material (CSM) such as the
luminous peak (despite the very low °Ni mass), the fast
rise, the late (=+35d) spectral transitioning, and narrow
(~100kms™') He11.0830 um P-Cygni lines, which reveal
unshocked helium CSM and suggest partial stripping of the
progenitor.

5. A discrepancy between the photospheric and the ejecta
velocity (7000 compared to 20 000 km s~!) might potentially
point to line-of-sight effects and asphericity. This is fur-
ther confirmed by two epochs of imaging polarimetry in
the V and R filters that show intrinsic polarisation of p ~
(0.5-1.0)%.

6. SN 2022lxg shares many similar properties with a sample
of LSNe II, such as higher luminosity, fast decline, blue
colours, lack of persistent narrow lines, broad He emission,

He15876 A emission, and weak or non-existent Har absorp-
tion and metal lines. There is tentative evidence that the
properties of these SNe might be correlated with the low-
metallicity of their host galaxies, however the numbers are
still too low to draw statistically robust conclusions.

7. We can reconcile most of the observed properties of
SN 2022lIxg by invoking late mass transfer in a close binary
system that gives rise to a disc-like CSM oriented such that
our line of sight does not directly traverse it. As the optical
depth of the ejecta drops and the photosphere recedes, the
interaction with the CSM becomes dominant, which leads to
a spectroscopic change from a SN IIb to spectra that are more
akin to an interacting SN II.

Data availability

Table A.1 is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/700/A138
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Appendix A: Tables

Table A.2. Spectroscopic observations of SN 20221xg

UT date MID Phase  Telescope+Instrument Grism/Grating Slit Width ~ Airmass  Exposure Time
(yyyy-mm-dd) (days) (arcsec) (s)

2022-06-03 59733.62 2.20 Keck-I+LRIS 400/3400+400/8500 1.0 1.26 500
2022-06-04 59734.21 2.78 P60+SEDM - IFU 1.84 2160
2022-06-07 59737.02 5.53 NOT+ALFOSC GR#4 13 1.26 2400
2022-06-08 59738.42 6.90 P200+DBSP 316/7500+600/4000 1.5 1.04 300
2022-06-08 59738.51 6.98 UH88+SNIFS* B+R IFU 1.14 1800
2022-06-09 59739.35 7.82 P200+DBSP 316/7500+600/4000 1.5 1.08 120
2022-06-10 59740.21 8.66 P60+SEDM - IFU 1.66 2160
2022-06-11 59741.25 9.67 P60+SEDM - IFU 1.68 2160
2022-06-16 59747.15 15.45 NOT+ALFOSC GR#4 1.0 1.08 600
2022-06-19 59749.25 17.51 P60+SEDM - IFU 1.26 2160
2022-06-28 59758.25 26.31 P60+SEDM - IFU 1.19 1800
2022-07-05 59765.25 33.17 P60+SEDM - IFU 1.13 1800
2022-07-07 59768.16 36.02 NOT+ALFOSC GR#4 1.0 1.21 600
2022-07-10 59770.31 38.12 P60+SEDM - IFU 1.04 1800
2022-07-12 59772.09 39.87 LT+SPRAT Wasatch600 1.8 1.08 1500
2022-07-13 59773.99 41.73 NOT+ALFOSC GR#4 1.0 1.09 1800
2022-07-16 59776.18 43.87 P60+SEDM - IFU 1.27 1800
2022-07-18 59779.17 46.79 NOT+ALFOSC GR#4 1.3 1.34 900
2022-07-20 59780.42 48.02 P60+SEDM - IFU 1.22 1800
2022-07-21 59781.40 48.98 P200+DBSP? 316/7500+600/4000 - - -

2022-07-23 59783.28 50.82 P60+SEDM - IFU 1.04 1800
2022-07-26 59786.37 53.84 P60+SEDM - IFU 1.12 2250
2022-07-27 59787.36 54.82 P60+SEDM - IFU 1.13 1800
2022-07-27 59788.03 55.47 NOT+ALFOSC GR#4 1.3 1.06 2400
2022-07-28 59788.45 55.88 P60+SEDM - IFU 1.49 2250
2022-07-30 59790.20 57.60 P60+SEDM - IFU 1.10 2250
2022-08-04 59795.36 62.65 P60+SEDM - IFU 1.17 2250
2022-08-07 59798.05 65.28 NOT+ALFOSC GR#4 1.3 1.15 2400
2022-08-21 59813.04 79.96 NOT+ALFOSC GR#4 1.3 1.17 3600

Notes. “With respect to the date of explosion (MJD = 59731.37) and given in the rest-frame of SN 2022Ixg (z = 0.0214).
"These spectra are not plotted in Fig. 3 either due to phase overlap with other higher resolution spectra, or due to low S/N, leading to reduced
clarity in the figure.
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Table A.3. °Ni mass estimates for SN 2022lxg.

Method Value
Arnett, peak, Stf-Bol 1.210+ 0.160 M,
Arnett, Tail, Stf-Bol 0.008+ 0.003 My
Hamuy, tail, Stf-Bol 0.002+ 0.001 Mg
1987A, tail, Stf-Bol 0.009+ 0.004 My
Arnett, peak, pseudo-bol  0.247+ 0.003 M,
Arnett, Tail, pseudo-bol ~ 0.002+ 0.001 Mg
Hamuy, tail, pseudo-bol <0.001 Mg
1987A, tail, pseudo-bol ~ 0.003+ 0.001 M,

Notes. We derive the peak and the tail *°Ni mass estimates from the luminosities calculated with two different methods, either from the blackbody
fits and the Stefan-Boltzmann law, or from the pseudo-bolometric luminosity estimates (see Sect. 3.2.2 for details).

Table A.4. Imaging polarimetry observations of SN 2022Ixg with ALFOSC.

Date MID Phase (d) Band Exp. time“ (s) q (%) u (%) p’ (%) x (deg)
2022-06-18 59749.15 17.41 A" 70 0.66 (0.24) —0.84(0.24) 1.04(0.24) -25.92(6.44)
2022-07-07 59768.22 36.07 \" 80 0.43 (0.51) —0.68 (0.56) 0.65(0.55) -28.85(19.45)
2022-06-18 59749.15 17.41 R 70 0.31(0.23) -0.76(0.23) 0.79(0.23) -33.90 (8.03)
2022-07-07 59768.22 36.07 R 80 0.63 (0.50) —0.09 (0.54) 0.46(0.50) -4.01 (22.55)

ISP subtracted
2022-06-18 59749.15 17.41 \Y 70 0.47 (0.25) -0.61(0.25) 0.73(0.25) -25.99 (9.12)
2022-07-07 59768.22 36.07 \" 80 0.24 (0.51) -0.45(0.56) 0.34 (0.55) -30.66 (31.00)
2022-06-18 59749.15 17.41 R 70 0.12(0.24) -0.53(0.24) 0.49(0.24) -38.35(12.47)
2022-07-07 59768.22 36.07 R 80 0.44 (0.50) 0.14 (0.54) 0.30(0.51) -8.92(31.06)

Notes. The values in the parentheses are the uncertainties and correspond to 68% (1c0). The table is sorted from bluest to reddest band.
“Per half-wave retarder plate.
bCorrected for polarisation bias following Plaszczynski et al. (2014).
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Appendix B: Supplementary figures
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Fig. B.1. Posterior probability density functions for the free parameters of the model light-curves in Fig. 9.
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Fig. B.2. Comparison of the timescale of the He I flash-ionisation feature versus the peak absolute magnitude (left panels) and the rise time (right
panels), for various SNe (adapted from Bruch et al. 2023). Top panels are in the g band while bottom panels in the r band. SN 2022Ixg is shown
as a star, where the filled or empty markers denote two potential timescales (8.24 and 11.63 days respectively; see Sect. 3.3.1. The filled circles are
a sample of SNe showing flash-ionisation features taken from Bruch et al. (2023).
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Fig. B.3. Intensity-normalised Stokes ¢ and u parameters, from ALFOSC imaging polarimetry, in the V (blue circles) and R (red squares) bands,
at phases +17.4d (filled markers) and +36.1d (open markers). The values are corrected for the ISP contribution. The dashed circles mark the
0.5%, 1.0% and 1.5% polarisation values (p). The first epoch (with a good S/N ratio ~ 300) shows that SN 20221xg is intrinsically polarised to a
p ~ (0.5 -1.0)% level.
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Fig. B.4. Pre-explosion forced photometry at the location of SN 20221xg from ZTF, ATLAS and ASAS-SN. Individual epochs have been binned
per season. Non-detections are shown as downward-facing triangles. The peak time is shown as a dashed vertical line. No significant pre-explosion
emission is detected for SN 20221xg. The forced photometry rules out long-lasting precursors with absolute magnitude M < —11 mag that might
have happened within four years prior to explosion, but before that, they are not deep enough to rule out outbursts similar to those of other SNe.
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