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ABSTRACT

Calcium-strong supernovae (Ca-strong SNe) are a class of thermonuclear transients characterised by rapid photometric evolution
(rise times of <16 d) and nebular-phase spectra dominated by strong [Ca II] A17291,7324 emission, compared to the strength of
[O I] 216300,6364 emission. Despite their unique spectroscopic signatures and association with remote environments at large physical
offsets from their host galaxy, their origins remain uncertain. Using new discoveries from surveys such as the Zwicky Transient
Facility, supplemented by archival data, we compiled a sample of 46 Ca-strong SNe, including 8 newly classified objects — the largest
sample presented to date. We present a comprehensive optical photometric and spectroscopic study of Ca-strong SNe, aimed at better
constraining their diversity, progenitor systems, and explosion mechanisms. This includes Gaussian decomposition of the [Ca II] and
[O I] nebular emission lines to measure bulk velocities and line profile evolution from peak brightness to deep nebular-phase epochs.
Of the 35 Ca-strong SNe with spectra near peak light, we find that 32 objects exhibit significant [Ca II] emission within 10 days of
peak. Forbidden [Ca II] emission is typically expected to emerge after the ejecta have expanded, cooled, and reached a sufficiently
low density for forbidden transitions to occur. The prevalence of these early features in Ca-strong SNe, however, remains unexplained
by current explosion models. In several objects, we identify complex, multi-component line profiles that suggest a transition between
two distinct velocity regimes. These transitional features, combined with the common presence of early forbidden emission, lead us to
favour a scenario in which extended material surrounds the progenitor and pre-dates the SN itself. Our results suggest that the diverse
spectroscopic behaviours of Ca-strong SNe are consistent with white dwarfs exploding in extended environments polluted by prior
activity of the progenitor system.
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1. Introduction Ca-strong supernovae (SNe; objects that occur at extended

physical distances from their host galaxy), the prevalence of

Cfa —tlsrtrr?l;gnstupe;ln(svate ;lireg[flcuilarr a::lciinp(r)lct)lrlybundte;rsrtloo;i fli?csi [Ca II] emission has been interpreted as evidence of sub-
Ol transients, characterised most prommnently by strong 1o Chandrasekhar mass white dwarf (WD) progenitors, as the ejecta

den [Ca II] emission in their nebular-phase spectra. For remote

of more massive progenitors would continue to burn into heav-
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ier elements than Ca, resulting in spectra that would no longer
be dominated by [Ca II] emission (Jacobson-Galéan et al. 2020;
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Polin et al. 2021). In addition to their strong late-time [Ca II]
emission, Ca-strong SNe share a distinct set of photometric
and spectroscopic properties: low peak luminosities (—14.0 to
—17.5 mag), rapid photometric evolution (rise times <16 days),
intermediate photospheric velocities (6000-11 000 km s71),
and fast transitions to the nebular phase (Perets et al. 2010;
Kasliwal et al. 2012). Their tendency to appear remote from
their host galaxies in regions with no underlying star-formation
points to old and evolved progenitor systems (Lyman et al. 2014;
Lunnan et al. 2017). Despite their faint-and-fast evolving nature
and hence low rate of discovery, volumetric rate estimates sug-
gest that Ca-strong SNe may occur at >15% the rate of SNe Ia
(De et al. 2020), with Frohmaier et al. (2018) predicting they
occur as frequently as 33-94%. This makes them an impor-
tant yet under-sampled population, with implications for both
supernova physics and broader astrophysical processes, such as
explaining the calcium enrichment observed in the intracluster
medium (ICM; Mulchaey et al. 2013).

In our previous study (Touchard-Paxton et al. 2025, hereafter
CGTP25), we presented SN 2023xwi — an otherwise typical Ca-
strong SN, but notable for displaying strong [Ca II] and [O I
features in spectra taken around peak light. This was highly
unusual: forbidden lines such as [Ca II] are not expected to be
present until much later phases. Under conventional explosion
mechanisms, [Ca II] emission in these objects is expected to
occur approximately a few weeks after peak light when the ejecta
have become optically thin and the photosphere has receded.
This allows the central ejecta to evolve to a low enough den-
sity for forbidden emission to occur and, consequently, ensures
the SN is well into its nebular phase before this emission can be
observed (Dessart & Hillier 2015). The presence of this line at
such an early epoch raised the possibility that SN 2023xwi was
an indicator of a broader, previously unrecognised behaviour in
Ca-strong SNe.

A handful of Ca-strong SNe have been found to display an
early photometric flux excess, or pre-peak bumps (PPBs), result-
ing in double-peaked light curves (e.g. Jacobson-Galdn et al.
2022; Ertini et al. 2023). The physical mechanism responsible for
these early flux excesses is yet to be fully understood. However,
modelling these early phenomena has shown that they can be
reproduced by shock cooling emission (SCE) or shock interac-
tion with circumstellar material (De et al. 2018; Jacobson-Galan
et al. 2022). The second peak is assumed to be the result of
radioactive °Ni decay. Observations of SN 2019ehk revealed
early X-ray emission. The origin of the early flux excess is
not necessarily the same as that of the X-rays, but both phe-
nomena indicate significant early-time emission in these objects
(Jacobson-Galan et al. 2020; Nakaoka et al. 2021).

Several potential explosion models have been put forward
to explain Ca-strong SNe. For example, the Ca-strong object
SN 2016hnk was shown to be consistent with both the thick
He-shell double-detonation of a sub-Chandrasekhar mass WD
(Polin et al. 2019; Jacobson-Galédn et al. 2020) and the explo-
sion of a near-Chandrasekhar-mass WD (Galbany et al. 2019).
In CGTP25, we proposed a progenitor scenario for the object
SN 2023xwi: a recurrent He-nova AM Canum Venaticorum
(AM CVn) system in which a WD explodes into an H-poor
environment polluted by prior nova eruptions.

In this paper, we investigate the observational behaviour of
Ca-strong SNe using the largest sample to date. In Sect. 2, we
outline our sample selection, along with their photometric, spec-
troscopic, and host galaxy properties. In Sect. 3, we present our
analysis of the light curves, while in Sect. 4, we present our spec-
troscopic analysis of the forbidden emission features, including
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our investigation of transitional features between two distinct
velocity components of the [Ca II] emission line. In Sect. 5,
we investigate the early flux excess present in many Ca-strong
objects, including modelling of the sample using the SCE model.
In Sect. 6, we discuss the implications of our results, and in
Sect. 7 we discuss how the behaviours of Ca-strong SNe may
be compatible with a polluted AM CVn progenitor scenario.

2. Observations

In this section, we detail the sample selection and observations of
the Ca-strong objects included in this analysis. In Sect. 2.1, we
describe the sample selection of potential Ca-strong SNe from
the Zwicky Transient Facility (ZTF). In Sect. 2.2, we detail their
photometric and spectroscopic observations, as well as those of
one unpublished event from the Panoramic Survey Telescope
and Rapid Response System (Pan-STARRS; see Chambers et al.
2016). In Sect. 2.3, we discuss the additional literature Ca-strong
SNe considered in our sample.

2.1. Sample selection criteria

ZTF is a wide-field optical time domain survey running on the
48-inch Schmidt telescope (P48) at the Mount Palomar Observa-
tory (Bellm et al. 2019; Graham et al. 2019). The ZTF camera has
a 47 square degree field of view and reaches ~20.5 mag in 30 s,
allowing the survey to cover 3750 square degrees per hour at this
depth (Masci et al. 2019; Dekany et al. 2020). ZTF’s combination
of depth and survey speed make it capable of detecting numer-
ous transients, including Ca-strong SNe, at early times across a
large fraction of the sky (Graham et al. 2019). As nebular spec-
troscopy is not achieved for all objects, and this is the primary
diagnostic in determining a transient’s status as a Ca-strong SN,
we implemented similar criteria to De et al. (2020) to extract Ca-
strong SNe from the full sample of ZTF objects between 2018
and 2024. Our primary sample within this time period was com-
prised of any objects spectroscopically classified as a Ca-strong
SN using SNID (Blondin & Tonry 2011), and any object that
had been classified as SN Ib or Ca-Ia/Ib/Ic on the Fritz science
platform! (van der Walt et al. 2019; Coughlin et al. 2023), which
implements the ZTF alert distribution system (Patterson et al.
2019). Our selection criteria after collating this sample consist
of the following:

1. The SN must be fainter at peak than M,= —17.5 mag after
correcting for Galactic reddening, assuming the same red-
shift as its host galaxy (or nearest viable host, see Sect. 2.4).
Host extinction is often negligible in these objects due to
their typically remote locations. Ca-strong SNe with small
(i.e. <3kpc) projected offsets from their host, however, are
affected by host reddening. For the eight objects in the full
sample of candidate objects for which this was the case, we
sourced the host extinction values from their associated pub-
lications, where available (see Table B.1). For SN 2024jgw,
due to incomplete photometric data, we could not infer the
extinction. In instances where the photometric data were
not complete enough to constrain the peak luminosity, we
compared the decline of the light curve, along with any spec-
troscopic coverage, to the sample of confirmed Ca-strong
objects. If the object did not deviate from the ‘expected’
behaviour of Ca-strong objects and satisfied the following
criteria, we assumed its peak luminosity fell within the

I https://fritz2024.caltech.edu/
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expected range of M;> —17.5 mag. For objects with no r-
band photometric observations, we applied a peak g—r colour
correction of 0.51+0.07 mag (see Sect. 3).

2. The spectroscopic properties at peak should be consistent
with hydrogen-poor SNe — any objects with distinct broad
hydrogen lines were excluded from the sample.

3. The object must evolve into its nebular regime by +30d.
This is defined as the combination of a fading continuum
and the clear emergence of nebular emission lines, specif-
ically [Ca II] 447291,7324 and [O I] 116300,6364 by this
expected nebular-phase threshold. If the only data available
are at much later epochs, De et al. (2020) include objects
that display a complete transition to the nebular phase by
+150 d. For objects with no spectroscopic coverage between
+100 and +150 d, we extended the cut-off for satisfying this
criterion to the latest epoch within +200 d of peak light.

4. As is standard, we required that any nebular-phase spectrum
(after +30 d) that displays both forbidden [O I] 216300,6364
and [Ca II] 2117291,7324 emission have a line ratio strength
of [Ca II}/[O I] > 2. If multiple spectra were available for
an object, the [Ca II]/[O I] ratio was measured at the latest
available spectroscopic epoch after +30 d. We determined
the lower limit of this ratio for objects with no significant
[O I] emission in their nebular-phase spectra by compar-
ing the maximum possible integrated flux in the appropriate
[O I] emission region.

5. The object must be spectroscopically distinct at early times
from a SN Iax. If it has a strong photospheric-phase spectral
match with an Iax on SNID, we excluded it from the sample.

2.2. Newly classified Ca-strong SNe

Applying the selection criteria of Sect. 2.1 to the ZTF 2018-2024
sample, we identify seven unpublished Ca-strong SNe that were
ZTF follow-up targets — SN 2021zfp, SN 2023er (Gaia23aet,
ATLAS23anl Hodgkin et al. 2023), SN 2023fhk, SN 2024uj
(ATLAS24api Tonry et al. 2024), SN 2024jgw, SN 2024uai,
and SN 2024aaab. We also include SN 2023ugn, a PanSTARRS
object, initially classified as a SN Ib but that fulfils the Ca-strong
selection criteria.

Figure 1 shows the photometric evolution of these eight
newly identified Ca-strong SNe. Seven of these objects were
targetted by ZTF follow-up and were imaged in the ZTF g, r,i
bands, with supplementary data from the Asteroid Terrestrial-
impact Last Alert System (ATLAS; Tonry et al. (2018); Smith
et al. (2020)) in ¢ (4100-6600 A) and o (5600-8100 A) bands.
The ZTF gri-band data was obtained using the FPBOT pack-
age’. We removed data with unphysical flux errors, poor PSF
fits, images taken through clouds, or those with a failure in the
image processing (Rigault et al. 2025). SN 2023ugn was imaged
in the PS g, r, i, z bands.

We calculated the Milky Way (MW) extinction for each
object using the Schlafly & Finkbeiner (2011) recalibration of
the Schlegel et al. (1998) extinction maps and corrected for this
assuming a Cardelli et al. (1989) extinction law, with Ry = 3.1.
Key observational properties of each object (names, redshift,
extinction correction, host galaxy name, projected offset from
the host galaxy, and nebular [Ca II]/[O I] ratio (see Sect. 2.3),
along with the associated references) are given in Table B.1.

The photometric data enables constraints on peak mag-
nitudes, times of peak light, colour evolution, and explosion
epochs. Our methodology for determining these is discussed in

2 https://github.com/simeonreusch/fpbot

Sect. 3. Of these eight objects, only four objects were observed
throughout the SN’s rise, peak, and decline: SN 2023er,
SN 2024gjw, SN 2024uai, and SN 2024aaab. A further three
have data allowing us to estimate the peak time through a com-
parison with other Ca-strong objects: SN 2021zfp, SN 2023ugn,
and SN 2024uj. The remaining object, SN 2023fhk was only
observed during its decline so its time of peak light and peak
r-band magnitude could not be constrained.

Spectra of the eight newly identified Ca-strong SNe were
sourced from a variety of telescopes. Each SN has between one
and eight spectra at phases of —7 to +125 d, relative to inferred
r-band peak (see Sect. 3) — these are presented in Fig. B.1. The
telescopes and instruments of the spectra are listed in Table B.2,
along with the phases relative to the time of r-band peak. We cor-
rected each spectrum for redshift and MW extinction, and have
masked strong host galaxy emission features from the spectra of
SN 2022psx and SN 2023fhk.

In each object with a spectrum after peak light (all except
SN 2023er), there is a clear [Ca II] A117291,7324 emission fea-
ture in the photospheric (< +14 d) spectra (often offset from rest
wavelength by up to 6000 km s~!; see Fig. 5), often accompanied
by the emergence of [O I] within a few days. The spectroscopic
evolution of the six SNe with multiple epochs is broadly con-
sistent with previous observations of Ca-strong SNe, exhibiting
relatively fast transitions from the photospheric to the nebular
phase. While the signal-to-noise (S/N) and wavelength coverage
vary between SNe, the core features, particularly the [Ca II] line,
remain prominent in all events at later times. Unlike the other
objects presented, SN 2023fhk grows redder as the SN evolves.
This peculiar behaviour cannot be further investigated photomet-
rically due to the lack of g-band observations at phases similar
to those of the observed spectroscopy.

2.3. The full Ca-strong sample

In addition to these 8 new events, we collated published Ca-
strong SNe and Ca-strong candidates, resulting in a total sample
of 66 candidate Ca-strong SNe, at z of ~0.004-0.04. Their key
properties, along with their associated references are given in
Table B.1. These 66 events include 8 that were reclassified as
Ca-strong SNe from other types (see Appendix A for further
details). To ensure consistency, we applied the same cuts of
Sect. 2.1 to the full sample. Following criterion four of the selec-
tion criteria, we cut all candidates with [Ca II]/[O I] < 2 after
+30 d from peak light where data was available. For objects
with no spectral observations after +30 d (marked by T in the
[Ca II]/[O I] column of Table B.1), we compared their avail-
able data with other Ca-strong SNe at similar phases. Both the
photometric and spectroscopic properties of each object with-
out nebular-phase spectral observations was consistent with the
behaviours observed across the Ca-strong sample; we therefore
continued to classify each as Ca-strong.

Applying these cuts removed 20 candidates. Two objects,
SN 2019gsc and SN 2019ttf, were removed due to their prior
classification of, and strong spectroscopic match with, SNe Iax.
Of the 12 objects excluded due to a low [Ca II}J/[O I] ratio,
three (SN 2018jak, SN 2012hn, and SN 2021pb) were previously
classified as Ca-strong (Valenti et al. 2014; Das et al. 2023).
However, as their measured [Ca II]/[O I] ratios fall below our
adopted threshold (SN 2012hn: 1.63+0.01 at 149 d; SN 2018jak:
1.01+£0.03 at 109 d; SN 2021pb: 1.27+0.01 at 109 d), we excluded
them. SN 2018jak and SN 2021pb additionally exhibit broad H
lines in their photospheric-phase spectra, which independently
disqualifies them based on our selection criteria. The remaining
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Fig. 1. Optical light curves for each of the eight confirmed new Ca-strong SNe in our sample. The optical data points are plotted with the following
markers: ATLAS c-band (blue squares), ATLAS o-band (orange squares), ZTF g-band (green circles), ZTF r-band (red circles), ZTF i-band (purple
circles), PANSTARRS (PS) g-band (green triangles), PS r-band (red triangles), PS i-band (purple triangles), PS z-band (yellow triangles). The solid
lines represent the light curve fits as a result of our Gaussian processing fitting procedure (see Sect. 3).
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Fig. 2. Histogram of the physical separation of each Ca-strong object
in our sample from its host. Inset: Histogram of objects with separa-
tions of <60 kpc, removing three objects (iPTF11kmb, SN 2019bke,
and SN 2023er).

six objects were disqualified for displaying broad H lines in their
photospheric spectra. Our final sample consists of 46 confirmed
Ca-strong SNe.

2.4. Host galaxy properties

For objects with no previously assigned host galaxy, we deter-
mined the host to be the nearest galaxy with a measured redshift
that was consistent with the forbidden [Ca II] NIR triplet emis-
sion line in the latest spectral epoch for that given object.
All objects in the sample of Ca-strong objects have a viable
candidate host with a measured spectroscopic redshift. We there-
fore assumed the redshift of each object to be that of its host
galaxy and calculated the luminosity distances using these red-
shift values, correcting for host-galaxy peculiar velocities where
available. We determined the projected physical offset of each
object from its host by measuring the angular separation between
the transient position and the host galaxy centroid and converting
this to a projected physical distance (Table B.1).

As discussed in Sect. 1, Ca-strong transients display a pref-
erence for early-type galaxies, as well as group and cluster
environments, suggestive of old stellar populations (Lyman et al.
2014; Lunnan et al. 2017). Figure 2 shows a histogram of the sep-
aration of confirmed Ca-strong objects in our sample from their
hosts. The weighted mean of the distribution 5.76 + 0.75 kpc,
and a median of 9.90 kpc. Lunnan et al. (2017) report a median
projected offset of 830 kpc (dependent on the exact sample def-
inition) for a previous smaller literature sample, while Srivastav
et al. (2026) using a sample of Ca-strong transients discovered by
ATLAS (and which are a subset of our sample) report a median
projected offset of ~11 kpc. Our median value is slightly lower
than these but not significantly different. As shown by previ-
ous samples such as Lunnan et al. (2017), the projected offset
distribution of Ca-strong transients is more offset than the nor-
mal SN Ia distribution and ~25% of the objects in our sample
still occur at offsets of >20 kpc (and two at >100 kpc). These
trends imply, therefore, that these objects can still be considered
‘remote’ objects compared to typical SNe Ia.

3. Peak light photometric properties

For objects with well-sampled light curves around peak, we fit-
ted them using a Gaussian process (GP) regression (see Fig. 1).
Gaussian process regression is a non-parametric Bayesian
approach that models the light curve as a distribution over
functions, rather than assuming a fixed template (Williams &
Rasmussen 2006). This makes it particularly well-suited for
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Fig. 3. Absolute peak r-band magnitude against Am;(r). The parameter
space for Ca-strong SNe from De et al. (2020) is shaded in grey.

our sample of SNe, wherein cadence and noise properties vary
between objects (e.g. Dimitriadis et al. 2025). We adopted a
squared exponential kernel with an added white-noise term to
describe the smooth evolution of the light curves in combination
with associated photometric uncertainties and varied-cadence
data for each object in our sample (Roberts et al. 2013). We
optimised the length scale and amplitude of the kernel for
each object using emcee to determine the parameters with the
maximum likelihood.

From the GP fits, we determined the time of peak brightness
in order of preference: r, g, i, and finally the ATLAS ¢ and o
bands. Since the time of peak can differ between filters, prioritis-
ing r-band ensured consistency across the sample given its most
consistent coverage. Uncertainties on the time of peak r-band
brightness, fpcak, were estimated from the GP predictive variance,
marginalised over the kernel parameters. Additionally, the GP
fits provided measurements of the absolute magnitude at peak,
g — r colour at peak, and the r-band decline rate, Am(r), defined
as the change in magnitude in the first 7 days post-maximum
light (Table B.3).

Of the full sample of 46 confirmed Ca-strong SNe, 34 objects
had sufficient optical light curve data for determining fpeax,
including four of the new SNe shown in Fig. 1. For the eight
literature objects with no observations in the appropriate range
(SN 2000ds, SN 2001co, SN 2003H, SN 2003dg, SN 2005E,
iPTF15eqv, SN 2018Iqu, and SN 2018gwo), we adopted times
of the r-band maximum from their discovery papers. For the
new objects with no photometry around peak light (SN 2021zfp,
SN 2023thk, SN 2023ugn, and SN 2024uj), we estimated their
time of peak by cross-matching their photometry with more well-
constrained Ca-strong objects in our sample. As SN 2023thk
was discovered post-peak, the first detection of this object at
MIJD 60036 marks the upper limit of its time of peak light.
Where r-band data were not available, we determined photo-
metric behaviour from g-band data, applying a correction of
Ipeak, = Ipeak, + 2 d, based on the mean 0t; peak g peak Of 2.0£0.2 d
across the sample of objects with sufficient coverage in both
bands around peak light.

Figure 3 shows the distribution of absolute peak r-band mag-
nitudes and Am;(r) — the decline in r-band magnitude in 7 days
following peak light — for the 24 objects of the full Ca-strong
sample with r-band observations around peak light. Consistent
with the previous study of De et al. (2020), which is shown in
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grey in Fig. 3, the population is confined to faint peak luminosi-
ties (M, 2 —17.5 mag) and rapid post-peak declines (Am; > 0.1
mag). All objects bar two in our sample — SN 2021inl and
SN 2019bke (which has been independently noted for its extraor-
dinarily rapid evolution; see Prentice et al. 2020), which evolve
faster than the rest of the sample — fall within this expected
parameter space, reinforcing the classification of Ca-strong SNe
as faint, fast-evolving explosions. We note, however, that the
definition of this class is partially circular, since the faintness
(peak r-band magnitude fainter than —17.5 mag) and rapid evolu-
tion are themselves used in the classification. To ensure that this
faintness requirement did not introduce bias by excluding more
luminous, yet otherwise ‘typical’, Ca-strong SNe, we examined
all objects in our original sample satisfying the remaining clas-
sification criteria but failing the brightness cut. No such objects
were identified.

We determined the g—r colour at peak of the 24 Ca-strong
objects with peak photometry in both g— and r-bands. All are
red at peak, and the distribution is peaked at a g—r colour
of 0.51+0.07 mag, with colours ranging from 0.42+0.01 to
1.64+0.01 mag. This exceptionally red object, which is an outlier
from the rest of our sample, is SN 2021sjt. This SN is located in
a spiral arm, suggesting this may be at least partially explained
by host-galaxy extinction.

4. Spectroscopic analysis of forbidden emission
features

CGTP25 find that forbidden transition emission lines, specifi-
cally [Ca II] 2117291,7324, [O I] 116300,6364, and [O 1] 15577,
can be observed from as early as peak light. This observation,
which is in contradiction with traditional understanding (i.e. that
these nebular emission lines should only be visible when the
ejecta have expanded and cooled) is a potential indicator of a
more complex progenitor system than previously thought. Callan
et al. (2025) find the merger of a 0.6 M CO WD and 0.4 Mg He
WD can reproduce spectroscopic evolution consistent with Ca-
strong SNe. In their model, [Ca II] emission begins to become
prevalent at +20 d — earlier than the typical threshold of +30 d
by which Ca-strong SNe are expected to evolve to their neb-
ular regime (De et al. 2020). This emission, however, remains
substantially delayed from the observed peak light [Ca II] emis-
sion of SN 2023xwi presented in CGTP25. To quantify the
extent of this phenomenon — i.e. whether the early emission
of these forbidden features was unique to this object or if it is
common across the sample of Ca-strong SNe — we investigated
its presence and behaviour throughout the sample of Ca-strong
objects.

4.1. Single Gaussian fitting to forbidden emission lines

The non-local thermodynamic equilibrium (NLTE) model of a
He-shell detonation of a CO WD presented by Dessart & Hillier
(2015) produces faint and fast light curves, similar to those of
Ca-strong SNe. Their synthesised spectra produce strong Ti II
features in the spectral region, which we identify as [Ca II] emis-
sion, and blended Sc II and Ti II contributions in the [O I]
emission region. These models are significantly reddened due
to line-blanketing as a result of the large Ti II abundance — a
phenomenon we do not observe in Ca-strong SNe. Similarly, the
model presented by Callan et al. (2025) is significantly reddened
due to the predicted high abundance of Ti II. We do not observe
this high degree of reddening across the sample of Ca-strong
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Fig. 4. Example local pseudo-continuum-corrected emission line model
fit of the [O I] (left) and [Ca II] (right) feature in SN 2023xwi throughout
its evolution. The spectra are overlaid with their total model profile fit.
The vertical grey line shows the weighted average of the two component
wavelengths of each forbidden emission feature at rest.

SNe at peak light, and therefore assume the features in these
regions to be [Ca II] and [O IJ, respectively.

To model the emission features of each of the forbidden
emission lines of [Ca II] 247291,7324, [O I] 116300,6364,
we modelled each feature as a combination of the local
pseudo-continuum and the profile of the emission lines. The
local pseudo-continuum was approximated by a linear relation
between wavelength and observed flux between the two local
minima of the feature. The emission profile of both the [Ca II]
and [O I] features were modelled with a singular Gaussian profile
as the two component emission lines of these doublets could not
be confidently resolved in any spectra. Due to convolution with
the instrument resolution of each spectrum (Maguire et al. 2012),
a single Gaussian model is the simplest plausible empirical ana-
logue to the observed emission profiles. We fitted all spectra
for every object in our sample using this methodology. Exam-
ple model fits to the [Ca II] and [O I] regions for SN 2023xwi
are shown in Fig. 4.

Uncertainties were calculated using a Monte Carlo approach,
in which the start and end points of the fitting region were
varied based on the resolution of any given spectrum. For
higher-resolution spectra (resolution <2 A), the fitting bound-
aries were perturbed by nine times the spectral resolution.
Medium-resolution spectra (2—10 A) were varied by six times
the resolution, while low-resolution spectra (resolution >10 A)
were permitted a maximum fixed variation of 55 A. Each model
was refitted 1000 times per spectrum, with random sampling of
the start and end points. The mean and standard deviation of the
resulting velocities were taken as the measured velocity and its
associated uncertainty, respectively. Fits in which the uncertainty
was both greater than 300 km s~! and exceeded 20% of the mean
value of the measured velocity offset were further investigated
to ensure the measured velocity was associated with the correct
spectral feature. This uncertainty was then combined with the
uncertainty associated with the measured redshift, as well as the
uncertainty associated with the resolution of the spectrum itself,
resulting in the total velocity uncertainty at each spectral epoch.

In cases where both the [O I] 216300,6364 and 15577 fea-
tures were present, the velocity of the [O I] 45577 line was used
as a check to verify the identification of the [O I] 116300,6364
feature — the velocity offset associated with each of these two
[O I] emission lines has been shown to be in agreement within
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Fig. 5. Left panels: measured forbidden emission line velocities of [Ca II] A17291,7324 (upper) and [O I] 216300,6364 (lower). Right panels:
distribution of velocities for the forbidden transition emission [Ca II] (upper) and [O I] (lower). The peak (spectrum closest to peak per SN at
< +7 d, dashed pink) and nebular (the latest spectrum taken per SN at > +30 d, dot-dashed blue) distributions — constructed by summing the
Gaussian probability distributions of each velocity — overlaid and normalised with respect to the nebular distributions. The cut-off point for the
peak distribution (+7 d) and the start of the nebular distribution (+30 d) are shown by pink and blue tick marks, respectively, on the left subplots.

30 throughout an object’s full spectral evolution (see Sect. 5.2
of CGTP25). If the measured [O I] 216300,6364 and A5577
velocities agreed within a 30 significance level, the identifica-
tion of the feature as [O I] was deemed reliable. For objects with
no clearly distinguishable [O I] 45577 emission, if the measured
velocity of the presumed [O I] 116300,6364 feature was within
the range of expected values (=14 000 to +2500 km s~!, derived
from spectra with confirmed [O I] emission) we assumed the
feature had been correctly identified as [O I].

To ensure the same feature was measured at all epochs for
a given SN, the pseudo-equivalent widths of each feature were
measured at each epoch. A feature was confirmed to be the same
spectral emission line for pseudo-equivalent widths that were
consistent across all photospheric epochs within a 5o threshold
across all observations before +14 d of peak light. In the pho-
tospheric phase, the continua of Ca-strong SNe is complex and
therefore, the 5o limit was chosen to account for any discrep-
ancies in the pseudo-continuum approximation. For all analysed
lines in our sample, no such features were re-classified.

In our full sample of 46 Ca-strong objects, all displayed
prominent [Ca II] emission. Forty-two objects had distinct
[O I] A446300,6364, 35 of which were verified by their
[O I] 45577 feature. Of the 35 objects in our full sample which
were spectroscopically observed within 7 d of peak light, 29 had
measurable forbidden [Ca II] emission in their peak spectra. If
this is extended to within 10 d of maximum, 32 of the 35 objects
with spectra around this epoch display distinct [Ca II] emission.

In all objects with later observations, this feature persisted in the
spectra through the nebular phase, remaining visible in the latest
spectrum of each object.

The velocity evolution of the [Ca II] and [O I] 116300,6364
features (relative to their mean rest-frame wavelengths) for
each SN are shown in the upper and lower panels of Fig. 5,
respectively. The velocities of both forbidden emission features
generally evolve from a broad range of non-zero velocities in
the photospheric spectra — defined as those before +30 d from
peak — to a velocity consistent with zero velocity at late times.
The dashed pink histograms in the right panels of Fig. 5 show
the distribution of velocities from spectra taken closest to peak
brightness for each object, all within +7 d of peak.

We measured the weighted mean velocities of the distribu-
tion of peak spectra with respect to their associated uncertainties
to be —2290+830 km s~! for [Ca II] and —6040+1400 km s~
for [O I] 216300,6364. The distribution of [Ca II] velocity has a
broad spread of o = +2260 km s~! and extreme redshifted and
blueshifted velocities spanning 1600+700 km s~ (SN 2019gau
at =7 d) and —6800 +700 km s~' (SN 2024uj, +2 d), respec-
tively. Similarly, the peak velocity distribution of [O I] is broad
with o = £4110 km s~!, and extremes of 2600+700 km s~!
(SN 2019pof, -5 d) and —12 500+1000 km s~! (SN 20220qm,
—8 d; Irani et al. 2024). Any objects with a redshifted veloc-
ity around peak light (as opposed to a blueshifted velocity as
seen across the rest of the sample) have emission line offsets
consistent with 0 km s~! to, at most, a level of 3.
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In contrast, the nebular-phase spectral velocities, shown
as dot-dashed blue histograms in Fig. 5, corresponding to
the latest available spectra for each SN (taken after +30 d
from peak) exhibit notably narrower distributions than at max-
imum light. The mean velocities of these late-time spectra are
—690 + 350 km s~! for [Ca II] and —1550 + 810 km s~' for
[O I] 246300,6364, which are consistent with zero velocity
within 20-.

The transition from a broad and offset distribution at peak,
to a narrower, near-zero distribution at late times may be the
result of emission originating from different regions of Ca-
strong SNe as they evolve. The forbidden emission we observe
in the nebular-phase spectra is likely a result of core-dominated
emission as expected at these epochs. Conversely, the presence
of these forbidden transition emission lines around peak light
with distinctly non-zero velocities implies a separate origin for
the early-time emission. This early-phase emission may arise
from material that is pre-existing and external to the SN explo-
sion itself, as observed in SN 2023wxi (CGTP25). The physical
interpretation is discussed further in Sect. 6.2.

In addition to the evolution of each forbidden line, through-
out the full spectral evolution of each object in the sample of
Ca-strong SNe, only five spectra show [O I] emission associated
with a ‘slower’ intrinsic velocity than [Ca II] at the same epoch
with a significance level of >30. In all other cases, the [O I]
emission is blueshifted to a greater velocity than the [Ca II].

4.2. Two-component [Ca ll] fitting

CGTP25 hypothesise the presence of ‘transition features’ in the
spectra of Ca-strong SNe. These are the spectral signatures of
the transitional phase between the early-time offset velocity fea-
ture and core-dominated emission feature of the SN. Of the
sample of 46 Ca-strong SNe, we have spectra at a high enough
resolution in the correct phase range (~ +14— +30 d from peak)
for 26 objects to study these transition features. At earlier phases,
the traditionally ‘nebular’ emission is obscured by the photo-
sphere, and we did not model this spectral feature at early times
with the two-component model. Due to contaminating emission
lines at the wavelength of the [O I] feature, as well as its weaker
strength into the nebular phase compared to [Ca II], our inves-
tigation into transition features is focussed solely on the [Ca II]
feature.

To determine if transitional features were present, the [Ca II]
emission profile in spectra after +14d was modelled as a model
comprised of two Gaussian profiles (one for the higher-velocity
offset emission and one for the lower-velocity emission) after we
continuum-corrected each spectrum. Uncertainties were calcu-
lated using the same Monte Carlo-based approach as outlined
in Sect. 4.1. The inclusion of an additional Gaussian component
introduces two degrees of freedom to the model and thus often
produces a lower residual than the single-Gaussian model. We
therefore evaluated each model using criteria, which penalise
this increased model complexity: the Akaike information cri-
terion (AIC; Akaike 1974) and Bayesian information criterion
(BIC; Stone 1979). They are defined as

AIC = -2In(L) + 2k (D
and
BIC = -2In(L) + kIn(N), 2)

with likelihood, L, number of model parameters, k, and num-
ber of data points, N. For each best-fit, we calculated the AIC
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and BIC values using RegscorePy — a Python package that aids
model comparison with the use of various regression models.
The Akaike information criterion does not penalise as harshly as
BIC, and therefore the favoured model using AIC may be over-
fitting the data. Conversely, BIC penalises harshly for additional
parameters, and will favour the simplest appropriate model. This
can result in a favoured model that is an over-simplification of
the underlying physical mechanisms. Due to these intricacies, it
is best to optimise a fit with respect to both the AIC and BIC
values.

Negative values of AAIC and ABIC (where AAIC(BIC) is
the difference between the AIC(BIC) values for the double-
and single-component Gaussian models per epoch) indicate a
preference for the double-component model, with values of
AAIC < -5 and ABIC < -2 indicating a strong preference for
the two-component model of [Ca II] emission during the tran-
sitional phase (Kass & Raftery 1995; Burnham & Anderson
2004). These values indicate that the fit improvement exceeds
that expected solely from the additional free parameters in the
double-component model. In Table B.4, we present AAIC and
ABIC between double- and single-component Gaussian models
for each spectrum in the transitionary period, as well as later time
spectra to determine if these features persist.

All Ca-strong objects with spectra within the expected phase
range of transitional features ( +14 to +30 d) prefer the double-
Gaussian fit, indicative of two distinct emission components,
potentially arising from two distinct emitting regions. Exam-
ple single- and double-component fits to the [Ca II] feature are
shown for SN 2018kjy in the left panels and for SN 2023wxi in
the right panels of Fig. 6. This preference for a double-peaked
emission profile is not due to the doublet nature of the [Ca II]
emission feature as the velocity separation of our measured two
components is significantly larger than the separation of the
[Ca II] doublet component lines in all cases.

While the double-component Gaussian model is preferred
throughout the sample of Ca-strong SNe, we note this does
not necessarily require two distinct emitting regions. Alterna-
tive ejecta structures and geometries can produce emission line
profiles that are similarly approximated by a double-component
Gaussian model. A shell-like distribution of Ca, for example,
could produce a flat-topped [Ca II] profile, while a disc or ring-
like structure could produce a ‘double-horned’ emission line
(Jerkstrand 2017). As we observe the emergence of a persis-
tent ‘high-velocity’ component at a significantly earlier epoch
than the ‘low-velocity’ component, we favour a system in which
the two Gaussian components are representative of two distinct
emitting regions. In such a system, the low-velocity component
arises from a secondary emitting region as the SN transi-
tions into the nebular regime. While we observe this trend in
Ca-rich SNe with multiple spectral observations from peak light,
through the transitional phase, and into the truly nebular regime,
we cannot definitively conclude that this behaviour is consistent
throughout the sample of Ca-strong SNe. The observed velocity
evolution associated with the forbidden [Ca II] and [O I] emis-
sion lines is consistent with our interpretation of two distinct
emitting regions, and we therefore favour this interpretation. We
note, however, that as multi-epoch spectra spanning the relevant
evolutionary phases were not observed for each object, we cannot
definitively rule out the possibility that Ca-strong SNe consti-
tute a heterogeneous class in which similar observed profiles and
evolution arise from different underlying ejecta geometries.

A handful of transition features were still observable well
into the traditionally purely ‘nebular’ regime, with the transition
features of six objects (SN 2003H, iPTF15eqv, SN 2018gwo,
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Fig. 6. Example [Ca II] single- and double-component Gaussian mixture model fits for SN 2018kjy (left) and SN 2023xwi (right). The pseudo-
continuum-corrected spectrum (light grey) is overlaid with a Savitzky-Golay smoothed spectrum for display purposes (black). The total model
profile fit is shown with a solid pink line. The dot-dashed pink lines show the component Gaussians. The left panel for each object shows the single
Gaussian fit across the full spectral time series, and the right panel shows the double Gaussian profile for each of the spectra observed after the
transition threshold. The vertical dashed line corresponds to the weighted mean rest wavelength of the [Ca II] feature.

SN 2018kjy, SN 20190fm, and SN 2019pof) remaining observ-
able until well after +100 d. This could suggest that these have
a stronger contribution from a region external to the SN, allow-
ing it to be seen until late times. This is discussed further in
Sect. 7.2. This persistent contribution from the ‘high-velocity’
component deep into the nebular regime may contribute signif-
icantly to the overall integrated line flux of the [Ca II] emission
feature at these late epochs. As these are the spectra from which
we determine the [Ca IIJ/[O I] ratio of each object — a key
diagnostic tool in their classification — it is therefore plausible
that these ratios are overestimates of the ‘true’ ratio of emis-
sion fluxes produced by the core of the SN. The contribution
from the ‘high-velocity’ component at these late epochs is, how-
ever, minimal as the ‘low-velocity’ component tends to dominate
the line profile. In the latest available spectrum of SN 2018kjy,
which has the most prominent ‘high-velocity’ component per-
sisting into the nebular regime, the ‘high-velocity’ component
contributes <25% flux to the overall emission profile. Addition-
ally, as the [Ca II]/[O I] ratios of these objects with persistent
‘high-velocity’ components are comfortably above the thresh-
old value of 2, we are confident each of these objects are true
members of the Ca-strong class and have not been misclassified.

Of the 26 objects with spectra after the expected transi-
tionary threshold, only four spectral epochs do not have values of
AAIC and ABIC that indicate a preference for a two-component
fit to the [Ca II] emission feature: SN 2019ofm at +173.4 d,
SN 2010et at +84.6 d, SN 2005c¢z at +40.0 d, and SN 20220gm at
+60 d. As we selected the most appropriate model with respect
to both of these criteria and each of these spectra lie outside our
expected phase range for transitional features, we disregard these
four spectral epochs in our analysis of the transitional feature.

Figure 7 shows the velocity and full width at half maxi-
mum (FWHM) evolution with time of each of the component
velocities in each object. The ‘high-velocity’ and ‘low-velocity’
labels are relative for a given SN — the high-velocity fea-
ture is defined as the component of the emission feature with
the greatest blue-shifted velocity, and the low-velocity fea-
ture is that with the least blue-shifted velocity. The velocities
of both the high-velocity and low-velocity components of the
[Ca II] emission features remain constant within 3o. For objects
iPTF15eqv and SN 2022oqm, their redshifted ‘low-velocity’
components are investigated in Fig. 8. The [O I] emission in
both objects is consistent with a velocity of 0 km s~'. Both
the Ca II NIR 118498,8542,8662 and [Ca II] features, however,
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Fig. 8. Two spectral epochs of objects iPTF15eqv (upper) and
SN 20220qm (lower). The vertical pink lines show the rest wavelength
of the [O I] emission feature and the [Ca II] and Ca II NIR features
at the velocity associated with the ‘low velocity’ component. For both
objects, their significantly redshifted ‘low-velocity component’ [Ca II]
emission aligns with the velocity of the Ca II NIR feature.

are instead consistent with the mean measured velocity of the
‘low-velocity’ component of their respective objects (Fig. 7),
indicating the redshift we observe is not unique to the [Ca II]
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emission feature, but an offset in both nebular Ca emission
features.

The FWHM of the high- and low- velocity components
remain constant as each object evolves to within 30, with
the exception of SN 2022nwx. Determining the true FWHM
at each epoch requires us to accurately identify the start and
end wavelength of each component of the [Ca II] emission
line, which is difficult due to the complex nature of the pho-
tospheric phase spectral continuum. Additionally, this analysis
assumes the only contributing flux to each emission compo-
nent is from [Ca II] emission. Any contribution to these line
profiles as a result of blended features with other species will
artificially broaden the feature. Although, as discussed, we do
not expect significant contamination from other features. As a
result, the uncertainties of the FWHM measurements are sig-
nificantly higher at earlier epochs. Additionally, the anomalous
behaviour of SN 2022nwx may be attributed to a misidentifica-
tion of the start and end points of its low-velocity component in
the earlier epochs. Despite this source of increased uncertainty,
the evolution — or lack thereof — of the FWHM of each compo-
nent provides valuable insight into the behaviour of Ca-strong
SNe. A constant FWHM through time points towards emission
from a region, which is fixed in velocity-space. We can there-
fore infer each of the emitting regions, from which our distinct
emission components may arise, are fixed in velocity-space.

5. Photometric analysis of early-flux excess

Previous investigations into the early photometric behaviour of
Ca-strong objects have shown they can display an early flux
excess (or PPB) (Jacobson-Galan et al. 2020, 2022), with dis-
tinct deviation in their early-time light curves from the rise of
the main, 56Ni—powered, peak. In our full sample of 46 Ca-strong
objects, 26 objects were photometrically observed between —16
and -5 d from peak light, and as such are included in this sec-
tion of the analysis. A preliminary classification of the early flux
excess was determined by visually inspecting the light curves
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for our sample for deviations from a smooth rise between —16
and -5 d. Objects with at least two photometric observations in
one band that deviated distinctly from an otherwise smooth rise
were labelled as ‘present bump’ objects. Those with no clear
deviation were labelled as ‘no bump’ objects, and objects that
were either not sampled at a high enough cadence pre-peak to
determine this or had ambiguous bump presence were labelled
as ‘possible bump’ objects. No object in our sample has pre-
peak data of sufficiently high cadence to definitively rule out the
presence of a bump. Of these 26, 15 objects were categorised
into the ‘present bump’ category: SN 2018kjy, SN 2018lqo,
SN 2018l1qu, SN 2019ehk, SN 2019hty, SN 20190uq, SN 2019pof,
SN 2019txr, SN 2021acnz, SN 2021gno, SN 2021inl, SN 2021s;jt,
SN 2022nwx, SN 20220qm, and SN 2023er. The remaining 11
objects were classed as ‘possible bump’ objects based on this
initial visual inspection: SN 2018ckd, SN 2018dbg, SN 2018kqr,
SN 2019gau, SN 20190fm, SN 20190ouq, AT 2021zfp, SN 2023er,
SN 2024jgw, SN 2024uai, and AT 2024aaab. These preliminary
categories guided the initial analysis technique applied to each
object: ‘present bump’ objects were modelled using the method-
ology outlined in Sect. 5.3, and ‘possible bump’ objects with that
described in Sect. 5.4.

5.1. Early flux excess in other SNe

Early flux excesses have been observed in various types of SNe.
In Fig. B.2, we display the r-band light curves of each of our
‘present-bump’ objects, compared to the light curves of three
other distinct SNe with known pre-peak emission — SN 2017cbv
(SN 1Ia, Hosseinzadeh et al. 2017), iPTF15dtg (SN Ic,
Taddia et al. 2016), and SN 2011fh (SN IIb, Pessi et al. 2022).
Each subplot displays one of our objects in direct comparison
to these comparison objects, scaled to the peak brightness of
each Ca-strong object. In this section of analysis, we do not
assume that the physical origin of the early flux excesses are the
same between Ca-strong SNe and these other classes exhibiting
an early flux excess. We rather use these comparisons to con-
strain the differences in occurrence time and duration of the flux
excesses.

Across our Ca-strong sample with these early bumps, there
is clear deviation in the behaviour of their photometric data and
those of the comparison objects. The first deviation is present
in the decline rate and shape of the main peak of the light curves:
the Ca-strong sample decay much faster after peak than any of
the three comparison objects, resulting in narrower light curves.
Notably, SN 2019ehk, SN 2019pof, and SN 2021sjt — which were
previously classified as SNe IIb-Ca-strong (Das et al. 2023) —
show significantly faster light curve evolution than the type IIb
comparison event, serving as further evidence that they are likely
‘true’ members of the Ca-strong class, as discussed in Sect. 2.1.
Additionally, the comparison SN Ia and SN Ic objects have much
less prominent PPBs than the Ca-strong objects that exhibit this
phenomenon. The PPB of SN 2017cbv, for example, manifests
more as a broadening of the light curve at early times rather than
a distinct rise-and-decline behaviour as seen in many Ca-strong
objects (e.g. SN 2019ehk, SN 20190uq, and SN 2021sjt).

Another clear distinction between the light curves of these
comparison objects and the Ca-strong events are in the behaviour
of the PPB itself. The timescale of the PPBs in Ca-strong SNe
appear to occur over shorter timescales than in the other classes
of SNe. While the exact duration of each PPB in the Ca-strong
sample cannot be constrained, in well-sampled objects such as
SN 2019ehk, we see that Ca-strong early flux excesses typically
have a timescale of ~5 d from start to finish. The comparison

SNe, however, have much longer timescales of this early flux
excess: the decline of SN 2011fh (as its full early flux excess
behaviour was not observed) lasts <6 d, the PPB of SN 2017cbv
extends over ~10 d, and the PPB timescale of iPTF15dtg is con-
strained to t > 10 d — each implying larger timescales than any
observed PPB across our Ca-strong sample.

5.2. Shock cooling emission model

Piro (2015) describe a generalised prescription of SCE and
provide a time-dependent light curve model to describe the
first peak of double-peaked light curves, which we apply
to our sample. It was previously used to model the high-
cadence double-peaked early time light curve of SN 2019ehk
(Jacobson-Galan et al. 2020). This SCE model approximates the
luminosity produced when an explosion shock deposits energy
into a low-mass extended envelope of mass M., and radius R.,
surrounding a core of mass M,. The SCE model is a one-
zone model. It assumes a constant density in the homologously
expanding and spherically symmetric extended material and is
agnostic to its specific chemical composition and thus is espe-
cially well suited to the unknown progenitor composition of
Ca-strong SNe. These assumptions limit the extent to which the
derived envelope masses and radii can be disentangled; thus, the
derived values in this section of analysis can only serve as esti-
mates on the ‘true’ values of the envelopes surrounding each
Ca-strong object.

Following the analytic treatment of Valenti et al. (2008), as
discussed by Jacobson-Galén et al. (2020), the ejecta mass, M.,
and kinetic energy, Ex, of a SN are related by

3

where v is the photospheric velocity of the ejecta. Ca-strong SNe
typically have been found to have M. of 0.1-1.5 Mg, and v of
5000-11 000 km s~! (De et al. 2020). Using these ranges in
Eq. (3) yields an expected Ey range of 1.5x10%-1.1x10°! erg.

5.3. SNe with pre-peak bumps

Our implementation of the SCE model computes the bolomet-
ric luminosity of the model, converts it to band-specific fluxes,
and performs MCMC fitting to our photometric data using
the emcee ensemble sampler to infer the physical parameters
(M., R.; Foreman-Mackey et al. 2013). We used a fixed core mass
of 0.6 M. As a test of our model implementation, we fit the light
curves of SN 2019ehk using the same opacity (x = 0.2 cm? g 1)
and SN energy (Esy = 1.8 X 10°° erg) as in Jacobson-Galdn et al.
(2020). We find best-fit parameters of M, = 0.006 + 0.001 M
and R, = 146 + 22 R, consistent with the values of Jacobson-
Galan et al. (2020) to 1.30, despite a change in the core mass
from 1 to 0.6 M.

To investigate early flux excesses in our Ca-strong SN sam-
ple, we applied this analytic SCE model to the observed pho-
tometry of each event. All photometric measurements from ZTF
and literature sources were binned nightly prior to fitting. For
photometry of literature objects, which were only available in
magnitudes, we converted these to comparable flux units. We
defined a ‘non-detection’ as any measured flux with a signifi-
cance of less than 30-. To ensure that only the early flux excess
was modelled with this SCE approach, we restricted the fit to
data between the latest non-detection prior to first light and the
onset of the main light curve rise for each SN (typically —16 to
—5 d pre-peak) — this value was chosen manually per SN.
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Fig. 9. Early flux excess SCE fit to SN 2022nwx. The solid points show
ZTF data at a significance level of >30, and open points show non-
detections for ZTF g— (green) and r— (red). The g— and r-band models
are fitted simultaneously, and are shown with the solid red and green
lines, respectively, with their associated 1o~ uncertainties shaded.

Using a grid search combined with MCMC sampling, we
fitted the model simultaneously to the multi-band light curves
of each event at 15 fixed explosion energies between 1.5x10%—
1.1x10°" erg as derived above, determining the best-fit energy
from the associated model with a reduced chi-squared value clos-
est to 1. Given the well-constrained nature of the SN 2019ehk
early light curve fits, we used its fitted SCE parameters as our
prior centroids in the fitting for the rest of the ‘present bump’
sample. We used logarithmic priors with ranges of M. = 0.01—
0.51 Mg and R, = 10-5000 R. Upper limits of these priors were
chosen based on the largest model values of Piro (2015), while
the lower limits were chosen as 0.02 times the smallest model
values of Piro (2015) to account for the comparatively lower
luminosities of Ca-strong SNe.

The posteriors from our MCMC sampling provided
marginalised constraints on M, and R.. We took the median
values and 16th and 84th percentile intervals as the estimated
parameter value and its associated 1o uncertainties, respectively.
We generated synthetic light curves using the best—fitting param-
eters, and compared them directly to the binned multi-band
photometry. Figure 9 shows an example of the best fitting light
curve for SN 2022nwx in our ‘present bump’ sample.

5.4. SNe with possible pre-peak bumps

The SCE models for each of the 15 events in our sample with
confirmed bumps were used to evaluate whether an early flux
excess could be ruled out in our ‘possible-bump’ sample of 11
objects. For each object, the range of permitted pre-peak fluxes
from our SCE model outputs was compared to the observed
light curve. We adopted a criterion that an early bump would
be considered undetected if the predicted flux does not exceed
30 above the local photometric uncertainty. Objects with upper
limits below the predicted flux of all models were considered as
not showing a bump, whereas objects with non-constraining lim-
its were flagged as potential SCE candidates. No objects in our
sample were originally visually classified as ‘no bump’ objects,
nor did they satisfy the criterion required to be categorised as ‘no
bump’ objects here, and as such all remaining Ca-strong SNe in
our sample were deemed to be ‘possible bump’ objects.

For the objects flagged as ‘possible bump’ candidates, we
determined the upper limits of M, and R, that were consistent
with each object’s observed photometry. Figure 10 shows the
SCE model fitting procedure we used to determine the upper
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Fig. 10. SCE model fitting procedure to determine the upper limits of
M, and R, for a ‘possible bump’ object — SN 2018dbg. The green, red,
and purple points show the ZTF g-, r-, and i- band photometric obser-
vations. The grey lines represent SCE models of M. and R, parameter
combinations, which are inconsistent with the observed r-band photo-
metric data. The red lines represent SCE models, which are consistent
with the r-band observations.

limits of M, and R, for a ‘possible bump’ object — SN 2018dbg.
Taking the SCE model with the highest flux consistent with the
photometry — the red line with the brightest absolute magnitude
in Fig. 10 — gives the model with the highest M. and R, con-
sistent with observations. These values of M, and R, therefore
serve as the upper limit estimates for this object. If any objects
had data of a high enough cadence to constrain an SCE model fit
further than just an upper limit — i.e. more than two photomet-
ric data points describing the rise and decline of the PPB in any
given band — we re-classified these into the ‘present bump’ sam-
ple. This was the case for objects SN 2019hty and SN 2019txr,
which were added to the ‘present bump’ sample, and the full
range of permitted pre-peak fluxes from our SCE model out-
puts (as described above) was re-determined. As these objects
had values of M, and R. consistent with the rest of the ‘present
bump’ sample, their inclusion into this sub-sample did not alter
our previously determined range of expected values of M, and
R, in Ca-strong objects.

If the time between the last non-detection and first 30~ detec-
tion was less than 10 days, we classed the model as consistent
with the photometry if the model and observed data were in
agreement within 1. For those with no photometry within this
range, we could neither rule-out the presence of a PPB nor con-
strain any physical parameters of the explosion environment. We
randomly sampled a grid of physically plausible M, and R, val-
ues, derived from the fits of the sample with clear early flux
excesses, and derived the associated Piro (2015) models asso-
ciated with each combination of values for a fixed Egn. Egn
was fixed at the lowest value preferred across the objects with
a confirmed bump — 3.31+0.03x10°° erg s~!. Using this value of
lowest plausible SN energy ensured the M, and R, values derived
from this analysis were true upper limits on the ejecta required
to reproduce the observed behaviour.

5.5. SCE fitting results

While the SCE modelling can confidently reproduce this early
photometric phenomenon observed in many Ca-strong objects in
our full sample, there is still clear diversity between each of these
objects. Figure 11 shows the M, against R, parameter space of
these model fits of our sample of Ca-strong events. The dashed
lines denote the range of values expected for typical SNe IIb —
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Fig. 11. Parameter space of envelope mass and radius for all ‘present
bump’ and ‘possible bump’ objects across our sample. The solid pink
circles show the derived M, and R, for ‘present bump’ objects. The
open blue squares represent the upper limits of M. and R, associated
with each of the ‘possible bump’ objects. The dashed lines denote the
range of values expected for typical SNe IIb.

the most prominent subclass of object with early flux excesses
(Nakar & Piro 2014; Arcavi et al. 2017). Each of the ‘confirmed
bump’ parameters lie within 30~ of the range of values for SNe
IIb. The PPBs in our sample (see Fig. B.2) show a broad range
of behaviours, with peak brightnesses of between —14.32 + (.04
(SN 2021gno) and —17.33+0.02 mag (SN 20220gm), durations
of ~5 d (SN 2019¢ehk) to ~9 d (SN 2022oqm).

A key caveat to the methodology we employed is that it
assumes the extended material is symmetric and spherical. Any
asymmetries in the progenitor system would vary both the mass
and radius along the line of sight and could significantly impact
the luminosity of a ‘bump’ due to SCE of this external material.

Among the sample of objects with higher-cadence photo-
metric observations across this typical phase range of Ca-strong
early flux excesses (i.e. >2 distinct epochs between last non-
detection and first 30~ detection), each object fell into the ‘present
bump’ category. Without high-cadence data within this critical
range of —16 and —5 d in which we would expect a PPB to occur,
it is impossible to fully constrain the behaviour of any early flux
excess in the ‘possible bump’ sub-category, or to rule out the
presence of a bump entirely. As Ca-strong objects are intrinsi-
cally faint, they often are not detected until past this critical range
of phases. Despite these observational challenges, over half of
the objects from our total Ca-strong sample are observationally
consistent with an early flux excess. 33% of objects in our sam-
ple fall into the ‘present bump’ sub-class, with a further 24%
defined as ‘possible bump’ objects; the remaining objects are
unfortunately excluded from this area of analysis due to insuf-
ficient data (see Sect. 5). As such a significant proportion of
these objects show this behaviour, and we cannot definitively
rule out the presence of a bump in any Ca-strong object in our
sample. However, we may speculate that these PPBs may be a
phenomenon common across this class of transient.

6. Discussion
6.1. Widespread detection of early forbidden features

One of our primary objectives was to identify and characterise,
in a large sample of Ca-strong SNe, any early [Ca II] and

[O I] emission, such as that observed in the Ca-strong object
SN 2023xwi (CGTP2S). From our full sample of 46 Ca-strong
SNe, 35 objects had the required spectra within 7 d of peak, and
of these 35, 29 had measurable forbidden [Ca II] emission in
this phase range. If we extend this ‘peak’ cut-off to 10 d, this
increases to 32 of the 35 total objects (91%) having early forbid-
den [Ca II] emission. The physical environment responsible for
forbidden emission features, traditionally only seen at late times
due to the low-density requirements for its associated atomic
transition, must therefore be common in Ca-strong SNe.

Forbidden emission typically emerges once the ejecta have
expanded, cooled, and become optically thin, and the photo-
sphere itself has receded. This observed early time forbidden
emission is therefore difficult to reconcile with an intrinsic ori-
gin, as the ejecta are expected to be too dense at these phases for
strong forbidden emission to occur.

The NLTE CO+He WD model of Ca-strong events presented
by Callan et al. (2025) produces distinct [Ca II] emission by
+20 d-10 d earlier than the typical expected threshold phase for
the emergence of nebular emission lines in Ca-strong objects.
This is, however, still at a considerably later phase than we
observe across the sample of these events, with 91% of objects
displaying distinct [Ca II] emission within +10 d of peak light.
While these results demonstrate that forbidden emission can
occur earlier than traditionally expected, the observed early-
time spectroscopic behaviour of Ca-strong SNe is still yet to be
reproduced by models for Ca-strong SNe.

Peculiar ejecta structures, such as steep density gradients,
may permit the emergence of forbidden emission lines at earlier
epochs than typically expected (e.g. Bose et al. 2025). While we,
therefore, cannot rule out an intrinsic ejecta origin for the early
[Ca II] emission observed in Ca-strong SNe, such behaviour has
yet to be reproduced around peak light across the full population
of these objects. We instead favour an interpretation in which the
observed early-time [Ca II] emission originates from an exter-
nal, low-density region of Ca that predates the SN explosion,
naturally providing the conditions required for early forbidden
emission.

The same is true for the observed [O I] emission, indicating
that this external region of matter must, at least, include a combi-
nation of low density Ca and O. When originating from the same
emitting region, [Ca II] emission typically dominates any [O I]
emission as cooling via [Ca II] emission is far more efficient than
through [O I] — the Einstein A coefficient of [Ca II] is two orders
of magnitude greater than that of [O I] (Jacobson-Galan et al.
2022). To observe both forbidden emission lines concurrently,
we therefore require either substantially higher abundances of
O than Ca, or the emitting regions to not be co-located. The
range of non-zero velocities around peak light of the [Ca II]
and [O I] emission in the sample of Ca-strong SNe places fur-
ther constraints on the external, pre-existing, environment of
these objects and is likely the result of different viewing angles,
thus implying that the potential progenitor systems are inherently
aspherical.

6.2. Forbidden velocity evolution and transition features

As discussed in Sect. 6.1, the early forbidden [Ca II] and [O I]
emission lines likely originate from an external low-density
region but as the ejecta expand and cool and the photosphere
recedes, we expect the [Ca II] and [O I] features to instead be
dominated by the core SN emission at late times. This would
present itself as an evolution in velocity space from a non-
zero velocity around peak to a zero velocity at late-times. This
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evolution of velocity is seen in our SN sample (see Fig. 5), indi-
cating that for Ca-strong SNe, the source of forbidden emission
may transition from a low density external region in the photo-
spheric phase, to a more core-dominated emission regime in the
nebular phase.

Figure 7 shows the velocity and FWHM evolution of each
component velocity for each of the SNe with observed tran-
sition signatures in the [Ca II] emission profile. Both the
high- and the low-velocity components of the [Ca II] emission
line for each SN remain constant with time. We suggest that
these high-velocity and low-velocity components are the phys-
ical counterparts to the external-structure-dominated emission
region (high-velocity component) and the core-dominated emis-
sion region (low-velocity component). This indicates that the
line profile evolution we see in each of these objects, such as that
seen of SN 2023xwi in Fig. 4, is not a result of the deceleration
of any external, pre-existing material as the SN enters the neb-
ular regime. Instead, the profiles we observe may be indicative
of the relative increase in core emission, which ultimately domi-
nates over the external emission in the nebular regime, resulting
in our final observed velocities of these forbidden lines that are
broadly consistent with zero velocity. As shown in Fig. 8, for
the objects with an offset ‘low-velocity’ emission component,
this apparent redshifted velocity is consistent with the velocity
of the NIR triplet emission. Therefore, while their ‘low velocity’
component is not necessarily consistent with 0 km s, it is still
consistent with the nebular Ca emission associated with the SN.

Currently, rapid classification of candidate Ca-strong events
for follow-up relies on criteria such as a low absolute magnitude
and a H-free spectrum. Incorporating searches for early-time
[Ca II], and in most cases [O I], which is typically detected
within 7 d from first [Ca II] detection, could significantly
improve early classification. This would enable more targeted
follow-up, ensuring fewer observational resources are spent on
candidates that ultimately prove not to be Ca-strong.

6.3. Early flux excesses in all Ca-strong SNe?

In our full sample of 46 Ca-strong objects, 15 had distinct early
flux excesses in their light curves. When we include the fur-
ther 11 objects with at least one photometric point that deviated
from a smooth rising light curve, all 26 Ca-strong objects with
pre-peak observations are consistent with an early flux excess.
Additionally, there is no SN in our sample for which we can
definitively rule out the presence of an early flux excess. The
‘present bump’ and ‘possible bump’ objects span the full range
of observed peak brightnesses and redshifts of the full Ca-strong
sample, suggesting the presence of a PPB is not magnitude lim-
ited, and detection is instead dependent on early-time sampling
of the light curves. The high fraction of Ca-strong objects in
which we see a PPB, despite the observational challenges, indi-
cates that they may be a common trait across all Ca-strong
SNe.

We find timescales for the PPB of 5-9 d and peak bright-
nesses of ~ —14.3 to —17.3 mag. In Fig. 11 we presented the
parameter space of envelope mass and envelope radius for all 26
objects in our sample of Ca-strong SNe for which we could con-
strain the SCE model or estimate upper limits on the parameters
that would produce an SCE model consistent with our observa-
tions. We find envelope masses of 0.006-0.54 M, and envelope
radii of 24—1320 R, for those that could be modelled.

To explore potential physical connections, we investigated
correlations between early flux excesses and spectroscopic fea-
tures, including the velocities of early forbidden lines, as well as
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Fig. 12. Velocity at peak of forbidden [Ca II] (upper) and [O I] (lower)
and envelope mass (left) and radius (right) required to reproduce the
observed photometric early flux excess behaviour. The pink circles show
the values associated with the ‘present bump’ sample, and the open
blue squares show the upper limits associated with the ‘possible bump’
objects.

other photometric properties. Comparisons between the ‘present
bump’ and ‘possible bump’ populations were made to assess
whether they represent distinct subgroups within the Ca-strong
class. Figure 12 shows the [Ca II] (upper) and [O I] 116300,6364
(lower) velocities against the derived envelope mass and radius
values. There is no obvious correlation between the early for-
bidden emission line velocity, and either the envelope mass or
radius. Due to the intrinsic degeneracy between M, and R. in
and thus the limitations of, the Piro (2015) model, it is not unex-
pected that no such correlations were found. Future modelling of
Ca-strong SNe and their progenitor environments, which are not
dependent on the same assumptions of spherical symmetry and
a constant density profile may reveal a correlation between these
parameters.

6.4. Ca-strong sub-classifications

De et al. (2020) introduce further sub-classification of Ca-strong
objects: Ca-strong-Ia and Ca-strong-Ib/Ic. This is based on the
line depth of the Si II 16150 feature, as;j 6150 at peak light,
as defined by Sun & Gal-Yam (2017). They report that ‘normal’
SNe Ia and SNe Ib/Ic are split (see figure 9 of Sun & Gal-Yam
2017), with asjn 6150 > 0.35 for SNe Ia and as; 16150 < 0.35 for
SNe Ib/c. Using the same method, we measured this for all Ca-
strong objects in our sample with spectra around peak light with
a resolution of <20 A and S/N <3 to ensure correct identification
and accurate modelling of the feature. From our full sample of 46
confirmed Ca-strong objects, 18 objects do not meet these crite-
ria. The resulting values for the remaining 28 objects are shown
in Table B.7. In addition to the sub-classification of De et al.
(2020), we introduce a Ca-strong-ambiguous class — objects for
which their measured as; 16150 and associated uncertainties are
consistent with the Ia/Ibc boundary of asim 6150 = 0.35 within
30.

Of the 29 SNe with spectra around peak light (within +7 d
from r-band maximum), only one object — SN 2016hnk — is
definitively Ca-strong-la. Five further objects fall in the Ca-
strong-ambiguous class (iPTF09dav, SN 2018lqo, SN 2018l1qu,
SN 20190fm, and SN 2021inl), and the remaining 23 objects
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fall into the Ca-strong-Ib/Ic classification. As SN 2016hnk does
not exhibit properties that significantly differ from those of
other Ca-strong SNe (i.e. values of Mpeak, Amy(r), Vica i, peaks
Vio1), peak are all comparable to that of the rest of the sample),
there is no strong justification for subdividing these events into
Ca-strong-Ia and Ca-strong-Ib/Ic sub-classes. Additionally, such
sub-categorisation can imply that ‘Ca-strong-Ia’ and ‘Ca-strong-
Ib/Ic’ have different physical origins. The continuous range of
spectroscopic and photometric behaviours we observe across
our full sample of Ca-strong SNe, however, along with the
remote origins of many being incompatible with core-collapse
origins (Lyman et al. 2014; Dong et al. 2022), makes such a
distinction misleading. We therefore disregard this avenue of
sub-categorisation of Ca-strong SNe, and instead assume these
objects are not comprised of distinct heterogenous subclasses.

7. Implications for the progenitors of Ca-strong
SNe

As discussed in previous sections, the early presence of [Ca II]
and [O I] emission lines, along with the velocity evolution of
these features, point towards Ca-strong progenitors occurring in
environments with low-density, external regions comprised of
(at least) Ca and O. Early forbidden emission lines have also
been observed in the super-luminous SN, SN 2019szu (Aamer
et al. 2024). This object exhibits pre-maximum [O II] emission,
attributed to an O-rich CSM produced by mass-loss episodes
shortly prior to explosion. The prominent forbidden emission
we observe across the sample of Ca-strong SNe is therefore
indicative of Ca-strong SNe occurring in similarly polluted
environments.

Modelling Ca-strong SNe and their potential progenitors
demonstrates that their mid-to-late time behaviour (i.e. after 14d)
can be reproduced by interacting He+C/O WD systems (Zenati
et al. 2023; Moran-Fraile et al. 2024; Callan et al. 2025). The
presence of forbidden emission around peak light, however, is
still yet to be reproduced without prior pollution of the surround-
ing environment. CGTP25 proposed a progenitor environment
polluted by a recurrent He-nova AM CVn system, based on
observations of the Ca-strong object SN 2023xwi. Our analy-
sis shows that the behaviours observed in SN 2023xwi were not
unique to that specific object but are instead common across
the Ca-strong class. Therefore, we investigated whether this pro-
posed origin of SN 2023xwi can be extended to describe the
origins of all Ca-strong SNe.

In this proposed progenitor system, we hypothesise that
Ca-strong SNe arise from recurrent He-novae AM CVn-type sys-
tems, resembling V445 Puppis (Kato & Hachisu 2003; Woudt
et al. 2009). In such systems, a CO WD accretes He from a H-
deficient companion and undergoes recurrent He-novae (Roelofs
et al. 2007). He is swept up from the He-shell of the WD(s) and
forms polar outflows along the axis of rotation of the binary
system. From the surface of the CO WD(s), O also gets swept
up into these lobes, creating low-density O regions within the
broader lobe structure. In more violent novae, small abundances
of elements up to Ca can be synthesised. These, too, get swept
up into the lobes and form low-density Ca regions within this
structure. These aspherical and asymmetrically distributed low-
density elements, ejected prior to the SN explosion, can explain
the presence and kinematic evolution of [Ca II] and [O I] fea-
tures in both the photospheric and nebular phases once the SN
finally explodes. For a detailed schematic and explanation of this
system, please see Sect. 6.1 of CGTP25.

7.1. Peak forbidden line emission from polar outflows from a
recurrent He-nova AM CVn system

When the SN explodes — before the ejecta overtake the regions
of O and Ca within the lobes, and while the photosphere is still
obscuring the core of the SN — we observe forbidden [Ca II]
and [O I] emission from this external lobe structure. The veloci-
ties we observe of these forbidden emission line features at early
times give insight into the velocities of the low-density Ca and
O in the lobes. Figure 6 of CGTP25 shows a 2D schematic
of our proposed progenitor system — adapted from the V445
Puppis system (Woudt et al. 2009) — and highlights the viewing-
angle dependence on the observed velocity. In such a system, the
minimum velocities observed around peak correspond to obser-
vations orthogonal to the rotation axis of the WD system, and the
maximum peak velocities occur when such a system is observed
down the axis of the lobes. The expected observed velocity dis-
tribution in such a system should follow a broadly Gaussian
distribution, with the peak falling at a non-zero velocity. View-
ing the system directly down the lobe, resulting in the maximum
observed velocity, will be the least likely viewing angle.

The maximum velocity we observe at peak, therefore, could
correspond to the intrinsic velocity of the outflow lobes, assum-
ing the progenitor systems of these objects are all broadly
uniform. The velocity distribution of [O I] emission — the forbid-
den emission line with the highest observed velocity per object
throughout our sample — around peak light has a mean value of
—-6040 + 1400 km s~'. The greatest observed velocity associ-
ated with a forbidden emission line in the sample of Ca-strong
objects is —12 500+1000 km s~! (SN 20220gm, —8 d; Irani et al.
2024). While this is greater than the observed polar outflow
of V445 Puppis, the only such system for which this has been
measured, it is plausible that other AM CVn-type systems with
greater polar outflow velocities. In addition, due to the range of
peak brightnesses reached by Ca-strong SNe, it is likely that a
range of systems of varying sizes and energetics are required to
explain Ca-strong SNe. The largest and most energetic of these
systems could therefore align with the velocities we observe in
for example SN 2022oqm.

The distribution of velocities at peak also gives us insight
into the geometry of our progenitor systems. Assuming all Ca-
strong SNe originate from broadly uniform progenitor systems,
the observed velocity is the projected lobe velocity dependant
on the observed inclination of the system. The width of the lobes
will determine the distribution of observed velocities, wherein
narrow lobes would show very few objects with high velocity
[Ca II] and [O I] features, and broader lobes would result in
the majority of the [Ca II] and [O I] features having varied,
but distinctly non-zero, velocities. The latter of these follows the
observed early time distribution across our sample of Ca-strong
SNe, indicating that the outflow lobes in our proposed progenitor
system are likely broad.

Additionally, as cooling via [O I] emission is relatively ineffi-
cient compared to cooling via [Ca II] emission (Jacobson-Galdn
et al. 2022), to observe the distinct concurrent [O I] and [Ca II]
emission across the sample of Ca-strong SNe, we likely required
the [Ca II] and [O I] emission to originate from two distinct
regions (see section 5.2 of CGTP25). Throughout the spectral
evolution of objects in our sample, only five spectra show [O I]
emission associated with a ‘slower’ intrinsic velocity than [Ca II]
at the same epoch with a significance level of >30 — in all other
cases, the [O I] emission is blueshifted to a greater velocity
than the [Ca II]. This supports the stratification of the external
environment surrounding the SN, and can be explained by the
pre-cursor emission of an AM CVn progenitor.

A262, page 15 of 27



Touchard-Paxton, C.—-G., et al.: A&A, 714, A262 (2026)

7.2. Estimation of the ‘extended lobe’ properties

CGTP25 hypothesise the presence of transition features in spec-
tra with diminishing photospheric features and increasing nebu-
lar emission, assumed to start at a phase of ~14 d. This evolution
is what we observe in 22 of the 26 objects with suitable spectra
in this key transitional phase. Following our proposed progen-
itor system, this double-component feature is due to emission
from both the lobes and the core of the SN. The presence of two
distinct emitting regions at this phase provides us with two key
insights into this system. Firstly, at this phase, the photosphere
has not yet receded entirely — if this were the case, the [Ca II]
feature would be entirely dominated by the zero-velocity intrin-
sic to the SN core. Secondly, the presence of the high-velocity
component in the line profile indicates the SN ejecta have not
yet interacted with the [Ca II] emitting region of the lobes. As
the emitting region in the lobes is very low density — a require-
ment to produce the forbidden lines we observe — any interaction
between the emitting region of the lobes and the ejecta of the
SN itself would disrupt the lobe structure in such a way that its
emission would likely no longer be observable.

Therefore, we can infer the minimum size of a lobe in such
a system required to reproduce the distinct lobe emission feature
we observe in our Ca-strong SN sample. Using the photospheric
velocity, latest epoch of observed transition feature, and rise time
of the object, we can constrain the minimum physical extension
of the emitting lobe. To estimate this, we therefore investigated
the object for which we observed both a photospheric spectrum,
and the latest possible spectrum with a transitional feature. In our
sample of Ca-strong SNe, the object for which these criteria are
satisfied is PTF15eqv. This object has a photospheric velocity of
7500 + 120 km s~ (measured from its He I 15876 line), and we
observe its [Ca II] transitional feature up to +152 d. Combining
this with its rise time of 16 d, if we assume homologous expan-
sion, we obtain a lower limit on the lobe size of 1.08 + 0.02 x
10'® cm. The V445 Puppis system has a physical lobe extension
of 1.35 + 0.09 x 10"7 cm (Woudt et al. 2009). The lower limit on
the lobe size we would require for similar systems to reproduce
the observed behaviour of Ca-strong SNe is therefore physically
plausible.

7.3. Early flux excesses from lobe interaction

As discussed in Sect. 5.2, many of the objects in our sample
display an observable early flux excess before peak light, con-
sistent with SCE from extended material surrounding the SN
progenitor. Under the progenitor channel discussed here, this
early flux excess emission is a result of the interaction between
the SN shock wave and the polluted environment of the extended
lobes of a V445 Puppis-type system. In such a system, the shock
wave propagates into the lobes, and the typical SCE scenario
progresses from the lobes instead of a traditional spherically
symmetric envelope.

As the lobes are not spherically symmetric, the PPBs we
observe would therefore also be dependent on the observed angle
of each SN event. Observing the system along the pole of the
lobes would, theoretically, mean a greater ‘radius’ (and, assum-
ing a uniform mass distribution both radially and across our
sample of Ca-strong objects throughout each lobe, a greater
mass) of material shocked along the line of sight; this would, in
turn, result in a brighter SCE early flux excess before peak light
for any given SN. Conversely, observing the system perpendicu-
lar to the lobes would result in minimal shocked material along
the line of sight, and therefore, a perhaps imperceptible PPB.
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As discussed in Sect. 6 the distribution of velocities of for-
bidden emission around peak light for any given SN may act as
a proxy for the viewing angle of the progenitor system. A high
forbidden line velocity at peak indicates we are observing the
SN at an angle close to the pole of the lobes, and a low veloc-
ity indicates an observation perpendicular to the pole axis. It is
therefore reasonable to assume that there would be a correla-
tion between the forbidden emission line velocity at peak, and
the SCE radius or mass (again assuming these two quantities are
degenerate). We investigated this in Sect. 5.4 and report no such
correlation. However, the lack of distinct correlation between
early forbidden line emission velocity and physical parameters
of extended material surrounding SN progenitors is plausibly
driven by the assumption of spherical symmetry in our SCE
modelling. The true progenitor system is likely far more com-
plex and asymmetrical (as discussed in Sect. 7.1); thus, these
assumptions are over-simplifications. This, combined with the
inherent degeneracy between the derived envelope parameters
in the Piro (2015) SCE model, results in our derived values
of envelope mass and radius serving as estimates on the ‘true’
values of the environments of each object. It is therefore not
a concern for the legitimacy of a V445 Puppis-type progenitor
system that we do not observe a clear correlation between the
forbidden line velocity at peak light and the radius and mass of
the extended environment. We encourage full modelling of this
proposed progenitor scenario to fully ascertain whether these
predicted correlations are observed.

We argue that the combination of observed photometric and
spectroscopic behaviours of Ca-strong SNe across our full sam-
ple of objects is in line with the predicted observable signatures
of a recurrent He-nova AM CVn system suggested in CGTP25.
We can therefore postulate that such systems are responsible for
all Ca-strong SNe, uniting the origins of this class of exotic
transient, and providing further diagnostic tools in the early
classification of future Ca-strong objects.

8. Summary

In this paper we presented optical photometric and spectroscopic
observations of the full sample of Ca-strong SNe. Combin-
ing literature objects with previously unclassified follow-up
targets from the ZTF 2018-2024 sample (and one additional
PanSTARRS object) brought our total sample up to 46 objects
detected prior to 31 December 2024. Across the sample, we
determined the peak brightness and decline rate from all avail-
able photometric data. An early-flux excess was distinctly
present in 15 of the objects in our sample, and a further 11 objects
were consistent with PPBs due to SCE. Across our full sample of
46 confirmed Ca-strong objects, we could not rule out the pres-
ence of an early flux excess in any. We investigated correlations
between these objects and other observable parameters, but no
significant dependencies were apparent.

The core of our investigation focussed on the spectroscopic
evolution of our sample, specifically, the evolution of forbidden
[Ca1I] and [O I] emission lines. Historically, these features have
been associated with the nebular phase of these objects, their key
diagnostic being a high [Ca II]J/[O I] ratio in the nebular-phase.
To observe these forbidden transitions we typically assume the
photosphere to have receded into the inner layers of the SN, and
for the ejecta to have expanded, cooled, and become optically
thin, reaching a low enough density for these forbidden transition
emission lines to occur. This therefore often requires the SN to
be deep in its nebular phase for these features to be observed.
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Across our sample of Ca-strong SNe, however, we detect
these forbidden emission lines from as early as peak light — far
earlier than this typical understanding predicts. To explain the
early presence of these features, we investigated the behaviour of
the forbidden lines extensively and draw the following conclu-
sions:

— The early presence of [Ca II] and [O I] emission in each
object are consistent with the presence of external low-
density Ca and O regions that pre-date the SN;

— The broad, non-zero, distribution of velocities in the pho-
tospheric phase suggests an extended aspherical external
system. Such a system reproduces a broad range of measured
velocities dependant on the observed angle of the SN, in line
with our observations;

— The narrower, zero-centred velocity distribution of these for-
bidden lines in the truly nebular-phase spectra of each object
may originate from the SN core;

— Investigating higher-resolution spectra observed during tran-
sitional epochs reveals a complex line evolution: an initial
high-velocity component, which is gradually dominated by
a zero-velocity component at later times. This transition is
consistent with a shift in the dominant emission region from
the external aspherical material at early times, to the inner
core at late times as the ejecta expand, become optically thin,
and the photosphere recedes entirely;

— Analyses focussing on the early flux excesses observed
before peak light in the majority of our sample of Ca-strong
SNe indicate that these objects occur in environments that
are polluted by pre-existing, extended material.

Our results are consistent with the contribution from two
distinct emission regions in the structure of Ca-strong SNe: an
external, aspherical structure responsible for early-time forbid-
den line emission — an interaction which may be responsible
for the observed early photometric behaviour of Ca-strong SNe
— and a central, core component that dominates in the nebular
phase. We therefore hypothesise that Ca-strong SNe result from
WD explosions in polluted environments.

We suggest that this pollution may originate from precursor
activity of the progenitor itself, such as prior He-novae in AM
CVn-based systems. Following our previous work in CGTP25,
we suggest that the observed behaviours across the sample of
Ca-strong SNe are consistent with the proposed system of a Ca-
strong SN progenitor embedded in an environment polluted by
an AM CVn recurrent He-nova. In such a scenario, the polar
outflow lobes produced by prior nova activity are analogous to
the external aspherical structure we conclude is responsible for
the photospheric [Ca II] and [O I] emission. The observed emer-
gence of nebular emission would instead be directly produced
from the core of the SN itself.

Data availability

The full version of all tables presented in this paper are
available at the CDS via https://cdsarc.cds.unistra. fr/
viz-bin/cat/J/A+A/714/A262. All ZTF spectra are publicly
available through DR2 (https://ztfcosmo.in2p3.fr/), or
will become available with the DR3 data release. All spec-
tral data of SN 202lacnz can be found on the ESO archive
(https://archive.eso.org). All data is also available upon
reasonable request to the author.
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Appendix A: Reclassifications of literature
transients

Das et al. (2023) presented a sample of ‘IIb-Ca-strong’ objects
— objects with a high [Ca II]/[O I] ratio at late-times, but with
broad H features in the photospheric spectra akin to Type IIb
SNe. Our analysis of the photospheric spectra of these objects,
however, indicates the features previously identified as H in
several of these objects would require unphysical velocities,
with the absorption occurring at 0 km s™'. The velocities of
these features among this subsample of ‘IIb-Ca-strong’ objects
are consistent with the expected velocities of He I at these
phases. Additionally, if this were He I, the required velocity
for this observed feature is consistent across each feature in the
He I 14471, 15876, 16678, 17065 series, further indicating the
chemical species responsible for this feature to be He 1. Due to
this, we update the classification of SN 2019ehk, SN 2019pof,
and SN 2021sjt (Ayala et al. 2025; Jacobson-Galan et al. 2020;
Nakaoka et al. 2021; Siebert et al. 2021; Dahiwale et al. 2019;
Das et al. 2023; Dimitriadis et al. 2019) and include them in our
sample of ‘confirmed’ Ca-strong objects.

We reclassify five candidate Ca-strong SNe from De et al.
(2020) for the following reasons:

SN 2019txr (SN Ib/c): the +270d spectrum, from which the
De et al. (2020) [Ca II)/[O I] ratio was determined, is host-
dominated and has a very low S/N; we did not clearly identify
any distinct features in this spectrum. We instead obtain our
[Ca IT}/[O 1] value from the +30d spectrum ([Ca L]/[O I]=>
2.21), a phase consistent with our definition of the nebular
phase. As this value meets Criterion 4 of our classification
requirements, we include SN 2019txr as a Ca-strong object.

SN 20190uq (SN Ic): Fitting the [Ca II] and [O I] features
of the +180d spectrum with the methodology described in 4, we
obtain a [Ca II]J/[O I] ratio of 3.62. As this is above the threshold
value of 2 (see Criterion 4), we therefore include SN 20190uq in
our sample.

SN 2018kgr (SN Ic-BL): The spectrum at +14d is still in
the transitional-phase between the photospheric and nebular
regimes. De et al. (2020) describe this object as having slow
photospheric-phase evolution, but without later spectra (or a
better-constrained value on its photometric decline rate, Amy;
see Sect. 3) we cannot comfortably come to the same conclu-
sion. We therefore continue to treat this object as a Ca-strong SN
as it satisfies each of our classification criteria.

SN 2019gau (SN Ia): While the only late-time spectrum of
this object (+250d) is contaminated by host emission, we tenta-
tively identify a [Ca II] feature. As this spectrum is so dominated
by host emission, and we cannot concretely confirm the presence
of [Ca II], we treated this object as though its latest-available
spectrum was the previous spectrum, at +9d, and proceeded
with its classification under this assumption. Its spectrum at this
epoch resembled that of other confirmed Ca-strong objects, and
its photometric properties are in line with the rest of the sample,
so we continued to assume SN 2019gau to be a Ca-strong object.

SN 2018dbg (SN Ib/c): The only spectrum available (+28d)
contains distinct NIR triplet, [Ca II], and [O I] emission. Addi-
tionally, the photometric behaviour (Mpeax, Amyz, g — r colour) of
this object was in line with the rest of the sample. We therefore
proceeded with our classification of SN 2018dbg as a member of
our full Ca-strong sample.

Appendix B: Additional plots and tables
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Fig. B.1. Spectral time series for each of the eight confirmed new Ca-strong SNe in our sample. Each spectrum (light grey) is overlaid with a
Savitzky-Golay smoothed spectrum (black). The rest-frame phase relative to r-band peak of each spectroscopic observation is labelled. Any narrow
host emission lines present in the spectra, namely for objects SN 2022psx and SN 2023thk, are masked from the spectra to ensure consistent scaling
of the SN spectral emission between epochs and across objects. The vertical pink lines correspond to the weighted mean wavelength values of the
[O I] 2126300,6364 and [Ca II] 117291,7324 features, respectively, based on their relative component line intensities.
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Fig. B.2. r-band light curves of the 15 objects in our sample with confirmed early flux excesses. Each object (labelled in the subplot; left to right,
top to bottom: SN 2018kjy, SN 20181qo, SN 2018lqu, SN 2019ehk, SN 2019hty, SN 20190uq, SN 2019pof, SN 2019txr, SN 2021acnz, SN 2021gno,

SN 2021inl, SN 2021sjt, SN 2022nwx, SN 20220qm, and SN 2023er) is plotted against the light curves of known SNe with PPBs — SN Ia
(SN 2017cbv, squares), SN Ic (iPTF15dtg, circles), and SN IIb (SN 2011fh, diamonds) — scaled to the peak brightness of that object.
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Table B.2. Optical spectroscopy of the eight newly confirmed Ca-strong objects.

Object MIJD  Phase [days] Telescope Instrument
SN 2021zfp 59482 +3 Keck II NIRES
59500 +21 P200 DBSP
SN 2023er 59940 -7 P60 SEDm*
SN 2023fhk 60054 >+18 P200 DBSP
60060 >+24 Keck I LRIS
SN 2023ugn 60231 -1 UHB88 SNIFS
60251 +19 - -
SN 2024uj 60326 +2 P60 SEDm*
60339 +15 P60 SEDm*
60340 +16 P60 SEDm*
60354 +30 Keck I LRIS
60355 +31 P60 SEDm*
SN 2024jgw 60461 -2 P60 SEDm*
60464 +1 P60 SEDm*
60468 +6 Lick KAST
60472 +9 P60 SEDm*
60500 +37 P200 DBSP
60588 +125 Keck I LRIS
SN 2024uai 60554 -4 P60 SEDm*
60555 -3 Copernico 1.82m AFOSC
60556 -2 P60 SEDm*
60559 +1 NOT ALFOSC
60561 +3 P60 SEDm*
60588 +30 Keck I LRIS
60591 +33 P60 SEDm*
60598 +40 P60 SEDm*
SN 2024aaab 60380 -1 Keck I LRIS
60707 +61 Keck I LRIS

Notes. *SEDm spectra obtained with the Spectral Energy Distribution Machine (Rigault et al. 2019).
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Table B.3. Photometric parameters of the confirmed Ca-strong SNe.

Touchard-Paxton, C.—-G., et al.: A&A, 714, A262 (2026)

Object MIDpeax Mpeak (1) Amy(r) g — r colour
[mag] [mag] [mag]
SN 2000ds 51827.0 [+, 1] - - -
SN 2001co 52013.0 [f,1] - - -
SN 2003H 52599.0 [1,1] - - -
SN 2003dg 52749.0 [1,1] - - -
SN 2003dr 52779.0 [+,1] - - -
SN 2005E 53377.0 [+,2] - - -
SN 2005cz 53691.0 [+,3] - - -
SN 2007ke 54369.5 [+,1] - - -
PTF09dav 55054.5 +0.3 -16.09£0.04 0.38+0.07 0.38+0.08
SN 2010et 55359.4 [1,4] - - -
PTF11kmb 55800.7 + 0.2 —-15.64+0.01 0.32+0.01 0.32+0.02
PTF12bho 55992.7 £ 0.2 —16.15+0.04 0.54+0.05 0.54+0.06
PTF15eqv 57363.0 [+,5] - - -
SN 2016hgs 57692.5 +0.3 —-15.67+0.03 0.53+0.03 0.85+0.04
SN 2016hnk 57694.5 + 0.4 —-16.99+£0.01 0.37+0.02 1.28+0.02
SN 2018ckd 58277.8 0.3 —15.88+0.02 047+0.03 0.89+0.04
SN 2018dbg 58307.0 + 0.1 —-16.51+0.02 0.28+0.03 0.88 +0.04
SN 2018gwo 58392.0 [1,6] - - -
SN 2018kjy 58461.9 = 0.3 —-1532+0.04 030x0.05 0.30=+0.05
SN 2018kqr 58466.9 + 0.2 —-16.66 +0.03 0.14+0.03 0.78 +0.04
SN 2018lqo 58352.3 + 0.1 -16.14+0.02 046+0.03 0.45+0.06
SN 2018lqu 58370.8 [+,6] - - -
SN 2019bkc 58546.98 + 0.1 —-17.34+0.03 2.16+0.12 0.14+0.02
SN 2019ehk 58615.2 + 0.02 —-1545+0.05 038+0.03 1.54+0.06
SN 2019gau 58630.0 [1, 6] - - -
SN 2019hty 58657.9 [+, 6] - - -
SN 20190fm 58723.6 [1,6] - - -
SN 20190uq 58692.0 [1,6] - - -
SN 2019pof 58748.4 + 0.3 —-16.01 £0.01 0.39+0.01 0.50+0.01
SN 2019pxu 58747.8 [+,6] - - -
SN 2019txr 58610.4 = 0.4 -16.76 £0.04 0.29+0.05 1.10+0.04
AT 2021zfp >59479.0 - - -
SN 202lacnz 59527.0 = 0.1 -16.27+0.01 030x0.02 0.50=0.02
SN 2021gno 59307.2 £ 0.0 —-15.14+0.01 046+0.01 0.50=+0.01
SN 2021inl 59320.7 £ 0.2 —-14.69+0.02 0.82+0.02 0.72+0.02
SN 2021sjt 59416.6 + 0.1 —-1453+£0.01 044+0.02 1.64+0.02
SN 2022nwx 59765.7 £ 0.2 —-1543+0.03 047+0.04 0.68+0.03
SN 20220qm 59785.1 £ 0.3 —-17.33+0.01 0.30+0.01 0.46=+0.02
SN 2023er 59937.0 = 0.2 —-1729+0.03 042+0.01 0.47+0.06
SN 2023fhk >60036.0 - - -
SN 2023ugn 60232.0 +2.3 - - -
SN 2023xwi 602749 £ 0.1 (+,71 -16.8+0.01 - -
AT 2024aaab 60617.0 = 0.2 —-16.64+£0.01 032+0.03 1.63+0.03
SN 2024jgw 60463.1 + 0.1 —-17.26 £0.01 0.53+0.02 0.89+0.01
SN 2024uai 60560.8 + 0.4 -16.52+0.02 0.51+0.03 1.02+0.02
SN 2024uj 60324.0 + 1.4 - - -

Notes. MJD of peak r-band light, peak r-band magnitude and associated error, the decline rate (A, (r)), and the g — r colour at peak of each object
in our sample of confirmed Ca-strong objects. Of the full sample, ten objects do not have photometric coverage around peak light: SN 2000ds,
SN 2001co, SN 2003H, SN 2003dg, SN 2005E, iPTF15eqv, SN 2018gwo, SN 2018lqu, SN 2023fhk, and SN 2024uj. Values and associated
uncertainties for objects with photometric properties determined using GP fitting are listed. Objects with peak light times (and where possible,
peak r-band magnitudes) from their associated publications are labelled with a dagger (1) and the appropriate citation (see footnote). The peak
light time for objects AT 2021zfp, SN 2023fhk, SN 2023ugn, and SN 2024uj were determined through comparison with other Ca-strong objects.

1. Kasliwal et al. (2012)

2. Perets et al. (2010)

3. Kawabata et al. (2010)

4. Foley (2015)

5. Milisavljevic et al. (2017)
6. De et al. (2020)

7. Touchard-Paxton et al. (2025)
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Table B.4. AAIC and ABIC statistics for fitting the transitional spectro-  Table B.5. Pre-peak light curve modelling parameters.

scopic features.
SN Type M, [Mo] R, [Ro]
SN 2018kjy ~ Present 0.02970012 24772

Object Phase [d] AAIC  ABIC SN20I8lqo  Present  0.173700% 186
SN 2000ds 14.0 -14.37 -4.83 SN 2018Iqu Present O.264j8:86§ 278+
SN 2003H 99.0 —-8.91 -2.01 SN 2019ehk  Present 0.006f§:§§{ 146f§§
SN 2003dg 70.0 -16.81 -6.61 SN 2019hty Present 0.40* 007 21655
SN 2003dr 40.0 -15.74  -6.09 SN 20190uq  Present 0.054f%'-9’§? 179+3
SN 2005E 183 -1459  -8.40 SN 2019pof  Present 0.0196t%'%8}é 111+
L3 1333 -615 SN2019txr  Present  0.159°00% 339713
SN 2005cz 400 -11.68  —165 SN202igno  Present  0.04057000%5 58479
PTF09dav ISP G SN202linl  Present  0.010070001 “gy+13
SN 2010et 4.6 _1312  —168 SN 2021sjt Present 0.49f%:i)§8 19f§
PTF12bho 140 2272 -11.05 SN 2022nwx  Present  0.0250%p00 94717
17.0 -2030 -8.98 SN 20220qm  Present  0.0495* 07 13197336
52.0 -15.18 -7.08 SN 2023er Present 0.043f§:§?§ 57.3f§:g
PTF15eqv 24.0 -1736  -7.25 AT 2021zfp Possible <0.62 <80
42.0 -20.87 -9.91 AT 2024aaab  Possible <0.013 <24
70.0 -17.92  -797 SN 2018ckd  Possible <0.62 <56
86.0 -1740  -8.06 SN 2018dbg  Possible <0.36 <24
129.0 —-15.07 -4.35 SN 2018kqr Possible <0.013 <220
152.0 -15.88 —4.06 SN 2019gau  Possible <0.62 <130
SN 2016hgs 28.2 -8.77 -3.32 SN 20190fm  Possible <0.65 <110
58.2 -13.77 =341 SN 20190uq  Possible <0.61 <310
SN 2018ckd 59.3 -12.69 -2.50 SN 2023er Possible <046 <24
SN 2018gwo 157.0 -16.80 -5.96 SN 2024jgw  Possible <0.53 <56
SN 2018kjy 26.1 -24.84 —-12.82 SN 2024uai  Possible <0.62 < 140
115.1 -17.34 =574
SN 2018kqr 14.0 —-4.04 -9.02 Notes. Derived envelope mass and radius values for all ‘present bump’
SN 2018lqo 51.1 —-1243 -3.62 and ‘possible bump’ objects of the 26 objects with photometric obser-
SN 2018lqu 322 ~15.04 -4.33 vations pre-peak from our total sample.
SN 20190fm 173.4 -5.60 0.48
SN 2019pof 149.0 -14.57 -3.19
AT 2021zfp 21.0 -4.83 257
SN 2022nwx 17.0 -12.85 -4.14
30.0 -20.62 -10.37
78.0 -16.39  -5.18
SN 20220qm 26.0 -9.53 -1.25
60.0 -13.29 -3.45
SN 2023xwi 13.1 —-11.90 -4.44
30.1 -10.80 -3.33
86.1 -17.81 -9.32
SN 2024uj 30.0 -16.78  -5.56
31.0 -1543 -4.52
SN 2024uai 30.0 -18.56 -6.88

Notes. Differences in AAIC and ABIC between double- and single-
component Gaussian models are provided. Negative values indicate a
preference for the double-component model. [AAIC| > S and |ABIC| >
2 indicates a strong preference for the double-component model.
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Table B.6. Velocities and associated errors of the [Ca II] and [O I]
A16300,6364 emission features.

Object vcan [km s™!]

vor [kms™']

Phase [days]

SN 2000ds —245.40 + 86.55

SN 2001co —303.30 + 157.22
SN 200Ico -302.86 + 131.73
SN 2001co -514.11 +208.70

-161.12 £ 192.44 14.0

93.0
104.0
125.0

SN 2003H
SN 2003H

SN 2003dg —1107.79 + 137.60 —1456.31 + 220.53

SN 2003dr
SN 2005E

218.65 + 146.06
—119.77 £ 99.26

444.54 + 93.57

—2139.47 £ 104.23

527.58 +200.18
527.58 +£200.18

529.21 + 195.95
180.38 + 197.95

75.0
99.0
70.0
40.0
-3.7

Notes. Each emission line velocity is presented only for S/N >3. The
full table can be found at the CDS.

Table B.7. Sub-classifications of confirmed Ca-strong objects.

Object AsiTm 16150 £ Tagiyueiso Sub-category
SN 2005E 0.093 + 0.023 Ca-strong Ib/c
SN 2010et 0.297 £ 0.023 Ca-strong Ib/c
iPTF11kmb 0.078 + 0.010 Ca-strong Ib/c
iPTF15eqv 0.111 + 0.009 Ca-strong Ib/c
SN 2016hgs 0.215 + 0.036 Ca-strong Ib/c
SN 2016hnk 0.639 + 0.014 Ca-strong la

SN 2018gwo 0.253 + 0.037 Ca-strong Ib/c
SN 2018kjy 0.137 £ 0.018 Ca-strong Ib/c
SN 2019ehk 0.044 + 0.027 Ca-strong Ib/c
SN 2019gau 0.145 + 0.006 Ca-strong Ib/c
SN 2019kqr 0.219 + 0.007 Ca-strong Ib/c
SN 20190uq 0.063 + 0.026 Ca-strong Ib/c
SN 2019pof 0.181 + 0.002 Ca-strong Ib/c
AT 2021acnz 0.073 £ 0.002 Ca-strong Ib/c
SN 2021gno 0.289 + 0.026 Ca-strong Ib/c
SN 2021sijt 0.208 + 0.005 Ca-strong Ib/c
AT 2022nwx 0.200 + 0.001 Ca-strong Ib/c
SN 20220qm 0.202 + 0.002 Ca-strong Ib/c
SN 2023er 0.108 + 0.029 Ca-strong Ib/c
SN 2023xwi 0.165 + 0.036 Ca-strong Ib/c
AT 2024aaab 0.214 + 0.007 Ca-strong Ib/c
SN 2024jgw 0.091 £ 0.011 Ca-strong Ib/c
SN 2024uai 0.121 + 0.033 Ca-strong Ib/c
iPTF09dav 0.458 + 0.105 Ambiguous

SN 20181qo 0.350 + 0.022 Ambiguous

SN 2018lqu 0.256 + 0.072 Ambiguous

SN 20190fm 0.361 +0.008 Ambiguous

SN 2021inl 0.177 £ 0.157 Ambiguous

Notes. The sub-classifications are defined by the line depth of the
Si II 46150 absorption feature — as;y 6150 — outlined in Sun & Gal-
Yam (2017) and De et al. (2020). The following SNe do not have
a spectrum in the correct phase range to obtain a measurement:
SN 2000ds, SN 2001co, SN 2003dg, SN 2003dr, SN 2003H, SN 2005c¢z,
SN 2007ke, iPTF12bho, SN 2018ckd, SN 2018dbg, SN 2019hty,
SN 2019pxu, SN 2019txr, AT 2021zfp, SN 2021inl, SN 2023fhk,
SN 2023ugn, and SN 2024uj.
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