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ABSTRACT

Pre-explosion mass loss in supernova (SN) progenitors is a crucial unknown factor in stellar evolution, yet has been illuminated
recently by the diverse zoo of interacting transients. We present SN 2024cld, a transitional‘core-collapse SN at a distance of
39 Mpc, straddling the boundary between SN II and SN IIn, showing persistent interaction.with circumstellar material (CSM)
similar to H-rich SN 1998S and PTF11igb. The SN was discovered and classified just 12 h post-explosion via the GOTO-FAST
high-cadence program. Optical spectroscopy, photometry, and polarimetry over 220 d\chart-the complex, long-lived interaction
in this transient. Early evolution is dominated by CSM interaction, showing a 14 d rise to\a peak absolute magnitude of g = —17.6
mag, with clear flash-ionisation signatures. SN 2024cld also shows a slowly=evolving late time light curve powered by CSM
interaction, with high-velocity (6000 kms~') shoulders on a strong multi-component Ha profile. Dense polarimetric coverage
reveals marked evolution in the photospheric geometry — peaking at 2% polarisation 10 days post-explosion, and rotating ~60°
as the ejecta sweep more distant CSM. We observe a narrow (~60kms~!) Ha P Cygni feature throughout, associated with
pre-shock CSM. SN 2024cld represents among the best-observed\98Sslike SNe to date, revealing a multi-component CSM
structure: a dense, inner aspherical envelope, CSM disk/torus, and tentous, extended wind. We propose this SN arose from an
evolved supergiant progenitor experiencing multiple mass‘loss episodes in its terminal years, with binary interaction plausibly
generating the CSM disk. SN 2024cld constrains the progenitors-and mass-loss paradigms of 98S-like SNe, unveiling the chaotic
ends of evolved supergiant stars from afar.

Key words: supernovae: general — stars: circumstellar matter — supernovae: individual: SN 2024cld

1 INTRODUCTION an additional energy source via shock heating, thus driving the light

. ) . . curve and spectral evolution of these events in complex ways.
Mass loss in the final years of the lives of massive stars remains

a poorly-understood, yet crucialsphenomeénon for driving the latter
phases of stellar evolution,(seeding the interstellar medium (ISM;
Leitherer et al. 1992), and generating the diverse set of transients we
observe (e.g. Woosley etial. 2002; Smith 2014). Transients explod-
ing within dense circumstellar material (CSM), known as interact-
ing transients (Schlegel 1990, see Fraser 2020 for a recent review),
represent the{most direct probes of pre-explosion mass loss, as the
expandingeejecta collides with recently-ejected material, providing

* tom.killestein @ gmail.com

Observational evidence highlights the significance of mass loss
across hydrogen-rich supernovae (SNe), including in the most com-
mon Type II SNe (SNe II), a class that arise from red supergiant
(RSG) progenitors. The early-time light-curves of SNe II are found
to rise more quickly (Gall et al. 2015; Gonzalez-Gaitdn et al. 2015)
than predicted by hydrodynamical models of their progenitors, not
trivially explained by fine-tuning progenitor radii, constrained from
direct detections of SNII progenitors (e.g. Smartt 2009; O’Neill
etal. 2019). The faster rise times are best explained via either a tenu-
ous highly-extended envelope, or dense, confined CSM close-in (e.g.
Morozova et al. 2018) to the progenitor. Early-time spectroscopy
provides further evidence for the presence of this CSM through nar-
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row emission lines. These arise from the recombination of the CSM,
ionised either by emission from the shock breakout/cooling of the
SN (flash ionisation, e.g. Gal-Yam et al. 2014; Khazov et al. 2016;
Yaron et al. 2017), or from the shocks at the ejecta-CSM boundary.
This necessitates CSM that is both close-in to the progenitor, and
of sufficient density to generate the strong emission seen. Early-time
spectroscopy (Khazov et al. 2016) is a powerful diagnostic of the
CSM properties, showing considerable diversity in composition and
ionisation state (e.g. Gal-Yam et al. 2014; Tartaglia et al. 2021; Ter-
reran et al. 2022; Bostroem et al. 2023; Jacobson-Galdn et al. 2024)
and their evolution. Recent magnitude-limited samples (Bruch et al.
2023) suggest = 30% of SNe II show flash ionisation (FI) signatures
within the first few days of explosion — indicating that enhanced
late-time mass loss must be common among SN progenitors.

In spite of this rich picture of the terminal mass loss of core col-
lapse SNe (CCSNe) from infant transient discovery, theoretical gaps
remain in our understanding of late-stage stellar evolution, largely
around the mass loss mechanisms themselves. Flash spectroscopy of
larger samples of CCSNe points (broadly) towards mass loss rates of
1073 - 1072 Mg yr‘1 assuming typical RSG wind velocities, com-
mencing ~ 10 — 100 yr prior to explosion (Jacobson-Galdn et al.
2024). It has been suggested that enhanced winds prior to the SN
explosion dubbed “superwinds” (e.g. Moriya et al. 2017), driven by
turbulence (Kee et al. 2021) or pulsations in the progenitor (Yoon &
Cantiello 2010) may account for this timescale. It is notable that this
inferred mass loss rate is orders of magnitude higher than seen in even
the most extreme Galactic RSGs (Beasor & Davies 2018) — suggest-
ing the mass loss must occur on much shorter timescales, and be shed
far more quickly than assumed. This mechanism appears at odds with
the observed properties of SN II progenitors, Galactic RSGs, which
do not show as significant dust obscuration (Davies et al. 2022) as
should be expected from the more prolonged mass loss inferred in
SNe. Recent radio studies (Sfaradi et al. 2025) also strongly disfavour
these inferred mass loss rates in a wind-driven context. Eruptive mass
loss events in massive stars are thought to be behind the prodigious
levels of CSM interaction seen in strongly-interacting SNe II (known
as SNe IIn, e.g. Dwarkadas 2011; Smith 2017b) and related types,
evidenced by the strong “precursor” emission in the years prior to
explosion observed in a number of such objects further cementing
this (e.g. Ofek et al. 2014b; Strotjohann et al. 2021). It remains un-
clear what fraction of SN II progenitors experience these‘eruptions
prior to explosion — some plausible precursor outbursts, have been
observed (e.g. Ho et al. 2019; Jacobson-Galdn et al. 20223 Reguitti
et al. 2024), but the sample remains modest owingsto.the relative
faintness of the precursors.

Further complicating the progenitor’s-terminal evolution is the
fact that the majority of massive stars exist within'binary or multiple
star systems (e.g. Sana et al. 2012)senabling envelope-stripping of
the progenitor to further modulate the surrounding CSM in complex
ways (Podsiadlowski et al. 1992) =sthrough binary mass shedding
events or common-envelopeevolution. The presence of a compan-
ion can strongly shapesthesgeometry of the ejected mass, creating
asymmetric CSM configurations that reveal themselves in (spectro-
)polarimetry of the SN'(Wang et al. 2001) and skewed line pro-
files (e.g. Taddia et al.”2020). Binary mass transfer (e.g. Ercol-
ino et al. 2025) ‘may”also occur episodically, naturally yielding a
stratified'and complex CSM configuration that is difficult to explain
via single-star“evolution — at least not without invoking multiple
mechanisms simultaneously. This is highlighted by transitional CC-
SNe that'straddle the line between IIn and slow- and fast-declining
SNe II (SNe IIP and SNe IIL respectively) through their interac-
tion signatures, and whose peculiar inferred properties (prolonged

interaction, disk-like CSM, discrete CSM shells, marked asymme-
try) are not straightforwardly explained by simpler mass loss routes.
SN 1998S (e.g. Fassia et al. 2000, 2001) and PTF11igb (Smith et al.
2015) are two such SNe in this class. Both objects initially showed
narrow emission lines of high-ionisation species, with broad wings,
which is indicative of flash-ionised CSM. After a considerable de-
lay, they showed the broad He emission typical of IIP/IIL SNe —
albeit without P Cygni profiles, which were presumably filled in by
interaction (Dessart et al. 2016). The light curve of PTF 11igb was
broadly similar to that of SNe IIP, showing a plateau from days 50-
120 (Smith et al. 2015), whereas SN 1998S showed a more IIL-like
decline between days 30-70 (Fassia et al. 2000), and was markedly
brighter. The two objects were spectrally very similar, in spite of this
divergent light-curve behaviour. Towards later times, both objects
showed significant evolution in the Her profile, developing multiple
distinct components at high (~ 1000s km/s) velocity, and stilldetain-
ing narrow Ha emission in the transient rest frame that was,obsetved
since explosion. These multi-component, complex H emission pro-
files point towards a complex, density-stratified CSM, likely with
marked asymmetry considering the elevated (¥ 2%) polarisation
seen in both SN 1998S (Leonard et al. 2000) and PTF11igb (Bilinski
et al. 2024). Given the distinct CSM structure, priof works (Smith
et al. 2015) have appealed to multiple-shedding/events induced by
a binary companion (Scherbak et al,2025; Ercolino et al. 2025),
as hinted above, to generate a toroidal/disk-like CSM distribution
around the progenitor.

Whether the observed properties of SNe IIL, IIP, IIn, and every-
thing in between can be’explained solely by increasing the amount
of mass loss (e.g. Smith 2014); or whether distinct and unique mass
loss mechanisms and progenitors are responsible for each remains an
open question. Given that these mass-loss mechanisms produce very
similar (oftendegenerate in mass loss parameter space, see Dessart
& Jacobson-Galdn 2023) observable features in regular SNe 11, it is
crucial to obtain datasets that span the early-to-late time evolution
with higher-resolution spectroscopy and polarimetry, to better dis-
tinguish €SM features/geometries and enable stronger constraints.
Observing SNe II and SNe IIn close to the boundaries between these
traditional classes is crucial for providing observational constraints
on the mass loss parameter space, and thus establishing the dominant
mechanisms at play from the CSM configuration observed. In this
paper we present an in-depth spectrophotometric and polarimetric
study of the transitional SN II SN 2024cld, spanning the first 200
days of evolution, and unveiling the complex mass-loss history of the
progenitor star through enduring CSM interaction.

This paper is organised as follows: In Section 2 we outline the
extensive dataset collated on SN 2024cld. Section 3 details the host
galaxy and local environment of SN 2024cld. In Sections 4 and 5 we
present a comprehensive analysis of the spectroscopic and photomet-
ric properties. Section 6 discusses the long-term polarimetric series
obtained. Section 7 ties together all observational data, discusses the
unique characteristics of SN 2024cld, and conjectures the potential
progenitor systems compatible with the observed properties.

2 OBSERVATIONS AND DATA REDUCTION

SN 2024cld, located at @ = 15150™21555, 6 = +18°56720". 22 (from
Gaia Alerts; Hodgkin et al. 2021), was discovered by the
Gravitational-wave Optical Transient Observer (GOTO; Steeghs
etal.2022; Dyeretal. 2024) as part of the dedicated GOTO Fast Anal-
ysis and Spectroscopy of Transients (GOTO-FAST; Godson et al.
2023) high-cadence survey. SN 2024cld, assigned the internal name
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Figure 1. NOT/ALFOSC gri deep stack showing SN 2024cld (circled), em-
bedded in the spiral arm of host galaxy NGC 6004. The panels above show
the GOTO discovery/template/difterence image for SN 2024cld.

GOTO 2441, was discovered on 2024 February 13 05:28:41 UT at a
magnitude of L = 17.97. The discovery triplet of science, template,
and difference images from GOTO, and a deep multi-colour image
of SN 2024cld are shown in Figure 1. The closest non-detection was
2024 February 12 06:25:27 UT, to a depth of L > 19.1 mag, con-
straining the explosion epoch to within 23.3 h of discovery+A prompt
spectrum (Godson et al. 2024) of SN 2024cld was initiated. just’28
mins post-discovery with the 2.54 m Isaac Newton Telescope/AINT)
on La Palma, and revealed a blue continuum with.strong, narrow
lines of H, and a broad blend of He II, N IIF,»and\C III. Based on
this, Warwick et al. (2024) classified SN 2024cld\as‘a flash-ionised
SN1lat z ~ 0.014,'. Continued follow-up revealed an evolution very
different to that expected of a typical CCSN.

Photometry and spectroscopy in this paper have been corrected
for a galactic reddening of E(gLyyu= 0.1076, from the dust maps
of Schlafly & Finkbeiner (2011),'and the host reddening (discussed
in Section 3). We adopt.a redshift of z = 0.01252, based on fits to
the He and [N II] emission from the underlying stellar population
at the SN explosion site,(see Section 3). All magnitudes are given
in the AB system (Oke & Gunn 1983). Times and phases, unless
stated, are given in rest-frame days relative to the inferred explosion
epoch. Throughout the paper, we also assume the Planck Collabo-

! The redshift we assume in this work (z = 0.01252) is lower than reported
in the initial classification report owing to a re-reduction of the first spectrum
and further medium-resolution spectroscopy (see Section 3).

SN 2024cld 3

ration et al. (2020) ACDM cosmology (Hy = 67.66kms~! Mpc~!,
Q= 0.310).

2.1 Survey photometry

We collated and curated survey photometry from the GOTO, As-
teroid Terrestrial-impact Last Alert System (ATLAS; Tonry et al.
2018a), Zwicky Transient Facility (ZTF; Bellm et al. 2019), and
All-Sky Automated Survey for Supernovae (ASAS-SN; Shappee
et al. 2014) surveys, via their respective forced photometry services:
the GOTO forced photometry service (Jarvis et al., in prep.), the
ATLAS Forced Photometry Server (Shingles et al. 2021), the ZTF
Forced Photometry Service (Masci et al. 2023), and the ASAS-SN
Sky Patrol (Kochanek et al. 2017) website. The same post-processing
routines were applied to the outputs of each service: rejection of
poorly-subtracted/deviant epochs via o--clipping, baseline correction
using pre-explosion photometry, and stacking of multiplewvisitsion
the same night into single flux measurements to maximise signal-
to-noise. We applied an additional colour correctionto the, GOTO
photometry given the significant colour evolution of SN2024cld,
removing colour terms and calibrating it to.the ATLAS REFCAT2
g-band (Tonry et al. 2018b).

2.2 Optical photometry

SN 2024cld was observed with.a number of instruments: IO:O on the
2 m Liverpool Telescope (LT; Steele et al. 2004) in ugriz, Rapid-Eye
Mount telescope (REM; Chincarini et al. 2003) in griz, Alhambra
Faint Object Spectrograph and Camera (ALFOSC) mounted on the
2.56 m Nordic Optical\Telescope (NOT) in ugriz via the NOT Un-
biased Transient ‘Survey (NUTS22), ptSm (Hardy et al. 2015) in
BV RI, Asiage Faint Objects Spectrograph and Camera (AFOSC) on
the Copernico 1Y92m telescope in ugriz, and Asiago Schmidt 67/92
telesCope in uBVgri. All imaging data were reduced with a custom
pipeline, primarily using seeing-matched aperture photometry on
difference images to mitigate issues with poor point spread function
(PSE) reconstruction and sampling. Given the bright host galaxy,
the difference imaging process was carefully optimised to yield the
cleanest subtractions possible, using the HOTPANTS (Becker 2015)
algorithm — with particular care paid to the background estimation
and propagation of variance. We used masks based on the Siena
Galaxy Atlas (Moustakas et al. 2023) morphological measurements
to avoid over-subtraction of galaxy light in sky background subtrac-
tion, and to minimise the influence of contaminated stars on the
zero-point estimation. For the host galaxy templates, we used Sloan
Digital Sky Survey Data Release 16 (SDSS DR16; Ahumada et al.
2020) ugriz-band stacks. We derived synthetic BV RI magnitudes
for sequence stars, and synthetic BVRI templates for subtractions
in these filters using the Lupton (2005) transformation equations to
create correctly-weighted combinations of SDSS gri template im-
ages. All magnitudes given in this paper are on the AB system (Oke
& Gunn 1983). All photometry, including in sections that follow, is
summarised in Table Al.

2.3 Infrared photometry

Near-infrared imaging was performed with the Nordic Optical
Telescope near-infrared Camera and spectrograph (NOTCam) via
NUTS2, in the JHK bands, and reduced using custom IRAF-based

2 https://nuts2.sn.ie
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routines. H-band imaging was also obtained with REM, and reduced
with the standard REM pipeline. Photometry was derived following
the same reduction steps, and using the same custom photomet-
ric pipeline as in Section 2.2, using Two Micron All Sky Survey
(2MASS; Skrutskie et al. 2006) stars as local calibrators to derive
the zero points. Images from the United Kingdom Infra-Red Tele-
scope (UKIRT) Hemisphere Survey (UHS) DR3 (Dye et al. 2018)
were used as templates for difference imaging.

2.4 UV photometry and X-ray upper limits

The Ultraviolet-Optical Telescope (UVOT; Roming et al. 2005)
aboard the Neil Gehrels Swift Observatory observed SN 2024cld in
UVW2, UVM?2, UVM1I, U, B, and V bands as a target of opportunity
(PIs: Killestein, Jacobson-Galdn), receiving 14 visits in total. The
Swift UVOT data are reduced following the standard procedures in
Charalampopoulos et al. (2024). Commensal Swift X-ray Telescope
(XRT) observations were also performed during each visit, in Pho-
ton Counting (PC) mode. No concrete X-ray detection of SN 2024cld
was made, with typical upper limits of 10~2 counts/s in the 0.3-10
keV band. We estimated 20~ upper limits on the X-ray flux in the
Swift bandpass using the HILIGT utility (Saxton et al. 2022), as-
suming a power-law spectrum with spectral index 2, and a neutral
hydrogen column density of 3 x 1020 cm™2. We elaborate on these
non-detections, and place them into the wider context of high-energy
emission from CCSNe in Section 7.

2.5 Optical spectroscopy

A dense series of optical spectroscopy was obtained with a number of
facilities, covering the first 220 d of the lifetime of SN 2024cld, which
are discussed in chronological order below. Spectra were obtained
with the INT Intermediate Dispersion Spectrograph (IDS) using the
R150V, R300V, and R400V gratings as part of GOTO-FAST. INT
data were reduced with Pypelt (Prochaska et al. 2020), making use
of custom recipes. We obtained a number of spectra with the SPec+
trograph for the Rapid Acquisition of Transients (SPRAT; PiascCik
et al. 2014) on the LT. SPRAT data were reduced with Pypelt as
with INT/IDS data. Data were obtained with NOT/ALEOSC (via
NUTS?2) using grisms 4, 8, 17, and 18 to obtain both.medium and
low-resolution spectroscopy. The gr4 data were reduced using.a cus-
tom IRAF-based pipeline (FOSCGUI?). All remaining data were
reduced using Pypelt and the PyNOT?* package({ A number of higher-
resolution spectra were obtained with the Wide Field Spectrograph
(WiFeS; Dopita et al. 2007) mounted on the, ANU2.3m telescope,
using both B/R3000 and B/R7000 gratings. ANU2.3m/WiFeS data
were reduced with the pyWiFeS pipeline (Childress et al. 2014).
One spectrum was obtained withoOSIRIS+ (Cepa et al. 2000) on
the 10.4m Gran Telescopio Candrias (GTC), using the B/R1000
gratings. All spectra were flux-calibrated using standard star obser-
vations, and rescaled.to contemporaneous photometry to correct for
slit losses. Where standards were taken at sufficiently similar airmass
we also corrected for telluric absorption. A full log of observations,
alongside ancillary data, are given in Table A2. All spectra are cor-
rected forGalactic and host reddening assuming Milky Way-like dust
(Ry =3yl )sin.absence of any constraints from our dataset on this.

3 https://sngroup.oapd.inaf.it/foscgui.html
4 https://jkrogager.github.io/pynot/

2.6 Imaging polarimetry

A sequence of linear polarimetry for SN2024cld was obtained
starting at 3.5d post-explosion and extending to 120d, with
NOT/ALFOSC using a combination of Bessell B and Johnson V
filters and the 1/2 waveplate. Polarimetric data is processed follow-
ing Pursiainen et al. (2023), and corrected for Milky Way interstellar
polarisation (ISP) using field stars.

3 HOST GALAXY AND ENVIRONMENT

NGC 6004, the host galaxy of SN 2024cld, is a face-on barred spiral
at a distance of 39.3Mpc (m — M = 32.97 + 0.64 mag), estimated
via the Tully-Fisher relation (Springob et al. 2009). SN 2024cld ex-
ploded on one of the galaxy’s spiral arms, projected 17”/(5.3kpc)
from the nucleus. NGC 6004 also hosted one other observed SN,
PS16bkl (Halevi et al. 2016), classified as a SN IIP. PS16bkl isulo-
cated 55”'(17.5 kpc) away from SN 2024cld, also on a’spiral arm of
the host.

NGC 6004 was observed as part of the Calar Alto Legaey Integral
Field spectroscopy Area survey (CALIFA; Sanchezetal.2012; Huse-
mann et al. 2013; Walcher et al. 2014), conducted on the Calar Alto
3.5m telescope with the Potsdam MultiApetture-Spectrophotometer
(PMAS/PPak; Kelz et al. 2006) instrument, using both the V500
and V1200 gratings. To assess _the properties of the explosion site
of SN 2024cld, we extract a spectrum from an aperture of 1”’radius,
centred on the co-ordinates of SN 2024cld, in order to measure the
properties of the stellar population at the explosion site. Figure 2
shows r /Ha maps of thehost galaxy, the extraction aperture, and de-
rived spectrum. The explosion site of SN 2024cld lies close to a small
H II region. Through joint fits to the He, [N II], and [S II] host lines,
we estimate the.redshift of the explosion site of SN 2024cld to be
z = 0.01252 +0,00001, corresponding to a velocity of 3750km s~
This~alue is in contrast to the fiducial redshift of the galaxy nucleus,
74 0.01277(6) (Springob et al. 2005). This difference in redshift be-
tween host nucleus and explosion site (amounting to ~—75kms~!)
considering the radial offset is fully consistent with the spatially-
resolved velocity maps of Barrera-Ballesteros et al. (2014).

We estimate the metallicity at the explosion site with the Dopita
et al. (2016) relation using the fluxes of the He, [N II], and [S II]
emission lines, and find a metallicity of 12+1log (O/H) = 8.85+0.12.
As a cross-check, we also compute the N2 ([NII] 16584/ Ha 16563)
index, using the calibration of Pettini & Pagel (2004). The measured
N2 index is —0.37 % 0.02, yielding a metallicity 12 + log (O/H) =
8.69+0.18. In both cases, the uncertainty is entirely dominated by the
systematic component arising from the dispersion of the calibration
relations used. Both methods yield results in good agreement with
each other. This suggests that the explosion occurred in a region
with metallicity consistent with solar (or even marginally super-solar)
abundance (8.66+0.05; Asplund et al. 2004), perhaps unsurprisingly
given the host galaxy. This value will be placed into context with the
other 98S-like SNe in Section 7.

We estimate the host galaxy extinction at the explosion site us-
ing the equivalent width of the Na I D lines in our highest-quality,
medium resolution (R ~ 7000) WiFeS spectrum taken at +25 days.
The combined equivalent width of the Na I D doublet is 0.78, which
corresponds to a colour excess of E(g_yy = 0.0105 using the relation
of Poznanski et al. (2012). This is also corroborated by fits to low-
resolution spectra that yield similar estimates. For all further analy-
ses, we combine this with the Galactic extinction (E(g_y) = 0.1076)
to yield a combined extinction of E(g_y) = 0.1181, or Ay ~ 0.37,
assuming a Milky Way Ry = 3.1 in absence of a measured value.
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Figure 2. The top panels correspond to reconstructed r-band and Ha im-
ages of NGC 6004, the host galaxy of SN 2024cld, generated from the CAL-
IFA/PMAS merged data cubes. The dark blue circle shows the 1”radius
aperture centred on the explosion site of SN 2024cld used to derive the explo-
sion site spectrum. An H II region is visible just off the edge of the explosion
site, likely yielding some of the narrow line components seen in later-time
spectra. The explosion site spectrum is plotted in the bottom panel, with rel-
evant host lines used to fit for the redshift overplotted.

4 PHOTOMETRY

The collated light curve of SN 2024cld is shown in Figure 3. The
light curve depicts an overall long-lived transient, at least compared
to more typical SNe II, with two clear plateaus in the light curyve — one
starting around ~50d, and another later one ~110d post‘explesion
declining around 0.2 mag/100 d in r-band, extending out,to'the final
data obtained prior to SN 2024cld becoming Sun-constrained.around
day 220. In the following subsections, we analyse the-obtained pho-
tometry in greater detail.

4.1 Explosion time and peak

We estimate the explosion timéwef SN2024cld through jointly fit-
ting the GOTO and ATLAS early“time light-curves with a simple
hierarchical Bayesian model, ‘similar to that of Miller et al. (2020)
but without the power-law assumptions, to account for the clear
interaction-dominated ‘early,phases. We assume the flux f of each
(early-time) light curye can be modelled with the piecewise expres-
sion

&)

VB ¢ <0
7@, B N {B+a0¢+a1¢2 $>0

where ¢ is the modified time since explosion, 7 — fexp), B is a baseline

correction term, and a; is the i'" polynomial coefficient in ¢. In the
construction of the joint model, the explosion time (7p)) is the same

SN 2024cld 5

for each light curve, yet the rise rate a; o and change of rise rate a; ;
vary per-filter. For numerical conditioning and correct error scaling
we also assume a per-filter error rescaling f;, and a per-filter baseline
B; to allow for potential offsets in template fluxes, for example. We
also only fit up to the point of maximum light in GOTO L band, to
ensure that only the early rise influences the explosion time estimate.
Assuming strictly Gaussian errors in flux measurements, this yields
the model likelihood

N 02
-E()’i|9)=n _(}’t .Ut))

N : (
exp 5
i=1 27(0'1.’ 2 20—1',

The prior distributions for all model parameters are assumed to be
normal distributions to avoid imposing unnecessary inductive biases,
excluding fexp) Which is assumed to be uniform with lower and up-
per bounds corresponding to the last GOTO non-detection{(MJD
60,352.0) and first GOTO detection (MJD 60,353.23), and- the\rise
rate, which is constrained to be positive-definite by imposing a nor-
mal prior on the logarithm of the rise rate. We are“comfortably in
the regime whereas the likelihood dominates the prior, and the other
model parameters are considered nuisance. The modelis-constructed
in JAX (Bradbury et al. 2018), specifically the numpyro probabilistic
programming language (Phan et al. 2019),.and the posterior distri-
bution is efficiently sampled with the No/U<Iurn Sampler (Hoffman
& Gelman 2011) until the split R-hat'(Vehtari et al. 2021) statistic is
unity (~3000 warm-up steps)- Figure 4 displays posterior draws of
the joint light-curve model to validate’the goodness of fit, alongside
sampled explosion times from theposterior distribution. We adopt the
median of the joint medel posterior as the inferred explosion epoch,
with uncertainties computed from the 16th and 84th percentiles mi-
nus the median respectively — yielding MJD 60, 352.74 + 0.03 (2024
February 12¢17:45\UT). We here emphasise that this explosion epoch
places the GOTO discovery just 11.6 + 0.7 h post-explosion, and the
first spectrum at'12.4 h.

The, peak absolute magnitude and time of maximum light are
estimated-through fitting polynomials (in the Chebyshev basis, for
numerical stability) to the early-time light-curve, with uncertainties
on each quantity derived from bootstrapping. Using the g-band, we
find a peak magnitude of mg = 15.39 mag, corresponding to a
peak absolute magnitude of My = —17.58 mag at MJD 60,368.32
(14.65 d post-explosion), incurring a systematic error of 0.64 mag
from the distance modulus. The available photometry shows a trend
towards longer rise times in redder filters. The rise is towards the
longer end of the ordinary SNe II presented in e.g. Gall et al. (2015);
Gonzélez-Gaitan et al. (2015), with a fairly typical peak absolute
magnitude. Gonzdlez-Gaitén et al. (2015) find a time of 7.5 +0.3d
for the majority of their sample — with a marked tail of “long-risers”,
which are compatible with the rise time of SN 2024cld. The extended
rise timescale is not especially surprising given the strong CSM
interaction present, but still peaks quicker than SNe IIn (e.g. Taddia
et al. 2013; Nyholm et al. 2020; Ransome & Villar 2025).

(@)

4.2 Bolometric light curve

We construct the pseudo-bolometric light curve of SN 2024cld via
blackbody (BB) fits to the extinction-corrected multi-color photom-
etry, interpolated/extrapolated to each L-band epoch as appropri-
ate. Specifically, the superbol code described in Nicholl (2018)
was used. As we only have Swifr UV data until day ~ 25, we as-
sume constant color at later epochs. The resulting pseudo-bolometric
light-curve and associated blackbody parameters are given in Fig-
ure 5. SN 2024cld reaches a peak pseudo-bolometric luminosity of
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Figure 3. Host-subtracted photometry of SN 2024cld, corrected for Galactic and host reddening. The, lightcurve shows three key stages: a rapid rise to peak
in ~ 10 days, a plateau phase between 50-100 days post-explosion, and then a second plateau beginning,around 110 days post-explosion. Non-detections are
plotted as downwards-facing triangles. The explosion date is estimated from joint fitting of survey*photometry (see Section 4.1). Vertical tick-marks indicate
the epochs on which spectroscopy was obtained. Error bars correspond to the 1 o~ photometric uncertainties. The two shaded regions mark the first and second

plateaus referred to in the text.
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Figure 4. Pre-peak-detections and upper limits for SN 2024cld, overplotted
with the model light curve for each survey used to infer the explosion date,
which is marked with the/dashed vertical line. Shaded regions correspond to
the 1o confidence interval, estimated from posterior draws from the model.
The triangles.represent 5o non-detections. Offsets (given in the legend) are
appliedito the ATLAS photometry to enhance visibility. The inset histogram
shows samples of the fexp) parameter to emphasise the tight constraints pos-
sible with’generative modelling, plotted as UTC time on 2024 February 12.

log.L = 43.02 = 0.09 ergs~!, declining quickly after this until the
first' plateau. The integrated pseudo-bolometric luminosity over the
first 100 days amounts to 2.4 x 10*° erg. The middle panel of Fig-
ure 5 displays the evolution of the BB radius. At early times (< 14 d)
the BB radius increases linearly, stalling as the ejecta sweeps out
the flash-ionised material, and then increasing during the first light-
curve plateau (~ 50 d). Through fitting a straight line to the early-time
(<7d) BB radius and appropriately sampling uncertainties in explo-
sion time, the BB radius at t=0d corresponds to 1.5 X 10" em, or
2100 + 200 Re. This is larger than the typical radii of RSG stars,
~ 1500 R at max (e.g. Levesque 2010), and is further indicative of
a highly-extended envelope surrounding the progenitor — corroborat-
ing the extended rise time observed. The bottom panel of Figure 5
charts the temperature evolution of SN 2024cld. The BB tempera-
ture rises initially for the first 5 days (further supporting the evolving
ionisation state inferred for the CSM, see Section 5), peaking around
15000 K, then begins to decline as typical of CCSNe. This decline
levels out and remains constant around 5000 K out to our last photo-
metric measurements.

4.3 Constraints on pre-explosion outbursts

Given the extended envelope of material we infer from the early-time
photometry, and the timescale for this being ejected (see Section 5),
we conduct an archival search for any pre-explosion variability or pre-
cursor events using all publicly-available imaging. Figure 6 illustrates
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Figure 5. Top: pseudo-bolometric light curve of SN 2024cld. Middle: Evo-
lution of the blackbody (BB) radius of SN 2024cld. Bottom: Temperature
evolution of SN 2024cld. The vertical lines across all panels show the end
of the flash-ionised phase (FI), (approximate) start of plateau 1 (P1), and
(approximate) start of plateau 2 (P2) to guide the eye. In all panels, the error
bars correspond to the 10 uncertainty.

upper limits on pre-explosion activity in SN 2024e¢lds=constructed
from stacking a mixture of ZTF, ATLAS, and GOTO photome-
try. These are combined in flux-space, using o-clipping to remove
outlying points, baseline correction, combining.measurements with
inverse-variance weighting, and “seasonal’’ binning to group detec-
tions to improve flux limits. There are'no.Compelling detections of
a precursor outburst in any survey stacks. There is a single ATLAS
detection in our seasonal stacks corresponding to MJD 60,089, but
we attribute this to a periodsof poorer data quality from inspection of
the frames, rather than a genuine source.

Based on the non-detections, we compute 5o upper-limits to any
pre-explosion activity, and display these in Figure 6, alongside cor-
responding “absolute-magnitude limits based on the distance mod-
ulus of NGC 6004. The data broadly rule out precursors down to
M =—11'mag>100d prior to explosion, i.e. comparable to the pre-
explosion outburst of SN 2020tlf (Jacobson-Galédn et al. 2022) and
SNe IIn (Fraser et al. 2013; Reguitti et al. 2024), but likely insuffi-
cient to probe further down the precursor luminosity function, which
is believed to be steep, favouring fainter events. The data in hand,
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Figure 6. Photometric limits on pre-explosion precursor outbursts/variability
for SN 2024cld. Horizontal errorbars denote the (half-) width jof the pho-
tometric bins — with the seasonal binning used to“condense the number of
points present. Dashed lines show the corresponding absolute magnitude lim-
its reached.

however, do disfavour events with absolute magnitudes similar to
these literature examples. Nevertheless, absence of detections does
not imply an absence of pregenitor outbursts or variability, especially
in the context of an optically thick CSM shrouding the progenitor
during any episodes. \Wexdiscuss the implications of this in more
detail in Section{.

5 SPECTROSCOPY

We present the full spectral series of SN 2024cld in Figure 7, and
in_the following subsections break down the spectral evolution of
SN2024cld into a number of key phases — making comparisons to
relevant literature objects and models, tracing the ejecta kinematics,
and studying in detail the extensive dataset of medium-resolution
spectroscopy obtained. Spectra for a number of comparison objects
are retrieved via WISeREP? (Yaron & Gal-Yam 2012), with the
references to specific objects given in the text where appropriate.

5.1 Early time: flash-ionised phase

Figure 8 zooms in on the first ~ 2 weeks of spectral evolution
of SN 2024cld, alongside line identifications for the early flash-
ionisation phase. The early flash-ionised spectra are dominated by
H and He, showing the broad Lorentzian profiles typical of electron
scattering. In both the 1.4 d INT and 3.4 d NOT spectra, higher ion-
isation species such as C III, C IV, and N IV are clearly detected.
Although the initial INT classification spectrum has lower S/N, the
evolution between 1.4 d and 3.4 d suggests they were likely present at
a weak level already in this spectrum compared to the clearly-present
H and He II. These higher-ionisation lines also notably broaden out
with time. To further place these features in context, in Figure 9
we compare SN 2024cld against a number of comparison objects
that show flash-ionisation. These include the two prototypical flash-
ionised SNe II with very early spectra, SN 2013fs (Gal-Yam et al.

5 https://wiserep.org
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Figure 7. Full spectral series for SN 2024cld, recalibrated to photometry and corrected for Galactic and host reddening. The two shaded regions correspond to
mdjor telluric absorption features. The solid lines correspond to rest wavelengths, with the dashed lines showing a —5000 km s~! velocity offset, consistent with
the bulk of the ejecta at late time. NOT medium-resolution spectra are excluded as they only span a small range of wavelengths, and deferred to Figure 12.
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Figure 8. Early-time spectral series for SN 2024cld, truncated to the first
15 days (roughly coincident with the disappearance of the flash-ionisation
features). The spectra prior to +3.5d show a number of high-ionisation lines
(C III, N IV) that quickly dissipate, leaving only H and He in latter spectra.
Phases are relative to explosion time. Spectra have been de-reddened and
recalibrated to contemporaneous photometry. The shaded regions correspond
to major telluric absorption features.

2014) and iPTF13dqy/SN 2013cu (Yaron et al. 2017), the early-time
spectra of SN 1998S (Shivvers et al. 2015) and PTF 1ligb (Smith
etal.2015). We also overplot the best-matching models fromthe grids
of Boian & Groh (2020) and Dessart & Jacobson-Galan(2023) to aid
line identification, though caution that the undetlying=assumptions
are likely not well-founded in the specific case of SN 2024cld, given
the aspherical CSM that we infer in latter‘sections. SN 2024cld sits
comfortably between SN 2013fs and SN 2013cuin terms of phase,
and shows a close match in terms.of intensity and profile of H/He
features. The detailed agreement of ions is"more complex however,
owing to signal-to-noise ratio - though SN 2013fs clearly lacks the
He I/N IV complex at A17100:that'SN 2013cu and SN 2024cld (12 h)
share.

The FI phase lasts“longer in SN 2024cld than is typical — there is
a broad bump feature in'the’+11.3 and 12.3 d spectra in the location
of the He II/N 1II complex, that is entirely gone in the 15.4d INT
spectrum. To'be conservative, we set the end of the flash-ionised
phase to'be mid-way between the 12.3 d and 15.2 d spectra, i.e. 13.9+
1.4 d. This duration of flash-ionisation is towards the longer-duration
end of the sample of normal SNe II presented in Bruch et al. (2023)
(lying 3.2 o from the mean). Although some other classes of CSM-
interacting transients have shown signficantly longer FI periods (e.g.
Kangas et al. 2025), SN 2024cld has among the longest FI phase of
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Figure 9. Continuum-normalised early-time spectra of flash-ionised SNe.
The Boian & Groh (2020) and Dessart & Jacobson-Galdn (2023) models
are convolved with a Gaussian kernel to approximately match the spectral
resolution of the observations.

any SN II, consistent with the idea of a dense, extended CSM present
from a prolonged mass loss period driving longer rise times. The BB
radius at the end of the FI phase (1 x 10! cm) is in good agreement
with the expected radius for the material driving FI emission in other
SNe II from the sample of Jacobson-Galan et al. (2024).

5.2 Photospheric phase

Beyond the early-time, the spectrum of SN 2024cld broadly evolves
as expected of a typical SNII, albeit with delayed emergence of
the metal absorption lines, likely caused early-on by initially-high
CSM interaction. The typical Ha P Cygni profile seen in CCSNe
is also markedly absent, with the absorption filled in entirely by
(presumably) CSM interaction-driven emission (Pessi et al. 2023).
This is in common with both SN 1998S and PTF11igb.

To further underscore the normality of the underlying explosion in
SN 2024cld, we investigate the ejecta kinematics through measure-
ment of the ejecta-driven absorption lines throughout the lifetime
of the transient. Owing to the complex profiles of the ejecta lines,
we estimate the profile minima by fitting Chebyshev polynomials to
selected spectral ranges around each line of interest, using primarily
the NOT gr4 spectra owing to their high signal-to-noise. Uncertain-
ties are estimated by bootstrap resampling to account for data-driven
uncertainty in the location of the profile minimum. Prior to ~30d
the metal absorption features are not visible. Beyond 100 d we do not
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Figure 10. Evolution of ejecta velocities in SN 2024cld through the first 200
days. Velocities correspond to the profile minima of the associated absorption,
with error bars representing bootstrapped 1o uncertainties. The extrapolated
velocities back to zero-phase in brown and pink dashed lines correspond
to HB and He I, respectively, and illustrate the expected stratification in
ejecta. The measured mean Hp velocities from the sample of Gutiérrez et al.
(2017), alongside their standard deviations (shaded region) are overplotted
for comparison.

attempt to fit for the HB velocity, owing to major contamination from
Fe lines. Similarly, some later-time Ca II NIR line measurements are
excluded owning to residual fringing and/or telluric absorption. In
Figure 10 we plot the results of this fitting procedure to compare
and contrast the velocities of the different species in the ejecta, as
well as estimate initial ejecta velocities. The best-determined ejecta
velocity arises from the Fe 1115169 line, typically taken as a proxy
for the photospheric velocity (e.g. Schmutz et al. 1990; Dessart &
Hillier 2005). This, alongside all other line velocities, shows very
typical evolution compared to the sample of Gutiérrez et al. (2017),
further underscoring that SN 2024cld is indeed a typical SN II, with
its unusual properties arising from CSM interaction.

To investigate what drives the early-time rise to peak (noted in
Section 4) in the photospheric radius, we estimate the ejecta.ve-
locity close to time of explosion. We fit the obtained velogities of
Hp and He I with low-order polynomials to estimate the‘ejecta ve-
locities at day zero and obtain 8700kms~! and 6700km’s=!, re-
spectively. These are formally lower limits, given that the”early-
time evolution is not well-described by a linear dectease.:Following
the end of the first plateau at ~100d, the bread\He profile ob-
served in SN 2024cld undergoes two key-changes,— the emergence
of a strong blue-shifted emission component with a velocity -5000—
6000kms~!, and a weaker red “ledge” feature at similar velocity.
Figure 11 illustrates the evolution of the Ha profile over time. We
perform a profile decomposition, to’investigate the underlying com-
ponents, by fitting a numberof Gaussians to the Ha emission. The
emission seen in SN 2024eld.is:well-described by four Gaussians: a
narrow emission component at a rest wavelength corresponding to
the pre-shock CSM emission/host light, a broad emission component
close to rest wavelength arising from ejecta, and blue and red com-
ponents offset,~6000km s~ from rest wavelength, corresponding
to high-velocity \€SM components. We also include a component
to account for the emergence of nebular oxygen at late times, fixed
to/the rest wavelength of 6300 A. Note that given we use the lower
resolution spectra for this analysis, we do not include a detailed de-
scription of the narrow pre-shock CSM emission with the P Cygni
absorption — instead deferring this to Section 5.3. All lines are fit
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Figure 11. Evolution of the broad Hea profile in SN 2024cld. A strong blue
shoulder and weaker red ledge are present.

simultaneously to correctly propagate covariances. Example fits are
shown in Figure A3, with individual components isolated.

Prior to = 90d, the profile is largely ejecta-dominated, with a
slight excess visible on the red wing, generated by a broad, high-
velocity component with full width at half maximum (FWHM)
~7000km s~ !, at typical velocity offset ~6000kms~!. After ~ 90d,
a blue component in Ha emerges at a velocity offset #5500 km s~
driving the emergence of a marked “shoulder” in the profile on a
similar timescale. Both red and blue components remain until our
final spectrum - though with diminished strength owing to the de-
crease in continuum flux and strengthening of the ejecta-driven Ha
emission. The red component typically has a 2-3x larger FWHM
than the blue component throughout the spectral series. There is no
real evidence for dust formation in the NIR photometry (see Fig-
ure A2) of SN2024cld at these epochs, which could modulate the
wings of the Balmer lines, thus we favour the explanation that these
changes are indeed related to CSM components from an asymmetric
configuration.

Outside of the Ha profile, the late-time spectral features of
SN 2024cld are broadly comparable to typical CCSNe, showing
emergence of nebular emission, but with a few deviations. The
[Call]a47291, 7324 and [O 1]A7774 lines, typical of late-time spec-
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tra of SNe II (e.g. Dessart & Hillier 2020) are notably absent —
whereas the Ca II NIR triplet remains strong throughout the final
~100d of our spectral sequence. The relatively weak strength of
the forbidden emission lines is best explained by the elevated CSM
density present (e.g. Filippenko 1997). The higher densities in the
CSM/ejecta-CSM boundary regions exceed those at which forbidden
transitions can occur, and thus lead to suppression of [Ca II] relative
to Ca II, for example. This is relatively common among the class
of interacting SNe, with strong IIns (e.g. Taddia et al. 2013) show-
ing an almost complete suppression, with more weakly-interacting
SNe II (e.g. Nagao et al. 2025) showing weakened forbidden lines.
We defer a comparison of forbidden lines in SN 2024cld to the other
98S-like SNe, along with more detailed spectral comparisons to Sec-
tion 7. There is no strong evidence for the Ca II triplet and O I line
showing the same asymmetries as Ha, particularly around the phase
of the emergence of the blue shoulder (100d), when it might be
expected to manifest most strongly.

At the end of our spectral series, SN 2024cld is still photospheric,
with strong Fe II absorption features present. This is further evidence
for CSM interaction heating the ejecta, especially in light of the
late-time interaction-driven luminosity, which endures for more than
100 d longer than seen in the sample of Anderson et al. (2014). This
makes modelling of the progenitor star challenging at this early phase,
with spectroscopy at a later time, when the interaction has ceased and
the ejecta have transitioned to being optically thin, crucial to make
further headway in confirming the progenitor of SN 2024cld in detail.

5.3 Medium-resolution spectroscopy

Given the presence of narrow lines even after the initial flash-ionised
stages, we triggered a sequence of higher spectral resolution ob-
servations beginning 24 d post-explosion, using NOT/ALFOSC and
ANU2.3m/WiFeS in their highest-resolution configurations. These
spectra are shown in Figure 12. Our best NOT/ALFOSC grl17 ob-
servations taken with the 0.5”” slit have typical spectral resolu-
tion® R ~ 9000 measured from the FWHM of unblended sky
lines, corresponding to an instrumental broadening of 34kms~!.
Throughout the post-flash evolution (>15d), we detect a narrow
(FWHM=65kms~!), corrected for instrumental broadening)=Ha
emission component consistent with the host galaxy rest fraine, ini-
tially attributed to the nearby H II region (see Figure 2)./However,/a
lack of accompanying [N II] lines, and more crucially,a deep P Cygni
profile, suggest this is intrinsic to the SN itself. Most.remarkably,
this P Cygni profile shows evolution throughout the lifetime of the
transient, illustrated in Figure 12. At early times, the absorption is
broader (#200kms~! FWHM) and has 4 profile minimum around
500kms~!. A sharp transition occurs around‘day 30, with the ab-
sorption velocity dropping to ~100kms™!, and the profile width
decreasing dramatically. We cannot rule'out the possibility of further
narrow absorptions at this phase, owing to the signal-to-noise ratio
and resolution of the data. We.associate this with an abrupt change in
the CSM structure swept by-the-ejecta around this time — with early-
time velocities corrésponding to intense mass loss from e.g. binary
interaction or ejécted material from an eruption, and later-time ve-
locities corresponding to an unperturbed wind-driven CSM. For such
a sharp transitien toroccur implies a change in CSM on length scales
of <20.AU. The transition from broad-high velocity to narrow-lower
veloeity isifurther consistent with the complex nature of eruptive (or
binary) mass loss. We explore in more depth the implications of this

6 Sampled at approx. 0.2/pix

SN2024cld 11

oS——m—m—————7— 7
ANU 2.3m (+24.7d)

0.0

-0.5

-1.0

Normalised flux + offset

B U U S
—3000 —2000 —1000 0

| NOT (+32.0d)
_o [NoT (+47.79)
[NOT (+60.5 )

NOT (+73.5d)

4t
| NOT (+86.4d)

—6 FANU 2.3m (+114.8 g

Normalised flux + offset

| ANU 2.3m (+140:9.d)

I'NOT 6:210.5@)

E

=300 —200 —100 0 100 200
Velocity (km/s)

Figure 12. Zoom-in on the narrow Ha component present in medium-
resolution data of SN 2024cld, with spectra shifted to match the H emission.
The top two spectra are plotted with a expanded scale to emphasise the broad
absorption present. There is a marked transition around 30 d post-explosion,
attributed to the ejecta sweeping past dense, eruptive mass loss, into a more
rarified wind-dominated CSM. The shaded circle corresponds to the esti-
mated profile minimum for each spectrum.

resultin Section 7, but for now characterise the CSM velocity in more
detail. To more systematically measure the evolution of this feature,
we fit Chebyshev polynomials to the absorption to estimate the pro-
file minimum. Velocities are referenced to the strong He emission to
mitigate any wavelength calibration offsets (thought to be minimal
owing to an absolute calibration to sky-lines). These velocities are
presented in Figure 13. There is an evident decline post-transition,
which we fit with a straight line — valid given we are still seeing
absorption from comparatively close in to the progenitor, which has
not yet reached terminal velocity. There is a clear decrease in veloc-
ity over time, 0.22 + 0.08 km s~ Iq-1 , which can be attributed to the
ejecta sweeping up faster material (i.e. closer to the SN). This should
decrease towards the terminal wind velocity (e.g. Kee et al. 2021)
over time if this component is indeed associated with the progenitor
wind, as the effects of radiative acceleration decrease with greater ra-
dius — with decreasing wind velocities placing stronger and stronger
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Figure 13. Measured Ha absorption velocities as a function of phase, based
on medium-resolution NOT and ANU2.3m data. Measurements and their 1o
uncertainties are derived from bootstrapped Chebyshev polynomial fits to the
line profile. Overplotted is a linear fit to the post-transition velocities to illus-
trate the regression to the terminal wind velocity, alongside 10 bootstrapped
confidence interval.

constraints on this. The final value obtained prior to SN 2024cld be-
coming Sun-constrained, 57 + 13 km ™!, is above typical RSG wind
velocities (10-30kms~1), though broadly consistent within the un-
certainties. This profile will likely disappear prior to reaching the
terminal wind velocity, as the CSM density continues to decrease
towards the point it can no longer drive line emission. Such narrow
absorptions have been seen in a number of prior SNe II from the
literature (e.g. Shrestha et al. 2024; Andrews et al. 2025; Tartaglia
et al. 2025), but few have shown the longevity of the emission seen
in SN 2024cld — the strongly-interacting SN 2017hcc being a notable
exception (Smith & Andrews 2020).

6 POLARIMETRY

The optical polarimetry of SN 2024cld samples the early and mid-
time evolution of the transient well, ending around 115d post-
explosion owing to it becoming too faint for reliable observations
with the NOT. For the earliest stages of evolution we have both B'and
V-band observations, both tracing the continuum polarisatien well
due to avoiding the prominent He line. The earliest'epoch required
some additional calibration owing to a sub-optimalobserving con-
figuration, which we detail here prior to exploring the polarimetric
evolution. The first epoch of polarimetry at 3:5.d suffered from ex-
cess contamination of SN 2024cld by, the extraordinary beam of the
host nucleus, which made a straightforward reduction challenging.
We applied two approaches to remove-the contribution of the host
nucleus — subtraction of the flux of the nucleus based on an empirical
radial profile based on Chebyshey polynomials (approximately valid
for the core, where theimajority of the flux is located), and subtraction
of the flux of the"nucleus from the contaminated epochs based on
measurement, of latter uncontaminated epochs using the e¢/o beam
ratio. Both approaches are independent, and yet led to consistent re-
sults, thus we arejeonfident that this first epoch is justified to include.
The interstellarpolarisation (ISP) due to Galactic dust was estimated
based on field stars to be 0.24 + 0.05% in B-band, and 0.23 + 0.02%
in'V-band. Given our inference of low host extinction from medium-
resolution ANU 2.3m spectra (see Section 3), the contribution to
polarisation from the host (e.g. see Serkowski et al. 1975) is likely

small, < 0.1%, at least compared to the ~ 2% polarisation measured
throughout the evolution of SN 2024cld. The full polarimetric se-
ries is presented in Figure 14, corrected for ISP and all instrumental
effects. SN 2024cld shows a number of notable features in polari-
metric evolution. The earliest measurements in both B and V band
are very low, broadly consistent with zero polarisation at the 1-20
level. Over the next week, the polarisation in both bands rises rapidly
to 2%, and rotates approximately 40 deg. This is the maximal ob-
served polarisation attained by SN 2024cld throughout our observed
epochs. After this, the polarisation declines slowly in both bands, and
shows evidence for further rotation to a maximum of ~50-60° with
respect to the first measurements. Our final V-band epoch at 115d
post-explosion remains elevated at the ~1% level. Formally, these
measurements constitute lower limits, given the unknown viewing
angle adding projection effects.

Prior polarimetry of 1998S-like SNe in the literature is-largely
limited to single epochs or sparsely-sampled imaging/spectro-
polarimetry datasets. The detailed polarimetric observations “of
SN 2024cld across a broad timespan presented here thus tepresent
the most comprehensive dataset for any 98S-like/SNin the literature,
and offer a valuable opportunity to better understand the'geometry of
CSM in these objects, and thus constrain their progenitor systems bet-
ter than previously possible. There are 3€pochs of spectropolarimetry
publicly reported for SN 1998S, presenteéd in Leonard et al. (2000)
and Wang et al. (2001), obtained approximately +4, +27, and +59d
post discovery respectively. The earliest epoch shows continuum po-
larisation of 1.6% under the revised ISP of Wang et al. (2001), before
undergoing a rotation of =36 deg in the second epoch 1 month post-
discovery, and growing.to 3%jin the final epoch with constant polar-
isation angle. A single e€poch of spectropolarimetry (Bilinski et al.
2024) was obtainedyfor PTF11igb at +176 d post-discovery, showing
polarisation‘©£:3.0 £/0.9% at 5400A (approximately V-band). The
observed polarimetric properties of SN 2024cld are well-matched to
thesetwo objects — showing an initially low polarisation (=~ 0.5%) at
discovery, which grew to a peak of = 2% at +10d. SN 2024cld also
shows the’same rotation of ~ 40 deg as reported in SN 19988, corre-
sponding to the change in geometry of the photosphere as the ejecta
sweeps the inner CSM. At late time (+115d), SN 2024cld shows
p ~ 1%, consistent with the 30~ detection of non-zero polarisation
reported in PTF 11igb. The overarching similarities in polarisation
evolution between SN 2024cld and these objects further underscores
the common presence of asymmetric CSM, even if detailed agree-
ment is harder to assess given sparse literature data. Such high levels
of polarisation are also seen in the more strongly interacting SNe IIn
(see e.g. Bilinski et al. 2024), which map well to the evolution seen
in the more weakly-interacting SNe we focus on here, as expected
given that asymmetric CSM is also often invoked to explain their
properties (e.g. Reynolds et al. 2025a). In these objects however,
it is clear that significantly higher CSM masses are involved given
the higher luminosities, pointing towards different progenitors in the
most extreme cases (e.g. Fransson et al. 2014; Ofek et al. 2014a).

The polarimetric evolution SN 2024cld shows excellent consis-
tency with recent ordinary SNe II with very early polarimetry — albeit
over a longer timescale, and with greater overall observed polarisa-
tion. Spectropolarimetry of SN 2024ggi (Yang et al. 2025) shows
rising polarisation from 1.2 d post-explosion, peaking at around 2d
(p = 0.5%) before declining, and showing a large-scale rotation in the
dominant axis. A similar trend is seen in SN 2023ixf (Shrestha et al.
2025), with an initially high polarisation (p ~ 1%) from their first
measurements around 2 d post-explosion, with further data showing
both a rapid decline, and an sharp change in position angle between
days 2 and 12. The qualitative evolution of SN2024cld shows a
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Figure 14. B and V-band polarisation measurements for SN 2024cld with NOT/ALFOSC, based on an aperture size‘of 2XxFWHM, and corrected for ISP via
field stars. There is clear and complex polarimetric evolution throughout in both B and V bands, rising to P = 2%"around.10 d post-explosion, and showing
marked rotation of 60° from explosion to final epoch. The ISP (and associated uncertainty) is shown by the redamarker.

good match to both objects, with their polarisation evolution be-
ing attributed to aspherical CSM close-in to the explosion (and/or
asymmetric ejecta). The slower rise to peak polarisation, smaller
rotation, and continuous detection of polarisation out to 120d seen
in SN 2024cld further underscore the highly extended nature of the
CSM in this system, as already inferred from spectroscopy. One no-
table deviation is further explained by the extended CSM present
in SN 2024cld: the presence of elevated polarisation on/after the H-
recombination plateau. In ordinary SNe IIP (Chornock et al. 2010;
Nagao et al. 2024) this phase is marked by spherical symmetry, butin
SN 2024cld the extended, asymmetric CSM present (see Section 5)
must be driving an aspherical photospheric geometry even through
this phase to explain the evolution seen.

7 DISCUSSION
7.1 Bulk properties in comparison to other 98S-likes

In this section, we compare and constrast the observed properties
of SN 2024cld to the other 98S-like, objects to infer where they
differ in terms of CSM interaction and underlying explosion. For
the purposes of comparisens.we, present in Figure 15 the r/R-band
light curves of a number ‘of 98S-like transients from the literature:
PTF11igb (Smith"et al. 2015), SN 1998S (Fassia et al. 2000; Poon
et al. 2011), SN 2008fq (Taddia et al. 2013), and SN 2013fc (Kan-
gas et al. 2016)."We~also include the well-observed normal SN II
SN 2004¢et (e.g. Maguire et al. 2010) for comparison. r/R-band is
deliberately chosen to capture the late-time luminosity from He,
which dominates the overall luminosity out to later times - with dif-
ferences between the two filters being minimal as a result. We also
present a more detailed spectroscopic comparison in Figure 16 with
PTF11igb and SN 1998S, using spectra retrieved from WISeREP,
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Figure 15. Comparison between the light curves of 98S-like SN 2024cld
(this paper), PTF11igb, SN 1998S, SN 2008fq, SN 2013fc, and normal SN II
SN 2004et. Absolute magnitudes are corrected for Galactic reddening, and
host reddening where available. A moving average with a 1-week window
is applied to the light curve of SN 2013fc to reduce scatter. A representative
36Co decay assuming full gamma-ray trapping is overplotted to highlight the
significant excess luminosity over radioactive decay.

originally presented in Smith et al. (2015) and Fassia et al. (2001);
Leonard et al. (2000) respectively.

The early time light curve of SN 2024cld shows a marginally ex-
tended rise compared to regular SNe II, in common with PTF11igb
and SN 1998S. The rise time is comparable to PTF11igb (x14d;
Smith et al. 2015), with both being quicker to peak than SN 1998S (>
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16 d, with some uncertainty on the explosion epoch). Taken together,
this hints towards the early-time interaction in SN 2024cld being
weaker than in the other 98S-likes — further corroborated by the
peak luminosity being comfortably lower than both. The initial pho-
tospheric radius at time of explosion, inferred from the bolometric
light curve, implies a significantly puffed-up progenitor compared
to typical RSGs — with mechanisms for achieving this being sug-
gested as envelope inflation via wave-driven heating (Quataert &
Shiode 2012; Fuller 2017), pulsations (Yoon & Cantiello 2010), or
late-stage nuclear burning (Morozova et al. 2020). The CSM interac-
tion is further evident in the early-time spectra, showing characteristic
flash-ionisation signatures in common with many CCSNe, and indeed
PTF11iqgb itself. The narrow emission lines attributed to CSM inter-
action disappear around 14 days post-explosion, which corresponds
with a stall in the photospheric radius. The photospheric temperature
throughout this early phase is comparatively low, around 15000 K
at peak, and consistently decreasing. This inferred temperature is
markedly lower than seen in other flash-ionised SNe at early times
(e.g. Yaron & Gal-Yam 2012; Terreran et al. 2022), but is broadly
comparable to SN 1998S (Fassia et al. 2000) at similar phase. The
high-ionisation species are likely driven by ejecta-CSM interaction
rather than the more classical flash-ionisation: the early rise in the
photospheric radius has a velocity comparable to the inferred ejecta
velocity (see Figure 5) and explains the extended interaction seen
compared to the sample of Bruch et al. (2023). From when the ma-
terial causing the narrow flash lines is swept up by the advancing
ejecta, we can infer the outer extent of this dense component based
on the inferred ejecta velocity at early time (8000-10 000 km s~ 1y as
approximately 60-80 AU (~ 10%5 cm) across. The observed polarisa-
tion degree also peaks on a similar timescale to when the flash lines
disappear, suggesting that the photosphere is maximally aspherical
at this time, likely arising from an underlying aspherical CSM com-
ponent from which narrow H and He emission are observed — which
we attribute to the stellar envelope.

The absence of early-time X-ray detections (see Section 2) likely
suggests that any X-ray emission from ejecta-CSM interaction is
unable to escape at early times, due to the opacity (density) of the
CSM surrounding SN 2024cld. Although no early-time X-ray data is
available for SN 1998S, Ofek et al. (2013) show a marginal (20).de-
tection for PTF11igb at +24 d, inferring a luminosity of = 7.9°x 1040
erg/s. We compare the non-detections of SN 2024cld to this in Fig-
ure Al, alongside some well-observed X-ray detected-core/collapse
SNe, SN 2023ixf (Chandra et al. 2015), and SN 2010j\(Nayana et al.
2025). Our early-time observations for SN 2024eld=show no clear
detection at the level of PTF11igb under similar assumptions about
the photon energy distribution. In conjunction with ‘our peak bolo-
metric luminosity, the non-detection places ‘upper bounds on the
ratio of X-ray luminosity to bolomettic luminosity, with a conserva-
tive upper limit of Ly /Lp,; < 0.005%t #10d post-explosion, and
Lx/Lpo; < 0.07 at +220d post-explosion. At early time such a
non-detection (and strong Coenstrdint on Ly /Lp,;) is unsurprising,
as the CSM is opticallysthick to X-rays, even if we know they are
being necessarily generated in the ejecta-CSM shock interface (e.g.
Ofek et al. 2013). Thatiwe do not see emission at our final Swift
epoch is more interesting'— whether this is due to an intrinsically low
X-ray luminosity,er.again a consequence of the optical depth of the
surrounding CSMvis hard to disentangle given no actual detections.
A more detailed treatment with CSM modelling is beyond the scope
of/this paper; but we note here that further deep X-ray observations
of 98S-like SNe will prove diagnostic in understanding the late-time
interaction.

Post-peak, we see an approximately linear decline in the light

curve of SN 2024cld across all bands, declining as expected more
quickly in the bluer bands, in common with SN 1998S (see Fig-
ure 15). SN 2024cld then enters a marked plateau phase, showing
roughly constant photospheric temperatures (= 5000 K) and a stall
in the expansion of the photospheric radius — at least partially driven
by the traditional IIP-style plateau powered by hydrogen recombi-
nation (e.g. Grassberg et al. 1971; Arnett 1980). There is likely
significant contribution from interaction, owing to narrow-line emis-
sion, and the declining temperature during this phase (see Figure 5).
The early-time (< 14 d) light curve shows a clear excess over a typ-
ical SNIIP light curve, driven by extra luminosity from interaction
with the inner dense CSM component. Beyond this phase there is
still evidence for CSM interaction via the Ha emission, thus it is not
straightforward to infer any explosion properties based on the plateau
luminosity.

As alluded to in Section 5, additional red and blue ,compo-
nents in the Ha profile emerge beyond +80d, at velocities,of order
6000 km s~ 1. The source of these is ejecta interacting with an aspher-
ical CSM, with the asymmetry between the red and blue components
likely arising from a non-axisymmetric mass distribution inthe CSM.
The most commonly invoked geometry for this is'a CSM disk/torus.
CSM disks have been invoked in a number of SNe previously (e.g.
Hoffman et al. 2008; Pursiainen et al. 2022; Reynolds et al. 2025b),
including in SN 1998S (Leonard etl,,2000) and PTF11igb (Smith
et al. 2015), with recent theoretical ‘\work’ (Scherbak et al. 2025)
providing plausible mechanisms‘to generate such disks via binary
interaction. The high velocity of‘these components is well-explained
by CSM interacting with the fast €jecta, accelerating it, but the fact
that we see both red and bluéycomponents suggests our viewing an-
gle is somewhat off-centre. The early-time polarisation is inconsistent
with a disk, but the rising polarisation and rotation of polarisation
angle suggestithe photosphere transitions between two distinct CSM
components — an inner dense envelope, and a more elongated CSM
disk < around the conclusion of the FI phase. There is also evolu-
tion of the narrow-line P Cygni feature, which further feeds into the
complex velocity components present.

As the photosphere recedes back through the CSM (see Figure 5),
we see further evolution in the relative strengths of the profiles —
though this is naturally superimposed on a growing broad Ha com-
ponent. The blue component begins to decay prior to the red, though
the red component too begins to decay at late time. No real evidence
for dust at this epoch from the NOTCam JHK imaging is seen (see
Figure A2), and thus this is likely intrinsic to the CSM. The same
bulk behaviour surrounding the late-time spectral evolution is seen in
SN 1998S and PTF11igb (see Figure 16), with emerging asymmetric
Ha components beyond the first few months. There are differences
between the strengths of forbidden emission lines between all three
98S-likes we consider here: in SN 198S, the [Ca II] line is clearly
visible from around 100 d, where in SN 2024cld only a broad flat-
topped feature is visible from 145d onwards, and no obvious [Ca
II] emission in PTF 11igb at any epoch. Assuming the underlying
progenitors are similar, this is likely indicative of the relative CSM
densities between the objects, though a detailed treatment of this is
beyond the scope of the paper, requiring tailored modelling.

The velocity offsets of the red and blue Ha components are broadly
comparable, with detailed differences in the He profile being driven
by specific differences in the spatial density/clumping of the CSM.

The drop around ~100d signals the end of the H recombina-
tion and interaction-powered phase, likely driven by the recombi-
nation/cooling front ceasing to move back through the ejecta, as in
SNe IIP. For the remainder of our photometry, SN 2024cld shows
an extended late-time excess in luminosity, beginning around 110d,
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Figure 16. Spectral comparison between SN 2024cld, PTF1ligb, and
SN 1998S. All spectra are corrected to their rest frame, and we apply cor-
rections for host reddening.

and only declining by 1 mag over this phase, reminiseent of’a sec-
ondary “plateau”. This is in stark contrast to, the“typical 2-3 mag
seen in SNe IIP. This extends through the phase where SN 2024cld
becomes Sun-constrained. Given the poor-availability of photometry
around this phase for the other 98S-like SNeuit<is unclear whether
the duration of this late-time excess.i§,comparable, but it does at least
seem that the R-band absolute magnitude daring this phase is similar
between PTF11igb and SN 2024¢ld; suggesting similar CSM density
at this phase. SN 1998S appears to show a similar late-time excess
in luminosity but availablesphotommetry runs out around +120d. The
end of this plateau phasenis poorly constrained in PTF11igb. The
spectra obtained,at theseyphases are clearly dominated by Ha emis-
sion (and to a lesser‘extent the Ca II NIR triplet), thus the overall
luminosity atlate'time is likely fuelled by ongoing CSM interaction.
We see.additional’components to Ha at high velocities, with clear
asymmetry in the strengths of the red and blue components. That we
still see the photospheric features and the light curve does not drop
quickly further confirms this: there must be some additional energy
keeping the ejecta hot, thus visible — plausibly heating from ongoing
ejecta-CSM interaction.
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7.2 Mass loss rates and history

Deriving precise mass loss rates for the progenitor of SN 2024cld
is challenging, given that the different phases through which the
light curve evolved were likely powered by varying combinations
of CSM-ejecta interaction, shock ionisation, H recombination, and
underlying radioactive decay. Nevertheless, we can pick out a few
key phases where we can be reasonably confident about the CSM
properties to make headway. The late-time light curve is dominated
by interaction, declining markedly more slowly than the expected
decline rate for >°Co decay (with complete gamma-ray trapping,
see Woosley et al. 1989), as shown in Figure 15, and thus provides
a route to estimate the mass loss rate required to produce the CSM
driving this. Following Smith (2017a), we assume that the bolometric
luminosity at this epoch is driven by shock interaction with a dense
CSM, and proceed to compute the wind density parameter and’mass
loss rates under this assumption, based on observed features in the
spectra. The luminosity follows the form

3
L Veps
L= EMCSM (
vesM

in the case of the ejecta traversing a spherical CSM shed from e.g.
the progenitor wind. Although we know that,SN.2024cld has a more
complex geometry than this, the mass<loss rates derived via this
approach are still illustrative, even if\not-precise. The velocity of
the cold dense shell, vcpg, iS estimated from the velocities of the
red and blue components of Harat later times (+100d and onwards,
~5500km s~ 1), and the CSM velocity vcgy from the narrow Ha P
Cygni profile velocitiesi(see Figure 13). Mass loss rates over this late-
time phase are ~ 6 X 1074 Mo y~! (comparable to the 10™% Mg y~!
inferred for PTF11igb in"Smith et al. 2015), with uncertainties of 0.3
dex. If vcpg isteverestimated (e.g. these components trace the ejecta
velocity), the inferred mass loss rate could be markedly higher.

The time\ prior to explosion that this CSM was shed can be esti-
mated'as 61 :‘ég’; , here spanning 25-50 years pre-explosion. Integrat-
ing the inferred mass loss rates from +100d to the end of our spectral
series’suggests 0.02 Mg was lost from the progenitor of SN 2024cld
during this time. There are no direct observations of the CDS velocity
at early times as it has not yet formed, and given both the strong scal-
ing of M with vcpg and the rise not being fully interaction-powered,
we do not apply the same formalism at these earlier phases. Nev-
ertheless, the comparisons to flash-ionisation models (see Figure 9)
point towards enhanced mass loss rates in the progenitor close to the
time of explosion, around 5-10x higher than inferred for the histor-
ical mass loss of the progenitor probed by late-time observations of
the SN. This lends further credence to the dense CSM inferred from
both the inflated photosphere size at time of explosion, and the high
velocity CSM inferred from the narrow Ha P Cygni profile. How-
ever, these models are derived under the assumption of wind-driven
mass loss, which we disfavour over an impulsive ejection/binary mass
transfer event proximate to explosion — making the mass loss rates
inferred from these models only approximate, given the CSM likely
had higher velocity, and we know from spectroscopy that the CSM
was aspherical.

The evolution of the narrow He at later times is well-explained
by the SN ejecta sweeping through this wind-like component from
the progenitor — with the ever-decreasing wind velocity driven by
the closer-in, faster wind being swept up. The final wind velocity
observed (~60km s‘l) — is higher than expected for RSG winds.
The continuing evolution to lower velocities implies the wind has
potentially not yet reached its terminal velocity. More specifically, the
ejecta has not yet swept up the faster wind closer-in to the progenitor.
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This implies that a H-rich CSM is still present in sufficient density
beyond +200d post-explosion to drive the absorption components
observed, even if some of the emission is attributable to underlying
host lines. We see no evidence for any absorption in the CALIFA
explosion site spectrum, taken pre-explosion.

7.3 Progenitor system

Obtaining a robust identification for the progenitor of SN 2024cld
is challenging — there is no pre-explosion imaging that would pro-
vide sufficiently constraining upper limits, and at the time of our last
spectrum, SN 2024cld remains photospheric, thus making modelling
of nebular features impossible until later. Nevertheless, we can con-
sider which progenitor systems are likely capable of generating the
observed CSM configuration, and proceed accordingly.

Observations of the most massive stars in the Milky Way and
its satellites have revealed complex CSM configurations (Schuster
et al. 2006) such as shells, rings, and asymmetric clumps. Recent
millimetre-wave observations of NML Cyg (De Beck et al. 2025)
reveal a series of low (*30kms~!) velocity shells surrounding the
star, presumably ejected in a sequence of eruptions a few hundred
years apart. A number of evolved RSGs show resolved ring neb-
ulae, with a prominent example of this being the Fried egg neb-
ula surrounding Hen3-1379 (Hutsemékers et al. 2013; Koumpia
et al. 2020). The emission geometry of the ring presents a highly
aspherical photosphere, with expansion velocities typically around
~60kms~! (Lagadec et al. 2011). Both NML Cyg and Hen 3-1379
are not (currently) known to have binary companions, thus single
star evolution may provide a route to generate this dense, structured
CSM - though the precise mechanisms for such mass loss in RSGs
and evolved RSGs remain debated (Beasor et al. 2020). If indeed
arising from single stars, the complex CSM observed in SN 2024cld
provides further constraints on the timescale and geometry of such
mass loss mechanisms. There is also the complication that the CSM
in many of these systems is dominated by cool dust, rather than gas
— this would likely manifest in as strong NIR excess if present in
reasonable amounts, which we do not (at least thus far) observe in
the case of SN 2024cld even at 220 d post-explosion — yet was seen
in both SN 1998S (Fassia et al. 2000) and SN 2013fc (Kangas et.al:
2016). Pre-existing dust close-in to the progenitor would likely be de-
stroyed regardless through ejecta-CSM interaction. In both the,case
of Hen 3-1379 and NML Cyg, it is not clear how constrainingexist-
ing observations are regarding the presence of an unseen, potentially
low-mass companion — but given the star is massive;itismot unlikely
this system is also binary in nature.

Another plausible progenitor scenario-is,fromja RSG or yellow
supergiant (YSG) in a binary system. Given that massive stars are
overwhelmingly expected to be in bifiary/multiple star systems (Sana
etal. 2012), and that SN 2024cld is clearly aCCSN, it is a priori likely
that the progenitor star is joined\byat,Jeast one companion. Binary
systems provide a number of additional pathways to generate the
required mass loss — through.binary shedding events, and common
envelope evolution phasess Whilst it is clear this pathway introduces
considerably more degrees of freedom, formation of asymmetric
CSM is easier in such systems. Scherbak et al. (2025) demonstrate
through simulations.that such binary mass loss can occur rapidly, and
yield CSM of sufficient density to drive strong interaction.

The star WOH G64 (Westerlund et al. 1981), in the Large Mag-
ellanic Cloud, presents one potential realisation of such a scenario,
with a number of pointed similarities to the putative progenitor of
SN 2024cld. WOH G64 has been the subject of intensive study, as
among the most extreme RSGs (e.g. Levesque et al. 2009) in the

LMC, in terms of luminosity and size. Recent VLTI observations (see
Fig. 1 of Ohnaka et al. 2024) in K-band reveal a complex multi-
component CSM structure: a central compact spheroidal emission,
surrounded by a broad ring of fainter emission roughly 30 R, along
its major axis, and 20 R, along its minor axis, projected on the sky
plane, although the ring is close to face-on. Ohnaka et al. (2024) also
report hints of an even more distant ring component, but cannot rule
out that this is an artefact of the reconstruction. These components
are attributed to warm CSM. The inner spheroidal CSM component
of WOH G64 has a ratio of axis lengths £ ~ 0.7, which corresponds
to a maximum polarisation of p = 2% assuming a scattering domi-
nated photosphere and an oblate spheroidal geometry (Hoflich 1991).
This is comparable to the polarisation degree seen in SN 2024cld at
its maximum, around the time of the narrow flash lines disappearing.
The inner dense material, and outer ring appear to have different
(projected) orientations in the reconstructed image, which resémbles
the rotation in polarisation angle that was observed in SN 2024cld
between the early and latter phases. Spectrally, strong Hand Ca emis-
sion is seen in the most recent spectrum of WOH G64,with'a marked
P Cygni profile indicating outflows are present. The velocities of
these outflows are ~80 kms~! (Munoz-Sanchez etal™2024), broadly
comparable with the outflow velocities seen in Figure 13.

WOH G64 is suggested as a symbiotic B[e] binary (Munoz-
Sanchez et al. 2024) — given the peculiar ‘emission lines, and the
observed radial velocity shifts between, the.various spectral epochs —
with the primary best matching a yellow hypergiant (YHG), where a
significant amount of the outer enyelope was lost during the transition
from RSG to YHG. Whether ejected via some dynamical process in
the primary (e.g. Fuller,2017;Morozova et al. 2020), or stripped in
one or more binary shedding events, there are strong parallels be-
tween the CSM inferred for SN 2024cld and the CSM observed in
WOH G64.Continued time-resolved observations of WOH G64 and
similar systemswould provide estimates of the expansion velocity of
the ring/disk-like structure, which would be then directly comparable
tosvelocities inferred for the aspherical CSM seen in 98S-like SNe —
more concretely connecting the progenitors of such objects to those
seen in the local Universe.

We depict the key elements of the scenario we propose for
SN 2024cld, alongside their observable evidence in Figure 17.

a) SN 2024cld likely has an evolved RSG/YHG progenitor, that has
recently undergone a period of envelope inflation or impulsive mass
loss, yielding an asymmetric, puffed-up geometry. The progenitor has
a significant dense disk-like CSM component, with some azimuthal
asymmetries — likely caused by interaction with a binary compan-
ion, or rotation (Maeder 2002). The entire system is embedded in a
tenuous wind-like environment, shed from the progenitor before the
disk/envelope inflation phase.

b) At early times, the ejecta front has not yet fully swept the inner
photo-ionised envelope, and the photosphere lies ahead of the ejecta
front, driving narrow line emission at early phases. Given the asym-
metry, the photosphere itself shows some emerging ellipticity around
7 d post-explosion.

¢) During the early plateau phase, the CSM disk component is fully
concealed within the photosphere associated with the ejecta. We see
alargely symmetric Ha profile during this phase, with ejecta features
in absorption.

d) At late times, the photosphere recedes in mass coordinate (albeit
not significantly) back through the ejecta, revealing the strong asym-
metric Ha profiles originating from the CSM disk. Given the fact we
see no strong nebular emission and both ejecta and CSM features,
the photosphere cannot have receded as far as in typical CCSNe.

9202 Yo.Je|\ Z0 uo 1senb Aq 1262018/ 9ZZIBIS/SEIUW/EE0 | 0 1 /10P/2[01e-80uBApE/S_IUL/WOD dnoolwepeoe//:sdiy Wo.ll papeojumod



a) Pre-explosion

e) Optically thin Asymmetric

wind-like CSM —T™—— envelope
CSM disk\
Companion? -
Progenitor

b) Narrow line/flash features (<14d)

Aspherical
photosphere

c) 1st plateau (>40d)

Disk-ejecta
interaction
hidden inside
ejecta
photosphere

d) Late time (>90d)

Photosphere
recedes to
reveal strong
asymmetric Ha,
dominated by
interaction

Figure:17. Summary of the inferred CSM structure around the progenitor of
SN 2024cld, alongside key observed phases in the evolution of the SN itself.
Each subspanel is discussed in the text.
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e) Throughout the evolution of SN 2024cld, we see a narrow P Cygni

feature, due to the wind-like CSM throughout the system. The veloc-
ity of the absorption decreases over time as the ejecta sweeps up the
faster wind closer in to the progenitor.

The picture we paint here of the SN 2024cld progenitor system agrees
well with that of PTF11igb presented in Smith et al. (2015) — an ex-
tended progenitor star as inferred from the light curve rise time, most
likely a RSG, embedded in a dense yet slow wind, with a promi-
nent disk-like CSM component. The constraints on the progenitor of
SN 19988 are largely qualitative, with Fassia et al. (2001) inferring
a core mass of 4 Mg and an approximate zero age main sequence
(ZAMS) mass of 20My — a massive progenitor. A similar mass
was also inferred for the progenitor of SN2013fc (Kangas et al.
2016). The late-time Ha luminosity (Mauerhan & Smith 2012) is
also consistent with a RSG based on the models of Chevalier &
Fransson (1994). Leonard et al. (2000) suggest, based on their'spec-
tropolarimetry, that SN 1998S showed (at least) two diStinct mass
loss episodes — one with a ring/disk-like morphology.thaticoncluded
in the final few years of the progenitor’s life, and.another that was
still occurring as the star exploded, which yielded a confined CSM
close-in to the progenitor. This matches well the,CSM geometry
we infer for SN 2024cld, with differences in polarisation degree and
evolution attributable to viewing angl¢ effects=The class of 98S-like
events (including SN 2024cld) all seem to have remarkably similar
CSM geometries which would, at least at face value, imply very sim-
ilar mass loss pathways between themy/and thus progenitor systems.
Given the intrinsic raritysof-the 98S-like SNe, this implies that the
progenitor channel that forms them cannot be very common. The
presence of disk-like \CSM. is of course not unique to SN 2024cld
and the 98S-likes; being invoked in a number of recent interacting
H-rich SNe (e.g. \Andrews et al. 2025; Tartaglia et al. 2025; Char-
alampopoulos.etial, 2025; Nagao et al. 2025; Reynolds et al. 2025b),
—yet SN2024cldprobes a different level of interaction/pre-explosion
mass loss to these examples, and the dataset presented here is among
the' most comprehensive examples to date.

Regardless of how the CSM was shed, the observed properties of
SN2024cld point towards a moderately massive H-rich progenitor
star that underwent a period of extreme mass transfer (whether via
single or binary mechanism) in the final few hundred years prior to
explosion, and became greatly inflated in the final few years of its
life. This is in line with suggestions for the similar 98S-like objects,
with evolved RSG progenitors undergoing significant mass loss. The
qualitative differences between the light curve and spectra of each
object are entirely consistent with differing mass loss profiles over
time — with SN 1998S showing a more IIL-like light curve owing to
a greater degree of mass loss at late times throwing off the H-rich
material needed for a recombination-fuelled plateau, and PTF 11igb
showing a more IIP-like light curve. The late-time light curve of
SN 2024cld does not directly match either object, but is more simi-
lar to PTF11igb overall. The continued late-time interaction-driven
lightcurve and pre-shock CSM features of SN 2024cld suggests that
the CSM is highly extended out to scales of ~ 10'6 cm. Continued
spectroscopic observations at late time will further probe the geome-
try of mass loss, including components shed earlier in the progenitor
evolution that the ejecta has not yet reached.

8 CONCLUSIONS

In this paper, we presented the UV/optical/IR follow-up campaign on
SN 2024cld, a transitional SN II with strong similarities to PTF 11igb
and SN 1998S, discovered and classified just 12h post-explosion via
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the high-cadence GOTO-FAST survey. The densely-sampled spectral
series for the object reveals persistent interaction signatures across
multiple distinct phases: early-time flash-ionisation dominated emis-
sion, through to late-time asymmetric line profiles arising from ejecta
interacting with an aspherical CSM, and a persistent narrow Ha
component associated with pre-shock CSM. The light curve fur-
ther underscores this, showing a moderately extended rise, an early
plateau, and strong late-time flattening in the light curve, the latter
likely powered by interaction. A comprehensive polarimetric series
charts the evolving geometry of the photosphere up to 115 days
post-explosion — showing an initially spherical configuration, that
reaches a peak polarisation of ~ 2% and exhibits a rotation of ~ 60°,
before declining back towards low polarisation at late time. Taken
together, SN 2024cld exhibits evidence for multiple CSM compo-
nents: a dense, asymmetric envelope of H-rich material close-in to
the progenitor, with a disk/torus-like CSM component extending out
to large radii, and a strong wind-like component visible along the
line of sight. The complexity of mass loss required to generate these
observables further points towards a binary origin for SN 2024cld:
with discoidal/toroidal CSM in particular best explained through a
binary shedding event, or potentially multiple distinct events. The
CSM structuring shows marked similarity to that observed around
the Galactic RSG WOH G64 (Ohnaka et al. 2024), itself thought to
have a binary companion. Assuming its progenitor is also a similar
(evolved) RSG, SN 2024cld likely represents one realisation of the
explosive endpoint of such systems. Obtaining pre-explosion imag-
ing of the progenitor of a 98S-like SN would serve to make concrete
this association.

Continued spectroscopic observations of SN 2024cld out to late
times remain crucial: to constrain the edge of the asymmetric CSM
and thus the time it was shed, continue to monitor the pre-shock CSM
wind velocity and thus measure the progenitor wind, and to probe
the progenitor mass via the nebular emission, when (if) it emerges
before the transient becomes too faint.
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Figure A1l. Luminosities in the 0.2-10 keV band for a number of X-ray detected SNe, alongside our derived 20 non-detections for SN2024¢ld.
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Figure A2. Blackbody.fits to the observed photometry of SN 2024cld at the epochs for which we have J H K-band measurements available. The r and z bands
are excluded from the fit due to strong Ha and Ca II emission respectively. All epochs are fit well by a single blackbody component, suggesting no warm dust is
present inthessystem, unlike SN 1998S (Fassia et al. 2000) and SN 2013fc (Kangas et al. 2016) at similar phase.
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Table Al. Log of photometry from triggered follow-up of SN 2024cld.The full machine-readable version of this table is given as part of the Supplementary
Materials. All photometry is given in its’ native the AB system, and uncorrected for Galactic and host reddening.

Date (UT) MID Phase Band Magnitude  Uncertainty  Telescope
2024-02-13  60353.27 0.5 z 18.19 0.06 LT
2024-02-13  60353.27 0.5 i 18.02 0.04 LT
2024-02-13  60353.27 0.5 r 17.85 0.04 LT
2024-09-11  60564.86 2095 g 18.74 0.02 NOT
2024-09-11  60564.87 209.5 i 17.85 0.02 NOT
2024-09-11  60564.87 2095 z 17.35 0.02 NOT

Table A2. Log of spectral observations for SN 2024cld. For spectra composed of multiple grating settings/spectrograph arms, exposure times correspond to the
per-grating exposure time. No slit widths are given for the ANU2.3m/WiFeS given it is an integral field spectrograph, but each slitlet has a nominal width of
1”” (Dopita et al. 2007).

Date MJD  Phase Telescope Instrument  Grism Airmass  Exposure time  Slit width
uT d s arcsec
2024-02-13  60353.25 0.5 INT IDS RI50V 1.06 2400 -
2024-02-14  60354.17 1.4 INT IDS RIS0V 1.42 1800 —
2024-02-16  60356.15 34 NOT ALFOSC gr8/18 1.64 900 13
2024-02-16  60356.25 35 LT SPRAT blue 1.07 1500 1.8
2024-02-20  60360.12 7.3 NOT ALFOSC gr8/18 1.89 900 13
2024-02-20  60360.19 74 LT SPRAT blue 1.24 1500 1.8
2024-02-21  60361.17 83 NOT ALFOSC gr8/18 1.35 900 1.0
2024-02-24  60364.21 11.3 LT SPRAT blue 1.12 900 1.8
2024-02-25  60365.20 123 LT SPRAT blue 1.13 900 1.8
2024-02-28  60368.18 153 INT IDS R400V 1.13 2700 -
2024-02-29  60369.16 16.2 NOT ALFOSC gr8/18 1.31 900 1.3
2024-03-05  60374.16 212 NOT ALFOSC gr8/18 1.24 900 1.0
2024-03-08  60377.71 247 ANU23m  WiFeS B7000/R7000 1181 3200 -
2024-03-10  60379.18 26.1 NOT ALFOSC grl7 1.09 900 0.9
2024-03-10  60379.19 26.1 NOT ALFOSC gr4 1.06 600 1.0
2024-03-15  60384.25 31.1  GTC OSIRIS+ R1000B/R 1.02 500 1.0
2024-03-16  60385.18 320 NOT ALFOSC grl7 1.07 900 0.9
2024-03-16  60385.19 320 NOT ALFOSC grd 1.05 600 1.0
2024-03-25  60394.64 414 ANU23m  WiFeS B3000/R3000 1.99 3200 -
2024-03-31  60400.16 46.8 NOT ALFOSC grd 1.03 600 1.3
2024-04-01  60401.08 4777 NOT ALFOSC enl7 1.25 900 0.9
2024-04-12  60412.12 58.7 NOT ALFOSC grd 1.04 600 1.3
2024-04-14  60414.02 60.5 NOT ALFOSC grl7 1.40 900 0.9
2024-04-20  60420.95 67.4 NOT ALFOSC grd 2.11 900 1.3
2024-04-27  60427.15 73.5 NOT ALFOSC grl7 1.03 1200 0.9
2024-05-03  60433.08 794 NOT ALFOSC grd 1.02 900 1.0
2024-05-06  60436.08 823 NOT ALFOSC grd4 1.02 900 1.0
2024-05-06  60436.63 829 ANU 23m /" WiFeS B7000/R7000 1.57 3600 -
2024-05-10  60440.20 86.4 “NOT ALFOSC grl7 1.27 1200 0.9
2024-05-15  60445.02 91.1" "\ NOT ALFOSC grd 1.06 900 1.0
2024-05-20  60451.00 97.0 NOT ALFOSC grl7 1.07 1200 0.9
2024-05-28  60458.12  104.1%,_NOT ALFOSC grd 1.16 1200 1.0
2024-06-07  60468.99 1148 ANU23m  WiFeS B7000/R7000 1.72 3600 -
2024-06-08  60469.04 %, 1149 NOT ALFOSC grd 1.03 1800 1.0
2024-06-15  60476.95 12277 NOT ALFOSC grd 1.04 1800 1.0
2024-06-23 60484.96 77 130.6 NOT ALFOSC grd 1.02 1800 1.3
2024-07-04 6049542 1409 ANU23m  WiFeS B7000/R7000 1.67 3200 -
2024-07-08 “60499.98 1454 NOT ALFOSC grd 1.06 2400 1.0
2024-07-19 6051098 1563 NOT ALFOSC grd 1.15 2400 1.0
2024-08-01, -°60523.90 169.1 NOT ALFOSC grd 1.05 2400 1.0
2024-08-17  60539.94 1849 NOT ALFOSC grd 1.35 2400 1.3
2024-08°18  60540.93 1859 NOT ALFOSC grl7 1.31 3600 0.5
2024-08-31  60553.92  198.7 NOT ALFOSC grd 1.51 2400 1.0
2024-09-11  60564.89  209.6 NOT ALFOSC grd 1.44 3600 1.0

2024-09-12  60565.85 210.5 NOT ALFOSC grl7 1.26 3600 0.5
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Figure A3. Results of Gaussian fitting to the:.complex H profile observed in
SN 2024cld for three indicative epochs'of.observation. The composite model
is overplotted on the normalisedflux, alongside individual model components
(offset by a constant value for clarity).
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