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Multiwavelength observations and analysis of the progenitor
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ABSTRACT

We present very high-energy optical photometry and spectroscopic observations of SN 2024bch in the nearby galaxy NGC 3206 (~20 Mpc). We
used gamma-ray observations performed with the first Large-Sized Telescope (LST-1) of the Cherenkov Telescope Array Observatory (CTAO)
and optical observations with the Liverpool Telescope (LT) combined with data from public repositories to evaluate the general properties of the
event and the progenitor star. No significant emission above the LST-1 energy threshold for this observation (~100 GeV) was detected in the
direction of SN 2024bch, and we computed an integral upper limit on the photon flux of F,(>100GeV) < 3.61 x 1072 cm™ s7! based on six
nonconsecutive nights of observations with the LST-1, between 16 and 38 days after the explosion. Employing a general model for the gamma-ray
flux emission, we found an upper limit on the mass-loss-rate to wind-velocity ratio of M/u,, < 10‘4% i » although gamma-gamma absorption
could potentially have skewed this estimation, effectively weakening our constraint. From spectro-photometric observations we found progenitor
parameters of My, = 11 —20 M, and Ry, = 531 + 125 R,. Finally, using archival images from the Hubble Space Telescope, we constrained the
luminosity of the progenitor star to log (L,/Lo) < 4.82 and its effective temperature to Ty, < 4000 K. Our results suggest that SN 2024bch is a
type IIn-L supernova that originated from a progenitor star consistent with a red supergiant. We show how the correct estimation of the mass-loss

history of a supernova will play a major role in future multiwavelength observations.

Key words. supernovae: general — supernovae: individual: SN 2024bch — gamma rays: general

1. Introduction

Core-collapse supernovae (CCSNe) are the final product of the
evolution of massive stars. They are among the most ener-
getic phenomena in our Universe and are ideal sources for mul-
tiwavelength and multi-messenger studies, as notably proven
by the detection of neutrinos from SN 1987A (Bionta et al.
1987; Hirata et al. 1987). Despite the fact that many supernovae
(SNe) have been extensively characterized from the radio to the
X-ray band, with possible detections up to soft gamma rays
(Yuan et al. 2018; Xi et al. 2020; Chen et al. 2024), the physical
processes and mechanisms behind the collapse are not yet fully
understood.

Supernovae can be powerful cosmic ray (CR) accelerators
and are believed to produce gamma rays up to the very high-
energy (VHE) band (E > 100 GeV; Marcowith et al. 2018). The
interaction of the fast energetic SN ejecta with a dense and
slower circumstellar medium (CSM) surrounding the progenitor
triggers the formation of shock waves, which give rise to thermal
optical, UV, and X-ray emission. Collisionless shocks are ex-
pected to accelerate a fraction of the charged particles up to high
relativistic energies via the diffusive shock acceleration mech-
anism (e.g., Longair 2011; Murase et al. 2011; Bell et al. 2013),
leading to nonthermal emission (Chevalier & Fransson 2017). In
this scenario, proton—proton interactions between the accelerated
protons and the CSM may give rise to VHE gamma rays (Murase
2024). The VHE gamma-ray flux is expected to peak shortly af-
ter the explosion, when the SN ejecta encounter the innermost,
densest region of the CSM, leading to an increase in proton—
proton interactions (Brose et al. 2022).

However, during the first tens to hundreds of days after the
explosion, the possible VHE signal is significantly attenuated
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by the gamma-gamma absorption resulting from the interac-
tions of VHE gamma rays with the soft optical photons emit-
ted by the SN photosphere (e.g., Tatischeff 2009; Bykov et al.
2018; Cristofari et al. 2022; Brose et al. 2022). However, a de-
tailed characterization of this process is made difficult by the
high number of degrees of freedom and degeneracy among the
relevant parameters. Attenuation is influenced not only by the
intrinsic properties of the SN itself, but also by the characteris-
tics of the ejected material, the structure of the CSM (which is
shaped by the progenitor star’s mass-loss history), and the evolu-
tion of the photosphere, as its temperature and radius determine
the population of low-energy target photons.

To date, the dedicated VHE gamma-ray follow-up cam-
paigns for different types of SNe performed by the current gen-
eration of Imaging Atmospheric Cherenkov Telescopes (IACTs)
have not achieved any significant detections (Ahnen et al. 2017,
Abdalla et al. 2019; Acharyya et al. 2023). Nevertheless, the
quest for gamma-ray signals from CCSNe remains an important
goal for current and next-generation VHE facilities. In particular,
future facilities such as the Cherenkov Telescope Array Obser-
vatory (CTAO; Cherenkov Telescope Array Consortium 2019),
with its foreseen improved sensitivity and wider accessible en-
ergy range, will likely be able to detect VHE counterpart of CC-
SNe up to ~10 Mpc (e.g., BoSnjak et al. 2021), boosting our un-
derstanding of the physical mechanisms at work.

The standard classification scheme of SNe groups differ-
ent events based on their spectral features (e.g., Filippenko
1997, and references therein). In particular, type II SNe exhibit
hydrogen-rich spectra. These are the most common events and
are typically associated with massive red supergiant (RSG) pro-
genitors. Depending on the shape of their optical light curves,
they were historically divided into type II-L (linear) and type
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II-P (plateau) based on the relative decay rate (Barbon et al.
1979). Although several studies have found evidence that the
distribution of decay rates is a continuum (e.g., Patat et al. 1994;
Anderson et al. 2014; Gall et al. 2015; Sanders et al. 2015), oth-
ers suggest that a bimodal distribution can be seen when focus-
ing on the decay rates of specific time ranges. Li et al. (2011)
and Faran et al. (2014) proposed a new method for discriminat-
ing between the two classes: the R-band (V-band) luminosity has
to decay by 0.5 magnitudes or more between the peak of lumi-
nosity and 50 days after the explosion (#sp).

A further subtype of hydrogen-rich SNe is the type IIn. They
exhibit spectra dominated by strong Balmer emission lines on a
blue continuum, indicating a hydrogen-rich environment possi-
bly caused by strong mass loss before the explosion (Schlegel
1990). These lines often include a narrow component — with a
full width at half maximum (FWHM) of about 100 km s~! —
from the un-shocked CSM and broader components (FWHM
of several thousand km s~!) arising from the interaction be-
tween the rapidly expanding ejecta and the slow, dense CSM
(e.g., Chevalier & Fransson 1994). To form a CSM sufficiently
dense to allow such narrow lines to persist for a long period
after the explosion, the progenitor star must undergo signif-
icant mass loss prior to the explosion. Luminous blue vari-
able (LBV) stars are often proposed as possible direct pro-
genitors of type IIn SNe (Kotak & Vink 2006; Trundle et al.
2008; Gal-Yam & Leonard 2009). However, RSG candidates are
also a widely considered possibility (e.g., Fransson et al. 2002;
Smith et al. 2009; Mackey et al. 2014) despite likely not being
major contributors, given the relative rates of type IIn SNe (e.g.,
Cold & Hjorth 2023) and the limited mass range from which
RSGs originate.

Due to the combination of high luminosity and strong CSM
interactions, type IIn SNe are among the most likely CCSNe to
exhibit a VHE emission component (e.g., Murase 2024). How-
ever, significant differences can exist between individual type IIn
SNe due to different CSM properties, explosion parameters, and
potential progenitor channels. For this reason, new subclasses
have recently been suggested based on their photometric and
spectroscopic evolution (Taddia et al. 2013; Habergham et al.
2014; Taddia et al. 2015). Among them, IIn-L. SNe are classified
based on their similarity to SN 1998S (Chugai 2001; Fassia et al.
2001). Their light curves exhibit a rapid type IIL-like decline,
while their early-time spectral evolution resembles that of type
IIn SNe. At later times, this evolves into a more typical IIL-like
behavior, with broader lines. As in the case of SN 19988, sig-
natures of CSM interaction can persist at late times, indicating
different episodes of mass-loss before the explosion (Pozzo et al.
2004). Overall, this behavior indicates a low-mass CSM (e.g.,
Smith 2017). In recent years, some SNe originally classified as
type IIn have been reclassified as IIn-L under this newer defini-
tion (e.g., Faran et al. 2014; Kangas et al. 2016). Their explosion
sites have been found to be metal-rich, similar to those of normal
type II-L and II-P SNe, supporting the scenario of massive RSG
progenitors (Taddia et al. 2015).

SN 2024bch was discovered on January 29, 2024, at
06:02:50 UTC in the barred spiral galaxy NGC 3206 (z =
0.003863; u = 3149 + 045; d = 19.9”_’2:2 Mpc; Tully et al.
2016; Castignani et al. 2022), at coordinates RA(J2000) = 10h
21m 50.200s, Dec(J2000) = +56° 55" 36.10” (Wiggins 2024).
It was initially classified as a type IIn due to its spectral sim-
ilarity with SN 1998S at 3.5 days after the explosion (Balcon
2024). SN 2024bch has been studied extensively in the opti-
cal band and has been classified as a type II with CSM inter-
action (Tartaglia et al. 2024; Andrews et al. 2025). We present

VHE follow-up observations of SN 2024bch made with the
CTAO Large-Sized Telescope prototype (LST-1) and optical
follow-up taken with the Liverpool Telescope (LT). The latter
allowed us to recover one spectrum at ~50 days after the ex-
plosion. We combined our VHE gamma-ray and optical obser-
vations to determine the general properties and the type of the
event and its progenitor star. The spectrophotometric evolution
in the optical band is crucial for constraining some of the pa-
rameters required to model the gamma-ray flux and reduce sys-
tematic uncertainties. This multiwavelength approach may play
a significant role in correctly modeling observations with current
and future IACTs.

The paper is structured as follows: We present our VHE
gamma-ray and optical observations and analysis in Sects. 2 and
3, respectively. In Sect. 4 we focus on constraining the phys-
ical parameters of the SN explosion, the SN ejecta, and the
progenitor star. In Sect. 5 we discuss how our results can be
used to determine the class and progenitor star of SN 2024bch,
while in Sect. 6 we discuss how our data may be affected by
gamma-gamma absorption. Finally, we outline our conclusions
in Sect. 7.

2. VHE observations and data analysis

The LST-1 is the first 23 m diameter telescope that will form
the core of the upcoming northern array of the CTAO (CTAO-N;
Cherenkov Telescope Array Consortium 2019). The telescope is
located at the Observatorio del Roque de los Muchachos in the
Canary Island of La Palma, Spain. Thanks to its large reflect-
ing area of ~400 m? and a camera constituted by high-quantum
efficiency photomultiplier tubes, LST-1 is optimized for obser-
vations at the lowest energy edge of the VHE band, above a few
tens of GeV (Abe et al. 2023a).

We triggered target of opportunity (ToO) observations on
SN 2024bch with the LST-1 starting from February 13, 2024
(MIJD 60353), about two weeks after its discovery. The follow-
up began with a two-week delay because the gamma-gamma at-
tenuation is expected to be strong during the first days after the
explosion (see Sect. 6). The follow-up was extended for a to-
tal of six nonconsecutive nights collecting 14.6 hours of obser-
vations between February and March 2024 in the zenith range
28°-43°. Observations were performed in the so-called wobble
mode (Fomin et al. 1994) and in good atmospheric and in dark-
to-low-moonlight conditions. The corresponding energy thresh-
old is about ~30 GeV.

We followed a source-independent standard analysis scheme
for SN 2024bch gamma-ray data, as described in Abe et al.
(2023b). After applying data quality cuts, based on point-
ing stability, level of constant night sky background and
intensity of CRs, we selected 12.0 hours of good quality
data. Data reduction is performed using the software pack-
age cta-1stchain v@.10.7, the standard analysis pipeline for
LST-1 data (Lépez-Coto et al. 2021; Lopez-Coto et al. 2024).
From the recorded shower images, random forests trained on
Monte Carlo simulations, produced at a fixed declination of
+61.66° (4.73° away from the SN 2024bch position), are used to
determine the parameters of the incoming primary particles, en-
ergy, direction and gammaness, a score for gamma-hadron sepa-
ration. After determining the shower parameters, event selection
cuts were applied and the data were processed to the final scien-
tific level, where the response of the telescope was characterized
using instrument response functions derived from Monte Carlo
simulations assuming a point-like source hypothesis.
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Fig. 1. LST-1 differential ULs obtained from SN 2024bch observations
between 75 GeV and 10 TeV, estimated with three energy bins per
decade and assuming a fixed spectral index of —2.5 considering the full
time-range. ULs are computed with a 20" confidence level.
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Fig. 2. ULs for the gamma-ray light curves of SN 2024bch, computed
between 100 GeV and 10 TeV. We compare the night-wise ULs (blue)
with the integrated UL, obtained by stacking all results together (red).
The gray-shaded area covers the nights with strong moonlight. ULs are
computed with a 20~ confidence level.

For the 1D spectral analysis we used the open-source tool
Gammapy (Donath et al. 2023; Acero et al. 2024). We used one
OFF region (i.e., a reflected region with respect to the ON re-
gion centered at the source position) to model and subtract the
background contribution from our data, specifically the irre-
ducible background from isotropic gamma rays and gamma-like
hadronic air showers.

No significant gamma-ray excess was detected on any of the
observed nights or from the full dataset. We computed upper lim-
its (ULs) for the spectral energy distribution of SN 2024bch be-
tween 75 GeV and 10 TeV, assuming a single power law with
a spectral index of ' = —2.5 (see Sect. 4.1). The spectral en-
ergy distribution is shown in Fig. 1. Additionally, we calculated
night-wise light curve ULs between 100 GeV and 10 TeV. Using
the same spectral index, we also computed the integrated UL.
We show our results in Fig. 2 and Table 1.

A125, page 4 of 12

—-18f — LST1
¢ B+0O
—-17F § V+2
[0} ¢ R+4
3 -16f § 1+6
2
[
o —15F
(©
=
o —14F
3
=
3 -13f
o
<
_12_
_11_
1 1 1 1 1 1
0 20 40 60 80 100 120

Days after to = 60337.39

Fig. 3. Public photometry of SN 2024bch (filled points). We used ob-
servations in the four filters B, V, R, and I. An offset is added to the data
points for a better visualization. Solid lines are the result of GP inter-
polation obtained with CASTOR (see the main text). The uncertainties of
the interpolated lines are shown as shaded contours. The vertical solid
black lines show the LST-1 observation windows.

3. Optical observations
3.1. Light curves

We collected photometric data available in the American
Association of Variable Star Observers (AAVSO) repository
(Kloppenborg 2024) in four bands (B, V, R, and I). All mag-
nitudes were converted into the relative standard photometric
system and K-corrected. These light curves range between MJD
60341 and MJD 60455, covering the region around the peak and
the plateau phase. The light-curve drop indicating the switch be-
tween plateau and nebular phase is only clearly visible in the
R band. We inferred a time of explosion of #y = 60337.4 + 1.9
MIJD, which is adopted as reference time throughout the paper.
Furthermore, the V band peaks at #,,,x = 60347.3 + 1.7 MJD.
We adopted a reddening along the line of sight of Ep_y = 0.049,
as estimated in Andrews et al. (2025) from Na ID line measure-
ments. The distance of the event was assumed as the average
distance of NGC 3206 from redshift-independent estimates from
NASA Extragalactic Database (NED)'. We find d = 17.6 + 1.1
Mpc, corresponding to a distance modulus of u = 31.23 £ 0.13.
All photometric data used in this analysis are shown in Fig. 3,
compared with the LST-1 observing nights.

We wused the open-access software CASTOR v2.0
(Simongini et al. 2024, 2025) to interpolate our light curves
via Gaussian process (GP) regression techniques and compared
them to a catalog of 150 CCSNe via chi-square test. We found
this SN to be most similar to SN 2009kr (Elias-Rosa et al. 2010),
SN 2013fc (Kangas et al. 2016), and SN 2008fq (Faran et al.
2014), as shown in Fig. 4. These CCSNe were all classified as
type II, with linear decaying light curves and 1998S-like spectra.
The interpolated V-band light curve of SN 2024bch decays by
1.05 + 0.11 magnitudes between the peak of luminosity and ts,
while the R-band light curve decays by 0.74 + 0.10 magnitudes
(see Fig. 4). According to the criteria determined by Li et al.
(2011) and Faran et al. (2014), and to the statistical comparison
performed with CASTOR, SN 2024bch shows a clear linear decay
tens of days after the explosion, similar to a common type II-L.

I https://ned.ipac.caltech.edu/
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Fig. 4. Comparison of the BVR light curves of SN 2024bch (blue dots) with those of SN 2009kr and SN 2013fc (dashed red and green curves,
respectively). The data for SN 2009kr and SN 2013fc are scaled to match SN 2024bch and interpolated over the same time interval using GP
interpolation (see the main text for details). Additionally, we show a reference curve representing a decay of 1 magnitude between ?,,,x and #sg.

3.2. Spectra

SN 2024bch was observed on a single night by the
LT (Steele et al. 2004) via a ToO observation. The LT is a 2-m
robotic Cassegrain reflector, located at the same site as the LST-
1. Low-resolution (R = 350) spectroscopy was performed on
MID 60385.018, 47.6 days after the explosion with the SPRAT
spectrograph (Piascik et al. 2014). We obtained one spectrum
in the range 4000-8000 A as shown in Fig. 5. Data were re-
duced using the standard LT pipeline. Our LT spectrum is com-
plemented with ancillary low-resolution spectra collected from
WISeREP (Yaron & Gal-Yam 2012). All spectra were taken be-
tween 4000 and 9000 A in the host-galaxy reference frame and
thus are not redshift-corrected. We cut every spectrum between
4000 and 8300 A to avoid data with low signal-to-noise ratios
(S/Ns), effectively removing the near-IR region of the spectrum.
Figure 5 shows the temporal evolution of SN 2024bch spectra
between 1 and 55 days after the explosion. The main spectral
features are highlighted with vertical lines. At early times (8,
6, 4, and 3 days before the peak of maximum luminosity, MJD
60347.19, ty + 9 days), the spectra consist of a blue, almost fea-
tureless continuum. The only discernible lines, apart from the
telluric lines around 7580 A and 6848 A, are the Balmer lines at
6563 A, 4861 A, and 4341 A, the C IV line at 5801 A, and the
N III line at 4687 A. By mid-late times (35 and 45 days after the
peak), the blue continuum has cooled. The Ha is considerably
broader and stronger and has remained the most distinguishable
feature along with the HB line, which is weaker and broader. The
N III line at 4687 A is less discernible and possibly blended with
Mg I] line at 4571 A. The C IV line at 5801 A has been substi-
tuted by a Na ID line at 5895 A .

The characteristic Ha profile appears to undergo a signifi-
cant change in morphology between early and late phases. We
decomposed the line into a Lorentzian and a Gaussian profile
at early times (respectively for the narrow and the broad com-
ponents), and into two Lorentzian at late times. The first avail-
able spectrum (at 1 day after the explosion) presents two-peaks
around the Balmer line, possibly due to contamination of other
nature, as this behavior is not shown in the following days. In
this case, we used only a Gaussian distribution to fit the single
peak around the line. For each line we estimated the amplitude
with respect to the continuum and normalized it by a factor of
10'5 erg s! cm™2 A~!, the FWHM, the relative velocity and

the luminosity. At early times, the Ha profile becomes weaker
and slower as it gets closer to the maximum of luminosity and
there are signs of P-Cygni profiles. From 1 to 6 days after the ex-
plosion (—8 to —3 days before the peak), the amplitude changes
from ~4 to ~1, the FWHM changes from ~70 A to ~10 A, the
velocity from ~3000 km s~! to ~ 500 km s~! and the luminosity
from ~9 x10% erg s~! to ~4 x10% erg s~!. On the contrary, at
late times the Ha profile has become significantly stronger and
broader, with amplitude on the order of 5, FWHM on the order
of 150 A, velocity on the order of 7000 km s~! and luminosity on
the order of 2 x 10*’ erg s~!. Furthermore, no signs of P-Cygni
profiles are found in our last two spectra.

We again used CASTOR to interpolate our spectra with 2D
GPs. In particular, we built 60 synthetic spectra from 0 to 60 days
after the explosion, ranging from 4000-8390 A. Note that differ-
ently from what is described in Simongini et al. (2024), we did
not use photometric points from light curves to build synthetic
spectra, but we used only the available spectra of SN 2024bch
shown in Fig. 5, effectively interpolating observed spectra in
time and wavelength. We determined the redshift from the mean
relative shift of the absorption lines in the synthetic spectra, ob-
taining z = 0.00386 + 0.00016. This value agrees with the latest
redshift estimation for NGC 3206 (Castignani et al. 2022) and
reported also in Balcon (2024). Similarly, we estimated the ex-
pansion velocity at 7y and at f,,,x from the average half-width
of the spectral lines. We obtain Vi, = 3088 + 50 km s~! and
V, = 4688 + 50 km s~!, respectively. In the following analysis,
we assume that Vi, and V}, represent the shock velocity and the
ejecta velocity, respectively.

4. Physical parameters
4.1. Gamma-ray constraints

Following the work from Abdalla et al. (2019), we used the
semi-analytical model for CCSNe described in Dwarkadas
(2013) in order to place our photon flux ULs into a physical con-
text. This model assumes a constant stellar mass-loss rate M and
wind velocity uy, which is usually known as the "steady-wind"
scenario described by Chevalier (1982). Under this assumption,
the CSM density is given by the mass continuity equation:
M
4dru

ey

pcsm = >
wl
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Fig. 5. Spectra of SN 2024bch compared with two spectra of SN 2013fc (at 17 and 51 days post-explosion) and two spectra of SN 2008fq (at
6 and 57 days post-explosion). We removed the continuum from every spectrum and normalized to order zero. We added an offset for better
visualization. The main spectral features of SN 2024bch are highlighted as purple-shaded vertical bands. Telluric lines are identified as “T1” and
“T2” (gray bands). The spectrum taken with LT is the second from the bottom of the SN 2024bch spectra, at 47 days post-explosion. The other
spectral data for the three SNe are taken from WISeREP (Yaron & Gal-Yam 2012).

where r is the outer radius of the CSM. For CCSNe, the model
of Dwarkadas (2013) gives the following relation of the expected
gamma-ray flux as a function of stellar mass-loss parameters, SN
explosion properties, and time passed since the explosion:

3qaékCim? MY 1
32m2(3m — 2)Bumy, \uy ) d?

where g, is the gamma-ray emissivity normalized to hadronic
CR energy density, & is the fraction of the shock energy flux
converted into CR proton energy, m is the expansion parameter,
B is the fraction of total volume already shocked, u is the mean
molecular weight of the nuclear targets in the CSM, d is the dis-
tance of the event, « is the ratio of the forward shock radius to
the contact discontinuity, C is a constant that can be expressed
in terms of the geometry of the explosion, and m;, is the proton
mass. Following the same procedure as Abdalla et al. (2019), we
substituted «C; with Vg, /(m £™1), where Vy, is the shock veloc-
ity, which led to the following relation:

3‘]a§Vshm2 M : il
327%(3m — 2)Bum, \uyw ) d> t

Moreover, following their prescriptions, we set & = 0.1, u = 1.4,
B =0.5 and m = 0.85. Assuming a spectral index of ' = 2.5,
the gamma-ray emissivity normalized to the CR energy density
above 100 GeV is go(> 100GeV) = 9.5 x 107'® cm? erg™! 57!
(Drury et al. 1994). Assuming the shock velocity (assuming free
expansion) and all the explosion and CSM parameters are con-
stant, we can invert Eq. (3) to convert our gamma-ray flux ULs
to mass-loss-rate to wind-velocity ratio ULs:

. 1/2
-2

Uy Vsn

Fy(t) = "2, 2)

Fy(n) = 3
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where the distance (d) and the shock velocity (V) are constrained
from optical data. It is important to note that a change in the as-
sumed spectral index has an impact on the gamma-ray emissiv-
ity. By using a spectral index of I' = —2, we obtain a q,(>100
GeV) = 1.3 x 107! cm? erg ~! s7!, accounting for about a fac-
tor of 10 of difference and implying an effect on the estimated
mass-loss rate wind velocity ratio limited to a factor of ~3. Table 1
shows the night-wise ULs evaluated between 100 GeV and 10 TeV
and the corresponding luminosity ULs derived with the adopted
value of distance. The mass-loss rate and the wind velocity are
pre-explosion parameters and they remain constant after the ex-
plosion. Therefore, we computed the reference mass-loss wind
velocity ratio UL by using the stacked gamma-flux UL and us-
ing the exposure-weighted average time (¢ = 19.89 days) as the
reference time. Note that the assumed model does not take into ac-
count the gamma-gamma absorption, which represents the main
source of attenuation of VHE photons. See Sect. 6 for a detailed
discussion about this approximation.

4.2. Optical constraints

The optical spectrophotometric evolution of a SN allows one to
characterize several properties of the event and constrain the na-
ture of its progenitor star. Moreover, optical constrains reduce
the uncertainty in modeling the gamma-ray flux and provide
tools for understanding the physical processes at play. We used
the open-access software SuperBol (Nicholl 2018) to derive
the evolution of the photospheric temperature (7y,) and radius
(Rpp) of SN 2024bch and the bolometric and pseudo-bolometric
luminosity based on our interpolated BVR light curves (see
Sect. 3.1). Photospheric parameters were estimated by assuming
a black-body law of emission of the photosphere. We show our
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Table 1. Results of the LST-1 observations.

Night  Phase @ Flux UL Luminosity UL~ M/u, UL  Exposure
[MID] [days] [107" em™2s 1] [10¥ ergs '] [10’4%ﬁ] [h]
60353 16 0.66 0.24 1.47 3.52
60354 17 1.05 0.39 1.92 2.72
60355 18 1.14 0.42 2.05 2.83
60356 19 1.66 0.61 2.55 1.57
60358 21 5.16 1.91 472 0.48
60375 38 1.26 0.47 3.14 1.46
0.361 0.133 1.21 12.58

Notes. Photon flux above 100 GeV, luminosity and mass-loss rate wind velocity ratio ULs estimated for each of the six nights of observation with
the LST-1. The last row presents the overall results: the photon flux stacked over the six nights of observations and the corresponding luminosity,
the UL on the mass-loss rate and wind velocity ratio, obtained by averaging the results from the six nights while weighting by the exposure time
and reference time. (“Phases are expressed with respect to the estimated time of explosion #y = 60337 MID.

results in Fig. 6 and Table 2. The bolometric luminosity peaks at
Lol = (1.1 £0.7) x 10¥ erg s™! on day 4.4, while the pseudo-
bolometric luminosity (which accounts only for the BVR contri-
bution) peaks at L, = (1.3+0.1)x 10** erg s'. Note that the time
of peak luminosity is coincident with the first available epoch,
suggesting that the real peak could have happened in previous
epochs, as shown in Andrews et al. (2025). Similarly, the evolu-
tion of the photospheric temperature exhibits a peak at 17 700 K,
followed by a steep decline in the next days, possibly related to
the disappearing of narrow features. During the bulk of the LST-
1 observing nights the temperature has fallen to a value of about
~7000 K, reaching almost 6000 K on day 40. Finally, the pho-
tospheric radius reaches a value of ~18 x 10°R, at the time of
the LST-1 bulk of observations and keeps expanding during the
entire plateau phase reaching a maximum of 42.65 x 10°R, on
day 73. Coincidentally with the light curve drop, after the peak
the radius has a steep decay.

All the other parameters shown in Table 2 are obtained
with CASTOR v2.0, based on the luminosity curve derived with
SuperBol. Parameters are estimated applying analytical mod-
els directly on the luminosity curve, assuming the most general
physical framework, such as spherical and isotropic explosion,
perfect adiabacity at peak luminosity and a modified black-body
law of emission. The energy partition is based on the SN 1987A
model, with a canonical 99.9% of the total energy transported by
neutrinos and 0.1% by photons. For a detailed overview on how
every parameter is derived and the inter-degeneracies between
parameters, see Simongini et al. (2024).

Among the estimated parameters, this analysis allows us to
constrain the mass and the radius of the progenitor star. The pro-
genitor’s mass is derived from the mass of the ejecta, assuming
perfect conservation of mass at explosion and assuming two pos-
sible values for the remnant, effectively creating an interval of pos-
sible values. We obtained M}, = 11-20 M. This interval over-
laps with previous estimations from Tartaglia et al. (2024), who
reported a possible progenitor mass in the range 15-18 M, and
Andrews et al. (2025) who assumed a value of 15 M to model the
spectral evolution of the SN. Taken together with previous stud-
ies, our result supports the conclusion that the progenitor mass
was likely around 15 M. On the other hand, the progenitor’s ra-
dius is constrained using the scaling relation from Shussman et al.
(2016):

ET = 0.1MV Ry, 5)

where ET is time-weighted integrated bolometric luminos-
ity (e.g., Katz et al. 2013; Nakar et al. 2016; Zimmerman et al.

2024) and M,; is the mass of the ejecta. We obtain R, =
531 £ 125R,, similar to the assumed value of R, = 501R; from
Andrews et al. (2025).

4.3. Pre-explosion image

We analyzed one image of the host-galaxy of SN 2024bch prior
to the explosion, taken with the Hubble Space Telescope” on May
14,2001 (Fig. 7). The region around the coordinates of the explo-
sion appears more luminous than the background, significantly
above the magnitude limit of the map. Table 3 collects the proper-
ties of the candidate progenitor stars identified by different photo-
metric catalogs. The small differences in the coordinates might be
attributed to the different techniques used and astrometric errors.
Therefore, we assumed that all the catalogs identify the same can-
didate. However, even if they correspond to different sources, our
estimations remain valid. The apparent magnitudes are converted
into luminosity using the host-galaxy distance and rescaled with
respect to the solar luminosity with a base-10 logarithm. Hence,
the different catalogs identify a candidate star with a luminosity
at most between L, = 10381 and 10*82 L. Using the Stefan-
Boltzmann law, this luminosity interval corresponds to an effec-
tive temperature in the range between T, = 2000 and 4000 K.

5. On the supernova type and the progenitor star

After the luminosity peak, SN 2024bch light curves decay linearly
within the following ~ tens of days, in good agreement with the
definition of type II-L. SNe. We found this behavior to be similar to
the ones showed by SN 2009kr, SN 2013fc, and SN 2008fq. Apart
from SN 2009kr, which was classified as a II-L (Elias-Rosa et al.
2010), SN 2013fc and SN 2008fq belong to the subgroup of type
IIn-L SNe (Taddia et al. 2013; Kangas et al. 2016).

We took the adopted values of reddening and distance into ac-
count to determine the absolute magnitudes (see Fig. 3). The ab-
sorption relative to every filter is obtained using the prescriptions
from McCall (2004). The V band rises to its peak value, —17.64 +
0.13, within the first 10 days after the explosion. In the same pe-
riod, the B band reaches a value of —17.84 + 0.14 and the R band a
value of —17.44+0.13. The quick rise is similar to that of other IIn
objects (e.g., SN 1998S, SN 2007pk, and SN 20081fq), as is the V-
band peak brightness (—18.5 < Vax < —19.3; Taddia et al. 2013)
despite being under-luminous. Nevertheless, the B-band maxi-
mum aligns with the average value of type II-L (—17.98 + 0.34;

2 https://hla.stsci.edu/hlaview.html
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Fig. 6. Evolution of the bolometric and pseudo-bolometric luminosity
(top panel), photospheric temperature (central), and photospheric radius
(bottom) of SN 2024bch derived with SuperBol. We highlight the val-
ues of temperature and radius reached at ~20 days after the explosion.

Richardson et al. 2014). Note that our values are slightly lower
than the ones reported in Andrews et al. (2025) due to the differ-
ent adopted distance. Moreover, as shown in Fig. 3, the plateau
lasts for about ~70 days, consistent with the low end of the II-L.
distribution reported in Valenti et al. (2015). The early-time spec-
tra exhibit weak signatures of CSM interaction in the form of nar-
row and weak Ha profiles, which seem to disappear soon after
the peak of luminosity in favor of broad and strong lines at later
times. Furthermore, SN 2024bch was originally classified as IIn
due to the spectral similarity to SN 1998S using the classification
software GELATO (Harutyunyan et al. 2008). Hence, the overall
spectro-photometric behavior of SN 2024bch resembles that of
CSl interacting type IIn-L SNe.

We found for the progenitor star My, = (11 — 20) Mo, Ry =
531 £ 125Ro, Ly < 10*%2 Ly, and Ty, < 4000K from opti-
cal modeling and pre-explosion images and M < 1073 Mg yr~!
assuming uy = 10 km s~!' from gamma-ray studies. According
to Taddia et al. (2015), who studied the metallicity levels in the
explosion sites of different CSI SNe, the progenitor stars of type
IIn-L SNe are more likely RSGs, as for II-P and II-L. SNe. These
are among the most common progenitors for type II SNe. Typi-
cal RSGs have masses between 8 and 20 M, radii up to 1500 R
and luminosities between 10* and 10° L, for the brightest ob-
jects (Smartt 2015). The different rate of occurrence between II-L.
and II-P events suggests that the progenitors of II-L are somehow
more massive and thus more luminous than those of II-P progen-
itors (Branch & Wheeler 2017). Moreover, RSGs have relatively
low wind velocity (uy, ~ 10kms~!) and mass loss rates in the range
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Table 2. Parametric map of SN 2024bch: general parameters of the
event, properties of the ejecta, properties of the photosphere, and main
parameters of the progenitor star.

Parameter Value

fo MJD) 603374 + 1.9
Tmax (MJD) 603473 + 1.7
z 0.00386 + 0.00016
d @ (Mpc) 17.58 + 1.09
Ep.y ® 0.049

Ve (kms™1) 3088 = 50
Vo © (kms™h) 4688 + 50
M (Mg) 9.72 £2.24
Eio (107! erg) 1.27 +0.27
My (Mo) 0.032 + 0.008
Lpseudo © (1041 erg S_I) 134+ 1.0
Lot © (10% erg s™") 1.1+0.7
Ty © (10° K) 17.70 + 3.02
Rip “V (10°Ro) 4331 +7.87
My (Mo) 11-20
Rpr (Ro) 531 + 125
Ly (logL/Lo) 3.81 —4.82
T, (K) 2250 — 4023

Notes. @Average redshift-independent estimate from NED (see the
main text); ®From Andrews et al. (2025); ©@Estimated at the time of
maximum luminosity; “Maximum value.

56°56'15"

0ok

55'45" |-

Declination (J2000)

4

\\\':.»’ s ¥
SN 2024bch \\

30"k

10"2‘1‘“50s 4‘95 4;35 4'7; 4235 41‘:5
Right Ascension (J2000)

Fig. 7. Location of SN 2024bch in its host galaxy, NGC 3206. This pre-
explosion image was taken by the Hubble Space Telescope on May 14,
2001, almost 20 years before the explosion. We zoom in on the region
around the coordinates of SN 2024bch (white star), where different stars
are identified as candidate progenitors (red crosses), and use a different
color-map to highlight the S/N.

107 — 107* M, yr~!. Mackey et al. (2014) proposed the possi-
bility of RSGs being progenitors for CSI SNe in the presence of
nearby hot stars. The companion star can photo-ionize up to 35%
of the gas lost by the RSG during its lifetime, forming a dense and
confined shell around it. When the star explodes, the ejecta will
interact with the dense shell, producing the characteristic features
of type IIn SNe. Based on the result achieved by our analysis, we
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Table 3. Pre-explosion parameters of the candidate progenitor of
SN 2024bch.

Catalog RA [deg] Dec[deg] MAG Log(L/Ly)
DAOphot  155.45741 56.92795 21.59 3.91
DAOphot  155.45735 56.92793  21.57 3.92
SExtractor 155.45735 56.92800 20.50 4.35
GSCII 155.45735 56.92793 19.76 4.65
HSC 155.45730 56.92801 21.84 3.81
PS1 155.45735 56.92794 19.32 4.82

Notes. For each catalog, we report the coordinates, the apparent magni-
tude and the base-10 logarithm of the ratio of the luminosity to the solar
luminosity (Lo, = 3.826 x 10* erg s7!).

might infer that the progenitor star parameters agree with the RSG
scenario, as also supported by the spectro-photometric behavior.
This scenario was also explored by Andrews et al. (2025) who, as-
suming a progenitor star of M = 15 M, found a wind velocity of
35-40kms~! and a mass-loss-rate of M = 1073—1072, consistent
with our estimate.

However, the LBV scenario cannot be ruled out, as LBVs
are most likely to be progenitors for IIn explosion (e.g.,
Gal-Yam & Leonard 2009; Mauerhan et al. 2013). LBVs are
among the most luminous stars known (L ~ 10°-10% L)
with high masses in the range M = 20-80My. They
undergo episodic outbursts with significant mass losses of about
1073-10"%2 M,, yr~! (Taddia et al. 2013) for relatively high wind
velocities (uy, ~ 10> km s™!). Hence, the progenitor properties
derived in this study might also indicate a LBV progenitor at
the lower edge of the typical mass and luminosity spectrum, al-
though this appears to be a less likely scenario.

6. On the attenuation problem

At the time of writing, a comprehensive model for accurately
defining the impact and timescale on which gamma-gamma in-
teractions might attenuate the VHE flux to the point of be-
ing undetectable is missing. Current models adopt different
approaches, often considering distinct parameter contributions,
leading to various possible scenarios that strongly depend on the
system’s geometry and whether its evolution is treated as time-
dependent or time-independent (e.g., Cristofari et al. 2020). In
a recent work, Cristofari et al. (2022) modeled the gamma-ray
emission of a typical II-P SN with results depending on the to-
tal explosion energy, the mass-loss rate of the pre-SN wind, the
wind terminal velocity, the mass of the ejecta and the radius of
the progenitor star. They show how the gamma-gamma attenua-
tion significantly affects the flux above 100 GeV at early times
(between 0 and 12 days), by potentially suppressing the expected
VHE flux by about 20 orders of magnitude. However, the im-
pact of this attenuation decreases with time, and at 12 days it
can lower the effective flux by 1 to 5 orders of magnitude de-
pending on the combination of the various parameters. Similarly,
Brose et al. (2022) simulated the emission from II-P and IIn SNe
associated with RSG and LBV progenitor stars, respectively, in
the H.E.S.S. and Fermi-LAT energy ranges. In both cases the
gamma-gamma absorption can effectively suppress the flux at
early times, with the effect being more pronounced at energies
above 1 TeV. The gamma-ray luminosity can potentially be at-
tenuated by 3 orders of magnitude at most at 15 days depending
on the relative mass-loss rate. After the peak of luminosity, the
effect can still be relevant up to ~ 220 days.

A significant factor in modeling gamma-gamma absorption is
the evolution of the photosphere. As shown in Fig. 6, the SN pho-
tosphere undergoes rapid cooling between the time of explosion
and the bulk of the LST-1 observations, with its temperature de-
creasing by a factor of 2. Meanwhile, the radius expands almost
linearly in the first days, with a sudden change of slope around
day 15, possibly caused by a decoupling between the shock and
the photospheric radius. This feature coincides with the onset of a
decline in the pseudo-bolometric luminosity. These changes sug-
gest that the optical target photon field becomes less dense dur-
ing the bulk of LST-1 observations, supporting the approxima-
tion that absorbed and unabsorbed fluxes are approximately coin-
cident in this phase. More broadly, the relatively rapid decline in
optical luminosity observed in type II-L. SNe may imply system-
atically weaker gamma-gamma absorption compared to the more
extended plateau phase of type II-P SNe. However, a more quan-
titative description would require a dedicated model based on the
observed evolution, which is beyond the scope of this work.

Based on these considerations, it is possible that the gamma-
flux observations of SN 2024bch cannot be directly converted
to mass-loss ULs due to the role of the gamma-gamma attenu-
ation. The LST-1 observations were performed starting at ¢y +
16, with the bulk of observations clustered around 20 days af-
ter the explosion, when the impact of gamma-gamma absorp-
tion may still have been relevant, attenuating the flux for a factor
of three orders of magnitude at most. Considering these three
levels of attenuation, our flux UL would translate to a weaker
mass-loss-rate to wind-velocity ratio UL. In particular, assum-
ing Fape = 107" Fypabs, Where x = 1,2,3, we obtain M/u,, <

[0.38,1.2,3.8] x 1073 X2 & respectively.

7. Conclusions

We have presented a multiwavelength analysis of SN 2024bch.

We conducted a follow-up campaign at VHE gamma rays with the

LST-1 and in the optical with the LT. No detection was achieved

in the VHE band, and we computed the corresponding ULs for the

six nights of observation with the LST-1. To interpret such ULs
in a physical context, we considered the model from Dwarkadas

(2013), estimating ULs for the ratio of the mass-loss rate to the

wind velocity. Moreover, we performed an optical analysis, em-

ploying one spectrum observed with the LT complemented with
ancillary data from online public repositories for both photometry
and spectroscopy. We used the open-source software SuperBol

(Nicholl 2018) to study the photospheric evolution of SN 2024bch

and the software CASTOR (Simongini et al. 2024) to estimate the

parameters of the event and to compare SN 2024bch light curves
with those of other known events. Furthermore, we analyzed a pre-
explosion image of SN 2024bch from the Hubble Space Legacy

Archive. Our major findings are as follows:

1. The integrated photon flux UL of SN 2024bch above
100 GeV is Fy(> 100GeV) < 3.61 x 1072 cm™ s7!, as
obtained from 12 h of LST-1 observations; this is coincident
with a luminosity UL of L, < 1.33 X 10*erg s~!. These ULs
align with those of other types of SNe found by Abdalla et al.
(2019), Ahnenetal. (2017), and Acharyyaetal. (2023).
However, none of the cited works included IIn-L SNe. There-
fore, this is the first ever determined gamma-flux UL for a SN
of this class, and the first ever observation of a CCSN by an
IACT with such a low energy threshold.

ii. SN 2024bch was likely a type IIn-L. SN according to sev-
eral pieces of evidence. The light curves show a fast lin-
ear decay typical of type II-L SNe; the spectra evolve from
IIn-like to IIL-like, with narrow and weak H—a profiles at
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early times that disappear after the peak of luminosity in fa-
vor of broad and strong lines at later times. According to
Tartaglia et al. (2024), the narrow features disappeared be-
tween day 16 and day 42 after the explosion. We find the
photometric behavior to be similar to that of SN 2009k,
SN 2013fc, and SN 2008fq, while an independent classifica-
tion made by Balcon (2024), performed around 3.5 days after
the explosion, suggests a spectral similarity to SN 1998S.
iii. The SN 2024bch progenitor was likely a RSG according to
our estimated parameters. From independent analyses we
found My, = (11-20) Mo, R,y = 531 £ 125R,, Ly, <
10482 Lo, Ty, < 4000K, and M/u, < 10‘4%ﬁ, all of
which are in good agreement with the typical values of these
stars. The RSG progenitor channel is also supported by the
classification, as type IIn-L. SN explosion sites are found to
be more similar to those of type II-L progenitors than those
of type IIn (Taddia et al. 2015).
Based on our interpretation, SN 2024bch belongs to the IIn-
L SN class. Moreover, our results, in line with the existing lit-
erature, strongly suggest a RSG progenitor, although we cannot
exclude the LBV progenitor channel. The uncertainty regarding
the preferred progenitor channel for SN 2024bch highlights the
crucial role of the mass-loss rate estimate. Future observations
of SNe at VHEs will eventually reveal the elusive signal, en-
abling a more accurate modeling of the incoming flux and more
constraining results.
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