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ABSTRACT

The nearby Type II supernova SN 2023ixf offers a critical test of the long-standing ‘red supergiant problem’ – the apparent absence of
high-mass red-supergiant progenitors in pre-explosion imaging. We present new late-time observations of SN 2023ixf: SiFAP2 pho-
tometry (714–772 d) with a custom supernova calibration, Swift-UVOT detections (788–801 d), and the one of the latest spectroscopic
observations beyond 100 days (DOLoRES at 772 d). Combining these with archival data, we obtain two discrepant progenitor-mass
estimates: light-curve modelling yields 5.5–14 M�, while nebular oxygen mass (∼2.3 M�) and other spectroscopic diagnostics point to
17–19 M�. We reconcile this tension with a Bayesian Monte-Carlo framework that includes anisotropic circumstellar dust. Our analy-
sis demonstrates that even a modest, clumpy circumstellar medium can produce sufficient extinction to bias luminosity-based masses
downwards by ∼9 M�. Late-time photometry and spectroscopy further reveal clear signatures of shock interaction with circumstellar
material (CSM) shells ejected centuries before explosion. SN 2023ixf thus provides direct evidence that circumstellar obscuration is
a major contributor to the apparent lack of massive red-supergiant progenitors, underscoring the need for multi-method, multi-epoch
observations for robust progenitor-mass determination.
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1. Introduction

SN 2023ixf was discovered on 19 May 2023 at 17:27:15 UTC in the
nearby galaxy M101 (z = 0.000804), at RA(J2000) = 14:03:38.580,
Dec(J2000) = +54:18:42.10 (Itagaki 2023; Perley et al. 2023). It was
immediately classified as a Type II core-collapse supernova (CCSN)
based on flash ionisation lines of H, He, C, and N (Perley & Gal-Yam
2023). The event quickly became one of the most intensively fol-
lowed astrophysical transients, with extensive multi-wavelength cov-
erage spanning optical, IR, UV, radio, X-ray, gamma-ray, neutrino,
and gravitational-wave facilities (see, e.g. Jacobson-Galán et al. 2023;
Hiramatsu et al. 2023; Matthews et al. 2023; Grefenstette et al. 2023;
Martí-Devesa et al. 2024; Guetta et al. 2023; Abac et al. 2025). Pro-
genitor studies (e.g. Moriya & Singh 2024; Rest et al. 2025), whether
based on pre-explosion imaging or modelling, consistently point to a
red supergiant (RSG) origin, but estimates of its initial mass (ranging
from 8–10, 12–17, to >18 M�) and radius (500–800 R�, up to >950 R�)
remain discrepant (Rest et al. 2025).

? Corresponding author: fabio.ragosta@inaf.it

Panjkov et al. (2024) analysed 18 years of pre-explosion
X-ray non-detections (primarily with Chandra) and applied
formalisms that link X-ray luminosity limits to mass-loss
rates via circumstellar wind density (Margutti et al. 2012;
Matsumoto & Metzger 2022). From early Swift observations,
they inferred that the absence of soft X-rays up to 3.3 days post-
explosion implies a relatively low-density wind, corresponding
to a mass-loss rate of ≈10−4 M� yr−1 derived using the relation of
Fransson et al. (1996). These findings suggest that any enhanced
mass-loss episode likely occurred at least 0.5–1.5 years before
the explosion. The same authors also analysed post-explosion
X-ray spectra and found that single-component models cannot
reproduce the observed soft excess below 2 keV. Instead, they
favour a two-component absorbed bremsstrahlung model con-
sisting of a hot, heavily absorbed component (kT ≈ 35 keV,
NH ≈4 × 1022 cm−2) associated with the forward shock, and
a cooler, less absorbed component (kT ≈ 0.3 keV, NH ≈

1022 cm−2) attributed to emission from the cooling shock front.
This indicates that the circumstellar material (CSM) interac-
tion involves regions of different density and absorption. How-
ever, detailed time-resolved joint X-ray spectral modelling by
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Nayana et al. (2025) over 4–86 days post-explosion disfavours
a two-temperature interpretation, and instead suggests a single
evolving thermal component, underscoring the complexity of the
shock interaction and the need for multi-epoch analysis.

SN 2023ixf provides a unique opportunity to study the
long-standing ‘red supergiant problem’ – the apparent lack of
detected progenitors with MZAMS & 17 M� (Davies & Beasor
2020). Systematic biases from circumstellar dust, uncer-
tain bolometric corrections, mid-IR variability, and line-of-
sight obscuration can substantially lower inferred progenitor
masses (Walmswell & Eldridge 2012; Davies & Beasor 2020;
Beasor & Davies 2017). The proximity of SN 2023ixf, its dense
observational coverage, and pre-explosion imaging constraints
allow a direct test of this mass cutoff: Rest et al. (2025) excluded
progenitors with MZAMS ≥ 22 M�, consistent with earlier lim-
its that may reflect either a selection effect or an intrinsic con-
straint on the progenitor mass distribution. Mid-IR variabil-
ity indicates a dust-enshrouded RSG (Kilpatrick et al. 2023;
Soraisam et al. 2023), while hydrodynamical and nebular mod-
elling favour a progenitor mass of 10–15 M� (Bersten et al.
2024; Ferrari et al. 2024). Together, these studies highlight how
observational biases complicate progenitor mass estimates, sug-
gesting that the observed cutoff may stem from systematic
effects rather than strict physical limits.

This work makes multiple novel contributions: (1) the first
late-time (≥700 d) spectrum of SN 2023ixf, which reveals shock-
accelerated CSM; (2) new photometry and spectroscopic obser-
vations; (3) a reconstruction of the mass-loss history from days
to centuries before explosion; and (4) a quantification of how
CSM dust biases progenitor mass estimates. We combine these
to provide the most complete picture yet of SN 2023ixf’s pro-
genitor system.

The paper is organised as follows. Section 2 describes our
new late-time observations and the archival data used. Sections 3
and 4 present the analysis of the light curves and spectra, respec-
tively. The implications of our results for the RSG problem are
discussed in Section 5, and we summarise our conclusions in
Section 6.

2. New observations of SN 2023ixf

We present new late-time observations of SN 2023ixf obtained
approximately 800 days post-explosion using three facilities:
the Silicon Fast Photometer and Polarimeter (SiFAP2) and the
Device Optimized for the LOw RESolution (DOLoRES) spec-
trometer at the Telescopio Nazionale Galileo (TNG), and the
Neil Gehrels Swift Observatory. All phases in this work are
expressed relative to the explosion epoch t0 = 60082.75 MJD
(2023-05-18 17:58:52.800 UTC) unless otherwise noted.

2.1. SiFAP2 photometry

This research represents the first application of SiFAP2 to super-
nova photometry and required the development of a custom
colour correction as described below. The SiFAP2 instrument
(Ghedina et al. 2018) is a high-time-resolution photon counter
(optical photometer and polarimeter) mounted at the TNG in
La Palma, Canary Islands, Spain. We observed SN 2023ixf over
six non-consecutive nights under Director’s Discretionary Time
(project ID A51DDT3; PI: A. Simongini). Observations were
obtained in white light (300–900 nm effective band) with 1 s
sampling and continuous 9000 s integrations.

As reported in Table 1, the first three epochs (MJD 60085,
60116, 60185; 2.25, 33.25, and 102.25 days post-explosion)

sample the rise, peak, and early decline of the light curve, while
the last three (MJD 60797, 60798, 60855; 714.25, 715.25, and
772.28 days post-explosion) probe the late, post-radioactive-
decay phases. These represent the first SiFAP2 observations of
SN 2023ixf.

For each night, we collected photon arrival times over an
hour-long baseline while the telescope tracked the target. The
spectral distribution of detected photons showed no statistically
significant colour evolution within each session, which enabled
the integration of counts to obtain a nightly average instrumental
magnitude, minst.

Although Ghedina et al. (2018) provide a calibration con-
verting SiFAP2 counts to V-band magnitudes under a black-
body assumption, this is inadequate for supernovae due to
strong line features and rapid colour changes. We therefore
derived an empirical colour correction, ∆colour(t), based on near-
simultaneous multi-band photometry of SN 2023ixf. Calibrated
V-band magnitudes were computed as

mV = minst + ∆colour(t). (1)

The correction was validated against independent V-band
photometry at similar epochs. Uncertainties include photon-
counting errors and propagation from the colour correction.

2.2. Swift-UVOT and XRT observations

We obtained Swift observations of SN 2023ixf on MJD 60870,
60877, and 60884 (787.83, 794.75, and 801.36 days post-
explosion) via target of opportunity programmes (IDs 22872,
22946; PI: A. Simongini). Total exposures were 1215 s, 1665 s,
and 2205 s, respectively (Fig. 1).

UltraViolet and Optical Telescope (UVOT) data were taken
in Image mode: mode 0x209a (simultaneous U, B,V) for the
first two epochs and mode 0x2005 (V only) for the last. Reduc-
tion used DRESSCode within HEASoft (Decleir et al. 2019),
with photometry from SExtractor (Bertin & Arnouts 1996).
No detection was achieved in the first epoch. In the second
epoch, we measured B = 21.71 ± 0.14, U = 21.86 ± 0.08,
V = 20.95 ± 0.08. A clear detection in the third epoch gave
V = 20.33 ± 0.01 (Table 1).

X-Ray Telescope (XRT) data were collected in photon-
counting mode (0.3–10 keV). No significant X-ray excess was
found at the supernova (SN) position. Data were reduced with
xrtpipeline, and count rates were estimated with sosta
using a ten-pixel background region. Fluxes were derived via
WebPIMMS assuming a power-law index of 2 and Galactic nH =
7.43 × 1020 cm−2. Assuming isotropic emission, we placed 3σ
upper limits on the unabsorbed luminosity (Table 2). Combining
all epochs under the assumption of no spectral variation gives a
limit of L0.3-10 keV < 6.73 × 1038 erg s−1.

2.3. DOLoRES spectroscopy

We obtained one late-time spectrum of SN 2023ixf with the
DOLoRES spectrograph at the TNG on MJD 60854 (772.28
days post-explosion). The LR-R grism was used, providing a
resolution of R ≈ 700 over 5000–9500 Å, with a total expo-
sure time of 3 × 2700 s. Data reduction followed the standard
TNG pipeline, including bias subtraction, flat-fielding, wave-
length calibration, and flux calibration using spectrophotometric
standards. This spectrum provides one of the latest spectroscopic
coverages of SN 2023ixf beyond ∼100 days post-explosion and
is used here to analyse late-time Hα emission and CSM interac-
tion signatures (Section 5).
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Table 1. New SiFAP2 and Swift-UVOT observations of SN 2023ixf.

Instrument MJD Phasea Filter mag Magb Err

TNG-SiFAP2 60085.00 2.25 V 10.91 −16.76 0.11
TNG-SiFAP2 60116.00 33.25 V 11.07 −16.60 0.11
TNG-SiFAP2 60185.00 102.25 V 12.72 −14.95 0.13
TNG-SiFAP2 60797.00 714.25 V 19.95 −9.16 0.31
TNG-SiFAP2 60798.00 715.25 V 20.01 −9.10 0.31
TNG-SiFAP2 60855.03 772.28 V 19.83 −9.28 0.31
Swift-UVOT 60870.58 787.83 U >20.24 >−7.43 –
Swift-UVOT 60870.58 787.83 B >18.38 >−9.29 –
Swift-UVOT 60870.58 787.83 V >18.86 >−10.25 –
Swift-UVOT 60877.50 794.75 U 21.86 −5.81 0.08
Swift-UVOT 60877.50 794.75 B 21.71 −5.96 0.14
Swift-UVOT 60877.50 794.75 V 20.95 −6.72 0.08
Swift-UVOT 60884.11 801.36 V 20.33 −8.78 0.01

Notes. aDays post-explosion (t0 = 60082.75 MJD). bExtinction- and K-corrected absolute magnitude.
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Fig. 1. Detection of SN 2023ixf on MJD 60884.11 (801.36 days post-explosion) with Swift-UVOT in the V band.

Table 2. Swift-XRT observations of SN 2023ixf.

Date Phasea Count Rateb F0.3-10 keV
c L0.3-10 keV

d

(MJD) (days) (10−3 cts s−1) (10−13 erg cm−2 s−1) (1038 erg s−1)

60870 787.83 <13.5 <4.85 <30.2
60877 794.75 <9.73 <3.49 <21.8
60884 801.36 <3.09 <1.11 <6.93
Combinede 787.83–801.36 <3.00 <1.08 <6.73

Notes. aDays post explosion. b3σ upper limits on count rate. c3σ upper limits on absorbed flux. d3σ upper limits on unabsorbed luminosity. eUpper
limits derived from the combined dataset assuming no spectral variation.

3. Archival data

3.1. Photometry

We collected archival optical and near-infrared light curves
of SN 2023ixf from WISeREP (Yaron & Gal-Yam 2012) and
AAVSO (Kafka et al. 2018), supplemented by UV to near-
IR data from Li et al. (2024) and Zimmerman et al. (2024),
and IR (J,H,Ks) data from Mayya et al. (2023). The com-
bined dataset covers MJD 60082 to 60280 (0–198 days
post-explosion). We applied Gaussian process (GP) interpo-
lation to obtain smoothly sampled light curves, from which
we derived an explosion epoch of t0 = 60082.75 ± 0.16
MJD.

3.2. Spectroscopy

We compiled archival spectroscopic data from recent literature
on SN 2023ixf (Martinez et al. 2024; Zimmerman et al. 2024;
Ferrari et al. 2024; Bostroem et al. 2024; Fang et al. 2025). Most
spectra were retrieved from WISeREP (Yaron & Gal-Yam 2012),
with later epochs from AAVSO (Kafka et al. 2018). Although
these spectra are not new, all spectral measurements (line fluxes,
equivalent widths, velocities) presented here were independently
recalculated from the original data to ensure homogeneous anal-
ysis. The archival spectra cover ∼3000–10 000 Å and phases
from −7.8 to +111.4 days relative to the V-band maximum (−5
to +113 days post-explosion). These are complemented by our
new DOLoRES spectrum at 772.28 days.
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Table 3. Summary of spectroscopic data used in this work.

Phasea (days) MJD Instrument/Source Usage in analysis

−5.0 to +113.0 60078–60196 Archival (WISeREP, AAVSO) Early-time spectral evolution, line diagnostics
+772.28 60854 TNG/DOLoRES (this work) Late-time Hα profile, CSM interaction

Notes. aDays post-explosion (t0 = 60082.75 MJD).

4. Light-curve analysis

SN 2023ixf was monitored for almost 800 days post-explosion,
with a mean cadence of ≈2 d for the first 400 d across all
bands, allowing the light curve to be densely sampled through
the radioactive tail. After ∼500 days, the cadence became more
sporadic, with a gap of ≈100 days between late-time observa-
tions (Table 3).

We analysed the light curves using CASTOR (see
Simongini et al. 2024, 2025), a code that applies GP interpola-
tion to derive key parameters and compares them with a sam-
ple of 150 SNe. This provides independent estimates of pro-
genitor and explosion parameters, in line with previous studies
(e.g. Jacobson-Galán et al. 2023; Nayana et al. 2025). From this
analysis, we find that SN 2023ixf follows an evolution similar
to SN 2013ej (Valenti et al. 2014; Bose et al. 2015), SN 2014G
(Terreran et al. 2016), SN 2024bch (Andrews et al. 2025), and
SN 2013by (Valenti et al. 2015; Black et al. 2017). Figure 2
compares their absolute magnitudes.

We adopt a total extinction correction consisting of
Milky Way and host galaxy contributions: AMW = 0.025
(Schlegel et al. 1998; Schlafly & Finkbeiner 2011) and Ahg =
0.1023 (Jacobson-Galán et al. 2023). The distance is taken as
the average of available estimates from the NASA Extragalac-
tic Database (NED), giving d = 6.644 ± 0.087 Mpc. The corre-
sponding distance modulus is µ = 29.11±0.03. These values are
used throughout the paper.

Figure 2 shows that SN 2023ixf is brighter than the compari-
son templates in most filters, reaching a V-band peak magnitude
of −18.21 ± 0.14, comparable to SN 2013by. The Swift/UVOT
filters (U, B,V,M2,W1,W2) display a steep rise and rapid
decline over ∼40 days, similar to SN 2013ej, SN 2014G, and
SN 2024bch.

The post-peak V-band decline rate of SN 2023ixf is 0.024 ±
0.001 mag per 50 days during the first 90 days after maximum.
This early decline is governed primarily by hydrogen recombi-
nation in the expanding envelope; a faster decline corresponds
to a less massive or more diffuse hydrogen envelope, whereas
a slower decline indicates a more massive or denser envelope
that recombines more gradually. The comparison also shows that
SN 2023ixf evolves in a similar way to other Type II SNe up
to ∼150 days, consistent with 56Ni-powered decay. However,
as shown in Figure 3, at ∼700 days post-explosion the source
remains unexpectedly bright.

The late-time detections (700–800 days) lie above both full
and incomplete γ-ray trapping models. The incomplete trap-
ping model, which fits the data up to 450 days post-explosion
(MNi = 0.04 M�, tγ ≈ 300 days), predicts mV = 22.24 mag
at 714 days, about 2.3 mag fainter than our SiFAP2 measure-
ment, implying a factor of ∼8× re-brightening. These late-time
points instead follow L ∝ (Ṁ/uw)2t−1, consistent with earlier
multi-band modelling (Jacobson-Galán et al. 2025). From the fit
we derive a pre-explosion wind speed of vw = 50 km s−1 and a
mass-loss rate of Ṁ = 1.18 × 10−4 M� yr−1.

Late-time interaction between the SN ejecta and the CSM
can produce thermal bremsstrahlung emission detectable in
X-rays. Assuming a steady wind, the X-ray luminosity can
be related to CSM parameters (Chevalier & Fransson 2003;
Dwarkadas 2025). If the interaction began around +450 days
post-explosion, the CSM shell is located at ∼2.76 × 1016 cm,
which implies a mass ejection ∼175 years before explosion. The
corresponding ejecta velocity is ve j ∼ 7000 km s−1.

4.1. Bolometric light curve

We constructed the bolometric light curve using
SuperBol (Nicholl 2018), which combines multi-band
photometry from different filters and instruments to reconstruct
the spectral energy distribution (SED) at each epoch. The code
corrects observed magnitudes for Galactic and host extinction
using the reddening values quoted above, converts them to
flux densities, and interpolates the SED across the observed
wavelength range.

The results are shown in Figure 4. During the first 100 days
post-explosion, the photospheric temperature rises quickly to
Tbb = 21 500 ± 9660 K, while the radius grows nearly linearly.

The bolometric light curve rises steeply, peaking at Lbol =
(2.98 ± 0.01) × 1042 erg s−1 at tmax = 60086.85 ± 0.05 MJD, i.e.,
4.1 days after explosion. It exhibits a plateau lasting ≈70 days,
followed by a steep decay and a tail that can be described by
three linear segments:

– A decay rate of 0.013 ± 0.001 mag d−1 from MJD 60157
(74.3 days post-explosion),

– A decay rate of 0.005 ± 0.001 mag d−1 from MJD 60220
(137.3 days post-explosion),

– A decay rate of 0.004 ± 0.001 mag d−1 from MJD 60500
(417.3 days post-explosion).

The early evolution, through the end of the plateau, is mirrored in
the photospheric temperature and colour evolution (second and
fourth panels of Figure 4). Yoon et al. (2019) found a tight corre-
lation between these trends and the 56Ni distribution in the ejecta.
Delayed 56Ni heating can cause an initial phase of rapid red-
dening, followed by a change in the slope of the colour curves
as seen in Figure 4. This slope reversal marks the end of the
post-breakout plateau and the onset of a re-brightening phase.
The colour evolution is consistent with the temperature evolu-
tion, where the photospheric temperature drops rapidly at first
and then begins to rise again.

4.2. Bayesian modelling of circumstellar dust extinction

To quantify the impact of circumstellar dust on the inferred pro-
genitor mass, we implemented a Bayesian Monte Carlo frame-
work that models additional visual extinction (AV,CSM) produced
by dust in the circumstellar medium. The model incorporates
several uncertain parameters: the total CSM mass (MCSM), the
dust-to-gas ratio ( fdust), V-band dust opacity (κV ), characteristic
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Fig. 2. Comparison between SN 2023ixf (brown), SN 2013by (blue), SN 2013ej (green), SN 2014G (red), and SN 2024bch (gold) light curves.
We only show the filters for which data are available for all the aforementioned supernovae: (top row) m2, w1, w2; (middle row) U, B,V; (bottom
row) g, r, i. The SN 2023ixf data points are interpolated with GPs. The SN 2023ixf observation in the V-band at ∼800 days post-explosion is not
used for comparison. The red line is the GP regression model for the SN data in the selected band.

dust distance from the progenitor (rmean), and the exponent α in
the mass–luminosity relation L ∝ Mα.

The correction to the initial mass is computed as

Mcorr = MZAMS,LC × 100.4 AV,CSM/α, (2)

where MZAMS,LC = 9 M� is the initial mass inferred from the
light curve with standard extinction correction. The additional
extinction from CSM dust is estimated as

AV,CSM =
κV Σdust

1.086
, Σdust =

MCSM · fdust

4πr2
mean

, (3)

where Σdust is the dust surface density.
We adopted uniform priors over physically plausible ranges:

MCSM ∈ [0.001, 100] M�, fdust ∈ [0.005, 0.1], κV ∈

[100, 1000] cm2 g−1, rmean ∈ [1 × 1016, 5 × 1017] cm, and
α ∈ [1.0, 6.0]. The likelihood is defined by comparing the
corrected mass, Mcorr, to the spectroscopically derived mass,
MZAMS,spec = 17.95 M�, assuming a Gaussian uncertainty cor-
responding to the spectroscopic error range.

We explored the posterior distribution using the emcee
monte carlo markov chain (MCMC) sampler with 100 walk-
ers and 10 000 steps per walker, discarding the first 1000 steps
as burn-in. The resulting distribution of corrected masses has a
median of 17.72 M�, with 16th and 84th percentiles of 16.45 and
18.97 M�, respectively. This corresponds to a median shift of
8.72 M� relative to the light-curve estimate, with a 42.8% prob-
ability that Mcorr exceeds the spectroscopically derived value.

Notably, the posterior favours a total CSM mass of ∼56 M�,
which is orders of magnitude higher than the ionised gas mass
traced by Hα (∼0.001 M�). This discrepancy arises because
the model assumes a smooth, spherically symmetric dust dis-
tribution, whereas the actual CSM is likely to be clumpy or
anisotropic. In such geometry, modest total dust mass concen-
trated along particular lines of sight can produce significant
extinction without requiring uniformly high gas densities. This
interpretation is consistent with the asymmetric Hα profiles
observed at late times and with the complex, stratified CSM
inferred from early spectral features.
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Fig. 3. V-band light-curve evolution of SN 2023ixf. Between 100 and
450 days post-explosion, the decline is well described by a radioactive
decay model, tested under both full and incomplete γ-ray trapping sce-
narios. At later epochs, however, the SiFAP2 and Swift-UVOT mea-
surements (700–800 days post-explosion) lie significantly above the
radioactive-decay fits. These very late-time data are instead reproduced
by a shock-powered model of the form L ∝ (Ṁ/uw)2t−1.

5. Spectroscopic analysis

We analysed the spectral evolution of SN 2023ixf from early
flash-ionisation features to late-time nebular emission, com-
bining archival data with our new DOLoRES spectrum at
772.28 days post-explosion. All spectra were analysed using the
specutils1 package, with results available in an interactive plot
at https://sn2023ixfireferenceplot.netlify.app.

5.1. Early-time spectral features

Bersten et al. (2024) reported flash-ionisation features in early
spectra indicative of a dense CSM, lasting several days. We
confirm these features in the archival data, with strong Hγ and
Hβ emission present within the first ten days post-explosion
(Figure 5). Unusually, fast-fading UV lines persist up to day 14,
longer than typical for Type II SNe. The early spectra show a
blue continuum (Figure 6), characteristic of high-energy explo-
sions and reflecting high-velocity ejecta.

In the iron region (Figure 5), we identify a horn-shaped
emission feature, also noted by Bostroem et al. (2024), which is
likely linked to ejecta asymmetry. A weak Mg II line at ∼4481 Å
(marked in Figure 5) suggests early interaction with a cold dense
shell overtaken by the reverse shock. The horn feature in the Fe
III emission line fades rapidly, indicating ejecta redistribution.
Similar behaviour was observed in strongly interacting SNe such
as SN 1993J, SN 1995N, and SN 2010jl (Matheson et al. 2000;
Zampieri et al. 2005; Fransson et al. 2014).

1 https://specutils.readthedocs.io/en/latest/

The Balmer decrement measured at 2.25 days post-explosion
gives I(Hα)

I(Hβ) = 2.19, lower than the Case B recombination
value of ∼2.85 expected for low-density photo-ionised gas
at Te ∼ 104 K (Osterbrock 1989). This deviation indicates
significant collisional de-excitation, implying a high electron
density in the CSM. Using standard photo-ionisation mod-
els (Ilić et al. 2012), we estimate ne ∼ (1−5) × 108 cm−3

at Te ∼ 104 K. This high density corresponds to mate-
rial at ∼1015 cm from the progenitor, produced by enhanced
mass loss in the final decades before explosion. Our den-
sity estimate lies between the higher values (∼109 cm−3)
inferred from early radio modelling and lower values from
X-ray analyses (Jacobson-Galán et al. 2023; Singh et al. 2024;
Nayana et al. 2025), which is consistent with a clumpy, asym-
metric CSM where different diagnostics probe different density
regimes.

5.2. Late-time DOLoRES spectrum and mass-loss
estimation

Our new DOLoRES spectrum obtained at 772.28 days post-
explosion (Figure 7) provides one of the latest spectroscopic
views of SN 2023ixf in the nebular phase beyond ∼100 days
(Jacobson-Galán et al. 2025). The spectrum is dominated by Hα
emission with a full width at half maximum (FWHM) corre-
sponding to 704 ± 3 km s−1 (Figure 8).

Interpretation of velocity measurements: The Hα line width
of 704 km s−1 traces shocked CSM observed at late times. In
contrast, the velocity vw ≈ 50 km s−1 derived from our light-
curve modelling (Section 4) represents the pre-explosion wind
speed that established the CSM density profile. These two
velocities are physically distinct: the forward shock propagat-
ing into a ρ ∝ r−2 wind can accelerate CSM material, pro-
ducing observed line widths that are a fraction of the shock
velocity. The shock velocity at 800 days, estimated from self-
similar solutions, is vsh ∼ 3400 km s−1 for typical ejecta parame-
ters, giving vHα/vsh ≈ 0.2. This lower than expected ratio sug-
gests either additional deceleration from a dense outer shell
or that Hα emission arises from partially decelerated, off-axis
material.

Mass-loss rate estimation: The measured Hα luminosity is
LHα = (13.3 ± 0.6) × 1038 erg s−1. We use the relation from
Smith et al. (2008) for radiative shocks:

Ṁ = 2
LHαvw

v3
sh

, (4)

with vw = 50 km s−1 from our light-curve modelling and vsh =
3907±343 km s−1. We note that this equation assumes the shock
is radiative and that Hα luminosity traces a fixed fraction of the
shock kinetic power. While early forward shocks may be adi-
abatic (Nayana et al. 2025), by 800 days the shock has likely
become radiative as it encounters denser CSM at larger radii.
Our choice of vsh represents an average shock velocity from
early spectral line widths; using higher early-time velocities
(∼104 km s−1) would yield proportionally lower Ṁ estimates.
The resulting Ṁ = (3.85 ± 1.03) × 10−5 M� yr−1 reflects mass
loss approximately 96 years before explosion, which is con-
sistent with typical RSG wind rates (Mauron & Josselin 2011;
Wen et al. 2024; Antoniadis et al. 2024).
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Fig. 5. Early-time evolution of the Hα line (left) and
ionised Hβ and Fe III lines (right). These lines trace
CSM interaction and structure. Epochs are given rela-
tive to bolometric maximum (4.1 days post-explosion).
The spectra are archival (see Section 3.2).
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Fig. 6. Early-time spectrum of SN 2023ixf at ∼1.3 days post-explosion
(MJD 60084.1). The blue continuum is characteristic of high-energy
explosions. This spectrum is archival (from Zimmerman et al. 2024).

CSM mass and radius: From LHα we estimate the ionised
CSM mass Mcsm = (1.56 ± 0.07) × 10−3 M�. Assuming that a
plateau duration of td = 80 days represents the time for the shock
to sweep through this material, we obtain Rcsm = tdvsh = (2.70 ±
0.23) × 1016 cm. This differs from the estimate by Nayana et al.
(2025) (∼5 × 1015 cm) because they assume vsh ≈ 104 km s−1

based on early ejecta velocities, while we use vsh = 3907 km s−1

from our spectral analysis. Both approaches are consistent within
the context of decelerating shocks and stratified CSM.

5.3. X-ray constraints on mass-loss history

Late-time ejecta–CSM interaction can produce X-rays via ther-
mal bremsstrahlung (Chevalier & Fransson 2003; Dwarkadas
2025):

LX = 3 × 1039 gff Cn

(
Ṁ−5

uw, 10

)2 (
Te

Ti

)0.5 ( t
10 d

)−1
. (5)

Assuming forward-shock dominance (Te/Ti = 1/10, gff = 1,
vw = 50 km s−1), our Swift-XRT upper limits (Table 2) yield
Ṁ ≤ 2.11 × 10−4 M� yr−1 at tref = 794.44 days, consistent
with constraints at ∼620 days (Jacobson-Galán et al. 2025). This
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Fig. 7. DOLoRES spectrum of SN 2023ixf at 772.28 days post-
explosion (MJD 60854). The spectrum covers 6000–9500 Å at a res-
olution of R ≈ 700. Prominent Hα emission is visible at 6563 Å.

Fig. 8. Hα line profile from the DOLoRES spectrum (blue) with Gaus-
sian fit (grey). The FWHM corresponds to a velocity of 704 ± 3 km s−1.

constrains the progenitor’s mass-loss history up to ∼300 years
before explosion.

Figure 9 shows the evolution of mass-loss indicators over
time. Early elevated values correspond to enhanced mass loss
triggered by the SN explosion, while later measurements probe
earlier, quiescent mass-loss episodes.

5.4. Spectral modelling and progenitor constraints

Using CASTOR v2.0, we reconstructed the SED evolution of
SN 2023ixf from its photometric data alone. The algorithm
selected a template supernova whose multi-band light curves
closely match those of SN 2023ixf. The template comes with
a time series of spectra covering most phases of its evolution.
At each epoch, these template spectra were scaled to match the
near-simultaneous observed photometry of SN 2023ixf, thereby
reconstructing its SED. From this reconstructed spectral evolu-
tion, we infer key physical properties of the supernova and its
progenitor.

5.4.1. Expansion velocity and ejecta mass

CASTOR derives expansion velocities by fitting spectral lines with
high-degree polynomials and computing Doppler shifts, then
averaging over all lines. For the first 110 days post-explosion,
we find an ejecta velocity ve j = 7090 ± 292 km s−1, which
peaks early and then plateaus. This is consistent with previous
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Fig. 9. Mass-loss evolution traced by Hα emission measured in all avail-
able spectra from the plateau phase onwards. Early elevated values cor-
respond to explosion-triggered enhancement, while the latest measure-
ment (from our DOLoRES spectrum) probes mass loss ∼96 years pre-
explosion.

estimates ranging from 3500 to 10 000 km s−1 (Panjkov et al.
2024; Zimmerman et al. 2024; Yang et al. 2024).

Applying the virial theorem following Arnett (1982), we
estimate an ejecta mass of Mej = 4.33 ± 0.56 M�, in agreement
with Michel et al. (2025), Panjkov et al. (2024), and Yang et al.
(2024). In CASTOR (Simongini et al. 2024), the remnant mass is
allowed to vary between two extremes: a neutron star (1.2 M�)
or direct collapse to a black hole (up to 10 M�). With these
bounds, the inferred progenitor zero-age main-sequence mass
ranges from 5.5 to 14.3 M�.

5.4.2. Progenitor mass, radius, and temperature constraints

Our analysis yields multiple constraints on the progenitor prop-
erties, some of which exhibit occasional discrepancies, under-
scoring the inherent challenges in accurately determining stellar
parameters solely from supernova observations. These inconsis-
tencies reflect the complex nature of the observational data and
the limitations of current modeling techniques, highlighting the
necessity of a careful, multi-faceted approach when interpreting
results to better understand the progenitor’s characteristics. Here
we discuss possible interpretations of these findings and their
implications.

Mass estimates: We derive progenitor mass estimates through
three independent methods. First, light-curve modelling with
standard extinction corrections gives MZAMS = 5.5−14.3 M�
(Section 4). Second, spectral features including the [O I]/[Ca II]
ratio (∼1.6) suggest MZAMS = 12−15 M� (Fang et al. 2025).
Third, nebular spectroscopy provides the most robust mass indi-
cator; using the method of Uomoto (1986),

MO = 108 f ([OI])D2e2.28/T4 , (6)

with f ([OI]) = 1.86×10−13 erg s−1 cm−2 and T4 = 0.32, we esti-
mate MO ≈ 1.14 M�. Assuming 50% of oxygen is in the [O I]
doublet, the total oxygen mass is . 2.28 M�, which corresponds
to MZAMS = 17−19 M� according to nucleosynthesis mod-
els (Figure 11) (Gangopadhyay et al. 2020). This ∼8 M� dis-
crepancy between light-curve and spectroscopic mass estimates

mirrors the broader ‘red supergiant problem’ (Davies & Beasor
2020).

Radius determination: We constrain the progenitor radius
using the scaling relation from Kasen & Woosley (2009):

ET ' 0.1MejvejRpr, (7)

where ET is the time-weighted integrated bolometric luminos-
ity (Nakar et al. 2016). From our CASTOR analysis, we obtain
ET = (1.36 ± 0.41) × 1055 erg, which is slightly lower than
but consistent with previous estimates of (3.3−7.7) × 1055 erg
(Zimmerman et al. 2024; Yang et al. 2024). Combining this with
Mej = 4.33 ± 0.56 M� and vej = 7090 ± 292 km s−1 yields
Rpr = 318 ± 80 R�.

Temperature and luminosity: Pre-explosion imaging
studies give progenitor luminosity estimates in the range
log(L/L�) = 4.7−5.27 (Hosseinzadeh et al. 2023; Jencson et al.
2023; Kilpatrick et al. 2023; Neustadt et al. 2024; Niu et al.
2023; Qin et al. 2024; Soraisam et al. 2023; Van Dyk et al.
2024; Xiang et al. 2024). Applying the Stefan-Boltzmann law
with our radius estimate gives an effective temperature of
Teff = 4235−7572 K. This is somewhat higher than previous
estimates of 3100–3500 K; the discrepancy may arise from
systematic differences in radius determination or bolometric
corrections applied to pre-explosion photometry.

Interpretation: The derived parameters (Rpr ∼ 300 R�, Teff ∼

4000−7500 K) are consistent with an intermediate-mass RSG
rather than a very extended, cool massive RSG (R & 1000 R�,
Teff ∼ 3000−3500 K). The moderately compact radius and ele-
vated temperature could indicate partial envelope stripping or
enhanced pre-explosion mass loss, consistent with the strong
CSM interaction observed at early times. The mass discrep-
ancy between methods highlights the importance of accounting
for circumstellar extinction when inferring progenitor properties
from pre-explosion imaging or early light curves.

5.4.3. Late-time spectral analysis: DOLoRES spectrum

Our new DOLoRES spectrum obtained at 772.28 days post-
explosion (Figure 7) provides one of the latest spectroscopic
views of SN 2023ixf in the nebular phase beyond ∼100 days.
The spectrum is dominated by Hα emission with a FWHM corre-
sponding to 704±3 km s−1 (Figure 8). This width is significantly
broader than expected from unshocked circumstellar material
and indicates that the emitting gas has been accelerated by the
forward shock.

The measured Hα luminosity is LHα = (13.3 ± 0.6) ×
1038 erg s−1. Using the relation from Smith et al. (2008) for
radiative shocks,

Ṁ = 2
LHαvw

v3
sh

, (8)

with shock velocity vsh = 3907± 343 km s−1 derived from early-
time line widths, we obtain a mass-loss rate of Ṁ = (3.85 ±
1.03) × 10−5 M� yr−1. This reflects the progenitor’s mass loss
approximately 96 years before explosion, consistent with typi-
cal RSG wind rates (Mauron & Josselin 2011; Wen et al. 2024;
Antoniadis et al. 2024). The asymmetric Hα profile suggests
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Fig. 10. Comparison of SN2023ixf bolometric light curve with Type-II population from Carnegie Supernova project (Martinez et al. 2022). The
features are those reported in Martinez et al. (2022): M_bol_end is the bolometric magnitude measured 30 d before tPT (midpoint of the plateau–
tail transition). If tPT is not defined, this is the magnitude of the last observation during the optically thick phase; M_bol_tail is the bolometric
magnitude 30 d after tPT. If the transition is not well defined but the tail is observed, this is the magnitude at the closest point after the transition;
s1 is the decline rate (mag/100 d) of the early cooling phase, obtained from a linear fit; s2 is the decline rate of the plateau phase, obtained from
a linear fit; s3 is the decline rate of the radioactive tail, obtained from a linear fit with at least three data points; Cd is the cooling phase duration,
from texplosion to ttrans; pd is the plateau duration, tPT − ttrans; optd is the optically thick phase duration, tPT (if texplosion is known). When possible, we
estimated the parameters following the formalism in Martinez et al. (2022). The values are within the distributions for each of the parameters; the
only value we could not estimate is s1, due to the lack of data in the time range defined to infer this parameter.

ongoing CSM interaction, pointing to episodic pre-SN mass
loss.

The wind speed derived from the Hα line width
(≈704 km s−1) traces shocked circumstellar material observed
at late times, whereas the slower velocity inferred from our
light-curve modelling (≈50 km s−1; Section 4) represents the
pre-explosion wind speed that set the CSM density profile.
These are physically linked; the forward shock propagating
into a CSM shaped by a ∼50 km s−1 wind can accelerate and
compress parts of that material, raising its observed velocity
to several hundred km s−1 once it becomes radiatively cooled
and visible in Hα. This picture is consistent with a strati-
fied or clumpy CSM where slower, denser ejecta from earlier
mass-loss episodes are overtaken and re-energised by the faster
shock.

In addition to Hα, the DOLoRES spectrum enables a nebu-
lar diagnostic of the progenitor’s core. Using the late-time [O I]

λλ6300, 6363 line flux from this spectrum, we applied the for-
mulation of Uomoto (1986):

MO = 108 f ([OI])D2e
2.28
T4 , (9)

with f ([OI]) = (1.86 ± 0.12) × 10−13 erg s−1 cm−2 and T4 =
0.32 ± 0.02, obtaining MO ≈ 1.14 ± 0.11 M�. Assuming a 50%
contribution from each component of the doublet, the total oxy-
gen mass is .2.28 ± 0.22 M�. This value agrees with nebular
spectral modelling for core-collapse SNe (Gangopadhyay et al.
2020), which indicates a progenitor zero-age main-sequence
mass of 17–19 M�. This range stands in clear contrast to the
lower mass (5.5−14.3 M�) inferred from light-curve modelling
with standard extinction corrections, highlighting the importance
of late-time nebular spectroscopy for robust progenitor mass
determination.
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6. Discussion

Our work provides several advances beyond previous studies of
SN 2023ixf. First, we achieve extensive temporal coverage by
connecting observational phases ranging from 2.25 to 772.28
days through a consistent analysis framework. Additionally, we
incorporate novel data, including spectra obtained beyond 710
days and SiFAP2 photometry calibrated with a custom super-
nova reference. We further ensure robustness by applying a
multi-method consistency approach, cross-checking results from
light curve, spectral, and nebular diagnostics. Finally, we employ
a quantitative dust modeling technique within a Bayesian frame-
work that links the properties of the circumstellar medium to the
progenitor’s mass-loss bias. Together, these advances enable us
to reconstruct the progenitor’s mass-loss history with unprece-
dented detail.

6.1. Early-to-late evolution: Connecting CSM signatures

SN 2023ixf exhibits clear signatures of CSM interaction from
the earliest phases through to the latest observations. Early spec-
tra (<ten days post-explosion) show flash-ionisation features
and a high Balmer decrement (I(Hα)/I(Hβ) ≈ 2.19), indicating
dense, photo-ionised circumstellar material with ne ∼ 108 cm−3.
This points to enhanced mass loss in the final decades before
explosion.

At intermediate phases (30–70 days), Hα emission narrows
progressively as recombination proceeds in receding layers, with
velocities declining to ∼1000 km s−1 by the end of the plateau.
This behaviour is seen in other Type II-P SNe such as SN 2018gj
and SN 2008bk (Teja et al. 2023; Lisakov et al. 2017).

Our new late-time observations reveal the transition from
56Co-powered decay to shock-powered emission. After ∼500
days in the optical and ∼200 days in the UV, the light curve devi-
ates from radioactive decay models and follows L ∝ (Ṁ/uw)2t−1

(Figure 3), indicating ongoing interaction with CSM ejected
∼175 years pre-explosion. The DOLoRES spectrum at 772.28
days shows broad Hα emission (704 ± 3 km s−1) from shock-
accelerated material, consistent with forward-shock propagation
through a stratified CSM.

This continuum of CSM signatures–from early flash ioni-
sation through plateau-phase recombination to late-time shock
interaction–indicates that SN 2023ixf’s progenitor experienced
multiple mass-loss episodes over different timescales: enhanced
ejection in the final decades, preceded by more quiescent mass
loss extending back centuries.

6.2. Reconciling progenitor mass estimates: The role of
circumstellar dust

Our Bayesian modelling (Section 4.2) provides a quantitative
framework for understanding how circumstellar dust affects pro-
genitor mass estimates. The key result is that even moderate
CSM extinction (AV,CSM ∼ 1–2 mag) can bias luminosity-based
mass estimates downwards by ∼8 M� for a progenitor near
18 M�. This bias arises from the steep mass–luminosity relation
for RSGs (L ∝ Mα with α ∼ 3–4), which amplifies the effect of
modest luminosity underestimation.

The model’s preference for a large total CSM mass (∼56 M�)
compared to the ionised gas mass (∼0.001 M�) points to a
highly clumped dust distribution. Assuming the dust resides
in dense clumps with a covering factor, fc, we can estimate
fc ∼ Mdust,Hα/Mdust,MCMC ∼ 10−4–10−5, meaning only ∼0.01–
0.1% of the sky as seen from the progenitor is covered by
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Fig. 11. Comparison of the estimated oxygen mass at ≈800 d from the
explosion with the expected value from the nucleosynthesis models at
different MZAMS.

dust-enshrouded clumps. Such geometry is plausible for RSGs
with episodic mass loss, where dust forms preferentially in
dense, cool regions of enhanced outflow. This strongly suggests a
clumpy or anisotropic dust distribution, where modest total dust
mass concentrated along the line of sight can produce significant
extinction without requiring uniformly high gas densities. Such
geometry is consistent with the asymmetric Hα profiles observed
at late times and with the complex, stratified CSM inferred from
early spectral features.

This has important implications for the RSG problem. If
massive RSGs (MZAMS & 17 M�) typically experience enhanced
late-stage mass loss that produces clumpy, dust-rich CSM, then
their pre-explosion luminosities will be systematically under-
estimated. Near-infrared searches may partially mitigate this
bias, but even at the K-band, dust extinction remains significant
(AK ∼ 0.1AV ). Our analysis suggests that progenitor mass esti-
mates based solely on optical pre-explosion photometry should
be treated as lower limits, with systematic uncertainties of ∼5–
10 M� possible for stars with substantial CSM.

The case of SN 2023ixf demonstrates that combining mul-
tiple diagnostics–early-time flash spectroscopy, late-time shock
emission, and nebular line analysis–can break degeneracies
between progenitor mass and circumstellar extinction. Future
studies of nearby SNe should prioritise such multi-epoch, multi-
wavelength approaches to obtain robust progenitor constraints.

6.3. Implications for the red supergiant problem

SN 2023ixf serves as a benchmark case for understanding the
RSG problem. Pre-explosion imaging excludes MZAMS & 22 M�
(Rest et al. 2025), while our analysis indicates the actual pro-
genitor likely had MZAMS ≈ 17−19 M�–near the upper end
of directly detected RSG progenitors. Several factors may con-
tribute to the apparent scarcity of higher-mass progenitors:
1. Circumstellar extinction: As demonstrated here, even mod-

erate CSM dust can lower inferred luminosities by ∼1–
2 mag, biasing mass estimates downwards by ∼5–10 M�.
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Near-infrared searches may recover some obscured progeni-
tors (Kochanek et al. 2012).

2. Systematic biases: Single-band photometry, uncertain bolo-
metric corrections, and incomplete SED coverage can shift
mass estimates by several solar masses (Davies & Beasor
2020).

3. Stellar evolution effects: Binary interaction, enhanced mass
loss, or envelope stripping may alter the final states of mas-
sive RSGs, leading to different SN subtypes or faint explo-
sions (Zapartas et al. 2021).

4. Failed explosions: Some massive RSGs may col-
lapse directly to black holes without luminous SNe
(Sukhbold et al. 2016).

For SN 2023ixf, circumstellar extinction appears to be the domi-
nant factor reconciling the observed discrepancies. The progeni-
tor’s mass-loss history – traced from early dense CSM to late dis-
tant shells – created a dust-rich environment capable of obscur-
ing the star without requiring anomalously high total mass loss.

6.4. SN 2023ixf in the context of Type II SNe

Despite its proximity and exceptional coverage, SN 2023ixf is
not an outlier among Type II SNe. Its bolometric light-curve
parameters fall within the distributions of the Carnegie Super-
nova Project sample (Figure 10), and its spectral evolution fol-
lows patterns seen in other well-studied events like SN 2013ej
and SN 2013by. The main distinguishing feature is the clear evi-
dence of multi-epoch CSM interaction, which may be present
but less detectable in more distant SNe.

This suggests that many Type II SNe may have similar com-
plex CSM structures, but only nearby, well-monitored events like
SN 2023ixf allow detailed dissection of the mass-loss history.
The event thus provides an analogue for interpreting observa-
tions of more distant SNe where only limited phases are observ-
able.

7. Conclusions

We present new observational constraints on SN 2023ixf’s late-
time evolution: SiFAP2 photometry to 772 d, Swift detections
to 801 d, and one of the latest DOLoRES spectra (772 d). Our
custom calibration of the SiFAP2 white-light data enabled pre-
cise photometry despite the instrument’s black-body assump-
tion, extending the optical light curve into the shock-interaction
phase. The main results of this work are the following:
1. Late-time shock interaction: The light curve deviates from

radioactive decay after ∼500 d, following L ∝ t−1 as expected
for forward-shock propagation into a ρ ∝ r−2 wind. Our
DOLoRES spectrum at 772.28 d shows broad Hα emis-
sion (704 ± 3 km s−1), directly confirming shock-accelerated
CSM.

2. Multi-phase CSM history: Early flash ionisation (ne ∼

108 cm−3) points to enhanced mass loss in the final decades,
while late-time flattening traces material ejected ∼175 yr
before explosion. This indicates episodic mass-loss activity
spanning centuries.

3. Progenitor mass discrepancy resolved by dust: Light-curve
modelling yields MZAMS = 5.5–14.3 M�, whereas the neb-
ular oxygen mass (∼2.3 M�) and [O i]/[Ca ii] ratio point to
MZAMS = 17–19 M�. Our Bayesian Monte-Carlo frame-
work shows that anisotropic CSM dust producing AV,CSM ∼

1–2 mag can bias luminosity-based masses downwards by
∼8 M�, reconciling the estimates with a median corrected
mass of 17.72 M�.

4. Clumpy CSM geometry: The dust model favours a total CSM
mass of ∼56 M�, which is orders of magnitude larger than the
ionised gas mass traced by Hα (∼0.001 M�). This implies
a covering factor of fc ∼ 10−4–10−5, consistent with dust
confined to dense clumps rather than a smooth shell.

5. Implications for the RSG problem: SN 2023ixf’s progeni-
tor likely had MZAMS ≈ 17–19 M�–near the upper limit of
directly detected RSG progenitors. Circumstellar dust obscu-
ration is thus a major factor in the apparent scarcity of high-
mass RSG detections, biasing luminosity-based estimates by
several solar masses.

Limitations and future prospects. Our Bayesian dust model
assumes a simplified geometry; 3D radiative-transfer simu-
lations would better constrain clumpiness and viewing-angle
effects. The single late-time spectrum limits our ability to trace
shock evolution, while X-ray non-detections only provide upper
limits on current shock power. Future facilities (the James
Webb Space Telescope for mid-IR dust emission, the Vera C.
Rubin Observatory for high-cadence optical monitoring, next-
generation X-ray telescopes) will enable similar detailed stud-
ies for larger SN samples. Coupled with stellar-evolution models
that self-consistently treat late-stage mass loss and dust forma-
tion, such observations will clarify whether the RSG problem
stems primarily from observational biases or reflects intrinsic
limits on massive-star evolution.

SN 2023ixf demonstrates that robust progenitor-mass deter-
mination requires combining multi-epoch photometry, spec-
troscopy, and explicit CSM modelling. As one of the best-
studied nearby core-collapse supernovae in decades, it provides
a benchmark for interpreting observations of more distant events
and advances our understanding of the final stages of massive
stellar evolution.
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