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ABSTRACT

Observational evidence points to a red supergiant (RSG) progenitor for SN 2023ixf. The progenitor
candidate has been detected in archival images at wavelengths (> 0.6 um) where RSGs typically emit
profusely. This object is distinctly variable in the infrared (IR). We characterize the variability using
pre-explosion mid-IR (3.6 and 4.5 pm) Spitzer and ground-based near-IR (JH K) archival data jointly
covering 19 yr. The IR light curves exhibit significant variability with RMS amplitudes in the range
of 0.2-0.4 mag, increasing with decreasing wavelength. From a robust period analysis of the more
densely sampled Spitzer data, we measure a period of 1091 + 71 d. We demonstrate using Gaussian
Process modeling that this periodicity is also present in the near-IR light curves, thus indicating a
common physical origin, which is likely pulsational instability. We use a period-luminosity relation
for RSGs to derive a value of Mg = —11.58 + 0.31 mag. Assuming a late M spectral type, this
corresponds to log(L/Lg) = 5.27 £ 0.12 at Tog = 3200 K and to log(L/Lg) = 5.37 £ 0.12 at Teg =
3500 K. This gives an independent estimate of the progenitor’s luminosity, unaffected by uncertainties
in extinction and distance. Assuming the progenitor candidate underwent enhanced dust-driven mass-
loss during the time of these archival observations, and using an empirical period-luminosity-based
mass-loss prescription, we obtain a mass-loss rate of around (2-4) x 10~* Mg yr~!. Comparing the
above luminosity with stellar evolution models, we infer an initial mass for the progenitor candidate
of 20 + 4 Mg, making this one of the most massive progenitors for a Type IT SN detected to-date.

Keywords: Supernovae: individual (SN 2023ixf) — Massive stars — Circumstellar dust — Variable stars

1. INTRODUCTION

Supernova (SN) 2023ixf, which exploded in the nearby
galaxy Messier 101 (M101; NGC 5457), was discovered
by Itagaki (2023) on 2023 May 19 (UT). It led to a flurry
of observations given its proximity. Based on the first
spectrum obtained on the night of discovery, SN 2023ixf
was classified as a Type II SN by Perley et al. (2023).
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During the early days of its evolution, it showed a strong
blue continuum and notable flash-ionization features of
the hydrogen Balmer-series, He 11, N 1v, and C 1v, which
disappeared after a few days. These features may indi-
cate the presence of He/N-rich circumstellar material
(CSM) in the close vicinity of the explosion site (Ya-
manaka et al. 2023; Jacobson-Galan et al. 2023; Smith
et al. 2023). The latter study also noted a lack of narrow
blue-shifted absorption in the early spectra, which they
argued to be a sign of strong asphericity of the CSM.
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A further sign of ongoing CSM interaction in
SN 2023ixf is the early detection of the object in hard
X-rays (up to 20 keV) with NuSTAR (at +4 and +11
days, Grefenstette et al. 2023), with the Mikhail Pavlin-
sky ART-XC telescope onboard the SRG observatory
(at +6 and +9 days, Mereminskiy et al. 2023), and with
Chandra (at +13 days, Chandra et al. 2023). At the
same time, no evidence has been found for statistically
significant emission in either the sub-millimeter (Berger
et al. 2023) or radio (at 10 GHz, Matthews et al. 2023a)
wavelengths within a few days after explosion. However,
as Grefenstette et al. (2023) noted, radio emission may
be suppressed by the high optical depth of the CSM
at these early times and, if the assumed density pro-
file were to remain the same at larger radii, then the
SN may be expected to become radio/mm-bright a few
weeks/months after explosion. Indeed, its radio emis-
sion was detected on a second epoch of observation with
the VLA around +29 days by Matthews et al. (2023b).
This is consistent with the radio behavior of other SNe I1
(e.g., Weiler et al. 2010).

Being one of the closest core-collapse SNe in several
decades and located in a well-studied galaxy, significant
efforts have been made to identify and analyze the pro-
genitor of SN 2023ixf. First we identified a clear point
source in archival images of the Spitzer Space Telescope
(hereafter Spitzer) at the absolute coordinates reported
for the SN (a.12000:14:03:38.56, 5(]2000:54218242.02; Per-
ley & Irani 2023) and carried out a preliminary analysis
of the pre-explosion infrared (IR) variability (Szalai &
Van Dyk 2023; see details below). Archival HST images
covering various wavelengths have also been quickly an-
alyzed by us (Soraisam et al. 2023) and by Pledger &
Shara (2023). Both teams identified a clear source on
the F814W image, but a counterpart was not detected
in the bluer bands. This finding, together with the pres-
ence of a bright mid-IR source in pre-explosion Spitzer
images, already indicated that the identified progenitor
candidate must be a luminous, dusty object (probably
a red supergiant, RSG).

In several further studies, sets of either pre- or post-
explosion data have been used for more detailed analyses
of the assumed progenitor. Neustadt et al. (2023) used
the first reported Spitzer and HST data to estimate the
luminosity of the source; moreover, they also analyzed
a roughly 15 year-long dataset obtained with the Large
Binocular Telescope (LBT) and found no evidence for
pre-explosion outbursts in the optical. Kilpatrick et al.
(2023) and Jencson et al. (2023) have analyzed in de-
tail the archival Spitzer, HST, and ground-based near-
IR datasets of the object to obtain estimates of the lu-
minosity, temperature, mass-loss rate, and initial mass

of the assumed progenitor. We discuss their results in
more detail later in this work. Additionally, Hossein-
zadeh et al. (2023) analyzed the early-time ultraviolet
(UV) and optical light curves of SN 2023ixf and deter-
mined a radius of around 410 R, for the exploding star
(consistent with an RSG).

Various studies have shown that RSGs exhibit semi-
regular variations in their optical light, which are consid-
ered to be pulsations driven by the x mechanism in their
hydrogen ionization zone coupled with convection (e.g.,
Stothers 1969; Heger et al. 1997; Guo & Li 2002). A
period-luminosity relation has also been established for
these objects (e.g., Kiss et al. 2006; Yang & Jiang 2011;
Soraisam et al. 2018; Chatys et al. 2019). In particular,
Soraisam et al. (2018) found a positive correlation be-
tween the observed optical variability amplitudes of the
RSGs in M31 and their luminosity. A similar trend in
the mid-IR was also noted by Yang et al. (2018). If the
progenitor candidate for SN 2023ixf has a high luminos-
ity, then its variability amplitude in the optical will be
large, which could, in turn, modulate the emission from
its CSM in the mid-IR.

In this paper, we analyze archival Spitzer and ground-
based near-IR data, jointly covering a duration of 19 yr
prior to the SN explosion, in order to get a detailed pic-
ture of the IR variability (and, thus, of the true nature)
of the assumed progenitor of SN 2023ixf. A companion
paper will present the overall properties of this candi-
date (Van Dyk et al. in prep.; Paper II hereafter). We
adopt the explosion epoch of MJD 60082.75 (from Hos-
seinzadeh et al. 2023). We describe the datasets used in
Sect. 2 and present our analysis results in Sect. 3. We
discuss these results in Sect. 4 and conclude in Sect. 5.

2. AVAILABLE ARCHIVAL DATA
2.1. Spitzer IRAC

Since M101 was a target of several programs dur-
ing the Spitzer mission, we checked the Spitzer Her-
itage Archive! (SHA; at the NASA/TPAC Infrared Sci-
ence Archive, or IRSA) for available data, in order to
follow the photometric evolution of the progenitor on
the archival mid-infrared (mid-IR) images. A single-
epoch dataset exists during the Spitzer Cryogenic Mis-
sion (2004 March 08, PID 60 [GORDON-M101], PI:
G. Rieke), while the field of the SN was imaged on many
additional epochs between 2012 and 2019 (mostly during
the SPIRITS program, Kasliwal et al. 2017; PIDs 10136,
11063, 13053, 14089; PI: M. Kasliwal). A point source
is clearly detectable on 3.6 and 4.5 ym (Channels 1 and

! https://sha.ipac.caltech.edu/
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Figure 1. Pre-explosion Spitzer Warm Mission mosaics at Channels 1 and 2 (3.6 and 4.5 um, respectively). A source can be
clearly seen at the absolute position of SN 2023ixf in both channels, which we identify as its progenitor candidate in the mid-IR.
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2, respectively; see Fig. 1) Spitzer/IRAC images at the
position of the SN at all epochs between 2004 and 2019,
while there is no detection on 5.8 and 8.0 yum images ob-
tained in 2004. We considered this source to be the pro-
genitor candidate and reported on our preliminary anal-
ysis in Szalai & Van Dyk (2023), whereby we determined
the mid-IR fluxes of the source by applying simple aper-
ture photometry on the 3.6 and 4.5 pym Spitzer/IRAC
post-basic calibrated (PBCD) images. The measure-
ments showed some possible flux changes, though below
the photometric uncertainties, in the preceding 19 yr
before the explosion. If this variability is real, it could
be an indication of possible internal pulsational instabil-
ities and pre-explosion mass-loss processes occurring in
the star years prior to explosion. Hence, we carried out a
more careful analysis of the archival Spitzer/IRAC data
of the object, concurrent with that of Kilpatrick et al.
(2023) and Jencson et al. (2023).

Rather than continuing with the PBCD mosaics, we
obtained the artifact-corrected cBCD frames (along with
the corresponding uncertainty and mask frames) for
each epoch. The Cryogenic and Warm data were treated
separately. We further selected for each epoch only the
frames covering the location of the progenitor candidate.
We then performed overlap correction and mosaicking of
these frames with MOPEX (Makovoz & Khan 2005). We
invoked the task APEX User List Multiframe, with the
absolute SN position as input, to extract the flux via
fitting of the Point Response Function (PRF) for each
epoch. A visual spot-check of the residual mosaics af-
ter the PRF fitting, generated with APEX QA, revealed a
clean subtraction of the PRF model in each case. We list
the Spitzer flux densities, along with their formal uncer-
tainties (based on SNR), in Table 1. We note that the
absolute photometric calibration of the entire Spitzer
mission is better than 3% (Carey et al. 2012).

To validate our PRF photometry results and to pro-
vide more realistic estimates of the uncertainties, we in-
jected an artificial star into the ¢cBCD frame for each
epoch, with a flux equal to that estimated for the pro-
genitor candidate, at a distance of 8’4 east-southeast
of the candidate, in an empty region with a qualita-
tively similar background as the candidate, using APEX
QA. The overlap, mosaic, and PRF estimation steps were
then repeated, with both the candidate and the artificial
star extracted. We found for both bands that the flux
of the artificial star was on average ca. 3 uJy, or 11%,
brighter than the estimate for the candidate. A simi-
lar spot check of the residual mosaics, again, indicated
clean and complete PRF fitting for both the candidate
progenitor and the artificial star. We have therefore in-

cluded this slight flux excess into the uncertainties for
the measurements in each epoch.

To convert the flux densities into Vega magnitudes?,
we adopted the IRAC zeropoints, 272.2 + 4.1 Jy and
178.7 £ 2.6 Jy at the nominal channel wavelengths of
3.544 and 4.487 um, respectively. The light curves for
these two channels are shown in the top panel of Fig. 2.
Significant variability can be clearly seen. We mea-
sure a root-mean-square (RMS) amplitude of 0.23 and
0.26 mag for Channels 1 and 2, respectively, in good
agreement with the average variation found by Reiter
et al. (2015) for Galactic long-period variables (LPVs).

Kilpatrick et al. (2023) have also used this same
Spitzer data set and noted the variability, which is simi-
lar to our value of 0.7 mag peak-to peak. Their measured
fluxes are, however, ~ 5-10 pJy lower than ours, which
is likely due to differences in the photometry methods.
They have performed sanity checks to ascertain that the
variability is intrinsic to the star and not due to instru-
mental or spacecraft-related systematic effects. Hence,
we proceed below considering the variability to be in-
deed intrinsic to the star. Additionally, in the archival
HST ACS/WFC F814W pre-explosion image, there is
possibly an indication of blending of the progenitor star
candidate with another (fainter) source located 0”1 from
it (e.g., Pledger & Shara 2023; Kilpatrick et al. 2023).
However, the observed mid-IR variability is likely dom-
inated by a single source (see Sect. 3).

Jencson et al. (2023) also analyzed the archival Spitzer
data of the assumed progenitor in detail. They identified
the same source as we did, carried out PSF photometry
on the Cryogenic Mission data and, following that, per-
formed image subtraction and aperture photometry on
the Warm Mission data using the Cryogenic mosaic im-
ages as templates. Results of their 4.5 ym photometry
agree well with ours; however, for the 3.6 ym photome-
try, there is an offset similar to that of Kilpatrick et al.
(2023). We note that the discrepancies likely arise from
differences in the photometric techniques. The general
light curve variability, however, is the same between this
work and that of Jencson et al. (2023) and Kilpatrick
et al. (2023). Thus, the offsets in the photometry noted
above do not affect the main results of our paper, which
are based on the variability in the light curves, in partic-
ular their period analysis (cf. Sect. 3). We find a similar
period using the 3.6 pm light curve from Jencson et al.
(2023) as well as the one from Kilpatrick et al. (2023).

2.2. Gemini NIRI

2 All magnitudes reported are in the Vega system.
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Figure 2. Light curves of the progenitor candidate in the mid-IR based on Spitzer data (upper panel) and the near-IR based
on UKIRT/WFCAM and Gemini/NIRI data, along with MMT/MMIRS data reported by Jencson et al. (2023) (lower panel).
The x-axis origin corresponds to the explosion epoch of SN 2023ixf (Hosseinzadeh et al. 2023).

We searched the Gemini Science Archive (Hirst & Car-
denes 2016) for any available pre-explosion data at the
position of SN 2023ixf. There are observations taken
with the Near-IR Imager (NIRI; Hodapp et al. 2003)
on 2010 April 18 (UT) for the program GN-2010A-Q-27
(PL: G. Bosch) to study the HII region NGC 5461 lo-
cated near to SN 2023ixf, thus providing serendipitous
pre-explosion imaging for the latter. This program used
two filters—K-continuum and narrow-band Br(gamma)
with central wavelengths 2.0975 pm and 2.1686 pm, re-
spectively. There are 26 exposures of Br(gamma) and
51 exposures of K-continuum, each of 50 sec. In addi-
tion, there are two J-band acquisition images, each with
an exposure time of 30 sec. In the following, we do not

use the narrow-band data as the wavelength is already
covered by the K-continuum band.

We reduce these data with Gemini’s DRAGONS soft-
ware (Labrie et al. 2019) using its recipe for NIRI imag-
ing data, which performs dark subtraction, masking of
bad pixels, flat fielding, sky subtraction, image registra-
tion, and stacking. The image quality for one of the
J-band acquisition images is rather poor, so we do not
include that exposure. For this filter, we thus have only
one image so no sky subtraction has been performed for
it by the DRAGONS processing. This does not affect
our result, since the background is subtracted during the
downstream processing for photometry.
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NIRI J-band

WFCAM H-band

Figure 3. Cutouts around the progenitor candidate for SN 2023ixf from archival NIRI K-band (top left), J-band (top right),

and UKIRT/WFCAM H-band (bottom) images.

A point source at the position of SN 2023ixf is clearly
detected in both the K-continuum and J-band images
as shown in Fig. 3. We perform PSF photometry us-
ing the Photutils package of Python (Bradley et al.
2022) and apply the aperture correction resulting from
a curve-of-growth analysis for each image. Since there
are only two 2MASS stars in the NIRI image, we cal-
ibrate the final photometry using five isolated stars
in the images by comparing their instrumental mag-
nitudes to corresponding calibrated magnitudes mea-
sured from the UKIRT/WFCAM data discussed below
(Sect. 2.3). We thus obtain J = 20.12 £ 0.10 mag and
K =18.56 4+ 0.03 mag for the progenitor (cf. Table 2).

We note that Kilpatrick et al. 2023 have also used the
K-continuum data from this Gemini program (but not
the J-band data), and calibrated their result against
the NOIRLab Extremely Wide Field Infrared Imager
(NEWFIRM) K data observed around the same time
(2010 June-July). They measured a value of K =
20.72£0.08 AB mag from the NIRI data for the progen-
itor candidate, which is 18.87 4 0.08 converted to Vega
mag; they obtained a similar value for the NEWFIRM
K data. Their result is about 0.3 mag fainter than ours.
This could perhaps be due to differences in the data
processing. Since the NEWFIRM data do not add any
additional information to that already contained in the

Gemini data, we do not consider it further in our anal-
ysis.

2.3. UKIRT/WFCAM

We also searched the archival data gathered by the
near-infrared (near-IR) Wide Field Camera (WFCAM;
Casali et al. 2007) on the 3.8 m United Kingdom In-
frared Telescope (UKIRT'). Science-quality reduction of
the WFCAM data is performed by the automated WEF-
CAM/VISTA pipeline at the Cambridge Astronomical
Survey Unit (Irwin et al. 2004) and the data products
are then ingested into the WFCAM Science Archive
(WSA; Hambly et al. 2008). Astrometric and photo-
metric calibrations, both tied to 2MASS (Skrutskie et al.
2006), are carried out as part of the pipeline processing.
In particular, the pipeline derives a final photometric
calibration in the WFCAM system (see Hodgkin et al.
2009 for details).

We find 41 images for each of J-, H-, and K-band
between 2007 and 2013, with exposure times ranging
from 1 to 20 sec. The project IDs for these observations
are U/11B/K1, U/11B/K2, U/11B/K4, U/12A /KASI1,
U/13A/K1, and U/SERV/1745. Since many of the im-
ages are shallow and taken close in time, we decide to
stack all the images observed in the same month in a
given year. The stacking is not expected to affect our
analysis since the timescale of variability for RSGs is
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Figure 4. Variation of light curve RMS-amplitude of the
progenitor candidate as a function of wavelength.

typically 100 d or greater (e.g., Jurcevic et al. 2000; Kiss
et al. 2006; Yang & Jiang 2011, 2012; Wasatonic et al.
2015; Soraisam et al. 2018; Ren et al. 2019; Chatys et al.
2019). A source can be clearly seen at the position of
SN 2023ixf in many of the images (e.g., the H-band im-
age taken on 2007 May 10 (UT), shown in Fig. 3, bottom
panel), which we consider as the progenitor candidate in
the near-IR.

We perform (forced) PSF photometry on the WFCAM
data at the SN position obtained from its first detec-
tion® at g = 15.90 4 0.03 on 2023 May 19 (UT) by the
ZTF survey (Bellm et al. 2019). It is to be noted that
the astrometric accuracy for ZTF (tied to Gaia DR1) is
better than a few tens of milliarcsec for bright sources
(see Masci et al. 2019), while that for WFCAM is 0”1
(Hodgkin et al. 2009). For all three filters, the offset
between the PSF-fitted position of the progenitor can-
didate and that of the SN is less than 1 pixel (i.e., 0/2)
of the WFCAM image. Similar to that of NIRI data,
we then determine the aperture correction for the PSF
photometry from a curve-of-growth analysis. The to-
tal instrumental magnitude is then calibrated using the
available zero-point? of the image. The resulting near-IR
measurements are given in Table 2 and the light curves
are shown in Fig. 2.

We also plot the most recent J and K photometry
of the progenitor candidate obtained by Jencson et al.
(2023) using MMT/MMIRS. These are the data points
within 1000 d of the explosion in Fig. 2, lower panel.

3 https://antares.noirlab.edu/loci/ ANT202314lgj6bhpdrt (Mathe-

son et al. 2021)

4 For the WFCAM image stacks, we recompute the zero-points
taking one of the exposures whose zero-point is available as the

reference.

From the sparse near-IR light curves, we obtain RMS
amplitudes of 0.36, 0.38, and 0.28 mag, respectively, for
the J-, H-, and K-band.

3. ANALYSIS

In Fig. 4, we show the RMS amplitudes from the mid-
IR and near-IR light curves as a function of wavelength.
There is a clear indication of an increase in variabil-
ity amplitude with decreasing wavelength, which is in
line with expectations for RSGs and other LPVs. For
example, Wasatonic et al. (2015) analyzed 17 yr of V-
band and narrow- to intermediate-band near-IR high-
cadence time-series photometry of the Galactic RSG
TV Gem and found the peak-to-peak amplitude to in-
crease from 0.3 mag in the near-IR to over 1 mag in
the V-band. Similarly, Wood et al. (1983) measured a
K-band amplitude of < 0.25 mag for RSGs in the Large
and Small Magellanic Clouds, while Yang et al. (2018)
found an amplitude < 0.3 mag in the mid-IR (WISE1-
and WISE2-band) for the sample of RSGs in the Large
Magellanic Cloud that they studied. Also, Boyer et al.
(2015) cross-identified variable sources from the DUST-
iNGS survey with LPVs that have been observed in the
optical and near-IR and found the variability amplitude
to increase with decreasing wavelength.

We perform a period analysis using the Spitzer light
curves. As described in previous work by various au-
thors, e.g., Kiss et al. (2006), Soraisam et al. (2018),
light curves of RSGs present complex morphologies,
characterized by the superposition of a strong red-noise
component and one or multiple distinct frequencies.
For analysis of such semi-regular variables, conventional
methods like Lomb-Scargle periodogram may be inad-
equate (VanderPlas 2018). We therefore utilize the
same Bayesian model used by Soraisam et al. (2018)
for the period analysis of optical light curves of RSGs
in M31. Specifically, we describe the 3.6 pm light curve
as a Gaussian Process using the NIFTy software pack-
age (Selig et al. 2013; Steininger et al. 2019; Arras et al.
2019). With the latter we simultaneously reconstruct
the underlying signal and its unknown power spectrum
from the observed light curve data and reported uncer-
tainties (see Sect. 2.4 of Soraisam et al. 2018 for details),
by sampling an approximate representation of the joint
posterior distribution of light curve and power spectrum.
The results are shown in Fig. 5.

We use the recovered power spectrum from the 3.6 ym
data to model the 4.5 um light curve, again as a Gaus-
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sian Process but this time with a fixed power spectrum?®,
which is highlighted in the right panel of Fig. 5. As
can be clearly seen, the reconstructed light curve fits
the data well, which implies that the periodicity seen in
both the Spitzer channels is the same, likely due to both

from the stellar photosphere.
the same periodicity can also explain the near-IR light

4.1. Pulsational instabilities?

The near-IR emission of RSGs is dominated by light
To ascertain whether

of them having the same physical origin. We obtain sim-
ilar results when executing this process in reverse, i.e.,
using the 4.5 pm data for inferring the power spectrum
and using it to model the 3.6 pm light curve.

For each of the posterior power spectrum samples,
we determine the frequency corresponding to the power
maximum (peak frequency). We then use the median
of these peak frequencies to define the period for the
Spitzer 3.6 pm light curve, obtaining 1091+71 d (marked
by the dotted line in Fig. 5, left panel), where the un-
certainty is derived from the width of the distribution
of peak frequency values.

As mentioned in Sect. 2.1, there is possibly a fainter
source located close to the progenitor candidate in the
optical HST F814W pre-explosion image. This opens up

curves, we model the latter using the power spectrum
of the Spitzer 3.6 pm light curve obtained above. Given
the slightly larger amplitude of the near-IR light curves
as compared to the mid-IR (Fig. 4), we scale this power
spectrum by a factor 2.2, which is the average of the
ratios of the squares of the amplitudes in the near-IR
to the mid-IR®. The resulting models are shown in the
right panel of Fig. 6. As is evident from the plots, the
models agree well with the data, implying the presence
of the same periodicity in the near-IR data and, in turn,
indicating again a common driver for the variability ob-
served in both the near-IR and mid-IR regimes. We fur-
ther demonstrate in Appendix A that similar frequencies
are needed to explain the near-IR data, by showing re-
constructions performed with power spectra where the
peak around a period of 1091 d is absent.

the question of possible blending of sources (including
those not visible in the optical) for the mid-IR data,
given their poorer spatial resolution as compared to
HST. We argue that it is unlikely that all the blended
sources vary with exactly the same dominant frequency
to give rise to the peak in the power spectrum in Fig. 5.
The observed variability at the position of SN 2023ixf
therefore most likely results from a single source, and
we attribute that to the RSG progenitor candidate.

Indeed, near-IR variability in RSGs driven by pulsa-

tion has been established for decades (e.g., Wood et al.

1983). As discussed in Sect. 3, the near-IR amplitudes

for the progenitor candidate are also in agreement with
those of other known pulsating RSGs and therefore we
conclude that pulsational instabilities in the progenitor
star are likely responsible for its observed variability.

As shown by Davies et al. (2022, see their Fig. 3), mid-

4. DISCUSSION

51t is to be noted that the key component of a Gaussian process,
i.e., its covariance matrix, is determined by the power spectrum,
assuming stationarity of the signal.

IR emission from the pre-SN outburst models stays al-
most constant, while the optical and near-IR bands may
be significantly affected and thereby provide the best di-
agnostic for such outbursts. The MMT/MMIRS J and

6 There is no dramatic difference if we use individual scaling factors

for the J, H, and K bands.
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Figure 6. Near-IR light curve models for the progenitor candidate of SN 2023ixf constructed using the power spectrum on the
left, which is recovered from the Spitzer data (Fig. 5 left) scaled by a factor 2.2 to account for the larger variability amplitude
in the near-IR (Fig. 4). The shaded regions indicate the 1o confidence intervals for the models. Despite the scarce data points,
the light curves look reasonable as compared to those built using various modified versions of the power spectrum shown in
Figs. 8, 9, 10.
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log(L/Le)

4.6 4 d — 17

3.75 3.70 3.65 3.60 3.55 3.50 3.45
log(Tes/K)

Figure 7. HR diagram based on the BPASS single star
evolutionary tracks. Different colors indicate different initial
masses of the models as indicated in the legend (in Mg). The
gray shaded parallelogram around the -symbol shows the
possible location of the progenitor candidate of SN 2023ixf,
assuming a late M-type supergiant with T.g ranging from
3200-3500 K (see text). The vertical width of the region
corresponds to the uncertainty in log(L/Lg) at a given tem-
perature. The faint gray crosses mark the locations of cool
and luminous (log(L/Lg) > 4.7), directly detected progen-
itors of previous SNe-IIP/II-L from Smartt (2015) and Van
Dyk (2017).

K band observations taken less than two weeks prior to
the SN explosion appear to follow the general variabil-
ity trend in the near-IR going back 16 yr based on the
WFCAM and NIRI data (Fig. 6), thus supporting the
results obtained by other groups that there was likely no
pre-SN outburst (Kilpatrick et al. 2023; Neustadt et al.
2023; Jencson et al. 2023; Dong et al. 2023). There are
not enough deep optical observations of the progenitor
prior to explosion to measure the variability that is typ-
ically present for RSGs in this wavelength regime. How-
ever, assuming its pulsational instability to be similar to
that in common RSGs, it is likely to have a larger vari-
ability amplitude in the optical. For the RSG TV Gem,
Wasatonic et al. (2015) measured the V-band amplitude
to be a factor 4 larger than that in the near-IR. Using
the same scaling, we estimate the optical amplitude of
the RSG progenitor candidate to be around 1.6 mag.

4.2. FEstimates of the progenitor’s initial mass and
mass-loss rate

We use the period of 1091 d derived above (Sect. 3)
and the period-My (PL) relation” for RSGs from So-
raisam et al. (2018) to compute the absolute magnitude
of the progenitor candidate in K-band. This method,

T My = (—3.38 £ 0.27) x log(P) + (—1.32 £ 0.75)

which is fundamentally different from the widely used
SED fitting, provides an estimate of the luminosity of
the star that does not rely on using extinction informa-
tion or the distance to the host galaxy. We thus obtain a
value of My = —11.584+0.31 mag. Soraisam et al. (2018)
noted a dispersion of 0.29 mag around their period-M g
relation. We have included this as well as the uncer-
tainty in our derived period in the calculation of the fi-
nal uncertainty of our Mg estimate here. We note that
we obtain values of Mg that agree with our estimate
within the uncertainties when using other published PL
relations for RSGs (e.g., Kiss et al. 2006; Yang & Jiang
2012). This may be expected since the PL relation for
RSGs appears to be universal (cf. Fig. 7 of Soraisam
et al. 2018).

Jencson et al. (2023) report a foreground-extinction-
corrected and phase-weighted mean absolute magnitude
of Mg = —10.7 mag directly computed from the ob-
served light curve. This value is not corrected for CSM
extinction, which is likely to be significant for the pro-
genitor candidate. In addition, it will be sensitive to
uncertainties in distance and interstellar extinction es-
timates. Nevertheless, it can be considered as a lower
limit for the actual Mg, and thus, our brighter My
value is consistent with their result.

Taking into account this high value of K-band abso-
lute brightness, as well as its near- and mid-IR colors
([3.6] — [4.5] ~ 0.3 mag, J — K ~ 1.8 mag), the as-
sumed progenitor of SN 2023ixf seems to be among the
most luminous RSG stars (for comparison, see the re-
sults of large-scale AGB/RSG surveys in nearby galax-
ies by Boyer et al. 2015; O’Grady et al. 2020; Massey
et al. 2023). In the SPIRITS sample analyzed by Bond
et al. (2022), there are some objects (e.g., 15ahg, 15wt)
with mid-IR light-curve periods and amplitudes, abso-
lute magnitudes, and colors similar to that of the pro-
genitor of SN 2023ixf; these objects are found to be
mostly similar to dusty OH/IR stars by the authors.
Such objects are known to undergo intensive mass-loss
during the so-called superwind phase (Iben & Renzini
1983). Jencson et al. (2023) have shown via comparison
of the progenitor candidate’s SED with superwind-based
models from Davies et al. (2022) that it likely underwent
such a phase of enhanced mass-loss (rather than an out-
burst) over the final decades of its life.

In Paper 11, we perform SED-fitting of the progenitor
candidate using the Grid of Red supergiant and Asymp-
totic giant branch star ModelS (GRAMS; Sargent et al.
2011; Srinivasan et al. 2011). In addition to uncertain-
ties in distance and interstellar extinction toward the
star, SED fitting is also sensitive to limitations in the
models used, for example, coarse sampling of T,g and
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optical depth parameters in the available GRAMS grid.
We circumvented the latter issue in Paper IT by training
an emulator (see Paper II for details). However, we find
that the Tog value is not well constrained—the fit allows
a large range from around 2400 K to 3700 K. Such a large
range is consistent with the inferred relatively high dust
obscuration of the progenitor candidate, which makes
it difficult to predict the stellar parameters, in particu-
lar given that the sparse data in the mid-IR (covering
only 3.6 um and 4.5 pum) only poorly constrain the dust
content.

As noted above, the mid-IR properties of the progeni-
tor candidate appear to be consistent with those of dusty
OH/IR stars. Such stars typically have a late M spectral
type—for example, M7 for IRC -10414 (cf. Gvaramadze
et al. 2014), M6 for NML Cyg, M4-M9.5 for VX Sgr,
M3-M4 for S Per (Schuster et al. 2006), and M5 for
WOH G64 (Levesque et al. 2009). Thus, to be com-
pletely independent of the SED-fitting results, we adopt
the Tog range of 3200-3500 K spanned by M4 and later
spectral type RSGs. We use the corresponding bolo-
metric correction to the K-band (BCk) determined by
Levesque et al. (2005) based on the MARCS stellar at-
mosphere models for cool stars to convert the absolute
K-band magnitude to bolometric luminosity. The val-
ues of BCk range from 3.16 to 2.92 mag, decreasing
with increasing temperature.

We thus obtain an absolute bolometric magnitude
Mpoy = —8.42 £ 0.31 mag and a corresponding
log(L/Lg) = 5.27 £ 0.12 at the lowest Tog = 3200 K
considered above, and My, = —8.66+0.31 mag and cor-
responding log(L/Lg) = 5.37 £ 0.12 at Teg = 3500 K.
We note that the luminosity derived here from the PL
relation is about 0.2-0.3 dex higher than that obtained
from SED fitting (Paper II, Jencson et al. 2023).

The typical mass-loss rate for RSGs is in the
range 1077-10"% My yr~! (e.g., Mauron & Josselin
2011), while that for OH/IR stars is in the range
107°-1073 Mg yr! (e.g., Justtanont et al. 2013). Gold-
man et al. (2017) derived an empirical mass-loss pre-
scription for AGBs/RSGs in the superwind phase. They
found that the mass-loss rate mainly correlates with the
pulsation period and luminosity. We use their relation
M =42 x 10*11L0‘9P0'75r;d0'03, where M is the mass-
loss rate (in Mg yr—!), L, the luminosity (in Lg), P,
the period (in days), and rgq, the gas-to-dust ratio, to
estimate the progenitor candidate’s mass-loss rate as-
suming it to be in the superwind phase as described
above. These authors showed that the prescription does
not strongly depend on the gas-to-dust ratio, so we as-
sume a typical value of 200. Then, using the period
and luminosity of the progenitor candidate, we obtain

its mass-loss rate to be (2-4) x 107* My, yr—!, which
is also within the range obtained from SED modeling
by Jencson et al. (2023), but lower than the estimate
in Paper II. The latter can be reconciled by adopting a
higher value for the wind velocity (e.g., ~ 50 km/s) ap-
propriate for the superwind phase in the GRAMS SED
modeling. The higher velocity does not change the Tog
result in Paper II. Our mass-loss rate estimate here is
also in agreement with that obtained by Grefenstette
et al. (2023) based on early hard X-ray observations of
SN 2023ixf.

We estimate the initial mass of the progenitor candi-
date using the Binary Population and Spectral Synthesis
(BPASS; Stanway & Eldridge 2018) single-star evolu-
tionary tracks. The metallicity of the host galaxy M101
at the site of the SN explosion is likely solar (see Pa-
per II). We therefore use the BPASS stellar models for
solar metallicity. Using the T,g range and corresponding
luminosity derived above for the RSG progenitor candi-
date, we plot the latter on the Hertzsprung-Russell (HR)
diagram shown in Fig. 7.

We estimate the zero-age main sequence (ZAMS) mass
of the progenitor candidate by comparing its luminosity
to the terminal points of the tracks. We thus obtain
its ZAMS mass of 20 4 M. Within the uncertainty,
this agrees with the higher end of the mass range ob-
tained from SED fitting with the GRAMS dust models
(17 £ 4 Mg by Jencson et al. 2023; see also Paper II).
It, however, rules out the lower values 11-12 Mg ob-
tained by Kilpatrick et al. (2023) and Pledger & Shara
(2023). Our ZAMS mass estimate, therefore, also con-
strains the different initial-mass results between Jenc-
son et al. (2023), Paper II, and Kilpatrick et al. (2023),
which are all based on SED fitting, by using an indepen-
dent method (i.e., the PL relation).

Based on our result above, the progenitor candidate
of SN 2023ixf appears to be among the most massive
progenitors detected so far for core-collapse SNe. Its in-
ferred ZAMS mass of 20 4+ 4 Mg puts into question the
existence of the red supergiant problem (Smartt 2015),
i.e., the apparent high-mass cut-off at around 18 Mg
for RSG stars exploding as SNe despite their high-mass
limit of 25-30 Mg predicted by stellar evolution the-
ory. To-date, a few dozen core-collape SN progenitors
have been directly identified (see Van Dyk 2017 for a
review). Among them, there already exist progenitors
with masses close to this limit, for example, SN 2013 €j
(Van Dyk 2017). Furthermore, various other studies,
e.g., Davies & Beasor (2018, 2020), have shown that the
problem of missing high-mass progenitors of SNe II-P /L
is not statistically significant and could be explained by
the small sample size of the SN progenitors and a steep
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luminosity function for the RSGs. Our result thus sup-
ports this hypothesis.

4.3. Binary system?

Other possible origins of variability in luminous near-
and mid-IR stellar sources, as described in detail by
Karambelkar et al. (2019), are the presence of in-
teracting dusty winds in massive (Wolf-Rayet) binary
stars and/or orbital modulation of the binary sys-
tems. As presented in that work and references therein,
such dusty binary systems could be heavily obscured
in the optical, giving a possible explanation for the
non-detection of the assumed progenitor system of
SN 2023ixf with HST F435W and F555W filters (see,
e.g., Soraisam et al. 2023; Kilpatrick et al. 2023, Pa-
per IT). Both the observed IR light-curve amplitudes and
period could be explained with the orbital modulation
of a massive dusty binary. However, based on the results
presented above (IR colors, similarity to identified pul-
sators), a long-period RSG star seems to be the primary
candidate for the progenitor of SN 2023ixf.

On the other hand, we note that Kilpatrick et al.
(2023) also carried out a binary population synthesis
analysis using the HST flux upper limits and found that
a close binary as a progenitor system for SN 2023ixf can-
not be ruled out. However, although the binary fraction
of massive OB-type stars is regarded to be more than
70% (e.g., Sana et al. 2012), recent studies have found a
fraction of 20% or less for RSGs with OB-type compan-
ions (Neugent et al. 2020), making this model rather
unlikely. As Kilpatrick et al. (2023) have also noted,
the presence of a possible companion star could only be
revealed with deep optical imaging after the SN fades.

5. CONCLUSIONS

The proximity of SN 2023ixf, along with its host
galaxy M101 being a frequent target for various imaging
campaigns in different wavelengths, have facilitated de-
tection and detailed studies of its progenitor candidate.
Here we used archival mid- (3.6 pym and 4.5 pm) and
near-IR JHK data from the Spitzer Space Telescope
and ground-based facilities (Gemini North, UKIRT,
MMT) to characterize the variability of the progenitor
candidate, covering a combined duration of around 19 yr
prior to the SN explosion. We find its RMS amplitudes
in these wavelengths to be in the range of 0.2-0.4 mag,
increasing with decreasing wavelength. From a rigorous
period analysis of the higher-cadence Spitzer 3.6 pm and
4.5 pm data, we determine a period of 1091 + 71 d. We
demonstrate that the same periodicity is also present in
the JH K light curves, thus indicating a common phys-
ical origin for the observed variability in both mid- and

near-IR. The variability characteristics taken together
with the infrared colors are consistent with those of pul-
sating RSGs.

Using the period-luminosity relation for RSGs from
Soraisam et al. (2018), we compute an absolute K-band
magnitude of —11.584+0.31 mag. We then use the range
of Teg covered by late M-type RSGs and their corre-
sponding bolometric corrections to derive the luminos-
ity, log(L/Lg), for the progenitor candidate. We obtain
a range of 5.27 = 0.12 dex at Tog = 3200 K, the lowest
value considered, to 5.37 + 0.12 dex at Teg = 3500 K,
the highest value considered. This thus gives an esti-
mate of the luminosity independent of SED fitting for
the RSG progenitor candidate. Assuming the latter to
be in the superwind phase (with enhanced dust-driven
mass-loss) over the final decades before the explosion
(see, e.g., Jencson et al. 2023) and using its luminos-
ity, pulsation period, and the mass-loss prescription of
Goldman et al. (2017), we estimate its mass-loss rate.
We find a value of (2-4) x 10~% My, yr~!, in agreement
with the results from other authors (e.g., Grefenstette
et al. 2023; Jencson et al. 2023). Finally, comparing the
above luminosity with stellar models, we obtain a zero-
age main sequence mass of 20+4 Mg for the progenitor
candidate of SN 2023ixf, which places it among the most
massive progenitors detected so far for type II SNe.
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Table 1. Spitzer IRAC Flux Densities

3.6 pm

4.5 pm

AORKEY MJD

Flux Density

Unc. Flux Density Unc.

(wJy) (wJy) (wJy) (wJy)
4370432 53072.09 36.08 4.16 32.70 4.25
44605952  55960.72 29.68 3.43
44605696  55980.99 28.75 3.48 e e
45237760  56165.01 e e 22.27 2.52
48186624  56337.07 31.45 3.51
45237504  56348.11 30.41 3.39 e e
48187392  56516.35 e e 27.03 3.00
50627840  56742.84 43.93 4.89 37.08 4.11
50627328  56771.83 42.49 4.71 38.01 4.21
50627072  56902.01 42.06 4.75 45.96 5.08
52776448  57136.69 26.00 2.94 23.97 2.68
52776704  57144.06 29.15 3.27 23.49 2.63
52776960 57150.17 28.40 3.20 23.75 2.66
52777216  57163.71 27.29 3.08 23.31 2.59
52777472 57191.82 23.58 2.64 25.80 2.85
52777728 57220.79 24.33 2.75 21.91 2.44
52777984  57247.82 25.65 2.90 23.14 2.60
52778240  57486.85 36.33 4.03 30.10 3.35
60830720  57843.93 45.05 5.00 45.28 5.01
60830976  57926.90 e e 31.01 3.44
60831232  58009.67 42.32 4.70 31.07 3.44
60831488  58232.95 31.83 3.56 22.39 2.50
60831744  58292.87 23.45 2.69 18.92 2.14
60832000  58380.22 31.04 3.47 21.24 2.37
66022400 58572.08 36.41 4.04 35.67 3.96
66022656  58614.39 36.55 4.07 31.72 3.51
66022912  58655.68 34.52 3.85 30.88 3.43
66023168  58697.50 47.56 5.27 33.25 3.69
66023424  58740.01 38.29 4.26 33.56 3.73
66023680 58781.31 40.92 4.55 38.02 4.21
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Table 2. NIR Photometry

SORAISAM ET AL.

J H K

MJD Mag Magerr Mag Magerr Mag Magerr Instrument
54230. 20.39 0.24 19.18 0.09 18.25 0.05 WFCAM
55304. 20.12 0.10 e 18.56 0.03 NIRI
55803. 20.68 0.20 19.22 0.09 18.57 0.09 WFCAM
55805. e cee 18.68 0.10 WFCAM
55807. 19.84 0.19 e x WFCAM
55899. e 20.06 0.24 18.95 0.15 WFCAM
55929. 21.01 0.44 19.41 0.15 18.97 0.19 WFCAM
56104. e e 20.22 0.26 e WFCAM
56399. 20.95 0.19 19.46 0.05 18.88 0.09 WFCAM

All magnitudes in this table are in the Vega system.

(MSIT) (NRF-2021R1C1C2003511) and the Korea As-
tronomy and Space Science Institute under R&D pro-
gram (Project No. 2023-1-860-02) supervised by the

Ministry of Science and ICT.

Facilities: Spitzer, HST, UKIRT, Gemini North,

MMT

Software: numpy (Harris et al. 2020), scipy (Virta-

nen et al. 2020), astropy (Astropy Collaboration et al.
2013), matplotlib (Hunter 2007), NIFTy (Selig et al.

2013)
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APPENDIX

A. RECONSTRUCTED NEAR-IR LIGHT CURVES WITH MODIFIED POWER SPECTRA

Here we model the near-IR data of the progenitor candidate using modified versions of the power spectrum recovered
from the Spitzer 3.6 um data (Fig. 5, Sect. 3). The main purpose is to investigate whether we obtain a good
reconstruction of the observed data for different shapes of the power spectrum, in particular without the prominent
power peak seen in the original spectrum.

We consider three flavors — (i) the same spectrum from Fig. 6 but interpolating across the power peak to remove it
(Fig. 8), (ii) a power law fit to the original spectrum (Fig. 9), and (iii) a power peak superposed on this power law fit
at some higher frequency that is not a harmonic of the original peak frequency (Fig. 10). As can be seen, in all three
cases we obtain a poorer reconstruction of the near-IR light curves than with the original power spectrum (Fig. 6),

thus demonstrating that modeling the near-IR data indeed requires excess power at the same frequencies as inferred
for the mid-IR.
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Figure 8. Modified form of the power spectrum recovered from the Spitzer data (left, cf. Sect. 3) and the near-IR light curve
models for the progenitor candidate of SN 2023ixf constructed using it (right). The grey curve in the left panel shows the original
power spectrum, while the shaded regions in the right panel indicate the 1o confidence intervals for the light curve models. Here
the modified power spectrum is obtained by interpolating across the power peak and scaling it to conserve the total power.
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Figure 9. Similar to Fig. 8. Here the modified power spectrum is obtained by fitting a power law to the original spectrum
from the Spitzer data and scaling it to conserve the total power. The flattening at the lowest frequency is due to extrapolation
using the nearest neighbor value.
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Figure 10. Similar to Fig. 8. Here the modified power spectrum is obtained by fitting a power law to the original spectrum
from the Spitzer data, adding a peak at some higher frequency (which is not a harmonic of the original peak frequency) and
scaling the resulting spectrum to conserve the total power. The flattening at the lowest frequency is due to extrapolation using
the nearest neighbor value.
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