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Abstract

We present the discovery of the Type II supernova SN 2023ixf in M101 and follow-up photometric and
spectroscopic observations, respectively, in the first month and week of its evolution. Our discovery was made
within a day of estimated first light, and the following light curve is characterized by a rapid rise (=5 days) to a
luminous peak (My ~ — 18.2 mag) and plateau (M ~ — 17.6 mag) extending to 30 days with a fast decline rate of
~0.03 mag day . During the rising phase, U — V color shows blueward evolution, followed by redward evolution
in the plateau phase. Prominent flash features of hydrogen, helium, carbon, and nitrogen dominate the spectra up to
~5 days after first light, with a transition to a higher ionization state in the first ~2 days. Both the U—V color and
flash ionization states suggest a rise in the temperature, indicative of a delayed shock breakout inside dense
circumstellar material (CSM). From the timescales of CSM interaction, we estimate its compact radial extent of
~(3-7) x 10" cm. We then construct numerical light-curve models based on both continuous and eruptive mass-
loss scenarios shortly before explosion. For the continuous mass-loss scenario, we infer a range of mass-loss
history with 0.1- 1 OM, yr ' in the final 2—1 yr before explosion, with a potentially decreasing mass loss of
0.01-0.1 M, yr ' in ~0.7-0.4 yr toward the explosion. For the eruptive mass-loss scenario, we favor eruptions
releasing 0.3—1 M, of the envelope at about a year before explosion, which result in CSM with mass and extent
similar to the continuous scenario. We discuss the implications of the available multiwavelength constraints
obtained thus far on the progenitor candidate and SN 2023ixf to our variable CSM models.

Unified Astronomy Thesaurus concepts: Supernovae (1668); Core-collapse supernovae (304); Type II supernovae
(1731); Massive stars (732); Red supergiant stars (1375); Stellar mass loss (1613); Circumstellar matter (241);
Supergiant stars (1661)

Supporting material: data behind figures

1. Introduction

22 NASA Einstein Fellow.

23 | SSTC Catalyst Fellow, The majority of massive stars (zero-age main-sequence

(ZAMS) masses of Mzams =~ 825 M) end their lives when
their iron cores collapse, leading to explosions as hydrogen-
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Figure 1. Left: last nondetection (top) and discovery (bottom) images taken by the Itagaki Astronomical Observatory. The red circle marks the position of SN 2023ixf.
Right: color-composite (griz-band) image of SN 2023ixf and its host galaxy M101 taken by the Fred Lawrence Whipple Observatory. SN 2023ixf is located on a
spiral arm with a nearby H I region roughly at solar metallicity and young (10°~107 yr) stellar population (Hu et al. 2018).

(RSGs) from direct progenitor identifications (e.g., Van
Dyk 2017), evidence is mounting that they experience elevated
mass loss in the final months to decades before explosion,
which is not predicted from standard stellar evolution theory.
The presence of circumstellar material (CSM) from such mass
loss can be inferred from early light-curve excess above shock-
cooling emission (e.g., Morozova et al. 2018; Moriya et al.
2018; Forster et al. 2018; Hiramatsu et al. 2021), narrow high-
ionization emission lines, so-called flash features excited by the
radiation from shock breakout or the SN—CSM shock interface
(e.g., Gal-Yam et al. 2014; Yaron et al. 2017; Dessart et al.
2017; Boian & Groh 2019, 2020; Terreran et al. 2022;
Jacobson-Galdn et al. 2022), and/or bremsstrahlung X-ray and
synchrotron radio/millimeter emission from SN—CSM shock
interaction (e.g., Chevalier 2017).

The recent discovery of Typell SN 2023ixf in MI101
(Section 2) has allowed intensive multiwavelength observa-
tions. A dust-obscured RSG progenitor candidate with a
possible periodic variability (=~1000-day period over the past
~13 yr) has been identified in pre-explosion Hubble Space
Telescope, Spitzer Space Telescope, and ground-based optical
to infrared images (Pledger & Shara 2023; Kilpatrick et al.
2023; Jencson et al. 2023; Neustadt et al. 2023; Soraisam et al.
2023). Post-explosion observations have revealed early light-
curve excess in the optical bands (Jacobson-Galan et al. 2023;
Hosseinzadeh et al. 2023; Singh Teja et al. 2023; Sgro et al.
2023), flash features in low-to-high-resolution optical spectra
(Yamanaka et al. 2023; Jacobson-Galan et al. 2023; Smith et al.
2023; Bostroem et al. 2023; Singh Teja et al. 2023),

polarization measurements in spectropolarimetry (Vasylyev
et al. 2023), early X-ray detections (Grefenstette et al. 2023),
and millimeter nondetections (Berger et al. 2023).

Here we report our discovery of SN 2023ixf in Section 2 and
follow-up photometric and spectroscopic observations, respec-
tively, in the first month and week of its evolution in Section 3.
In Section 4, we analyze the light curves and spectra. We then
construct numerical light-curve models based on both con-
tinuous and eruptive mass-loss scenarios to extract the CSM
formation history shortly before explosion in Section 5. Using
this information, we discuss a consistent picture among the
available observational constraints. Finally, we summarize our
findings in Section 6.

2. Discovery and Classification

We (Itagaki 2023) discovered SN 2023ixf in MI101
(Figure 1) on 2023 May 19.727 (UT dates are used throughout;
MJD = 60083.727) at an unfiltered magnitude of 14.9 +-0.1 at
R.A. = 14"03™38°.580 and decl.=+54°18/42” 10 with the
Itagaki Astronomical Observatory 0.35 m telescope (Okayama,
Japan) + KAF-1001E CCD. The last nondetection was
obtained with the same setup at 17.5 mag on 2023 May
17.749 (MIJD = 60081.749). Subsequently, several other
observers have reported limits and detections in the time
window between our last nondetection and discovery (Perley &
Irani 2023; Filippenko et al. 2023; Fulton et al. 2023; Mao et al.
2023; Koltenbah 2023; Chufarin et al. 2023). By taking the
midpoint of the 220.4 mag limit on 2023 May 18.660
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MJD = 60082.660) from Mao et al. (2023) and the detection
with 18.76 £0.25 mag on 2023 May 18.826 (MJD =
60082.826) from Chufarin et al. (2023), we estimate the epoch
of SN first light (i.e., the moment when the SN light emerges
from the stellar/CSM surface)** to be MID = 60082.743 +
0.083, corresponding to 0.98 days before our discovery.

Perley et al. (2023) obtained an optical spectrum of
SN 2023ixf on 2023 May 19.93 (MJD = 60083.93; 4.9 hr after
discovery) with the SPectrograph for the Rapid Acquisition of
Transients (SPRAT; Piascik et al. 2014) on the Liverpool
Telescope (LT; Steele et al. 2004), classifying it as an SNII
with flash ionization features. Subsequent spectra have been
obtained and reported by Teja et al. (2023) with the Himalaya
Faint Object Spectrograph (HFOSC) on the 2 m Himalayan
Chandra Telescope (HCT),* Stritzinger et al. (2023) with the
Alhambra Faint Object Spectrograph and Camera (ALFOSC)
on the Nordic Optical Telescope (NOT), Zhang et al. (2023)
with the Beijing Faint Object Spectrograph and Camera
(BFOSC) on the Xinglong 2.16 m Telescope (Fan et al.
2016), and Yaron (2023) with the Spectral Energy Distribution
Machine (SEDM; Blagorodnova et al. 2018) on the Palomar
60-inch telescope, confirming the SN II classification.

In this work, we adopt a redshift of z=0.000804 &+
0.000007 (de Vaucouleurs et al. 1991)*° and luminosity
distance of d; =6.9+£0.1 Mpc (distance modulus of u=
29.194 + 0.039 mag; Riess et al. 2022) to M101. We use the
estimated first light (MJD = 60082.743 4 0.083) as the zero-
point reference for all phases unless otherwise specified.

3. Observations and Data Reduction
3.1. Photometry

Following the discovery, we continued monitoring
SN 2023ixf with the Itagaki Astronomical Observatory 0.35,
0.5, and 0.6 m telescopes (Kochi, Okayama, and Yamagata,
Japan) + unfiltered KAF-1001E CCD. Using our custom
software, the aperture photometry was extracted and calibrated
to Vega magnitudes from the Fourth US Naval Observatory
CCD Astrograph Catalog (Zacharias et al. 2013). Additionally,
we include the prediscovery amateur points listed in Section 2
in the subsequent analysis.

Through the Global Supernova Project (Howell & Global
Supernova Project 2017), we obtained Las Cumbres Observa-
tory (LCO; Brown et al. 2013) UBVgriz-band imaging with the
SBIG and Sinistro cameras on the network of 0.4 and 1.0 m
telescopes at the Haleakal a Observatory (Hawaii, USA),
McDonald Observatory (Texas, USA), and Teide Observatory
(Canary Islands, Spain) starting on 2023 May 19.97
(MJD = 60083.97; 5.8 hr after discovery). The initial photo-
metry up to 2023 May 30 (MJD = 60094) has been presented
in Hosseinzadeh et al. (2023), and we extend it to 2023 June 18
(MJD =60113; 30 days after discovery) following the same
reduction procedures; UBV and griz point-spread function
(PSF) photometry was calibrated to Vega (Landolt 1983, 1992)

24 This estimate is somewhat limited by the instrument sensitivity since the
magnitude limit of 20.4 corresponds to a luminosity limit of ~2 x 107" erg s~ ',
roughly five times the estimated progenitor luminosity (Neustadt et al. 2023).
We assume that the SN light reached the luminosity limit from the progenitor
luminosity within the error in the epoch of SN first light (=2 hr).

2 hup: //www.iiap.res.in/iao/hfosc.html

26 Via the NASA /IPAC Extragalactic Database: http://ned.ipac.caltech.edu/
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and AB (SDSS Collaboration et al. 2017) magnitudes,
respectively, using 1cogtsnpipe?®’ (Valenti et al. 2016).

In addition, we triggered the Neil Gehrels Swift Observatory
Ultraviolet/Optical Telescope (UVOT) follow-up imaging starting
on 2023 May 20.27 (MJD = 60084.27; 13 hr after discovery). The
aperture photometry was conducted and calibrated to Vega
magnitudes using the pipeline for the Swift Optical Ultraviolet
Supernova Archive (SOUSA; Brown et al. 2014), including the
zero-points from Breeveld et al. (2011) and the sensitivity
correction from 2020 September. The initial photometry up to
2023 May 21 (MJD = 60085) has been presented in Hosseinzadeh
et al. (2023), and we extend it to 2023 June 9 (MJD = 60104).
Unfortunately, the majority of the early Swift UVOT observations
were saturated, and we only include the unsaturated observations
analyzed by the standard SOUSA procedures.

Through our FLEET program (Gomez et al. 2020, 2023), we
also obtained griz-band imaging with KeplerCam (Szentgyor-
gyi et al. 2005) on the 1.2 m Telescope at the Fred Lawrence
Whipple Observatory (FLWO; Arizona, USA) starting on 2023
May 21.32 (MJD = 60085.32; 1.59 days after discovery). The
PSF photometry was extracted and calibrated to AB magni-
tudes from the Pan-STARRS1 (Chambers et al. 2016) Data
Release 2 (Flewelling et al. 2020).

To explore possible pre-explosion variability of SN 2023ixf, we
also processed and examined the Zwicky Transient Facility (ZTF;
Bellm et al. 2019; Graham et al. 2019), Asteroid Terrestrial-
impact Last Alert System (ATLAS; Tonry et al. 2018; Smith et al.
2020), and Wide-field Infrared Survey Explorer (WISE; Wright
et al. 2010; Mainzer et al. 2014) survey data. ZTF and ATLAS
photometry were retrieved, respectively, from the ZTF forced-
photometry service® (Masci et al. 2019, 2023) in the g, r, and i
bands (from 2018 March 21; MJD = 58198) and the ATLAS
Forced Photometry Server®® (Shingles et al. 2021) in the ¢ and
o bands (from 2015 December 30; MJD = 57386). Then, we
stacked them with a time window of every 10 days (<1% of the
observed progenitor period; Kilpatrick et al. 2023; Jencson
et al. 2023; Soraisam et al. 2023) for each filter to obtain deeper
measurements.

For the ongoing NEOWISE all-sky survey in the W1 (3.4 ym)
and W2 (4.5 um) bands, we retrieved time-resolved coadded
images of the field created as part of the unWISE project
(Lang 2014; Meisner et al. 2018; UnWISE Team 2021). With the
custom code (De et al. 2020) based on the ZOGY algorithm
(Zackay et al. 2016), we performed image subtraction on the
NEOWISE images using the full-depth coadds of the WISE and
NEOWISE mission (obtained during 2010-2014) as reference
images. Photometric measurements were obtained by performing
forced PSF photometry at the transient position on the subtracted
WISE images until the epoch of the unWISE data release (data
acquired until 2022 May).

3.2. Spectroscopy

Through our FLEET program, we obtained optical spectra of
SN 2023ixf with the FAST spectrograph (Fabricant et al. 1998;
Tokarz & Roll 1997) on the FLWO 1.5 m Telescope starting on
2023 May 21.33 (MJD = 60085.33; 1.60 days after discovery).
The combination of the 300 grating with a 3”-wide slit was
used for dispersion, resulting in a wavelength coverage of

2 https://github.com/LCOGT/lcogtsnpipe
3 https:/ /ztfweb.ipac.caltech.edu /cgi-bin /requestForcedPhotometry.cgi
2 https: //fallingstar-data.com /forcedphot/
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Figure 2. Left: pre-explosion differential flux measurements at the SN 2023ixf position in the ZTF g,r,i bands; ATLAS c,0 bands; and WISE W1,W2 bands. Error
bars denote 1o uncertainties, and filled and open symbols are used for detections and 5o limits, respectively. No significant variability (>50) is seen in the ZTF and
ATLAS bands, except the two possible ZTF i-band detections. The few sporadic WISE W1 detections are due to imperfect subtraction of the nearby H II region
(Figure 1). Right: multiband light curve (top) and U — V color evolution (bottom) of SN 2023ixf. Amateur detections and limits are shown as the open plus signs and
downward-pointing triangles, respectively, with no vertical offset. The gray vertical dashed lines mark the epochs of flash spectroscopy (Figure 3). SN 2023ixf is
characterized by a rapid rise to the peak with blueward color evolution and a following bright plateau with redward color evolution. (The data used to create this figure

will be available upon publication.)

(The data used to create this figure are available.)

4000 A with a resolution R ~ 1000. One-dimensional spectra
were extracted, reduced, and calibrated following standard
procedures using PyRAF and flux-calibrated to a standard
taken during the same night. Additionally, we retrieved the
public LT/SPRAT, HCT/HFOSC, NOT/ALFOSC, Xing-
long/BFOSC, and P60/SEDM spectra (listed in Section 2)
via the Transient Name Server (TNS)*° and include them in the
subsequent analysis.

We also obtained high-resolution optical spectra on 2023
May 25 and 26 (MJD = 60089 and 60090; 5.6 and 6.5 days
after discovery) with the Tillinghast Reflector Echelle
Spectrograph (TRES; Szentgyorgyi & Furész 2007) on the
FLWO 1.5m Telescope (3850-9100 A coverage with R~
44,000) and on 2023 May 27, 28, and 29 (MJD = 60091,
60092, and 60093; 7.4, 8.4, and 9.4 days after discovery,
respectively) with Hectoechelle (Szentgyorgyi et al. 1998) on
the 6.5 m MMT Observatory (6460-6660 A coverage centered
on Ha with R~ 34,000). The reduced data products were
provided by the Smithsonian Astrophysical Observatory

30 https: //www.wis-tns.org/

Optical /Infrared Telescope Data Center (Mink et al.
2005, 2007; Buchhave et al. 2010; Mink 2011). Given the
lack of narrow flash features in the TRES and Hectoechelle
spectra,®’ we only used them to measure the equivalent widths
(EWs) of NalID lines at the MI101 redshift, yielding
EW([DI1)=0.121 A and EW(D2)=0.180 A. Using the Poz-
nanski et al. (2012) calibration, these EWSs translate to an M 101
extinction of E(B—V)=0.032 mag, in agreement with
Lundquist et al. (2023) and Smith et al. (2023).

4. Analysis

All photometry and spectroscopy of SN 2023ixf are presented
in Figures 2 and 3, respectively. We correct the photometry
and spectroscopy for the Milky Way (MW) extinction of
E(B — V) =0.0089 mag (Schlafly & Finkbeiner 2011),* as well
as the M101 extinction of E(B — V) = 0.032 mag (measured in

3! This is due to the combination of a low signal-to-noise ratio (the first TRES
spectrum) and a late phase coverage (the later TRES and Hectoechelle spectra).
32 Via the NASA/IPAC Infrared Science Archive: https:/ /irsa.ipac.caltech.
edu/applications/DUST/
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Figure 3. Spectral time series of SN 2023ixf. The phase of each spectrum with respect to first light is noted on the right side. The prominent flash features of H, He I,
He 11, C 11, C 1v, N 111, and N IV persist up to 5.6 days, after which a blue featureless continuum dominates the spectra. A transition to a higher ionization state (i.e.,
C 11 — C1V) happens during the first two spectra, in line with the blueward U — V color evolution (Figure 2). (The data used to create this figure will be available

upon publication.)
(The data used to create this figure are available.)

Section 3), assuming the Fitzpatrick (1999) reddening law with
Ry = 3.1 and extended to the WISE bands with the
relative optical to infrared extinction values from Wang &
Chen (2019).

4.1. Light-curve Evolution

We determine the detection significance (o) of the ZTF,
ATLAS, and WISE forced photometry from the ratio of measured
flux (f) to its uncertainty (fy), i.€., & = |f| /forr, Where the absolute
value of f is taken to account for both positive and negative
variability. As shown in Figure 2, no significant pre-explosion
variability (o >5) is seen at the SN 2023ixf position in ZTF
(mg,; 2218, 22.0, 21.3) and ATLAS (m,, 2 20.2, 20.3) within
~2700 days before first light (except the two possible ZTF i-band
detections at 22.5+02mag (c=6.1) and 22.6£0.2 mag
(0=5.3) from =~1205to 1195 days before first light, which
may allow short-term variability). This is consistent with the lack
of long-term pre-explosion variability reported by Neustadt et al.
(2023) in the deep Large Binocular Telescope (LBT) UBVR-band
observations (m = 25-26) from ~5600 to 400 days before first
light and extends such a coverage to 0.32 days before first light,

albeit with the shallower limits. The few sporadic (nonperiodic)
detections in the WISE W1 band (~ £ 25 pJy) are much higher
than the variability (~=+8 pJy) seen in the Spitzer/IRAC
Channel 1 (3.6 pm) observations with a similar temporal coverage
(~11.3 — 3.6 yr before explosion; Kilpatrick et al. 2023; Jencson
et al. 2023; Soraisam et al. 2023), and visual inspections of the
WISE difference images indicate imperfect image subtraction of
the nearby H1I region (Figure 1) due to its relatively large PSF
size (FWHM ~ 6"). Thus, we do not consider these as significant
detections.

The light curve of SN 2023ixf is characterized by a rapid rise
to a bright peak, from My =~ — 10 to —18.2 mag within ~5 days
of first light (Figure 2), with a possible deviation from a single
power-law rise in the first ~1 day as noted by Hosseinzadeh
et al. (2023). During this rising phase, the U — V color shows
blueward evolution® from —0.86 +0.03 mag (1.26 days) to
—1.01 +0.04 mag (3.39 days). Assuming a blackbody spectral
energy distribution (SED), this color evolution corresponds to a

33 Similar blueward color evolution is also seen in the other bands (e.g.,
g — r), indicating a change in the continuum rather than in specific lines.
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temperature rise from ~12,000 to 16,000 K. Such color/
temperature evolution is not expected from pure shock cooling
and instead suggests a possible delayed shock breakout through
dense CSM, in which a photosphere initially forms inside the
unshocked optically thick CSM (e.g., Moriya et al. 2018;
Forster et al. 2018; Haynie & Piro 2021; Khatami &
Kasen 2023), as similarly seen in SNI112018zd (Hiramatsu
et al. 2021).

Following the bright peak, the light curve of SN 2023ixf
settles on a plateau (My =~ — 17.6 mag) extending to 30 days
with a smooth decline rate of ~0.03 mag day ' from the peak
(Figure 2). This plateau is on the bright and fast-declining ends
of the SNII population (e.g., Anderson et al. 2014; Valenti
et al. 2016; see also Jacobson-Galan et al. 2023; Singh Teja
et al. 2023; Sgro et al. 2023). Coinciding with the peak, the
U — V color shows a transition to redward evolution, reaching
~0.5 mag (=6000 K) at 30 days. In contrast to the early
blueward evolution, this redward evolution is typical of
the SNII population (e.g., Valenti et al. 2016), likely
suggesting a switch in the location of the photosphere to the
SN ejecta as it overruns the dense CSM. If we assume a typical
SN shock velocity of ~10,000-15,000 km s ! (e.g., Chevalier
& Fransson 1994; Matzner & McKee 1999), the U — V color
transition at 3.4—4.4 days corresponds to a CSM radial extent of
~(3-6) x 10" cm.

To extract CSM properties from the light-curve modeling in
Section 5, we construct a pseudobolometric light curve of
SN 2023ixf by fitting a blackbody SED to every epoch of
photometry containing at least three filters obtained within 30
minutes of each other and then integrating the fitted blackbody
SED over the optical coverage (UBVRI: 3250-8900 A). For the
unfiltered Itagaki photometry with a similar wavelength
coverage (/3200-9900 A), we estimate its pseudobolometric
correction at each epoch by linearly extrapolating or inter-
polating the blackbody temperatures from the multiband fits
and taking the ratio of the integrated blackbody to observed
flux convolved with the CCD response function. For the
prediscovery amateur points, we crudely estimate their
pseudobolometric luminosity assuming the same correction as
the Ttagaki discovery point, albeit with uncharacterized CCD/
filter response functions. We note that the observed SED peaks
are bluer than the U band in the first ~10 days (=10,000 K),
and without reliable Swift UVOT coverage (Section 3.1)
during this phase, the fitted blackbody temperatures may be
underestimated by up to ~10,000 K (e.g., Valenti et al. 2016;
Arcavi 2022), which translates to a factor of ~2 in the
pseudobolometric luminosity.

4.2. Spectral Evolution

As shown in Figure 3, the early spectral evolution of
SN 2023ixf is characterized by the flash features of H, Hel,
He1, C1a, C1v, NIII, and NIV on top of a blue continuum
(see also Yamanaka et al. 2023; Jacobson-Galan et al. 2023;
Smith et al. 2023; Bostroem et al. 2023; Singh Teja et al. 2023;
Vasylyev et al. 2023). The NII AM634, 4641 and CIII
AM647, 4650 complex is comparable in line strength to He I
M686 in the first spectrum at 1.19 days but then quickly fades
in the second spectrum at 2.13 days. Similarly, C T A5696 is
comparable to CIV AA5801, 5812 at 1.19 days but fades at 2.13
days. This transition to a higher ionization state (C IlI — C1V)
likely indicates a rise in temperature if we assume a smooth
CSM density profile with constant elemental abundance
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(Boian & Groh 2019, 2020), as similarly seen in SN 2018zd
(Hiramatsu et al. 2021). This is consistent with the possible
delayed shock breakout seen in the U — V color evolution
(Figure 2).

The prominent flash features of Hell 4686 and CIV
AA5801, 5812 persist until ~5.6 and 4.5 days, respectively
(Figure 3). Using these timescales as an alternate proxy to the
color evolution® for the SN ejecta overrunning the dense CSM
and assuming the same SN shock velocity as in Section 4.1, a
radial CSM extent can be estimated as ~(4-7) X 10" cm.
Together with the U — V color evolution, the flash spectral
series indicates a confined CSM, broadly in agreement with the
estimates from Jacobson-Galan et al. (2023), Smith et al.
(2023), Bostroem et al. (2023), and Singh Teja et al. (2023).

5. Light-curve Modeling with CSM Interaction

Motivated by the early light curve (Section 4.1) and spectral
evolution (Section 4.2), we consider two different mass-loss
scenarios for producing the confined CSM: continuous and
eruptive.

5.1. Continuous Mass Loss

As a first scenario, we explore “superwind” mass loss (e.g.,
Moriya et al. 2018; Forster et al. 2018) in which the continuous
mass-loss rate is enhanced in the final years to decades before
explosion by a few orders of magnitude (ZIO_3 Moyr Y
compared to a typical RSG mass-loss rate (~107> M, yr ';
e.g., Goldman et al. 2017; Beasor et al. 2020). We assume a
constant wind velocity of vy,i,q = 115 km s !inferred by Smith
et al. (2023) from the narrow Ha line profile in a high-
resolution spectrum taken at 2.62 days. As noted by Smith et al.
(2023), this velocity is higher than a typical RSG wind velocity
of ~20kms™' and likely requires radiative acceleration
(Moriya et al. 2018; Tsuna et al. 2023) or eruptive mass loss
(Section 5.2). With the estimated CSM radial extent of
~(3-7) x 10" cm from the U—V color and flash spectral
evolution (Section 4), the velocity gives a mass-loss duration of
~0.8-1.9 yr before explosion, which we explore here.

A broad range of possible masses, 8-20M., has been
reported for the progenitor of SN 2023ixf from pre-explosion
imaging (Pledger & Shara 2023; Kilpatrick et al. 2023; Jencson
et al. 2023; Soraisam et al. 2023). As a base model, we use an
RSG model with a low mass (Mzams=12M; and
Mgna = 11 M) and large radius (907 R.) from Goldberg &
Bildsten (2020) given the observed bright light-curve plateau
(Section 4.1). We note that according to the scaling relations
for SNII light-curve plateaus (e.g., Popov 1993; Kasen &
Woosley 2009; Sukhbold et al. 2016; Goldberg et al. 2019),
these progenitor properties are degenerate with the explosion
energy, which we vary to account for the uncertainties in the
progenitor properties. A better characterization of the progeni-
tor properties from light-curve modeling should be explored
when the light curve is sampled to the radioactive tail. We also
note that CSM estimates are less sensitive to a particular choice
of degenerate parameters that result in a comparable CSM-free
light curve (e.g., Goldberg & Bildsten 2020; Hiramatsu et al.
2021; Khatami & Kasen 2023).

3 These two estimates do not agree perfectly, likely due to the difference in
the optical depths they probe (i.e., optically thick photosphere and optically
thin line emission; e.g., Morozova et al. 2020).
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We use a combination of MESA (Paxton et al. 2011,
2013, 2015, 2018, 2019) and STELLA (Blinnikov et al.
1998, 2000; Blinnikov & Sorokina 2004; Baklanov et al. 2005;
Blinnikov et al. 2006) for SN explosion and light-curve
calculations, respectively. For the MESA explosion models, we
vary the explosion energy (Eexp = (1.0-2.0) x 105! erg with
0.2 x 10°" erg increments), with a single value for the
synthesized 56Ni mass (Mni = 0.1 M,), as it has no significant
effect on the early light-curve evolution (e.g., Kasen &
Woosley 2009; Goldberg et al. 2019; Kozyreva et al. 2019;
Hiramatsu et al. 2021). We then use the output of these
explosion models as an input to STELLA by adding a wind
density profile, pyig(r) = Myina/477 ying, With varying mass-
loss rates (Myjng = 107% — 1 M, yrfl with 0.5 dex incre-
ments) and durations (fyip,q =0.5-2.0yr with 0.5 yr incre-
ments); the CSM mass is given by Mcsy = Mygina twing. We use
700 and 100 spatial zones for the SN ejecta and CSM,
respectively, and 100 frequency bins. A more detailed
description of the MESA+STELLA workflow can be found in
previous works (e.g., Paxton et al. 2018; Goldberg et al. 2019;
Hiramatsu et al. 2021).

In Figure 4, the pseudobolometric light curves of both CSM-
free models and a subset of CSM models are compared with
that of SN 2023ixf. In these model comparisons, we reference
the phase with respect to the Itagaki discovery (the first point
with the known CCD characteristic; Section 4.1) and shift the
model phase to match the discovery point since the “first light”
is not well defined in the models. The CSM-free models fail to
reproduce the first ~20 days of light-curve evolution (Figure 4,
top left), which highlights the need for CSM interaction.

In the following CSM model comparison, we choose an
explosion energy of Ee, = 1.0 x 105! erg, as its CSM-free
model provides the best fit at 30 days after discovery when the
effect of CSM interaction is expected to become less significant
(but we do not intend to constrain Ee, given its degeneracy
with the progenitor properties). For a given mass-loss rate of
Mying = 1.0 M, yr~', the peak luminosity is reasonably well
reproduced by a mass-loss duration of #y;,q = 1.0 yr (Figure 4,
top right). A longer (shorter) t;,q results in a peak that is too
wide (narrow). For Myinq = 0.3 My, yr~!, tying = 2.0 yr better
reproduces the peak luminosity. With a higher explosion
energy of Eqx, = 2.0 x 105! erg, these mass-loss estimates are
reduced by ~0.5 dex (i.e., My ~ 0.1-0.3 M, yr—!' for
twina = 2.0 — 1.0 yr), albeit with an overshoot of the plateau
luminosity at >20 days (as already seen in Figure 4, top left).
Below Mying = 0.1 M, yr—', we do not find any models with
a peak luminosity >3 x 10** ergs™' (even with Eexp=
2.0 x 10! erg) in this confined CSM configuration with
Vwina = 115 km's™'. Thus, we estimate a range of mass-loss
history to be Mying = 0.1-1.0 M, yr=! for tyjna =2.0 —
1.0 yr to reproduce the peak luminosity.

For tyina=1.0 and 2.0yr, the effect of varying Mg is
shown in Figure 4 (bottom left). As discussed, Mying >
0.3 M, yr~! is required to fit the peak luminosity well,
and Mg < 1073 M, yr~! has negligible effects on the
peak luminosity. However, one difficulty with Mg =
0.3-1.0 M, yr~! for t,ina = 2.0 — 1.0 yr is that it overproduces
the luminosity in prediscovery phase. The zoomed-in version to
this phase is shown in Figure 4 (bottom right). For
twind = 1.0 YT, Mying = 0.1 M, yr~! captures the early excess
(whose presence is first noted by Hosseinzadeh et al. 2023)
down to ~0.6 days before discovery and the following rise up
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to ~1 day after discovery, albeit with an overshoot of the
deep upper limit at ~8 x 10°® ergs™' by ~0.3 days.
Therefore, we speculate a time-variable mass-loss rate in the
final 2—1 yr before explosion in which a lower
mass-loss rate (~0.01-0.1 M. yr ') follows a higher one
(~0.1-1 M, yr ') within the explosion properties explored
here.> Assuming that the lower mass-loss rate is responsible
for the first ~2 days of light-curve evolution after first light as
the SN-CSM shock layer propagates through, this transition
might have happened at ~0.7-0.4 yr before explosion (with an
SN shock velocity of ~10,000-15,000 km sfl). Then, the total
CSM mass could be estimated as ~0.1-0.7 M.,

5.2. Eruptive Mass Loss

Another scenario usually considered for a dense CSM is
eruptive mass loss months to years before core collapse. Such
outbursts are observed for a significant fraction of SNe IIn
(strongly interacting SNe with narrow H emission lines
throughout their evolution; Ofek et al. 2013, 2014; Margutti
et al. 2014; Strotjohann et al. 2021; Hiramatsu et al. 2023).
While such detections are limited for more standard SNe Il
(Kochanek et al. 2017; Johnson et al. 2018; but see Jacobson-
Galan et al. 2022), this scenario is recently found to be favored
over the superwind model from modeling of SN II progenitors
(Davies et al. 2022).

For this scenario, we follow and extend the methods of
Tsuna et al. (2023), which used the open-source code CHIPS
(Takei et al. 2022) to simulate mass eruption, followed by
SNEC (Morozova et al. 2015) for calculating the bolometric
light curve. The mass loss is assumed to be triggered by energy
injection at the base of the envelope, which forms a shock that
propagates to the surface and expels a part of the envelope. The
model is characterized by two parameters: the injected energy
and the amount of time from injection to core collapse. These
control the mass, velocity, and extent of the CSM at core
collapse.

We extend the model grid from Tsuna et al. (2023) while
using the same RSG progenitor as the earlier work evolved by
MESA of 15M. at ZAMS, which is within the mass range
inferred for the SN 2023ixf progenitor. The progenitor has a
mass of 12.8 M, and a radius of 670 R, at the time of energy
injection, with modeling of mixing length and stellar wind
outlined in Tsuna et al. (2023). This progenitor choice is
different from that in Section 5.1; however, as noted, a
variation in explosion energies should account for the
difference given the light-curve scaling relations. For the
injected energy, the CHIPS code uses the injected energy
scaled to the binding energy of the envelope (~4.86 x 10* erg
for this progenitor star), defined in the code as fi,;. A fraction of
the envelope is unbound for fi,; 2 0.2, and we thus consider a
range of values fi,; =[0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7].

We first simulate explosions with CSM models of 1 and 2 yr
from energy injection, motivated by the deep LBT limits on
apparent pre-SN outbursts of the progenitor up to about
400 days prior to the SN (Neustadt et al. 2023).*® For the range
of finj, the dense CSM expands in these 2 yr to radii of
~(2-7) x 10" cm, with respective masses of ~0.04-1.7 M.,

35 This may also be possible with an increasing vyings a8 Pying X Muind/Vind-
But it would create wind-to-wind collision, which should be explored in
future work.

36 We note that it takes several months from energy injection for the shock to
propagate to the surface and be seen as an outburst.
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Figure 4. Comparison of the pseudobolometric light curve of SN 2023ixf with CSM-free light-curve models w1th varying explosion energies (Eexp, top left), and
continuous mass-loss light-curve models with a single Eey, (1.0 X 10! erg) and CSM velocity (Vying = 115 kms™ b): two fixed mass-loss rates (Miying) With varying
mass-loss durations (fying; top right), two fixed finq With varying Miying (bottom left), and a zoomed-in version to the early phase (bottom right). The phase is shifted
with respect to the Itagaki discovery. CSM-free and minimal-CSM models are unable to reproduce the luminous peak /plateau up to 20 days, and the luminosity excess
requires Miying = 0.3—1 M, yr~" for t,;ng = 2 — 1 yr before explosion. The mismatch in the prediscovery excess may suggest a decreasing Miying toward the explosion.

As in Tsuna et al. (2023), we then attach the evolved envelope
to the core of the MESA model and simulate the explosion using
SNEC. We excise the inner 1.8 M, of the star and inject energy
at the inner 0.1 M, as a thermal bomb. We cons1der the final
explosion energy of Eex, = 10°! and 2 x 10°" erg.

Using the bolometric luminosity output by SNEC, we
assume that the emission is thermalized at the photosphere
and calculate the luminosities in the UBVRI bands
(3250 — 8900 A). The resulting light curves for injections 1
and 2 yr before the SN are shown as dashed and dotted lines in
Figure 5, respectively; a reference model with no CSM is
shown with a dashed—dotted line. As in Section 5.1, the model
with no CSM has a monotonic rise and thus significantly
underestimates around the peak. The bright plateau of SN
2023ixf after the peak is well reproduced by the cooling
emission of the shocked CSM (e.g., Piro 2015; Piro et al.
2021), for a range of fi,; ~ 0.25-0.4. While no perfect match to

observations is found, the 1 yr model with E., = 105! erg
appears to best reproduce both the rise timescale and the
plateau luminosity.”” The masses of the CSM in these models
are Mcsm ~ 0.3—1 M, which agrees with the masses estimated
in Section 5.1.

A notable problem for the models is that they generally
overpredict the luminosity around the peak. One possible
reason for this is a departure from thermal equilibrium in the
postshock region around breakout. In our CSM model, the
density sharply drops around the breakout radius, which can
also accelerate the shock. A low CSM density and,
more importantly, a large shock velocity (>10* km s
can both lead to deviation from thermal equilibrium

7 For a fixed finj» the CSM extent generally scales with the escape velocity of
the RSG progenitor. Thus, the required timescale can change for different
progenitor models, but this change is expected to be of order unity.
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Figure S. Optical light curves of interacting SNe for the eruptive mass-loss model, color-coded by the normalized injected energy, finj. The dashed and dotted lines are
explosions with CSM formed by energy injections 1 and 2 yr before the SN, respectively. The black dashed—dotted lines show the case for the progenitor with no
CSM. The green (black) solid lines in the left panels are models with an extended CSM expelled 10 (5) yr before the SN with fi,; = 0.3 (0.25). The data points from

observations are the same as in Figure 4.

(Nakar & Sari 2010; Svirski et al. 2012; Haynie & Piro 2021),
which reduces the optical luminosity.

Another possibility for the eruptive case is a much earlier
mass ejection, where breakout from a less dense CSM powers
the peak and continued interaction powers the plateau. We
explored models with longer intervals between the eruption and
SN and found that two models, with energy injection 10 (5) yr
before the SN with fi,; = 0.3 (0.25), reproduce the light curves
better around the peak than the 1-2 yr models for Ey, = 10!
erg. These light curves are shown with solid lines in Figure 5.
In these models, the CSM extends to ~10"° 6 x 1014) cm with
mass of ~0.06 (0.04) M., which is consistent with the results
of Jacobson-Galan et al. (2023). However, as we explain in the
next section, this model of early eruption is less preferred, as it
may face two challenges: the nearly periodic pre-explosion
variability (Kilpatrick et al. 2023; Jencson et al. 2023; Soraisam
et al. 2023), and the early X-ray detection (Grefenstette et al.
2023).

5.3. Comparison to Other Observational Constraints

In both the continuous and eruptive mass-loss cases, we find
that the dense CSM (0.1-1 M.,) confined within (3-7) x 10"
cm is able to reproduce the early light-curve evolution. Here we
discuss other observational constraints obtained thus far and
their implications for our mass-loss models.

The infrared light curve of the progenitor from 2012 is
consistent with a nearly regular periodic variability, with no
evidence of an additional precursor emission (Kilpatrick et al.
2023; Jencson et al. 2023; Soraisam et al. 2023). The absence
of change in dust optical depth between 5600 and 400 days
before explosion has independently constrained the potential
outburst to be <3-5 times brighter than the progenitor’s
original luminosity of ~10° L, =4 x 10*® ergs™' (Neustadt
et al. 2023).

The continuous mass-loss scenario may result in precursor
emission owing to the sustained energy injection that generates
the outflow. With the inferred CSM properties, we estimate the
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luminosity of a possible precursor to be <2 x 10% erg s~! from
Matsumoto & Metzger (2022) in a dust-free environment. This
is within the allowed luminosity range without altering the dust
optical depth too much (7, = 10-13; Neustadt et al. 2023), and
such an obscured precursor is consistent with the pre-explosion
limits presented in Figure 2, as well as the deeper LBT limits
(Neustadt et al. 2023) if the mass loss happens within
~400 days before explosion (i.e., outside the LBT coverage).
If the mass loss is instead driven by pulsation (e.g., Yoon &
Cantiello 2010), a less luminous precursor is likely expected,
which may provide a more natural explanation for the periodic
progenitor variability.

For the eruptive mass-loss scenario, the precursor models of
Tsuna et al. (2023) are dust-free and cannot be directly
constrained from the pre-explosion observations of SN
2023ixf. However, the precursor emission for models with
finj=0.25 and 0.3, which lasts for <1 yr from eruption, is only
<1 mag brighter (Tsuna et al. 2023) and is thus within the
allowed luminosity range to avoid significant change of the
dust optical depth (Neustadt et al. 2023). A caveat is that for
eruptions much earlier than 2 yr before the SN, this scenario
does not explain the observed periodic variability after the
eruption. An eruption perturbs and oscillates the leftover
envelope, which may cause the variability, but there is no
evident reason that both its timescale and amplitude would be
similar to the observed one. It is worthwhile to study the
precursor emission in dusty environments, as well as its later
oscillation, to quantitatively constrain this scenario.

The X-ray data obtained 4 days after explosion suggest a
rather tenuous CSM, with a mass-loss rate of ~3 x
107*M_ yr~' for an assumed CSM velocity of 50kms™'
(Grefenstette et al. 2023). Since the radius of the CSM probed
is  2>(4-6) x 10" cm for an SN shock velocity of
~10,000-15,000 km s~ !, this does not contradict our preferred
models (both continuous and eruptive) of the compact, dense
CSM. However, this is in tension with an eruption 5-10 yr
before explosion, whose density is higher than this by about an
order of magnitude. An asymmetric CSM may alleviate this
problem, if the line of sight is not subtended by the dense CSM
inferred from the optical light curve. An asymmetric CSM is
also suggested from early spectra (Smith et al. 2023; Vasylyev
et al. 2023) and millimeter nondetections (SmJy at 230 GHz;
Berger et al. 2023), although the latter require the line of sight
to be in the dense part of the CSM assuming a single wind
density profile. Alternatively, the millimeter nondetections may
be explained with our confined CSM models in that the early
nondetections (<4 days) are due to free—free absorption by the
confined CSM, while the later nondetections are due to weaker
synchrotron emission from the underlying extended CSM
(~107* to 10> M, yr"). This merits further investigations,
especially with a recent fainter radio detection (=40 uJy at
10 GHz) at 29 days after first light (Matthews et al. 2023).

Estimates based on spectra (Jacobson-Galan et al. 2023;
Bostroem et al. 2023) find a CSM of Mgy ~ 107°=0.1 M,
much smaller than our results of 0.1-1 M. This may be due to
the light curve and spectra probing different parts of the CSM
(see, e.g., Morozova et al. 2020, for a similar discussion on
SN1II 2013fs). Indeed, the light-curve model from Jacobson-
Galan et al. (2023) with such a lower Mgy underproduces the
luminosity in the first week of its evolution (see also Singh Teja
et al. 2023, for a similar discrepancy even with extremely large
explosion energies of (2-5) x 10°' erg). Furthermore, the
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density profiles of our preferred CSM models are different from
a wind profile assumed in spectral modeling. As in Section 5.1,
a single wind profile has difficulties explaining both the light-
curve rise and plateau. The CSM from mass eruption is also
expected to have a profile much different from that of a wind
(Kuriyama & Shigeyama 2020; Morozova et al. 2020; Tsuna
et al. 2021; Tsang et al. 2022).

6. Summary

We have presented our discovery of SN 2023ixf in M101 at
6.9 Mpc and follow-up photometric and spectroscopic observa-
tions, respectively, in the first month and week of its evolution.
Our observations have revealed the following:

1. A rapid rise (=5 days) to a luminous light-curve peak
My~ —18.2 mag) and plateau (My=~ — 17.6 mag)
extending to 30 days after first light with a fast decline
rate of ~0.03 mag day .

2. Blueward U —V color evolution in the first 4.4 days
toward the light-curve peak followed by redward color
evolution during the light-curve plateau.

3. Prominent flash spectral features of H, Hel, He 11, C 111,
C1v, NI, and N1V persisting up to 4.5-5.6 days after
first light.

4. A transition to a higher spectral ionization state (i.e.,
CH — C1V) in the first 2.1 days after first light.

These observed properties are not expected from pure shock
cooling emission and instead suggest a delayed shock breakout
from a dense CSM confined within ~(3-7) x 10" cm.
Motivated by this, we have constructed numerical light-curve
models based on both continuous and eruptive mass-loss
scenarios shortly before explosion. Our key findings are as
follows:

1. For the continuous mass-loss scenario, we infer a range of
mass-loss history with 0.1-1.0 M. yr~ ' in the final
2.0-1.0 yr before explosion, with a potentially decreasing
mass loss of 0.01-0.1 M. yr~ ' toward the explosion
(<0.7-0.4 yr) to reproduce the rapid rise and lumi-
nous peak.

2. For the eruptive mass-loss scenario, we favor energy
injections of ~10%” erg at the base of the envelope in the
final year before explosion, which releases 0.3—1 M, of
the envelope as CSM. The mass and extent of the CSM
broadly agree with the continuous scenario.

These confined, dense CSM models are compatible with the
early X-ray detections, millimeter nondetections, and possibly
the progenitor variability without clear outbursts before the
final ~1 yr of explosion.

Given its proximity, SN 2023ixf will remain as a primarily
SN target for multiwavelength follow-up observations in the
coming years. In ultraviolet to infrared, a fully sampled light
curve up to a radioactive tail will allow better characterizations
of the progenitor and explosion properties. Nebular-phase
spectra have potential to constrain the progenitor mass,
possibly better than the current pre-explosion estimates.
Deviations from a smooth light-curve plateau and/or tail, or
continued X-ray and/or radio/millimeter emission, will
provide unique opportunities to probe the mass-loss history
in the final years to decades of its progenitor evolution.
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