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Abstract

We present UV and/or optical observations and models of SN 2023ixf, a type II supernova (SN) located in
Messier 101 at 6.9 Mpc. Early time (flash) spectroscopy of SN 2023ixf, obtained primarily at Lick Observatory,
reveals emission lines of HI, He I/1I, C IV, and N III/IV/V with a narrow core and broad, symmetric wings arising
from the photoionization of dense, close-in circumstellar material (CSM) located around the progenitor star prior to
shock breakout. These electron-scattering broadened line profiles persist for ~8 days with respect to first light, at
which time Doppler broadened the features from the fastest SN ejecta form, suggesting a reduction in CSM density
atr2>, 10'> cm. The early time light curve of SN 2023ixf shows peak absolute magnitudes (e.g., M, = —18.6 mag,
M, = —18.4 mag) that are 22 mag brighter than typical type II SNe, this photometric boost also being consistent
with the shock power supplied from CSM interaction. Comparison of SN 2023ixf to a grid of light-curve and
multiepoch spectral models from the non-LTE radiative transfer code CMFGEN and the radiation-hydrodynamics
code HERACLES suggests dense, solar-metallicity CSM confined to r = (0.5-1) x 10'> cm, and a progenitor mass-
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loss rate of M = 10-2 M, yr~'. For the assumed progenitor wind velocity of v,, = 50 km s, this corresponds to
enhanced mass loss (i.e., superwind phase) during the last ~3—6 yr before explosion.

Unified Astronomy Thesaurus concepts: Core-collapse supernovae (304); Circumstellar matter (241); Red

supergiant stars (1375); Sky surveys (1464)
Supporting material: data behind figures

1. Introduction

A paramount issue in astrophysics is constraining how the
lives of red supergiant (RSG) stars end. This avenue of study
has a direct impact on the observed diversity of core-collapse
supernovae (SNe), compact object formation, and element
creation in the Universe. Advancing our understanding of late-
stage RSG evolution can be accomplished by probing the
composition and structure of the circumstellar medium (CSM)
surrounding these stars in the final years before explosion. This
CSM is composed of material once located on the RSG surface
and is enriched as the progenitor star loses mass via winds and/
or violent outbursts (Smith 2014). Understanding the structure
of this CSM provides needed constraints on the final stages of
stellar evolution before core collapse and the proposed
mechanisms for both dynamic (e.g., gravity waves, super-
Eddington winds; Owocki et al. 2004; Quataert & Shiode 2012;
Quataert et al. 2016; Fuller 2017; Owocki et al. 2017; Wu &
Fuller 2021) as well as secular (i.e., steady-state wind; Beasor
et al. 2020) mass loss.

Early time, multiwavelength observations of young type II
SNe (SNe II) are an essential probe of the final stages of stellar
evolution; these last months to centuries are almost completely
unconstrained in stellar evolutionary models. In the era of all-
sky transient surveys, “flash” or rapid spectroscopic observa-
tions have become a powerful tool in understanding the direct
circumstellar environment of SN progenitors in the final
months before explosion (e.g., Gal-Yam et al. 2014; Groh 2014;
Smith et al. 2015; Khazov et al. 2016; Yaron et al. 2017;
Jacobson-Galan et al. 2020; Bruch et al. 2021, 2023; Jacobson-
Galan et al. 2022; Terreran et al. 2022; Tinyanont et al. 2022;
Davis et al. 2023; Wang et al. 2023). Very early time spectra
(t <7 days) can be used to identify prominent emission lines
from the recombination of CSM photoionized by the incoming
SN radiation at, and following, shock breakout. However, these
spectral features are transient, leaving behind broad lines from
the fastest (v~ 10* km sfl) SN ejecta layers (Chugai 2001;
Dessart et al. 2017). The strength of the narrow emission
features depends on the CSM density and its chemical
abundance. This is a robust tracer of the progenitor’s chemical
composition, identity, and recent mass loss at small distances
(r< 10" ¢m from the explosion; Gal-Yam et al. 2014; Dessart
et al. 2017; Yaron et al. 2017; Boian & Groh 2020).

Spectroscopic modeling of CSM-interacting SNe Il with
non-LTE radiative transfer codes (e.g., CMFGEN; Hillier &
Dessart 2012; Dessart et al. 2015) has been used to extract
quantitative information on the progenitor’s radius, chemical
composition, wind velocity, and mass-loss rate. CMFGEN in
particular allows for self-consistent post-processing of radia-
tion hydrodynamics simulations, allowing for physically
robust constraints on both the SN ejecta and CSM properties
(shocked and unshocked) and the creation of accurate
synthetic spectra that contain critical information absent from
light curves. For example, CMFGEN spectral modeling of the
prototypical "flash” spectroscopy type II SN 1998S indicated

an enhanced RSG mass-loss rate of M ~ (0.6-1) x 1072 M,
yr ' (v, ~50kms™ ") in the final 15 yr before core collapse
(Shivvers et al. 2015; Dessart et al. 2016). This mass-loss rate
is significantly larger than that observed in galactic RSGs,
e.g., M ~ 10°° M_ yr ' (Beasor et al. 2020). Similarly, the
modeling of the emission line spectrum in the first days of
SNe 2017ahn and 2020pni (Tartaglia et al. 2021; Terreran
et al. 2022) suggested N-rich CSM derived from mass-loss
rates of M ~ (3-6) x 1073 M, yr~'. Further diversity was
revealed from CMFGEN modeling of SN 2013fs (Yaron et al.
2017), observed within hours of explosion, which suggested a
compact CSM (r < 3 x 10'* cm) with a lower mass-loss rate
of M ~ (3-5) x 1073M, yr71 (Dessart et al. 2017). Addi-
tionally, both UV and/or optical photometry and the
spectral series of SN 2020tlf were accurately modeled by
CMFGEN simulations involving an inflated RSG progenitor
(R,~10°R.), which exploded into a dense (M =
(1-3) x 1072 M, yr ', v,,=50kms "), extended (r~ 10"
cm) CSM; this scenario is also consistent with the detection of
luminous precursor emission before explosion (Jacobson-
Galan et al. 2022).

In this paper, we present, analyze, and model photometric
and spectroscopic observations of SN 2023ixf, first reported to
the Transient Name Server by Koichi Itagaki (Itagaki 2023) on
2023 May 19 (MJD 60083.90). SN 2023ixf was classified as a
Type II SN (Perley et al. 2023) and is located at
o = 14"03™38356, § = +54°18/ 41” 96 in host galaxy Messier
101 (NGC 5457). Based on reported pre-discovery images
from numerous observations of SN 2023ixf, we adopt a time of
first light to be MJD 60082.833 + 0.020 (Mao et al. 2023) that
is based on the average between last nondetection and first
detection, but could be earlier given the shallow depth of the
last nondetection limit. All phases reported in this paper are
with respect to this adopted time of first light. In this paper, we
use a redshift-independent host-galaxy distance of
6.85 = 0.15 Mpc reported by Riess et al. (2022), which is the
updated value beyond what is presented in Riess et al. (2016).
We adopt a redshift of z = 0.000804 (Perley et al. 2023).

Given its close proximity and current relative brightness,
SN 2023ixf represents an unparalleled opportunity to study
both the very early time and the long-term evolution of a CSM-
interacting SNII in unprecedented detail. In Section 2, we
describe UV, optical, and NIR observations of SN 2023ixf. In
Section 3, we present analysis, comparisons and modeling of
SN 2023ixf’s optical photometric and spectroscopic properties.
Finally, in Section 4, we discuss the progenitor environment
and mass-loss history prior to SN 2023ixf. Conclusions are
drawn in Section 5. All uncertainties are quoted at the 68%
confidence level unless otherwise stated.

2. Observations
2.1. Photometric Observations

SN 2023ixf was observed with the Pan-STARRS telescope
(PS1/2; Kaiser et al. 2002; Chambers et al. 2017) between


http://astrothesaurus.org/uat/304
http://astrothesaurus.org/uat/241
http://astrothesaurus.org/uat/1375
http://astrothesaurus.org/uat/1375
http://astrothesaurus.org/uat/1464
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2023 May 21 and June 2 in grizy bands through the Young
Supernova Experiment (YSE; Jones et al. 2021). Data storage
and/or visualization and follow-up coordination was done
through the YSE-PZ web broker (Coulter et al. 2022, 2023).
The YSE photometric pipeline is based on photpipe (Rest
et al. 2005), which relies on calibrations from Magnier et al.
(2020), Waters et al. (2020). Each image template was taken
from stacked PS1 exposures, with most of the input data from
the PS1 37 survey. All images and templates were resampled
and astrometrically aligned to match a skycell in the PS1 sky
tessellation. An image zero-point is determined by comparing
point-spread function (PSF) photometry of the stars to updated
stellar catalogs of PS1 observations (Flewelling et al. 2020).
The PS1 templates are convolved with a three-Gaussian kernel
to match the PSF of the nightly images, and the convolved
templates are subtracted from the nightly images with
HOTPANTS (Becker 2015). Finally, a flux-weighted centroid
is found for the position of the SN in each image, and PSF
photometry is performed using forced photometry: the centroid
of the PSF is forced to be at the SN position. The nightly zero-
point is applied to the photometry to determine the brightness
of the SN for that epoch.

We obtained ugri imaging of SN 2023ixf with the Las
Cumbres Observatory (LCO) 1 m telescopes from 2023 May
20 to June 1 (programs NSF2023A-011 and NSF2023A-015;
PIs Foley and Kilpatrick, respectively). After downloading the
BANZATI-reduced images from the LCO data archive (McCully
et al. 2018), we used photpipe (Rest et al. 2005) to perform
DoPhot PSF photometry (Schechter et al. 1993). All
photometry was calibrated using PS1 stellar catalogs described
above with additional transformations to SDSS u band derived
from Finkbeiner et al. (2016). For additional details on our
reductions, see Kilpatrick et al. (2018). We also obtained
photometry using a 0.7 m Thai Robotic Telescope at Sierra
Remote Observatories and the Nickel Telescope at Lick
Observatory in the BVRI bands. Images are bias subtracted
and field flattened. Absolute photometry is obtained using stars
in the 10" x 10’ field of view.

We also observed SN 2023ixf with the Lulin 1 m telescope
in griz bands from 2023 May 21 to June 1. Standard
calibrations for bias and flat-fielding were performed on the
images using IRAF, and we reduced the calibrated frames in
photpipe using the same methods described above for the
LCO images.

We also observed SN 2023ixf with the Auburn 10” telescope
located in Auburn, AL from 2023 May 27 to June 3 in BGR
bands. Following standard procedures in python, we
corrected each frame for bias, dark current, and flat-fielding
using image frames obtained in the same instrumental setup.
We then registered each frame using Gaia Data Release 3
astrometric standard stars (Gaia Collaboration 2022) observed
in the same field as each image. Finally, we stacked images in
each filter for each night with swarp and performed final
photometry using DoPhot with calibration using Pan-
STARRS gri standard stars transformed to BVR bands.** The
complete multicolor light curve of SN 2023ixf is presented in
Figure 1(a).

32 Note that our G-band filter is close to Johnson V band, and so we calibrate
against Pan-STARRS standard stars transformed into this band. For filter
functions, see https://astronomy-imaging-camera.com/product/zwo-Irgb-
31mm-filters-2.
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The Milky Way (MW) V-band extinction and color excess
along the SN line of site is Ay=0.025 mag, and E(B-
V) = 0.008 mag (Schlegel et al. 1998; Schlafly & Finkbeiner
2011), respectively, which we correct for using a standard
Fitzpatrick (1999) reddening law (Ry = 3.1). In addition to the
MW color excess, we estimate the contribution of galaxy
extinction in the local SN environment. Using a high resolution
Kast spectrum of SN 2023ixf at ¢t = 2.4 days, we calculate Na1
D2 and DI equivalent widths (EWs) of 0.16 and 0.12 A,
respectively; these values are consistent with those derived
from a Keck Planet Finder spectrum (Lundquist et al. 2023).
We use Equations (7) and (8) in Poznanski et al. (2012) to
convert these EWs to an intrinsic E(B-V) and find a host galaxy
extinction of E(B — V)pos = 0.033 = 0.010 mag, also corrected
for using the Fitzpatrick (1999) reddening law.

2.2. Spectroscopic Observations

SN 2023ixf was observed with Shane/Kast (Miller &
Stone 1993) between 6t = 2.4 and 14.4 days. For all these
spectroscopic observations, standard CCD processing and
spectrum extraction were accomplished with IRAF.*® The data
were extracted using the optimal algorithm of Horne (1986).
Low-order polynomial fits to calibration-lamp spectra were
used to establish the wavelength scale, and small adjustments
derived from night-sky lines in the object frames were applied.
SN 2023ixf spectra were also obtained with the Kitt Peak Ohio
State Multi-Object Spectrograph (KOSMOS; Martini et al.
2014) on the Astrophysical Research Consortium 3.5 m
Telescope at Apache Point Observatory (APO). The KOSMOS
spectra were reduced through the KOSMOS®* pipeline. One
optical spectrum (in a red and blue arm) was taken through the
Low-Resolution Spectrograph 2 (LRS2) instrument on the
Hobby Eberly Telescope (HET) on 2023 May 21 (blue arm)
and 2023 May 22 (red arm). The LRS2 data were processed
with Panacea,” the HET automated reduction pipeline for
LRS2. The initial processing includes bias correction, wave-
length calibration, fiber-trace evaluation, fiber normalization,
and fiber extraction; moreover, there is an initial flux
calibration from default response curves, an estimation of the
mirror illumination, as well as the exposure throughput from
guider images. After the initial reduction, we use LRS2Multi*®
in order to perform sky subtraction.

In Figure 2, we present the complete series of optical
spectroscopic observations of SN 2023ixf from 6t = 2.4 to 14.4
days. In this plot, we also show the classification spectrum of
SN 2023ixf at +1.1 days from the Liverpool telescope (Perley
et al. 2023). However, because we cannot verify the quality of
this spectral reduction, we only use these data for narrow line
identification. Additionally, we include Swift UV grism spectra
of SN2023ixf from ér=+1.8 to 2.8 days in Appendix
Figure 7; the data were reduced using the techniques outlined
in Pan et al. (2020). The complete spectral sequence is shown
in Figure 2, and the log of spectroscopic observations is
presented in Appendix Table Al.

3 https://github.com/msiebert] /UCSC_spectral_pipeline
34 https://github.com/jradavenport/pykosmos

3 hups: //github.com/grzeimann /Panacea

36 https: //github.com/grzeimann /LRS2Multi
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Figure 1. (a) Multicolor light curve of SN 2023ixf (circles) with respect to time since first light (MJD 60082.833 + 0.020) from PS1, LCO, Auburn, Thai Robotic
Telescope, Nickel, and Lulin telescopes. Observed photometry is presented in the AB magnitude system and has been corrected for host galaxy and MW extinction.
Light curves of CMFGEN models rlw6a (Rcsm =6 X 10" em, M =102M, yr’l), rlw6b (Resm = 8 x 10 cm, M = 102 M, yr’l), and rlw6c
(Resm=1 x 10" cm, M = 102 M, yr~") are plotted as solid, dashed, and dotted lines, respectively. (b) Zoom-in of the SN 2023ixf r- and/or R-band light
curve and CMFGEN models, which can reproduce the peak magnitude but are inconsistent with the early time slope. (c) CSM densities and radii for a subset of the
CMFGEN model grid (e.g., Table (A2)) used to find the best fitting model for SN 2023ixf, which is plotted as a solid red line (rlw6b). Dotted black lines represent
lower limits on the location of the SN shock at 6t = 6.4, 8.4, 10.6 days, for a lower limit on the SN shock velocity of 28500 km st (Section 3.2). We expect a
decrease of the optical depth to electron-scattering (i.e., 7gs) based on the plotted density profile at around ~8 days, which is consistent with the fading of the IIn-like

line profiles observed in SN 2023ixf at these phases.
(The data used to create this figure are available.)

3. Analysis
3.1. Photometric Properties

The complete early time, multiband light curve of
SN 2023ixf is presented in Figure 1(a). We fit a fifth-order
polynomial to the g-band light curve to derive a peak absolute
g-band magnitude of M,=-184+0.10 mag at MID
60088.61 £ 0.10, where the uncertainty on peak magnitude is
the 1o error from the fit, and the uncertainty on the peak phase
is found from adding the uncertainties on both the time of peak
magnitude and the time of first light in quadrature. Using the
adopted time of first light, this indicates a rise time of
t,=15.8£0.10 days with respect to g-band maximum. Other
filters display similarly bright peak absolute magnitudes, e.g.,
M,=—18.6£0.11 mag, and M,=—18.0£0.09 mag—this
indicates a bolometric boost to the SN brightness rather than a

color effect. Following its rise to peak, the multicolor light
curve of SN 2023ixf has remained at an approximately constant
brightness, indicating that it could be entering a plateau phase
(i.e., SNII-P classification). However, at this time, the SN is
still very blue, therefore indicating that the recombination
phase has yet to be reached. All peak magnitudes and rise-times
are presented in Table 1.

In Figure 3, we compare the observed peak absolute
magnitudes of SN 2023ixf to a sample of SNell with
spectroscopic signatures of CSM interaction (i.e., IIn-like
profiles; W. V. Jacobson-Galédn et al. 2023, in preparation).
This gold sample includes most of the known CSM-interacting
SNe II that show detectable IIn-like profiles in their early time
spectra and have early time UV observations with Swift
UVOT. The color delineation of all presented sample objects is
as follows: at phases of ¢t~ 2 days post-explosion, the blue
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Figure 2. Early time spectral series of SN 2023ixf (black) with respect to CMFGEN model rlw6b (red), which is characterized by a wind mass-loss rate of
M = 10"2M, yr !, and that extends to a CSM radius of Rcsy = 8 x 10'* cm. Model spectra have been smoothed with a Gaussian kernel to match the spectral
resolution of the data. Line identifications shown in blue. The disappearance of He I and N III after the 6r = +1.1 day spectrum indicates a rise in ionization and
temperature in SN 2023ixf following the propagation of the shock breakout radiation.

(The data used to create this figure are available.)
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Figure 3. Peak (a) U-band, (b) B-band, and (c) V-band absolute magnitudes vs. duration of IIn-like line profiles (#y,) for SN 2023ixf (black star) with respect to CSM-
interacting SNe II presented in W. V. Jacobson-Galan et al. (2023, in preparation) shown as circles (color delineation discussed in Section 3.2). SN 2020jfo (Teja
et al. 2022) shown as reference canonical SN II without significant CSM interaction (gray square). CMFGEN models plotted as colored octagons, polygons, diamonds,
and plus signs. SN 2023ixf has an observed 7y, and peak absolute magnitude that is consistent with the other gold sample SNe II displaying the strongest signs of CSM
interaction, e.g., SNe 1998S, 2017ahn, 2020pni, 2020tlf (Leonard et al. 2000; Fassia et al. 2001; Shivvers et al. 2015; Tartaglia et al. 2021; Terreran et al. 2022;

W. V. Jacobson-Galdn et al. 2023, in preparation).

colored objects show high-ionization emission lines of NIII,
He1l, and C1V (e.g., SNe 1998S, 2017ahn, 2018zd, 2020pni,
2020tlf, etc.), the yellow colored objects have no N III emission
but do show Hell, and C1V (e.g., SNe 2014G, 2022jox), and
the red colored objects only show weaker He I emission (e.g.,
SNe 2013fs). However, it should be noted that high-ionization
lines of O V/VI, CV, and N IV are also present in SN 2013fs at
t<1 day due to a more compact CSM than other CSM-
interacting SNe II (Dessart et al. 2017; Yaron et al. 2017). With
respect to other SNe II with evidence for interaction with CSM,
SN 2023ixf is ~0.5 mag brighter in all observed filters than the
median peak absolute magnitude observed in the sample.
SN 2023ixf has a comparable peak brightness and rise-times to
those from SNe2017ahn, 2018zd, 2020pni, 2020abjq, and
2022ffg (Zhang et al. 2020; Hiramatsu et al. 2021; Tartaglia
et al. 2021; Terreran et al. 2022; W. V. Jacobson-Galan et al.
2023, in preparation), all of which have similar early time
spectral morphology and duration of the IIn-like line profiles
(Section 3.2). However, the rise-time of SN 2023ixf is
significantly shorter than those from more extreme events such
as SNe 1998S, 2019qch, 2020tlf, 2021tyw, and 2022pgf,
whose rise-times are >12days. This difference reflects a
shorter interaction timescale in a less extended, high-density
CSM in SN 2023ixf. Furthermore, SN 2023ixf is distinct from
other prototypical SNell with IIn-like profiles such as
SN 2013fs and 2014G (Terreran et al. 2016; Yaron et al.
2017), which have shorter rise-times and lower peak absolute
magnitudes. Finally, SN 2023ixf is ~2mags brighter in
multiband (i.e., uBVgriz) filters than SNe Il without IIn-like
profiles in their early time spectra e.g., SN 2020jfo (Teja et al.
2022; Figure 3) or average values derived from samples of
SNe II (Anderson et al. 2014).

3.2. Spectroscopic Properties

The complete early time spectroscopic sequence of
SN 2023ixf from ér=+ 1.1 to +14.4 days is presented in
Figure 2, consistent with other spectral sequences released on

Table 1
Main Parameters of SN 2023ixf

Host Galaxy M101
Redshift 0.000804
Distance 6.9 Mpc*
Time of First Light (MJID) 60082.83
EB — V)uw 0.008 mag®
E(B V)host 0.033 magc

MPeX[z,] —18.6 mag [4.9 days]
Mg“k [t] —18.5 mag [5.7 days]
MP¥t] —18.4 mag [5.8 days]
ME1,] —18.1 mag [6.0 days]
MPe[z,] —18.0 mag [6.1 days]
MPK1,] —17.9 mag [7.8 days]
MP¥[1,] —17.8 mag [8.2 days]
Resm (0.5-1) x 10" cm
Mcsm (0.04-0.07)M.,
M(v,* 1072 M, yr ' [50kms™']
CSM Composition Solar Metallicity®
Time of M ~3-6 yr Pre-SN
Notes.

 Riess et al. (2022).

b Schlegel et al. (1998), Schlafly & Finkbeiner (2011).
¢ Poznanski et al. (2012).

9 Mass loss within 7 < 10'° cm.

€ Not varied in model grid.

this object (Stritzinger et al. 2023; Yamanaka et al. 2023). In
the earliest spectrum, SN 2023ixf shows narrow, symmetric
emission features of HI, Hel/Il, N1II/Iv, and CIV. A two-
component Lorentzian model fit to the Ha profile in the high
resolution (R~ 3000) +2.4days Kast spectrum shows a
narrow component full width at half maximum velocity of
<150kms~ ' and broad symmetric component velocity of
~1400 km s~ '; the former is ascribed to the progenitor wind
while the latter is caused by scattering of recombination line
photons by free, thermal electrons in the ionized CSM
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Figure 4. (a) Ha velocity evolution in SN 2023ixf from 6t = 2.4 to 14.4 days with respect to rlw6b model spectra (red), which has been scaled to the emission line
peaks of SN 2023ixf and smoothed with a Gaussian filter to better compare with the data. Early time spectral profiles are shaped by electron-scattering in the dense
CSM. The transition shown from black to blue lines (f, =~ 8 days) marks the emergence of broad absorption features derived from the fastest moving SN ejecta. (b)
Hf3 velocity evolution, also showing that the electron-scattering line profiles subside after ~8 days. (c) He I A4686 velocity evolution reveals that the electron-
scattering profile fades by ~8 days, suggesting a significant decrease in CSM density.

(Chugai 2001; Dessart et al. 2009; Huang & Chevalier 2018).
However, it should be noted that, at these phases, there could
be radiative acceleration of the CSM that causes the width of
the narrow component to be larger than the true velocity of the
progenitor wind (Dessart et al. 2015; Tsuna et al. 2023).

SN 2023ixf may be the first SN to exhibit a rapid rise in
ionization between the first and second spectrum as shown in
Figure 2. This is caused initially by the shock breakout pulse and
later on by the incoming radiation from the embedded shock.
This is witnessed here with the presence of lines of moderately
ionized species (i.e., lines of He I or N IIT) and a moderately blue
color at 6r = 1.1 days. At 6t = 2.4 days, the SN 2023ixf spectrum
is much bluer, the lines of He I A\ 5875, 6678, and 7065 have
weakened or disappeared, and the spectrum exhibits instead lines
of CIv (A5808) and Hell (\686). Furthermore, there is
emission from NV M604 to 4620 contributing at the wave-
lengths bluewards of the HeIl M686 line, consistent with
heightened ionization at these phases.

The narrow, symmetric line profiles with Lorentzian wings
caused by electron-scattering (i.e., IIn-like) continue to persist
in SN 2023ixf for the first week of the SN evolution. Then, in
the +5.48 and +6.36 days spectra, the He II emission begins to
fade (Figure 4), and the SN develops a broad absorption profile
in all Balmer transitions, indicating the escape of photons from
the fast-moving ejecta and a decrease in CSM density. We
therefore define the duration of the IIn-like line profiles as the
transition point at which the optical depth to electron-scattering
has dropped enough to see the emerging fast-moving SN ejecta.
For SN 2023ixf, we estimate that this change occurs at #, ~ 8
days, which is reflective of the disappearance of the electron-
scattering wings in the He IT emission line and the development

of broad absorption profiles at Balmer series wavelengths. This
indicates that the photosphere is first located in the unshocked
CSM (far above the shock), then in the swept up material
present in the fast-moving dense shell (i.e., shocked CSM), and
then in the fastest moving SN ejecta below the dense shell.
Based on the 7> 10keV X-ray spectrum of SN 2023ixf
(Grefenstette et al. 2023), there is sufficiently high temperatures
for Hell to exist, so the decrease in line strength can be
attributed to a reduction in particle density as the shock samples
CSM at r > 10" cm. As shown in Figure 4, the bluest edge of
the Ha and H@ line profiles corresponds to velocities of
~8500 km s~ !, which provides a lower limit on the velocities
of the fastest moving H-rich material at the shock front. By two
weeks post-explosion, the SN spectra is composed of broad H I
absorption profiles, similar to other young SNe II.

The duration of the IIn-like signatures in SN 2023ixf is
consistent with other CSM-interacting SNe II with enhanced
progenitor mass-loss rates of M > 10-2 M, yr~' (Figure 3). In
Figure 3, we present peak absolute magnitudes with respect to
IIn profile duration for all gold sample CSM-interacting SNe II
analyzed in W. V. Jacobson-Galan et al. (2023, in preparation).
Intriguingly, there exists a natural trend between peak bright-
ness and IIn-like profile duration among these events, which is
reflective of a continuum of progenitor mass-loss rate and CSM
extent. The observed fyy, in SN 2023ixf is most similar to SNe
2017ahn, 2018zd, 2020pni, 2020tlf, and 2022ffg, but is not as
large as that observed in 2020tlf, 2021tyw, or 2022pgf, likely
due to a more extended dense CSM in those objects.
Furthermore, the evolution of SN 2023ixf is unlike other
CSMe-interacting SNe II with #y,, < 5 days post-explosion (e.g.,
SNe 2013fs or 2014G), which do not show N emission lines at
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Figure 5. Early time spectra of SNell with varying degrees of CSM
interaction, selected from W. V. Jacobson-Galdn et al. (2023, in preparation).
Colors delineate differences between duration of IIn-like signatures as well as
the presence of different high-ionization species at phases of ¢ ~ 2 days (e.g.,

spectra in blue show N III while others do not). Overplotted in gray are best

fitting CMFGEN models for high (107" M., yr™"; top) to low (107> M, yr ",

bottom) mass-loss rates. SN 2023ixf lies within the continuum of CSM-
interacting SNe II, and the evolution of its prominent spectral signatures of
photoionized CSM is consistent with a progenitor mass-loss rate of
M =102 M, yr "

phases >1 day post-explosion and are caused by a more
compact and/or high-density CSM or extended and/or low-
density CSM (Dessart et al. 2017). The observed early spectral
differences between SN 2023ixf and other CSM-interacting
SNe II are illustrated in Figure 5. Here, it is shown that the line
profiles of SN 2023ixf at ~2 days post-explosion are most
consistent with interaction between SN ejecta and CSM
constructed from a high progenitor mass-loss rate
(M > 1072 M, yr'; also see Figure 6).

3.3. Modeling

In order to quantify the CSM properties of SN 2023ixf, we
compared the spectral and photometric properties of
SN 2023ixf to a model grid of non-LTE, radiative transfer
simulations covering a wide range of progenitor mass-loss rates
M =10"-10°M,, yr " v,=50kms ") and CSM radii
(R =10"-10"® cm), all in spherical symmetry. The simulations
of the SN ejecta—SM interaction were performed with the
multi-group  radiation-hydrodynamics code HERACLES

Jacobson-Galan et al.

(Gonzélez et al. 2007; Vaytet et al. 2011; Dessart et al.
2015), which consistently computes the radiation field and
hydrodynamics. Then, at selected snapshots in time post-
explosion, the hydrodynamical variables are imported into the
non-LTE radiative-transfer code CMFGEN (Hillier & Dessart
2012; Dessart et al. 2015) for an accurate calculation of the
radiative transfer, which includes a complete model atom,
~10° frequency points, and treatment of continuum and line
processes as well as electron-scattering. For each model, we
adopt an explosion energy of 1.2x 10! erg, a 15M,
progenitor with a radius ranging from R, = 500to 700 R,
and a CSM composition set to the surface mixture of a RSG
progenitor (Davies & Dessart 2019). For the simulations
presented in this work, the CSM extent is much greater than R,
(~500-1200 R, for a RSG mass range of ~10-20 M), and
therefore, the progenitor properties have no impact during
phases of ejecta—CSM interaction. The progenitor radius plays
a more significant role on the light-curve evolution during the
plateau phase (e.g., see Dessart et al. 2013; Jacobson-Galan
et al. 2022), i.e., once the interaction phase is over and the
emission from from the deeper ejecta layers dominate the SN
luminosity. Specific methods for each simulation can be found
in Dessart et al. (2016), Dessart et al. (2017), Jacobson-Galan
et al. (2022), and Dessart & Jacobson-Galan (2023), and all
CSM properties of each model are presented in Table A2.

From the CMFGEN model grid, we identify four models (r1wo6,
rlwo6a, b, ¢) with the smallest residuals between model predictions
and both the observed multicolor peak magnitudes and rise-times
(Section 3.1) as well as the duration of IIn profiles (Section 3.2).
The best matched model peak magnitudes are within ~0.5 mag of
SN 2023ixf in all filters and have a #y, that is within 43 days of
that observed in SN 2023ixf. The features used for determination
of the most consistent model are presented in Figure 3. We find
that the best-fit models to SN 2023ixf have a mass-loss rate of
M = 1072 M, yr ', confined to a radius of r=(0.5-1) x 10"
cm, and containing a total CSM mass of Mcgy ~ 0.04 —0.07 M.
Based on model predictions, the mass loss then decreases to
M=10°M, yr' (eg, Figure 1(b)) at larger distances
(r>10" cm), with a constant wind velocity  of
v, =50kms ';this geometry is consistent with the changing
X-ray absorption observed in SN 2023ixf (Grefenstette et al.
2023). This wind velocity is not derived from spectroscopic
observations, but the narrow line cores of the higher resolution
Kast spectra indicate v,, < 150 km s~ '. The spectral time series of
the rlw6b model and multicolor light curve of the rlw6a, b, ¢
models are presented in Figures 2 and 1(a). In Figure 6, we
present SN 2023ixf spectra with respect to a range of early time
CMFGEN models with varying mass-loss rates and CSM radii to
further illustrate the consistencies and inconsistencies between
models and observations. In Figure 7, we present the UV
spectrum of the rlw6b at +2.5 days, which predicts a plethora of
high-ionization features (e.g., OIV/VI) in the near-to-far-UV
spectra of SN 2023ixf. Furthermore, the rlw6b model adequately
reproduces the observed IIn-like emission line profiles in
SN 2023ixf (e.g., Figures 5 and 6) using the 15M,., solar
metallicity, RSG progenitor model composition (Dessart et al.
2017; Davies & Dessart 2019).

Unlike the other CSM structures explored in the CMFGEN
model grid, the rlw6b model best reproduces both the observed
peak absolute magnitudes in uBgVriz filters as well as the
duration of IIn-like line profiles observed in SN 2023ixf
(Figure 3). However, this model cannot match the early light-
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Figure 6. Ha velocity of SN 2023ixf at 6t = 2.4 days (black) with respect to CMFGEN model spectra at 42 days post-explosion. Best-fit models (e.g., Section 3.3)
shown as solid lines; additional, inconsistent models plotted as dotted lines. For proper comparison, models are scaled to the continuum of SN 2023ixf and the peak of
the presented emission line profile. These models have varying mass-loss rates that are contained within CSM radii of (a) Rcsm = (4-6) x 10" cm, (b)
Resm = (0.8-1) x 10" cm, and (¢) Resm = 10' em. (d), (e), (f) Same as above, but for He I velocities.

curve slope observed in SN 2023ixf, which is likely a result of
the density profile invoked. A better fit to the light curve would
require a higher density immediately above R, (e.g., through a
larger scale height) and a more gradual decline in density at the
outer edge of the dense CSM, i.e., at ~8 X 10" ¢cm. A more
extended CSM, as in model rlwo6c, increases the rise time to
maximum and is thus not a suitable solution. Furthermore, a
larger model kinetic energy will also increase the luminosity at
early times, which would provide more consistency between
the model light-curve rise and that from SN 2023ixf.

The evolution of the line profiles in the rlw6b model are
consistent with the observed transition from electron-scattering
broadened line profiles of Balmer series HI, He I, CIv, and
N1I/1v (t <7 days) to Doppler broadened absorption profiles
of the fastest moving H-rich SN ejecta (1> 7 days). Never-
theless, for a consistent continuum slope, the model spectra
overpredict the narrow line emission observed in SN 2023ixf
(e.g., Figure 2), which is likely caused by a smaller emitting
volume of dense CSM in SN 2023ixf than the rlw6b model.
The line strengths of SN 2023ixf are well-matched by the r1w6
model, which is characterized by the same M but smaller CSM
radius (e.g., Figure 5); this model, however, is unable to

reproduce the extended duration of the IIn-like features (e.g.,
see Figure 3). Furthermore, as shown in Figure 4(c), the
He 11 M4686 line profile is not completely reproduced by the
model spectrum, which could be due to the fact that these
simulations are performed in 1D, assume spherical symmetry
of the CSM, or require higher kinetic energies. Additionally,
once the IIn-like profiles fade, the model H1 ejecta velocities
are lower than in SN 2023ixf (e.g., Figure 4). It should also be
noted that the narrow Ha P Cygni profile that develops in
SN 2023ixf at r> 8 days has higher velocities (~100kms ")
than those of the rlw6b model (~50kms '), suggesting
potential radiative acceleration of the unshocked CSM.

Using the lower limit on the SN shock velocity of
>8500kms ' as observed at the bluest edge of the Ha
absorption profile shown in Figure 4, we find that the
location of the SN shock at t = 6.4 days is r > 5 x 10" cm,
which corresponds to an optical depth to electron-scattering
of 7~ 10 in the rlw6b model. Then, by r = 10.6 days, the
shock is located at r 2> 8 x 10" cm, which, in the rlw6b
model, is in CSM with an electron-scattering optical depth of
7~ 0.2. This decrease in 7gg in the rlw6b model is
consistent with the observed fading of IIn-like profiles in
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SN 2023ixf and reflects a reduction in CSM density at
r>10" cm. However, it should be noted that the shock
velocity decreases as the shock crosses the CSM, and
therefore, the shock position is not as simplified as
Ry, =vg, X t. We present the time-series evolution of the
rlw6b model luminosity, density, temperature, and velocity
as a function of radius in Figure 8. Furthermore, at 415 days,
the rlw6b model has a maximum ejecta velocity of
~6500kms~!, which is below the maximum velocities
observed in the Ha profile of SN 2023ixf. This may indicate
some degree of CSM asymmetry that would cause a
deceleration along certain lines of sight while also allowing
for typical SN ejecta velocities of ~10*kms™' to be
preserved. Also, the weaker Doppler broadened absorption
observed in SN 2023ixf compared to the rlw6b model may
be the result of persistent CSM interaction that will
contribute weak, broad, and boxy Ha emission capable of
reducing the absorption profile strength (Dessart &
Hillier 2022).

4. Discussion

The first 2 weeks of photometric and spectroscopic
observations of SN 2023ixf have revealed essential character-
istics of the SN progenitor system and the explosion itself.
Based on the best fitting CMFGEN model, the progenitor of
SN 2023ixf was likely a RSG with a mass-loss rate of
M~ 102 M, yr~', which created dense CSM extending to
ra(0.5-1) x 10> cm that contained a total mass of
Mcsm =~ 0.04-0.07 M,,. Furthermore, we find that the observed
light curve can be fit with standard explosion energy
(1.2 x 10°" erg) and that the IIn-like signatures in SN 2023ixf
can be modeled with a CSM composition that matches typical
RSG surface abundances with no need for significant N or He
enrichment.

For a wind velocity of ~50km s~!, the proposed CSM
extent translates to a period of enhanced mass loss (i.e.,
superwind) in the last ~3—-6yr prior to core collapse. This
scenario comports with the observed duration of SN 2023ixf’s
IIn-like line profiles (~8 days), after which time the optical
depth to electron-scattering in the CSM has decreased, and
SN 2023ixf begins to show absorption profiles from the outer,
H-rich ejecta and fast-moving dense shell. If the CSM detected
in SN 2023ixf represents the only high-density shell of CSM
(i.e., only one super wind phase), then the SN shock should
continue to sample low-density material (M ~ 100 M, yr ',
v, = 50 km sfl) at larger distances (r > 10" cm). Overall, both
the confined high-density CSM shell and the extended low-
density wind may have made the RSG progenitor star quite
dust obscured prior to the explosion (Davies et al. 2022). This
is consistent with the findings of Kilpatrick et al. (2023) who
show that the pre-explosion Hubble and Spitzer imaging of
SN 2023ixf indicates a moderately sized (~11M.) RSG
progenitor star enshrouded in a dust shell.

This physical progenitor picture is also consistent with the
initial findings of multiwavelength observations of SN 2023ixf.
X-ray observations revealed a 3-30keV spectrum consistent
with bremsstrahlung emission that initially showed significant
absorption in the soft part of the spectrum (Grefenstette et al.
2023). These observations are indicative of shock interaction
with dense CSM in a confined shell. Furthermore, radio
observations have so far produced nondetections at
v=1-230 GHz with Submillimeter Array, GMRT, and Very
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Large Array (Berger et al. 2023; Chandra et al. 2023; Matthews
et al. 2023), likely caused by large free—free absorption in the
optically thick CSM. However, as the SN shock now enters
lower-density material at larger distances, it is probable that the
radio emission in SN 2023ixf will become detectable.

5. Conclusions

In this paper, we have presented UV and/or optical
observations and models of the nearby SN II, 2023ixf located
in nearby spiral host galaxy M101 at d = 6.9 Mpc. Below, we
summarize the primary observational findings of SN 2023ixf:

1. The early time spectra of SN 2023ixf show prominent
narrow emission lines of H1, He I/1I, N IlI/1V/V, and C IV
that result from the photoionization of dense, optically
thick CSM. These electron-scattering broadened profiles
(i.e., lIn-like) last for 1, ~ 8 days, after which time broad
absorption profiles from the fastest H-rich SN ejecta
begin to form.

2. CSM interaction in SN 2023ixf caused increased peak
absolute magnitudes (e.g., M,, = —18.6 mag, M, = —18.4
mag) relative to SNell that occur in a low-density
circumstellar environment (e.g., p < 107'® gcm™). The
observed multicolor peak absolute magnitudes and
duration of the IIn-like profiles (i.e., f,) place
SN 2023ixf in the continuum of SNell with varying
degrees of RSG mass loss before explosion. Compared to
the sample of CSM-interacting SNe II compiled in W. V.
Jacobson-Galan et al. (2023, in preparation), SN 2023ixf
is most similar to SNe 2017ahn, 2018zd, 2020pni, and
2022ffg.

3. Comparing SN 2023ixf’s peak absolute magnitudes and
duration of IIn-like profiles to a grid of CMFGEN
simulations suggests a CSM that has a composition
typical of a solar-metallicity RSG, is confined to
r~(0.5-1)x 10 cm, and is formed from wind
corresponding to a progenitor mass-loss rate of
M=102M, yr ' (e, p~10"2 gem ™ at r=10"
cm). Adopting a wind velocity of v,,=50kms™", this
scenario corresponds to a period of enhanced mass loss
(i.e., superwind) during the last ~3—6yr before core
collapse.

Given its close proximity and present brightness, SN 2023ixf
is poised to become the best studied CSM-interacting SN II to
date. Future, multiwavelength observations will, among other
things, uncover the density profile of the confined CSM as well
as the mass-loss history of the RSG progenitor in its final
decades to centuries.
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Appendix

Here, we present a log of optical spectroscopic observations
of SN 2023ixf in Table A1 and a list of model properties for all
CMFGEN simulations in Table A2. Figure 7 presents Swift
UVOT grism spectra of SN 2023ixf and model predictions for
far-UV spectral features. Figure 8 shows the time-series
evolution of luminosity, density, temperature, and velocity as
a function of radius in the rlw6b model.
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Figure 7. Swift UV grism spectra (gray) with respect to best fitting CMFGEN model (red); y-axis is in units of M F,. The Swift UV grism response function below
~3200 A is not reflective of the true slope of the SN spectral energy distribution. The r1w6b model shows that the near-UV and far-UV spectra of SN 2023ixf likely
contain a plethora of narrow, high-ionization emission lines (e.g., He II, C1v, N 1V/V, and O 1V) derived from CSM interaction.

Table A1
Optical Spectroscopy of SN 2023ixf
UT Date MID Phase® Telescope Instrument Wavelength Range
(days) A
2023-05-21 60085.20 2.36 Shane Kast 3600-10,800
2023-05-21 60085.21 2.37 Shane Kast 5600-7254
2023-05-21 60085.44 2.61 Shane Kast 3600-10,800
2023-05-21 60085.46 2.63 Shane Kast 5600-7254
2023-05-22 60086.20 3.36 Shane Kast 3600-9000
2023-05-22 60086.24 341 APO KOSMOS 3600-10,800
2023-05-22 60086.31 3.48 HET LRS 3600-7000
2023-05-23 60087.23 4.39 Shane Kast 3600-9000
2023-05-24 60088.31 5.48 Shane Kast 3600-9000
2023-05-25 60089.20 6.36 Shane Kast 3600-9000
2023-05-27 60091.21 8.38 Shane Kast 3600-9000
2023-05-29 60093.41 10.58 Shane Kast 3600-10,800
2023-05-29 60093.42 10.59 Shane Kast 5600-7254
2023-05-30 60094.25 11.41 Shane Kast 3600-9000
2023-05-31 60095.19 12.35 Shane Kast 3600-9000
2023-06-02 60097.26 14.43 Shane Kast 3600-10,800
Note.

 Relative to first light (MJD 60082.83).
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Figure 8. Time series of the (a) luminosity, (b) density, (c) temperature, and (d) velocity vs. radius for best fitting CMFGEN model r1w6b. Circles show the location of
the photosphere, which resides in the slow moving CSM until ~8 days and after which recedes into the fast-moving dense shell. The model phases begin at the onset
of the radiation hydrodynamics simulation, which is ~1 hr before the shock crosses the progenitor radius (as given in the progenitor stellar model, i.e., without CSM).
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Table A2
Model Properties
Name tHin M pesma Resm Reference
(days) M, yr™") (g em™) (cm)
rlwlh <0.3 1.0e-06 2.7e-12 3 x 10" Dessart et al. (2017)
riwl <0.1 1.0e—06 1.0e-16 1 x 10" Dessart et al. (2017)
2wl <02 1.0e-06 9.0e-16 1 x 10" Dessart et al. (2017)
rlw4 1.4 1.0e-03 1.0e-13 5 x 10 Dessart et al. (2017)
rlw5Sh 0.9 3.0e-03 5.0e-13 3 x 10" Dessart et al. (2017)
rlwsr 1.4 5.0e-03 5.0e-13 4 x 10" Dessart et al. (2017)
rlw6 35 1.0e-02 1.0e-12 5% 10" Dessart et al. (2017)
rlw6a 5.5 1.0e-02 1.0e-12 6 x 101 This work
rlw6b 7.0 1.0e-02 1.0e-12 8 x 10" This work
rlwée 9.0 1.0e-02 1.0e-12 1 x 10" Jacobson-Galdn et al. (2022)
rlw7a 14.0 3.0e-02 3.0e-12 1 x 10" Jacobson-Galan et al. (2022)
rlw7b 25.0 3.0e-02 3.0e-12 2 x 101 Jacobson-Galdn et al. (2022)
rlw7c 35.0 3.0e-02 3.0e-12 4 x 10" Jacobson-Galan et al. (2022)
rlw7d 35.0 3.0e-02 3.0e-12 8 x 10° Jacobson-Galdn et al. (2022)
mlem5 <0.1 1.0e-05 6.1e-16 1 x 10'¢ Dessart & Jacobson-Galan (2023)
mlem4 <02 1.0e-04 5.2e-15 1 x 10" Dessart & Jacobson-Galdn (2023)
mlem3 1.0 1.0e-03 5.4e-14 1 x 10' Dessart & Jacobson-Galan (2023)
mlem?2 4.0 1.0e-02 1.3e-12 1 x 10'° Dessart & Jacobson-Galdn (2023)
mlem]l 15.0 1.0e-01 1.4e-11 1 x 10'¢ Dessart & Jacobson-Galdn (2023)
mlemO 25.0 1.0e+00 7.3e-11 1 x 10" Dessart & Jacobson-Galdn (2023)
Note.
2 Density at 10" cm.
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