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Abstract

We present the optical spectroscopic evolution of SN 2023ixf seen in subnight cadence spectra from 1.18 to
15 days after explosion. We identify high-ionization emission features, signatures of interaction with material
surrounding the progenitor star, that fade over the first 7 days, with rapid evolution between spectra observed
within the same night. We compare the emission lines present and their relative strength to those of other
supernovae with early interaction, finding a close match to SN 2020pni and SN 2017ahn in the first spectrum and
SN 2014G at later epochs. To physically interpret our observations, we compare them to CMFGEN models with
confined, dense circumstellar material around a red supergiant (RSG) progenitor from the literature. We find that
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very few models reproduce the blended N 11 (AM4634.0,4640.6)/C 1T (AN4647.5,4650.0) emission lines observed
in the first few spectra and their rapid disappearance thereafter, making this a unique diagnostic. From the best
models, we find a mass-loss rate of 10 °~10"2 M, yr !, which far exceeds the mass-loss rate for any steady wind,
especially for an RSG in the initial mass range of the detected progenitor. These mass-loss rates are, however,
similar to rates inferred for other supernovae with early circumstellar interaction. Using the phase when the narrow
emission features disappear, we calculate an outer dense radius of circumstellar material Resy out = 5 X 10" cm,
and a mean circumstellar material density of p = 5.6 x 10~'* g cm™>. This is consistent with the lower limit on the
outer radius of the circumstellar material we calculate from the peak Ha emission flux, Resm out 2 9 X 10" cm.

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

1. Introduction

Type II supernovae (SNe; hydrogen-rich, specifically Type
IIP/L) are thought to come from red supergiant (RSG)
progenitors, with masses of ~8-25M. (Smartt et al. 2009;
Smartt 2015). While there is a consensus that massive stars
enrich their environments through mass loss, there is no model
that quantitatively predicts observed RSG mass-loss rates (Kee
et al. 2021, and references therein). Empirical mass-loss rates
derived from direct observations span orders of magnitude
(Mauron & Josselin 2011). While the empirical prescription
most often used in single-star evolutionary models is that of de
Jager et al. (1988; which spans 10~ 10 >* M_ yr' for RSG
luminosities of log(L/Ly)=3.9-5.8), recent analyses have
found evidence of significantly higher (Ekstrom et al. 2012;
Massey et al. 2023) and lower (Beasor et al. 2020) mass-loss
rates. Recently, observations of both the early light curves and
spectra of Type II SNe show evidence of dense circumstellar
material (CSM; Khazov et al. 2016; Morozova et al. 2018;
Bruch et al. 2023; Subrayan et al. 2023), indicating more
extreme mass loss (e.g., eruptive mass loss or a superwind),
which are known to occur in more massive stars (e.g., luminous
blue variables, hereafter LBVs; Smith et al. 2011). Regardless
of the mechanism, all massive stars lose mass, and therefore,
we expect the photons and ejecta from all of their resultant SN
explosions to interact with the CSM surrounding the progenitor
at some level (see Smith 2014, for a review).

One of the signatures of CSM interaction in core-collapse
(CC) SNe is narrow emission lines corresponding to highly
ionized species in their early spectra. Narrow emission lines
can first occur when photons from shock breakout ionize
surrounding CSM (e.g., Yaron et al. 2017). As the shock passes
through the CSM, the kinetic energy of the ejecta is converted
to high-energy photons that can also ionize the CSM ahead of
the photosphere (e.g., Leonard et al. 2000; Smith et al. 2015;
Terreran et al. 2022). The recombination of the ionized gas
leads to emission features, with the photons scattering off
of the ionized electrons to produce Lorentzian line wings
(Chugai 2001). This produces high-ionization features, which
are a function of the temperature, density, and composition of
the CSM (e.g., OVL, OV, NV, N1V, CIv, Hell). As the CSM
cools, the higher-ionization features give way to lower-
ionization features (e.g., NI, OII), and eventually, all
emission lines fade. At the same time, narrow P Cygni profiles
can develop if the CSM is dense enough and sufficiently cool
(e.g., Leonard et al. 2000; Benetti et al. 2016; Terreran et al.
2022). These profiles can develop into intermediate width
features as the CSM begins to be accelerated by the shock.
Eventually, the ejecta sweep up or engulf the CSM, and the
spectrum begins to develop as a normal core-collapse super-
nova (CCSN) with broad P Cygni profiles, often with a shallow

absorption component. However, even at this phase, the CSM
interaction can contribute to the light curve (Smith et al. 2015;
Smith 2017; Andrews & Smith 2018; Dessart & Hillier 2022).

Analyses of samples of CCSNe with early spectroscopic
observations show that a significant fraction of nearby SNe
display these features (Khazov et al. 2016; Bruch et al. 2021,
2023). Detailed modeling of these flash features can constrain the
progenitor mass-loss rate just prior to explosion, the surface
chemical composition, as well as the extent of the confined CSM
(e.g., Dessart et al. 2017; Boian & Groh 2019, 2020). There are
now dozens of examples of early flash spectroscopy, and several
cases where the observations have been modeled or been
compared to models in some detail (e.g., Yaron et al. 2017; Boian
& Groh 2020; Tartaglia et al. 2021; Jacobson-Galan et al. 2022;
Terreran et al. 2022), but the time evolution of the flash ionization
lines has rarely been captured due to their ephemeral nature.

SN 2023ixf was discovered in M101 (D = 6.85 Mpc, Riess
et al. 2022) by Koichi Itakagi on 2023 May 19 17:27:15 UTC
(all times given in this paper are in UTC; MJD 60083.72) at a
magnitude of 14.9 AB mag in a clear filter (Itagaki 2023). It
was classified on 2023 May 19 23:35:34 (MJD 60083.98) as a
Type II SN with flash ionization features (H, He, C, and N),
using a spectrum taken a few hours after discovery (Perley &
Gal-Yam 2023). Over the first ~5 days, it rapidly rose to a
plateau brightness of Va 11.2 mag, or My~ — 18.2 at the
distance to M101—a similar brightness to the well-studied
Type ITP SN 2004et in NGC 6946 (e.g., Maguire et al. 2010).
The early photometric evolution is detailed in a companion
paper, by Hosseinzadeh et al. (2023).

In this paper, we present the remarkable early spectroscopic
evolution of SN2023ixf with flash features observed in
extraordinary detail. In Section 2, we describe our spectroscopic
observations, while in Section 3 we present basic properties of
SN 2023ixf relevant for our work. From there, in Section 4, we
discuss the fast spectroscopic evolution of SN 2023ixf and
compare it with existing observational data sets. In Section 5,
we compare our unprecedented flash spectroscopic sequence to
existing radiative transfer models to infer the mass-loss rate of the
progenitor star, and in Section 6, we use the spectroscopic
evolution to further characterize the CSM of SN 2023ixf and place
it in the context of other interacting SNe. We summarize and
conclude in Section 7.

2. Spectroscopic Observations

Immediately after the discovery announcement, we began a
high-cadence, comprehensive campaign to observe the detailed
evolution of SN 2023ixf with the Arizona Transient Exploration
and Characterization (AZTEC) collaboration, Distance Less Than
40 Mpc (DLT40) collaboration, and the Global Supernova Project.
We observed SN 2023ixf using the moderate-resolution optical
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spectrograph Hectospec (Fabricant et al. 2005) on the MMT on
Mt. Hopkins, AZ from 2023 May 20 to 2023 May 26. The
observed spectra were reduced using an IDL pipeline called
HSRED®™  and then flux calibrated using IRAF
(Tody 1986, 1993). Further optical spectroscopy was obtained
using the FLOYDS spectrograph on Faulkes Telescope North
(FTN) through the Global Supernova Project. Spectra were
reduced with standard methods using a custom IRAF-based
pipeline (Valenti et al. 2014). Adding to our high-cadence
spectroscopic coverage, we observed SN 2023ixf with the
Alhambra Faint Object Spectrograph (ALFOSC) on the Nordic
Optical Telescope (NOT; proposal 67-112, PI: Bonanos).
Observations were reduced with standard reduction techniques
using TRAF. We add publicly available ALFOSC observations
from the NUTS2 collaboration™ (Stritzinger et al. 2023). In
addition, we observed SN 2023ixf with the Multi-Object
Double Spectrographs (Pogge et al. 2010) on the Large
Binocular Telescope (LBT). Data were bias and flat-field
corrected using the MODSCCDRED package (Pogge 2019), then
extracted and flux calibrated with IRAF. Spectroscopic
observations were taken with the Boller and Chivens
Spectrograph (B&C) on University of Arizona’s Bok 2.3 m
telescope located at Kitt Peak Observatory. These observations
were reduced using standard IRAF reduction techniques. An
optical spectrum was also taken with the Low Resolution
Spectrograph 2 (LRS2; Chonis et al. 2016) on the Hobby-
Eberly Telescope (HET; Ramsey et al. 1998; Hill et al. 2021) at
McDonald Observatory on 2023 June 2. The data from the red
and blue arms (LRS2-R and LRS2-B) were combined into a
single spectrum covering the spectral region from 3600 to
10500 A. The Integral Field Unit spectra were reduced
with the Panacea pipeline.”” We collected one 30 minute
exposure with the Astrophysical Research Consortium Echelle
Spectrograph (ARCES) with resolution R ~ 31,000 on the
ARC 3.5 m Telescope at Apache Point Observatory (APO). We
reduced the spectra with TRAF and aesop (Morris & Dorn-
Wallenstein 2018). The individual orders were normalized
using a Spline function. Further optical spectra were obtained
with the 1.22m Galileo telescope+B&C at the Asiago
Astrophysical Observatory, Italy, which were reduced using
an IRAF-based pipeline and the Intermediate Dispersion
Spectrograph (IDS) at the Isaac Newton Telescope (INT),
which were reduced with the custom python package IDSRED
(Bravo 2023). To this data set, we add publicly available
reduced spectroscopic observations from the Liverpool Tele-
scope (LT) archive (SPRAT; Steele et al. 2004; Piascik et al.
2014; Perley 2023) and Transient Name Server'' (HFOSC,
SPRAT).

A complete list of spectroscopic observations is given in
Appendix A and shown in Figures 1(a) and (b). Spectra will be
made available on Wiserep42 (Yaron & Gal-Yam 2012).

3. Fundamental Supernova Parameters

The nearby host galaxy of SN 2023ixf, M101, also hosted
the Type Ia SN 2011fe. We adopt the distance modulus to

3 hup: //mingus.as.arizona.edu/~bjw/mmt/hecto_reduction.html
3 The Nordic optical telescope Unbiases Transients Surveys 2; https://nuts.
sn.ie.
0 hitps: //github.com/grzeimann /Panacea
a https://www.wis-tns.org /object/2023ixf
42 .
https: //www.wiserep.org
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M101, derived using the Leavitt law, from Riess et al. (2022):
1=29.178 £ 0.041 mag (D =6.85Mpc). For Milky Way
extinction, we use the SN location and the dust maps of
Schlafly & Finkbeiner (2011)* to find E(B — V) =0.0077 &
0.0002 mag. Measuring the equivalent width of the NaID lines
in high-resolution observations and using the relationship of
Poznanski et al. (2012), Smith et al. (2023) find an average host
EB—-V)=0.031 mag with+30% uncertainty from the
relation between Nal D and extinction; a value that is
consistent with other NaI D extinction measurements made
with high-resolution data (Lundquist et al. 2023).

M101 is a popular target for both amateur and professional
observers, and images of the galaxy taken by amateur
astronomers (Mao et al. 2023) prior to discovery provided
the last deep nondetection (2023 May 18 15:50:24; MID
60082.66) and first detection (2023 May 18 20:29;
MID 60082.85), with <S5hr separating them. Following
Hosseinzadeh et al. (2023), we define the explosion epoch as
halfway between the last nondetection and first detection: 2023
May 18 18:00:00 (MJD 60082.75 4+ 0.10), where the adopted
uncertainty is the span between the explosion epoch and last
nondetection (or first detection).

4. Spectroscopic Evolution

Tracking the rapid evolution of SN 2023ixf, we observed
SN 2023ixf at least 4 times per night for the first 5 days and at least
nightly thereafter. While high-cadence spectra have been obtained
for a select few SNe over the first few days of evolution (Yaron
et al. 2017; Terreran et al. 2022), SN 2023ixf is the first to have
intra-night observations for the first week. Over the first two
weeks, the spectra evolve from strong, narrow emission lines with
broad wings, to a nearly featureless spectrum and finally develop
Balmer P Cygni profiles with shallow absorption, more typical of
the early evolution of Type II SNe.

To identify spectral features, we use the second spectrum,
taken 1.36 days after explosion, as it has higher signal-to-noise
and resolution than the classification spectrum. From this
spectrum, we identify HI, Hel, Hell, C 11, C1v, O, NI,
and N1V lines. A full list of species is given in Appendix B.

We see a rapid evolution in the first 0.5 days of our spectra
(1.18-1.67 days), which is shown in detail in Figure 2. First, we
turn to the complex of lines around 4700 A in the top panel of the
figure. Over this epoch, the blend of N I (A\4634.0,4640.6)/C III
(AM647.5,4650.0) fades into the broad blueshifted wing of He Il
(A685.5) while the latter line increases in strength. Similarly, the
He I lines visible in the first spectrum rapidly fade until they are no
longer visible 0.5 day later. Other lines such as O I, C I, and N IV
(A 5074 A) that are marginally detected in the first few spectra also
disappear on this timescale. At the same time, N IV (AA7103, 7109,
A7122) along with Hell (M685.5), CIV (AA 5801.3, 5811.98)
increase in strength.

The most persistent features through day Sare HI
(A 4101.73) and possibly N III (A097.33; although it is not
possible to determine if two distinct lines exist at this
resolution), Hell (M\685.5), and C1vV (AA5801.3, 5811.98).
Interestingly, N IIT (A\4634.0,4640.6)/C 11T (A\4647.5,4650.0)
become visible again as a broad shelf in the He Il (\685.5)
blue wing around day 4, as the He I (A\4685.5) line fades.

Over this time, the strength of all these narrow features
decreases to a nearly featureless spectrum 7 days after explosion.

a3 https://irsa.ipac.caltech.edu/applications/DUST /index.html
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Figure 1. (a) The evolution of the optical spectra of SN 2023ixf over the first ~5.2 days, with the earliest epoch at the top of the figure. Spectra are color coded by the
instrument used to observe them, normalized by a blackbody fit, and corrected for redshift. Emission lines are identified at their rest wavelengths with vertical lines and
labeled at the top of the figure, while the most prominent telluric features are marked with the shaded gray region. Throughout this sequence, the spectra evolve from
showing strong, narrow emission lines from high-ionization species to intermediate width features as the CSM is accelerated by the shock. The spectra evolve rapidly
between 1.18 and 1.67 days, with the He I and N I (AM4634.0,4640.6)/C Il (A\4647.5,4650.0) lines disappearing within the first 0.5 day from the first spectrum
while He 11 (\4685.5), N 1V, and C IV gain strength. (b) Continuation of Figure 1 showing the evolution of the optical spectra of SN 2023ixf from days 5.2 to 14.5 with
the earliest epoch at the top of the figure. Over the first 7 days, the spectra evolve from showing strong, narrow emission lines from high-ionization species to a nearly
featureless spectrum with an intermediate with P Cygni profile in Ha. In the subsequent 7 days, broad P Cygni profiles develop in the higher-order Balmer features.

The one line still clearly present in the spectrum after day (6.5) is intermediate width of this feature indicates the presence of CSM
Ha, which appears to develop an asymmetric emission profile, that has been accelerated by the shock. The details of its evolution
reminiscent of a P Cygni profile with shallow absorption. The are presented by Smith et al. (2023). Around day 12, clear broad
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Figure 1. (Continued.)
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P Cygni profiles from the SN ejecta are present in the high-order
Balmer features, although the profile at He is significantly more
complex with no clear absorption component.

4.1. Comparison to Other Flash SNe

A number of SNe have been observed to have narrow
emission lines early in their evolution, often disappearing

within the first week. In Figure 3, we compare the spectra of
SN 2023ixf at days 1, 3, 7, and 14 to those of SN 1998S
(Leonard et al. 2000), SN2013fs (Yaron et al. 2017),
SN 2013cu (Gal-Yam et al. 2014), SN 2014G (Terreran et al.
2016), SN 2017ahn (Tartaglia et al. 2021), and SN 2020pni
(Terreran et al. 2022) at comparable phases.

Given the rapid evolution within the first week of explosion,
the uncertainty in the explosion epoch of each comparison SN
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Figure 2. The evolution of SN 2023ixf from day 1.18 through day 3, colored by phase. Ions are labeled in each panel, and the phase is given in the middle panel.
Emission lines from the low-ionization levels, He I, N 11, C 11, O I1I, and N Iv (A 5074 A), disappear over the first 0.5 day of evolution while emission from high-
ionization levels, N IV (AA7103, 7109, A7122), He I (M685.5), and C IV (A\ 5801.3, 5811.98 A), increase in strength. Spectra are fit with a blackbody function and
normalized, corrected for redshift, and offset for readability. In the bottom panel, the B-band telluric feature is marked with a gray shaded region.

should be considered. SN 1998S was discovered on 1998
March 2 16:19:12 with the last nondetection 7 days earlier on
1998 February 23 16:47:24. With the discovery image taken
18 days before V-band maximum, Leonard et al. (2000)
conclude that it was likely discovered within a few days of
shock breakout. We take the explosion epoch to be halfway

between the last nondetection and first detection (1998
February 27 04:33:18) with an uncertainty of the distance to
the last nondetection and/or first detection: 3.5 days.
SN 2013cu was discovered on 2013 May 3 04:19:12. Gal-Yam
et al. (2014) derive an explosion epoch of 2013 May 2
22:19:12 with an uncertainty of 0.11 day, which we adopt in
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Figure 3. A comparison of SN 2023ixf (black) to SN 1998S (teal; Leonard et al. 2000), SN 2013fs (blue; Yaron et al. 2017), SN 2013cu (green; Gal-Yam et al. 2014),
SN 2014G (purple; Terreran et al. 2016), SN 2017ahn (mustard; Tartaglia et al. 2021), and SN 2020pni (pink; Terreran et al. 2022) ~1, 3, 7, and 14 days after
explosion. These SNe all have flash features that evolve over the first two weeks. The SN name and epoch are marked to the right of the plot. All spectra have been
redshift and extinction corrected and then normalized by a blackbody fit to the continuum. Emission lines identified in the first spectrum are marked with vertical lines,
which are labeled at the top of the figure. In the first epoch, SN 2023ixf closely resembles SNe 2020pni and 2017ahn, although at later epochs it more closely follows
SN 2014G. SN 2013fs is considerably different in its evolution throughout the first two weeks. At later epochs, SN 2020pni and SN 1998S develop narrow P Cygni
profiles that are not present in the spectra of other SNe.

this paper. Similarly, Yaron et al. (2017) find an explosion detection, with an uncertainty of 1.7days. SN2017ahn
epoch of 2013 October 6 02:52:48, a few hours prior to the first was discovered on 2017 February 8 06:57:00, 1 day after the
detection on 2013 October 6 06:05:45 with an uncertainty of last nondetection on 2017 February 7 05:31:12. Tartaglia et al.
0.5 hr, which we use in this analysis. Terreran et al. (2016) set (2021) find the explosion epoch to be halfway between
the explosion epoch of SN2014G to 2014 January 12 the last nondetection and first detection: 2017 February
14:24:00, halfway between the last nondetection and first 7 18:14:24 with an uncertainty of 0.5 day. For SN 2020pni,
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Terreran et al. (2022) determine an explosion epoch of 2020
July 15 19:12:00, 0.4 day prior to the last nondetection, with an
uncertainty of 0.1 day.

These SNe encompass a range of subtypes of Type II SNe,
which are defined by their light-curve shape or spectral
characteristics. Type IIP/L SNe are defined by hydrogen in
their spectra throughout their evolution and a plateau from peak
brightness to ~100 days after explosion, which is either flat or
linearly declining, with a continuum of possible slopes. One
explanation for the different slopes is that steeper slopes
represent progenitor stars with smaller hydrogen envelopes due
to mass loss (Grassberg et al. 1971; Young & Branch 1989;
Blinnikov & Bartunov 1993; Anderson et al. 2014; Moriya
et al. 2016; Hiramatsu et al. 2021). In the cases where only a
very small hydrogen envelope remains, the SN becomes a Type
IIb SN, defined by the transition of their spectra from hydrogen
dominated to showing strong helium lines (Filippenko 1997).
All of the comparison SNe are Type IIP/L SNe with the
exception of SN 2013cu, which is a Type IIb (Leonard et al.
2000; Gal-Yam et al. 2014; Terreran et al. 2016, 2022; Yaron
et al. 2017; Tartaglia et al. 2021). Their light curves show
similarly shallow linear declines in V band, with SN 2013cu
being the steepest (Bianciardi et al. 2023; Hiramatsu et al.
2023; Hosseinzadeh et al. 2023; Jacobson-Galan et al. 2023;
Teja et al. 2023; Yamanaka et al. 2023).

Among the SNe in this sample, SN2013fs is the most
distinct. It showed the highest-ionization species (e.g., O V;
A5541 and O VI; AA\3811, 3834; Yaron et al. 2017) in the
earliest spectra that are not present in SN 2023ixf or other SNe
in this sample. However, it is possible that these features were
present at earlier times in SN 2023ixf and, by the first spectrum
at day 1.18, had disappeared. While there are emission lines
from some of the same ions in the day 1.5 spectra of SN 2013fs
and SN 2023ixf, many are not present in the SN 2013fs
spectrum, especially between 3800-4500 and 5000-6500 A,
and NV (M604) is absent from the SN 2023ixf spectrum.
Additionally, the emission in all lines is weaker in SN 2013fs
and fades more rapidly.

SN 2023ixf more closely resembles the other comparison
objects in Figure 3, although it does not always match their
evolution. The first spectrum closely resembles that of
SNe 2020pni and 2017ahn. However, some features, e.g., N I
(AN634.0,4640.6)/C Il (AN4647.5,4650.0), are persistent at
day (3) in SNe 2020pni and 2017ahn, but are not visible in
SN 2023ixf. This likely indicates that the CSM of SN 2023ixf
is cooling more slowly than that of SN 2020pni or SN 2017ahn,
perhaps due to a lower density. At day 3, we also have spectra
from SN 2013cu and SN 2014G. At this phase, SN 2023ixf is
best matched to SN 2014G, a trend that continues throughout
the two week evolution, while SN 1998S and SN 2013cu more
closely resemble SN 2020pni and SN 2017ahn. At day 7, most
features have faded, and Ha has been replaced by an
intermediate width P Cygni profile in SN 2023ixf, in contrast
to the narrow P Cygni profiles in SNe 2020pni and 1998S.
Finally, at day 14, SN 2020pni and SN 1998S still show narrow
P Cygni profiles, while SN 2023ixf and SN 2014G are starting
to develop broad P Cygni profiles. The disappearance of these
features can be interpreted as the ejecta enveloping the CSM,
which would indicate that the radial extent of the CSM of
SN 2023ixf is smaller than that of SN 2020pni and SN 1998S
or the ejecta velocity higher.

Bostroem et al.

5. Comparison to Models

Variations in mass-loss rate, SN luminosity, surface
abundance, and CSM density profile can all affect the
characteristics of the narrow emission line spectrum and its
evolution. In the following section, we compare our spectro-
scopic data set to two sets of publicly available model grids
(Dessart et al. 2017; Boian & Groh 2020), which vary different
parameters, using the best-fit model to characterize the
progenitor, CSM, and SN properties. We fit a blackbody to
both the model and observed data and normalize by this before
comparing them. This removes any temperature continuum
effects, instead only examining flux relative to the continuum.

5.1. Boian & Groh Models

Boian & Groh (2019) propose that the narrow features
produced by the CSM around Type II SNe can be used to
constrain the abundances of this material and therefore the
mass of the progenitor system. They predict different SN line
diagnostics for low-mass RSG progenitors (8—15 M), massive
RSG, yellow hypergiant, blue supergiant progenitors
(15-30 M), and stripped stars like LBV and N-rich Wolf-
Rayet progenitors (15-30 M) for observations from 1 to a
few days after explosion. These progenitors are then modeled
for high-, medium-, and low-luminosity SNe using the
radiation transport code CMFGEN (Hillier & Miller 1998;
Hillier & Dessart 2012, 2019; Dessart et al. 2013). The primary
difference between the low- and high-mass progenitors is in the
abundances of the surface material. Low-mass progenitors
should experience weak or no CNO processing. High-mass
progenitors, on the other hand, are expected to have significant
CNO-processed materials. Finally, stripped stars should be He-
rich. Table 1 gives the predicted spectroscopic signatures of
low- and high-mass progenitors and different luminosity SNe.

We search for these features in our 1.36 days spectrum. We
see no O VI (AA3811, 3834), which rules out low-mass, high-
luminosity SNe as this is the only diagnostic predicted for this
combined mass and luminosity. We also do not see CIII
(A5697), which is one of three diagnostics of the low-mass,
medium-luminosity system. It is unclear how to interpret a
scenario in which only a subset of the diagnostic lines are
present. Additionally, we identify N IV (A\058, AA7109, 7122),
NI (A4634, 4640), C 11 (AM647, 4650), and C IV (A 5801,
5811), which are features of the remaining progenitor mass—
luminosity combinations. Thus, although we can eliminate a
low-mass, high-luminosity progenitor, our conclusions about
the remaining combinations of mass and luminosity are
inconclusive as the diagnostic lines for multiple scenarios are
observed, and for some of them, only a subset of the features
are present. We note that this diagnostic depends on uncertain
physical parameters in single-star evolutionary models such as
mixing efficiency, mass-loss rates, and convective overshoot,
which complicate the connection between surface abundance,
as measured from CSM, and initial mass. Additionally, the
temperature of the CSM has a dramatic effect on the ions
present, independent of surface abundances, which is a function
of both the individual SN parameters as well as the phase at
which the model and observations are compared. This further
complicates the connection between surface abundances and
progenitor masses.

As the broad trends noted by Boian & Groh (2019) were
inconclusive, we visually compare their full set of model
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Table 1
Predicted Spectroscopic Signatures from Boian & Groh (2019)

Luminosity

Low-mass Progenitor (8-15 M)

High-mass Progenitor (15-30 M)

Low luminosity
(~1.9 x 10° Lo)

C III (A\4647, 4650)

C1v (AA5801, 5811)
Lack of C 1II (A5697)

Medium luminosity
(3.9 x 10%-3.1 x 10° L.)

C IIT (A\5697)
C1v (AA5801, 5811)
N I (AM634, 4640)

NIV (M058, AA7109, 7122)

N III (AN4634, 4640)

High luminosity (>6.3 x 10° L)

O VI (AA3811, 3834)

Lack of O VI (A\3811, 3834)

spectra for all mass-loss rates, luminosities, and progenitors to
our 1.36days spectrum. The clear presence of both NI
(M\4634) and Hell (\4685.5) with Hell stronger than N III
greatly limits the number of possible models to
L=15x10° L., (which they define as medium luminosity),
and M = 3 x 1073 M, yr ' (these lines are not present in any
other models). The wind velocity of these models is
v,, = 150km s, which is consistent with the observed CSM
velocity (Smith et al. 2023).

While we have identified a mass-loss rate and luminosity,
which is consistent with our observed spectrum based on the
presence of individual features, Boian & Groh (2020) scale the
model luminosity to match the observed luminosity, which
leads to a scaling in the mass-loss rate as well. We repeat this
analysis to derive a luminosity and mass-loss rate for
SN 2023ixf. First, Boian & Groh (2020) identify the temper-
ature via the ionization level present. Similarly, we selected the
best models based on continuum normalized spectra, looking
only at the relative ionization levels. In their model, the
temperature and luminosity are related via the Stefan—
Boltzmann law. Thus, after identifying the temperature, they
scale to the observed luminosity, scaling the radius to maintain
the derived temperature. They also derive a scale factor for the
mass-loss rate, assuming that M oc L3(*. We duplicate this
analysis for SN 2023ixf for the three surface abundances
(which do not produce significantly different results), conclud-
ing that the mass-loss rate of the progenitor of SN 2023ixf was
M~ 45 x 103M.yr ' and scaled luminosity for each
abundance is L~ 2.6 x 10° L.

Having constrained the luminosity and mass-loss rate, we
examine the different surface abundances: the solar abundance
spectra, corresponding to the low-mass RSG scenario; the
CNO-processed surface abundance, corresponding to the high-
mass RSG, BSG, YSG scenario; and the He-rich abundance,
corresponding to the LBV, WN (WR stars with strong nitrogen
lines), stripped star scenario. These are compared to an
observed spectrum in Figure 4. We find that no one scenario
matches the line strengths of the observation. While many of
the lines are well matched in the solar abundance model, the
C1v (AA5801, 5811) and Ha are greatly overestimated by the
model. The C1v (AA5801, 5811) is better represented in the
CNO abundance model (a result of the suppression of C and
0); however, the N in our observed spectrum is significantly
weaker than that from the model, countering the expectation
that these stars would be nitrogen enriched. Finally, in the He-
rich model, the HI line is well-modeled, and the Hell
(A4685.5) line is stronger in the model than in the observation.
Like the CNO abundance model, the N lines are too strong in
the model. It is possible that, rather than indicating surface
abundance, these discrepancies arise from a mismatch between

the physical and model CSM density, temperature, and/or the
hardness of the radiation field.

5.2. Dessart & Hillier Models

In another study, Dessart et al. (2017) model the spectro-
scopic signature of CSM interaction with a variety of RSG
mass-loss rates (M = 107°-10"2M_ yr ') and atmospheric
density scale heights (H,=0.01, 0.1, 0.3R,,). The base of each
RSG model is a 15 M, star onto which they add an atmosphere
with a given density scale height, which transitions to wind
mass loss when the density of the atmosphere equals the
density of the wind. The wind is then extended to
Rouecsm =95 X 10*cm for all but one model, which is
extended to Roucsm =2 X 10" cm. At this point, all models
transition to an M = 107®M_ yr ' wind. The parameters of
each model are summarized in Table 2. Each of these models is
evolved from shock breakout to over 10 days, and snapshots of
the spectra and light curves are reported.

Given the uncertainties in the explosion epoch for the
observations and challenges of explosion in the models (e.g., CC
versus shock breakout, varying shock breakout timescales in dense
CSM), we compare our observed spectra with the full suite of
models for all mass-loss rates and epochs. In the weak-wind
models (rlwl, rlwlh, r2wl), the only spectrum in the time series
with narrow emission features is the first spectrum at shock
breakout. As our lines are clearly present throughout the first
5-7 days of evolution, we do not examine these models further.
With this cut alone, we constrain the mass-loss rate to be
M > 1073M_, yr'. The remaining models (rlw4, riw6, rlw5r,
and rlw5h) show multiple epochs of narrow emission features.
These features give way to narrow P Cygni profiles in the Hell
(M685.5) and Ha lines, which are eventually replaced by broader
features originating from the bulk motion of the ejecta.

Again, none of the models reproduces the observed spectra.
Broadly, the emission features in the model spectra fade much
more rapidly than in the observed spectra, if they are present at
all. This implies that the CSM in SN 2023ixf extends beyond
that of the models or has a higher density (e.g., the r1w6 model
is the only one with narrow emission lines that persist past
2 days). Particularly challenging is the blended NII
(A634.0,4640.6)/C 111 (AN4647.5,4650.0) complex and the
He I lines, which are clearly visible in the observed spectrum at
day 1.36 and quickly fade below detection by day 2.0. These
lines are not present in most of the model spectra at any epoch.
Additionally, the spectra of SN 2023ixf never show NV
(M610), which is present in the early spectra of all of the
strong wind models, although in some models this has faded by
the phase of our first spectrum (e.g., rIw4 in Figure 5). Instead,
we see N III (A4636), which has a similar flux to He I (\4686)
in the classification spectrum and then fades over the
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the observations.
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Figure 4. The day 1.36 spectrum (black) compared with three different surface abundance models from Boian & Groh (2019) with L= 1.5 x 10° L., and
M =3 x 1073 M, yr'. The solar abundance represents a low-mass RSG (yellow), CNO-processed abundance represents a high-mass star (RSG, BSG, or YSG;
blue), and He-rich abundance represents an LBV, WN; or other stripped star (pink). Vertical dashed lines represent the ions that are identified in the observed spectra
that are labeled at the top of the plot. Vertical dotted lines in light gray show ions that are not detected but are part of the progenitor diagnostics detailed in Boian &
Groh (2019). We convolve the model spectra with a Gaussian kernel to mimic the resolution of the observed spectra. While some individual features in each model are
matched by the observed spectrum, there are differences between the model and observed spectrum that indicate that the conditions of the model are not the same as

show NI, Hel (A\7065), CIV (AA5801, 5811), and NIV
(M057, X7122) features. Although present, the CIv and NIV

are significantly stronger in the first model spectra than in the
observed spectra. Additionally, the strength of the Balmer
emission lines is better matched in these models as is the lack
of the OV (A\5597). Figure 5 shows the spectral evolution of

SN 2023ixf compared to the rlw4 model. While the first
spectrum matches well, the narrow lines disappear from the
model by day (2), and narrow P Cygni profiles emerge. In the
final spectrum, the model shows significantly more Ha
emission than that in the observation. Interestingly, the mass-
loss rate of this model is 10> M. yr ', consistent with the
conclusions from the comparison to the models of Boian &
Groh (2019).

Table 2
CSM Parameters for the Models of Dessart et al. (2017)

Mass- Scale Transition
Model Name loss Rate Radius Height Radius”
(M yrh) (R-) (Ry) (cm)

(cm)

rlwl 10°° 501 0.01 5 x 10"
rlw2 107° 501 0.01 5 x 10"
rlw3 1074 501 0.01 5 x 10"
rlw4 1073 501 0.01 5 x 10"
rlws 5% 1073 501 0.01 5 x 10"
rlw6 1072 501 0.01 5 x 10"
rlwlh power law® 501 0.3 5% 10"
rlw5r 1073 501 0.01 2% 10"
2wl 10°¢ 1107 0.01 5 x 10"
Notes.

 Power-law exponent with an exponent of 12.
® Radius at which the density transitions to M = 1070 M, yr .

subsequent 0.5 day. Although the rlw4 and r1w6 models show
this feature just prior to the development of the narrow P Cygni
features, it is always significantly weaker than the Hell
emission. Given the rapid evolution of this feature, this could
be a function of the model sampling. We note that we do not
see evidence of the rise of NV described by Jacobson-Galan
et al. (2023) in our spectra. Rather, we find the asymmetric blue
wings of Hell (M685.5) to be more consistent with NI
(AM634.0,4640.6)/C 11T (AN4647.5,4650.0).

We find the best agreement with the rlw4 and rl1w6 models,
which, while not able to reproduce the observed line ratios,

10

The first rlw6 model spectrum on day 1.3 clearly shows N V.
Additionally, rlw6 model time series does not show the NII
shoulder on He IT until 1-2 days after it has disappeared from the
observed spectra; however, the features are otherwise reasonably
matched. The disappearance of the narrow emission lines and
evolution of Hov are better matched in the rlw6 model. This is
consistent with the findings of Jacobson-Galan et al. (2023), who
find a best-fit model in their custom grid is the rlw6 model with a
larger radius. Given the challenges of reproducing the observed
spectra with published models, we conservatively conclude that the
mass-loss rate for the progenitor of SN 2023ixf was between 10>
and 1072 M, yr ', based on the presence of persistent lines after
the initial shock breakout spectrum. The spectra themselves are
sensitive to density, which is parameterized as M= Pvy; thus, a
different mass-loss rate is inferred if the assumed velocity is
different. The wind velocity in these models is v,, =50kms™",
which is about a factor of 3 smaller than the measured velocity.
However, given the order of magnitude range in mass-loss rate



THE ASTROPHYSICAL JOURNAL LETTERS, 956:L5 (17pp), 2023 October 10

Bostroem et al.

L I I LA A L A L
Hell Hell Hell
HI © O H ' cIv
oVl NIV ] NV . OV iHel
o i o AR
Ko I : : ' : : :
+ 1 1 i i i i i i i
x| i i ' AR
2 WK,L i 1.0d  1.18d
o | i i P ! i i
ol i : : : ! : oo
L : : : I ! : i
o | ; ; ; L B J 2.0d 2.13d
el : : b o i .
S — i j 3:0d - 3.09d
W/\ g AL o] 4.0d  4.02d
; j ! 1 ‘ . =t ——
e —— — sttt 0-0d - 5.10d
— — e e 600 6350
—— B i i 10.0d 10.37d
B R N P RS b oo o] 15.0d 15.26d
R L I 1 T [ ] K A
4000 4500 5000 5500 6000 6500 7000 7500

Rest Wavelength (A)

Figure 5. A comparison of the spectral evolution of SN 2023ixf (black) to the rlw4 model of Dessart et al. (2017; pink). Phases are shown to the right of the figure in
pink for the model and black from the observed spectra. While the first observation at 1.2 days matches fairly well, the model spectra evolve much more rapidly, with
P Cygni profiles developing at day 2 and all emission disappearing by day 4, while the observations show emission through days 6—7. The model spectrum at 0.5 day

shows a number of lines that have faded by 1 day (e.g., N V).

inferred from these models, we do not further modify the mass-loss
rates.

6. Model-independent CSM Constraints

The properties and evolution of the narrow emission lines
allow us to compute order of magnitude estimates of the CSM
characteristics. A lower limit on the outer CSM radius can be
calculated from the brightest Ha flux (Fy,; Ofek et al. 2013;
Yaron et al. 2017). Briefly, the Ha luminosity (Ly,) is
produced by the recombination of ionized H. Assuming a
spherically symmetric CSM that is composed of hydrogen, all
of which is ionized, we can use the Ha luminosity to calculate
the total CSM mass. The total mass can also be calculated by
integrating a constant velocity wind density profile over the
radial extent of the CSM. Equating these two relations allows
us to determine the radius of the CSM:

HLHa
A

where x = 0.34 cm? g~ is the electron scattering opacity of the
CSM. We use the distance D to convert Fy, to Ly, via
Ly, = 47TD2FH,1. A is defined as

>

~

ey

eff
_ dmhvyay

A
iy

@)

where 143 =4.56 x 10'*Hz is the frequency of Ha,
offf =87 x 10 cm3s~! is the H recombination coefficient
for case B recombination, at Tee= 10,000 K, p,=0.5 is the

mean molecular weight, m, is the proton mass, and & is

11

Planck’s constant. We treat Equation (1) as a lower limit on the
outer CSM radius, as either the composition or ionization
assumption may not be true, which would lead to a larger CSM
radius than calculated here. Additionally, we assume that the
CSM above the emitting region is transparent to the Ha
photons. If this is not true, it would also lead to a larger CSM
radius.

To measure the flux of Ha, we fit a blackbody to the
continuum and subtract it from the flux of our 1.36 days
spectrum, which has the maximum Hq flux of our spectral
series. To the continuum-subtracted flux, we simultaneously fit
broad and narrow Lorentzian emission profiles. We integrate
this fit from 6300 to 6800A to find Fy,=3.18
107 P ergem s~ '. Using a distance of 6.85Mpc, we find
Lo =178 x10*ergs™"  and Resmou 2 8.7 X 10" cm.
Assuming a spherical wind with a constant velocity, mass-
loss rate, and homogeneous density structure, the density can
be calculated from the radius:

p=—" 3)

Rr

From this, we calculate a density of 3.4 x 10~ gcm .

Assuming a typical RSG wind of v,,~ 10kms™", this mass-
loss event would have begun 23 yr before explosion. However,
using the mass-loss rate derived from high-resolution
spectroscopy in Smith et al. (2023) of v,,~ 150kms™', we
find a much smaller start time of ~2 months prior to explosion.

The narrow features in the CSM are only present when there
is unshocked, photoionized CSM in front of the SN shock and
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Figure 6. The SN luminosity and mass-loss rate derived by Boian & Groh (2020) for a sample of 17 SNe compared to the best model of SN 2023ixf (black). Upper
limits on mass loss are shown with semitransparent markers and arrows, while determined values are solid. We determine a scaled mass-loss rate of
M ~ 45 x 103 M, yr ! and a scaled luminosity of L~ 2.6 x 10°L, from the models of Boian & Groh (2019; with slight variation due to different surface
abundances), which we plot as black stars. In practice, these are located at virtually the same location on this plot. We also include the mass-loss rates of the rlw4 and
rlw6 models of Dessart et al. (2017) (M = 1073 M, yr ', and M = 1072 M, yr ', respectively), which are shown as black triangles. Dessart et al. (2017) does not
explore variations in luminosity, and we therefore use the luminosity derived from Boian & Groh (2019) solar abundance models and do not scale the mass-loss rates.
The mass-loss rate of SN 2023ixf is in line with the lower end of the range of mass-loss rates in this sample.

ejecta. Therefore, we expect these features to disappear when
the material producing them is swept up by the ejecta, and we
can use this information to calculate the radius of the CSM. In
SN 2023ixf, the unshocked, narrow features disappear from Ho
3-4 days after explosion. Smith et al. (2023) find this
corresponds to a radius of R=(3-5) x 10" cm. However, at
this phase, there is still material in front of the photosphere,
which produces intermediate width lines and eventually an
intermediate width P Cygni profile in Ha. These intermediate
width lines disappear around days ~6-7. On day 13, clear
broad absorption is visible in HG, and from this, we
approximate an average ejecta velocity of ~9000kms '
Putting this together with the time that the lines disappear, we
calculate a CSM radius of Rcesmou ~ 5.4 X 10" cm. Interest-
ingly, this is exactly where the models of Dessart et al. (2017)
transition to M = 107 M_ yr~'. Again, assuming a constant
RSG wind of v,, ~ 10kms ™" (or v,, ~ 150 km s~ "), this implies
that the event began ~17 yr (1 yr for v,, &~ 150 km sfl) before
explosion. Assuming a constant wind density profile, the
density is related to radius by the following:
= Lz @)
41 RGsm
Using a representative mass-loss rate of 5 x 107> M, yr ',
we find a density of p=85x10"""gem™> (p=5.6x
10_14gcm_3 for v,, ~ 150 km s_l). This is consistent with
the lower limit calculated from the Ha luminosity.

We compare the mass-loss rates derived in Section 5 to those
from a population of Type II SNe with flash ionization features
to identify how unusual (or normal) these values are. We use
the sample of Boian & Groh (2020), who use CMFGEN to
model a sample of 17 Type II SNe that show narrow emission
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features in their early spectra, indicating CSM interaction. In
Section 5, we used a spectrum taken 1.36 days after explosion
to determine the mass-loss rate and SN luminosity for
SN 2023ixf. Given our extensive time sampling, we investigate
whether the epoch of the spectrum used to do this would affect
which model was selected. We tested this using spectra taken
ondays 2.26, 3.16, and 5.15. Given the uncertainty in the
epoch of the models, we consider all model epochs for each
observed spectrum. We find that, in all cases, regardless of the
epoch used, we would select the models and thus mass-loss
rates from Section 5. Additionally, we find that, with the day
5.15 spectrum, we would include the r1w5h model, which has a
mass-loss rate between the two models we selected (rlw4 and
rlw6). This demonstrates that the differences between the
models are robust to the observed epoch as long as narrow
features are present.

With this confirmation, we add SN 2023ixf to Figure 8 from
Boian & Groh (2020), which shows the SN luminosity and
mass-loss rate for all SNe in their sample (Figure 6). We find
the mass-loss rate of SN 2023ixf to be fairly low when
compared to the range of mass-loss rates for other SN with
early interaction, although it is in no way an outlier. This is
consistent with a lower density CSM causing the persistence of
the higher-ion levels of NIV and C1v.

While in line with other interacting events, the mass-loss
rates determined for the confined CSM in this paper are
significantly higher than steady-state RSG winds. Using the
progenitor luminosity log(L/L.) = 4.94 found by Jencson
et al. (2023) and the de Jager et al. (1988) relation, the expected
mass-loss rate would be M ~ 10757 M_ yr~' and even lower
for the progenitor luminosity identified in Kilpatrick et al.
(2023). Using the relationship of Beasor et al. (2020) and the
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stellar parameters of Jencson et al. (2023), the expected mass-
loss rate would be M ~ 2 x 107°M_ yr~'. Even using the
enhanced mass-loss rates of Ekstrom et al. (2012), the mass-
loss rate would only be M ~ 1032 M_ yr~'. This implies that
the mass-loss event, which led to this CSM was vastly greater
than the nominal RSG mass loss. On the other hand, the largest
mass-loss rate that we find is consistent with the lower range of
mass-loss rates required by Morozova et al. (2018; assuming a
10kms ™' wind) to fit the rapid light-curve rises seen in Type
IT SNe.

We make a final note on the first 0.5 day evolution of the
N 11T (AN4634.0,4640.6)/C TII (A4647.5,4650.0) emission line.
If the CSM were suddenly ionized by a high-energy flash from
shock breakout photons, then one would expect that the CSM is
almost instantaneously (modulo the light travel time) ionized.
Thus, as time passes in the days after the initial flash ionization,
the spectral evolution should proceed from high-ionization to
low-ionization species as the initially highly ionized CSM
recombines over a timescale determined by the density of the
CSM. However, we observe the opposite. The spectra of
SN 2023ixf show that relatively low-ionization levels are
present in the earliest epochs (i.e., narrow NIII
(AN4634.0,4640.6)/C I (AN4647.5,4650.0) and He I emission
on days 1-2). Over the following day, these fade away as other
higher-ionization features (such as He I1 (A\4685.5), N1v, C1V)
strengthen. This is also discussed by Smith et al. (2023),
Jacobson-Galan et al. (2023). This implies that we are
witnessing a gradual or delayed ionization of the CSM, an
effect never observed before. This effect seems inconsistent
with a sudden flash ionization from shock breakout alone, and
more indicative of a slowly varying source of ionization (i.e.,
radiation from the CSM interaction shock itself or asymmetry
in the ejecta).

7. Summary and Conclusions

The comprehensive spectroscopic data set presented in this
paper provides subday cadence spectroscopic observations for
the first week of evolution and at least daily cadence through
day 14. To our knowledge, no other SN with flash ionization
features has been studied with this cadence for this length of
time. The unique combination of cadence and duration of these
observations will enable the community to trace the CSM
density profile, and therefore the mass-loss history of the
progenitor, in a way that has never before been possible.

These spectra show narrow high-ionization emission features
with Lorentzian wings. We identify emission from HI, Hel,
Hel, C1r, C1v, O 11, NI, and N 1v. He I, C III, N 11, and O III
fade over our first 0.5 day of monitoring (~1.5-2 days since
explosion). We find the spectrum at 1.36 days most closely
resembles that of SNe2017ahn and 2020pni and looks
significantly different from that of SN 2013fs. Over time, the
evolution closely matches that of SN2014G, as the high-
ionization features fade and eventually so does Hell and HI.
The differences in the evolution of these different SNe imply
that SN 2023ixf has a lower density CSM than those of
SNe 2017ahn and 2020pni and a smaller radial extent. By day
13, broad P Cygni profiles have developed indicating emission
from the SN ejecta.

We compare the same 1.36 days spectrum with the models of
Boian & Groh (2019), finding the spectrum most closely
resembles the models with L~2.6x10°L, and M
~45%x107° M, yr~!, although we do not find any model
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that reproduces the line ratios in our observed spectra and
therefore cannot use these diagnostics to infer a progeni-
tor mass.

We also relate the full spectral evolution over the first two
weeks to the models of Dessart et al. (2017), which examine
different mass-loss rates and atmospheric scale heights. We
find the spectra of SN 2023ixf are best represented by the rlw4
and rlw6 models, corresponding to mass-loss rates of
M=103M_yr', and M =102M_yr ' respectively.
However, we note that, in r1w4 model, the narrow emission
lines disappear much more rapidly from the model than we
observe indicating that a larger radial extent is required in the
model. We find that, despite the rapid evolution of the spectrum
over the first 5 days, the spectra are most consistent with the
same models, regardless of the epoch used to identify them.

Finally, we use the narrow lines to calculate the properties of
the CSM. Using the maximum Ho flux and assummg a
spherlcal geometry, we find Resmou = 8.7 X 10" cm, imply-
ing the CSM ejection began at least 3 yr ago if it is expanding

at 10kms ™', and 2 months ago if it is the observed velocity of
150kms™'. At thlS radius, we find a CSM density of
3.3 x 107" gem . Using the epoch at which time the narrow

emission features disappear, we find a consistent radius of
Resm = 5.4 x 10 cem. With  this radius and RSG wind
v, &~ 10 km s ! (v, =~ 150 km sfl) the CSM C_]eCtIOIl began
17 yr ago (1 yr ;0) and the density is p=8.5 x 10" gem ™
(p=5.6 x10""*gem ™). Comparing SN 2023ixf to a sample
of 17 SNe with early CSM interaction, we find the mass-loss
rate in line with the lower end of the distribution and the low
luminosity. We note that this analysis assumes spherically
symmetric CSM. Asymmetric CSM (such as that proposed by
Smith et al. 2023) or clumped CSM (e.g., Dessart et al. 2018)
would alter these conclusions, although the details of the effect
will depend on the exact configuration.

SN 2023ixf is an extraordinary SN, combining proximity
with early detection and classification, and tight constraints on
explosion. The immediate announcement of the discovery and
classification allowed us to harness our resources and observe
the detailed evolution of the CSM interaction over the first two
weeks. With these observations, we identify a significantly
hlgher mass-loss rate than the nominal RSG mass-loss rate of

= 10-5 M, yr ' This indicates either a superwind or period
0f eruptive mass loss (but see also Kochanek 2019). While both
the models of Boian & Groh (2019), Dessart et al. (2017) are
unable to match the temporal evolution and the relative flux
ratios, the majority of the emission lines present are
reproduced, and we find the prospects of a custom model that
matches the observations encouraging. The spectroscopic data
set presented in this paper can help guide future modeling
efforts and be used to benchmark the evolution flash features in
any SN.
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Appendix A
Spectroscopic Observations

Table 3 lists the date, telescope, instrument, and resolving
power for each spectroscopic observation used in this paper.
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Table 3

Log of Spectroscopic Observations
Phase Time MID Telescope Instrument R (A\/AN)
(days)
1.18 2023-05-19 22:23:45 60083.93 LT SPRAT 350
1.36 2023-05-20 02:39:56 60084.11 NOT ALFOSC 360
1.54 2023-05-20 07:03:24 60084.29 Bok B&C 700
1.67 2023-05-20 10:00:43 60084.42 MMT Hectospec 1325
2.13 2023-05-20 21:04:19 60084.88 HCT HFOSC 350
2.26 2023-05-21 00:14:57 60085.01 NOT ALFOSC 360
243 2023-05-21 04:19:39 60085.18 MMT Hectospec 1325
2.50 2023-05-21 06:07:11 60085.25 FTN FLOYDS 500
2.53 2023-05-21 06:40:49 60085.28 Bok B&C 700
2.66 2023-05-21 09:50:44 60085.41 MMT Hectospec 1325
2.76 2023-05-21 12:07:58 60085.51 FTN FLOYDS 500
3.09 2023-05-21 20:03:50 60085.84 Galileo B&C 2762
3.15 2023-05-21 21:41:41 60085.90 LT SPRAT 350
3.16 2023-05-21 21:48:37 60085.91 NOT ALFOSC 360
3.39 2023-05-22 03:21:44 60086.14 LBT MODS 2075
3.42 2023-05-22 03:57:46 60086.17 Bok B&C 700
3.54 2023-05-22 07:00:07 60086.29 FTN FLOYDS 500
3.61 2023-05-22 08:41:45 60086.36 Bok B&C 700
3.64 2023-05-22 09:15:15 60086.39 MMT Hectospec 1325
4.02 2023-05-22 18:31:41 60086.77 HCT HFOSC 350
4.19 2023-05-22 22:33:56 60086.94 NOT ALFOSC 300
4.19 2023-05-22 22:32:09 60086.94 Galileo B&C 1195
4.24 2023-05-22 23:50:00 60086.99 Other* Other” ot
441 2023-05-23 03:43:23 60087.16 MMT Hectospec 1325
4.45 2023-05-23 04:47:09 60087.20 Bok B&C 700
5.10 2023-05-23 20:16:48 60087.85 Galileo B&C 983
5.15 2023-05-23 21:33:06 60087.90 NOT ALFOSC 300
5.20 2023-05-23 22:48:32 60087.95 LT SPRAT 350
5.25 2023-05-24 00:01:26 60088.00 Galileo B&C 983
5.41 2023-05-24 03:47:15 60088.16 MMT Hectospec 1325
5.51 2023-05-24 06:07:28 60088.26 Bok B&C 700
6.35 2023-05-25 02:18:49 60089.10 NOT ALFOSC 300
6.43 2023-05-25 04:13:21 60089.18 MMT Hectospec 1325
6.52 2023-05-25 06:35:59 60089.27 Bok B&C 700
6.58 2023-05-25 08:02:16 60089.33 FIN FLOYDS 500
7.43 2023-05-26 04:15:36 60090.18 MMT Hectospec 1325
7.50 2023-05-26 05:55:24 60090.25 FTN FLOYDS 500
7.60 2023-05-26 08:17:43 60090.35 Bok B&C 700
8.43 2023-05-27 04:21:08 60091.18 Bok B&C 700
8.73 2023-05-27 11:25:38 60091.48 FIN FLOYDS 500
9.11 2023-05-27 20:35:31 60091.86 Galileo B&C 2455
9.45 2023-05-28 04:52:00 60092.20 Bok B&C 700
9.53 2023-05-28 06:40:09 60092.28 FTN FLOYDS 500
9.61 2023-05-28 08:35:03 60092.36 APO ARCES 30,000
10.36 2023-05-29 02:47:20 60093.12 APO ARCES 30,000
10.73 2023-05-29 11:26:52 60093.48 FIN FLOYDS 500
11.30 2023-05-30 01:11:14 60094.05 LT SPRAT 350
11.48 2023-05-30 05:24:06 60094.23 Bok B&C 700
11.75 2023-05-30 12:00:24 60094.50 FTN FLOYDS 500
12.10 2023-05-30 20:18:14 60094.85 Galileo B&C 2007
12.18 2023-05-30 22:18:38 60094.92 INT IDS 1092
12.55 2023-05-31 07:06:58 60095.30 FIN FLOYDS 500
13.15 2023-05-31 21:40:19 60095.90 Galileo B&C 1019
13.58 2023-06-01 07:53:58 60096.33 FIN FLOYDS 500
14.16 2023-06-01 21:51:50 60096.91 Galileo B&C 1037
14.18 2023-06-01 22:19:25 60096.93 LT SPRAT 350
14.53 2023-06-02 06:44:48 60097.28 HET LRS2 600
15.26 2023-06-03 00:19:09 60098.01 INT IDS 1092
Note.

 This spectrum on TNS does not have any information regarding telescope, instrument, or resolving power.
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Appendix B
Line Identification

Table 4 gives the ion and wavelength of the lines identified
and shown throughout this paper.

Table 4
List of Ions Observed in the Day 1.36 Spectrum
Ion Waveolength
(62V)
Hel 3888.64
o 3961.59
H1 3970.0
cm 4056.0
N1V 4057.76
N1 4097.33
H1 4101.73
He 11 4200.0
H1 4340.47
o 4519.62
om 4540.4
N 11 4634.0
N1 4640.64
ci 4647.5
cm 4650.0
He 1 4685.5
NI 4858.82
Henl 4860.0
H1 4861.3
o1 5006.8
Henl 5412.0
o 5592.37
cim 5695.9
Civ 5801.3
Civ 5811.98
Hel 5875.6
Henl 6559.8
HI 6562.7
Hel 6678.15
Ci 7037.25
Hel 7065.19
N1v 7103.24
NIV 7109.0
N1v 7122.98
Hel 7281.34
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