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0.″3× 0 09 aperture, as recommended for the E1 aperture
position. The fringe flat was applied to the G750L observations
using the module stistools.defringe and 1D spectra
were extracted using the stistools.x1d routine.

We utilized data-quality flags 16 (high dark rate) and 512
(bad reference pixel) to eliminate bad pixels. In particular, we
note that narrow emission features that appear in all spectra are
flagged as high dark rate pixels and therefore removed from the
analysis. We confirm that these are isolated pixels with high
count rates in the dark files by examining the extraction
location in the two-dimensional dark images themselves.
Nevertheless, it is possible that there is a real unresolved
emission line at the same pixel as at least one of these features.
However, this would be contaminated by the high dark rate and
therefore unable to provide any constraint on the CSM. Thus,
given the characteristics described above, we treat these
features as artifacts and do not consider them further.

We add to this data set the HST observations taken between
days 3 and 11 as part of GO-17205 (E. A. Zimmerman et al.
2022), which have been presented by E. A. Zimmerman et al.
(2024). 1D-extracted and flux-calibrated files were downloaded
from the Mikulski Archive for Space Telescopes. As noted by
E. A. Zimmerman et al. (2024), some of these exposures
suffered from pointing, acquisition, and/or saturation issues,
which led to unreliable flux due to the supernova not being
aligned in the slit and the nonlinearity of the CCD response
near the saturation point. To mitigate these issues, we scale all
observations with each grating in a given visit to the spectrum
with the most flux (assuming this is the best-centered
observation) using a first-degree polynomial fit to the ratio of
the spectra as the scale factor. A constant multiple of a few
percent was then applied to align the G430L and G750L
observations to the G230LB observation, and then the fluxes
were combined by taking the median value at each wavelength,
excluding pixels with data-quality flags of 16 and 512. We note
that the majority of pixels are saturated in the range
∼3200–5000Å in visit 1, ∼2100–7600Å in visits 2 and 3,
and ∼2900–7900Å in visit 4, making these wavelength ranges
the most unreliable in terms of flux calibration. However, in
this paper, we are primarily analyzing the later epochs
(14–66 days), which are not saturated and only use the early
epochs (<10 days) to identify the presence and timing of
relevant spectral features. Thus, we do not attempt to further
correct for this effect.

3. Spectral Evolution

The near-UV (NUV) through NIR evolution of SN 2023ixf
from day 3 to 66 is shown in Figure 1. No Type II supernovae
(excluding Type IIn supernovae) since SN 1987A have been
observed this early in the UV and with this cadence, revealing
unprecedented details of the evolution. As has been noted by
other authors, narrow emission lines are present in the early-
time spectra, including notably a narrow P Cygni line from
N IV λ1718 which is present in the first spectrum and fades by
day 8, and C III λ2297 which is present from day 4 to day 8
(K. A. Bostroem et al. 2023c; D. Hiramatsu et al. 2023;
W. V. Jacobson-Galán et al. 2023; R. S. Teja et al. 2023;
M. Yamanaka et al. 2023; E. A. Zimmerman et al. 2024). These
early narrow lines indicate dense CSM surrounding the
supernova that has not been shocked. By day 14, these lines
disappear and the optical spectrum is that of a young Type II
supernova. Although slow to develop as a result of early
interaction, a typical Type II supernova optical spectrum
emerges with prominent Doppler-broadened P Cygni profiles in
H I, He I, and other metals.
A more detailed view of the evolution from day 14 through

day 66 is shown in Figure 2. Although still dominated by iron
line blanketing (the broad absorption of flux due to a forest of
iron lines that blend together), the UV continuum flux is clearly
present in the day 14 spectrum. This is unusual for classical
Type II supernovae in which the UV flux fades rapidly
(E. Baron et al. 2000; P. J. Brown et al. 2007; S. S. Vasylyev
et al. 2023a; K. A. Bostroem et al. 2023b).
While the flux blueward of 2500Å fades significantly by day

20, prominent absorption features can still be seen in the range
2500–3500Å, including Mg II, and just blueward Fe II/Fe III.
In contrast with the fading UV flux, a prominent “emission”
line arises around 1925Å, which reaches peak strength at
25 days before decreasing in strength.
By day 66, there is very little UV flux as the supernova

ejecta cool causing the SED to shift to longer wavelengths and
iron absorption to increase in strength. However, the Mg II λλ
2796, 2802 doublet is clearly present as a boxy broad emission
line with a slanted top. Also, at this time Hα has fully
developed a broad P Cygni profile, and other metal lines typical
of Type II supernovae are present in the optical, including the
Ca II NIR triplet λλλ 8498, 8542, 8662.

Table 1
HST/STIS Observations of SN 2023ixf from GO-17313

Phase (d) JD Grating Exposure Time (s) Resolving Power Wavelength Range (Å) HST File Rootname

14.483 2460097.733 G230LB 1158 700 1680–3060 of4301010
14.502 2460097.752 G430L 36 500 2900–5700 of4301020
14.506 2460097.756 G750L 28 500 5240–10270 of4301030
19.960 2460103.210 G230LB 1244 700 1680–3060 of4302010
19.979 2460103.229 G430L 32 500 2900–5700 of4302020
19.983 2460103.233 G750L 24 500 5240–10270 of4302030
24.722 2460107.972 G230LB 1232 700 1680–3060 of4303010
24.740 2460107.990 G430L 34 500 2900–5700 of4303020
24.744 2460107.994 G750L 26 500 5240–10270 of4303030
49.885 2460133.135 G230LB 3.1 700 1680–3060 of4304010
49.903 2460133.153 G430L 1.5 500 2900–5700 of4304020
49.907 2460133.157 G750L 1.5 500 5240–10270 of4304030
66.514 2460149.764 G230LB 1236 700 1680–3060 of4305010
66.533 2460149.783 G430L 32 500 2900–5700 of4305020
66.536 2460149.786 G750L 24 500 5240–10270 of4305030
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A comparison of the Mg II and Hα profiles provides insight
into the origin of the Mg II emission (see Figure 3). When CSM
is present, a cool dense shell forms at the interface between the

ejecta and CSM. While the Hα emission originates from the
ejecta and the cool dense shell, the Mg II is thought to originate
only from the shell and should thus be at a similar velocity as

Figure 1. Evolution of the NUV to NIR spectra of SN 2023ixf from 3.5 to 66 days after explosion. Prominent features (N IV: 1718, 7109, 7122 Å; C III: 2297 Å;
Mg II: 2796, 2802 Å; He II: 3203, 4685.5, 4860 Å; C IV: 5801, 5812 Å; Hα: 6563 Å; He I: 6678.1 Å; Ca II: 8498, 8542, 8662 Å) are marked with vertical lines at their
rest wavelength and labeled at the top of the figure. Narrow ISM absorption lines have been removed to highlight the supernova spectra.

Figure 2. Comparison of the spectra of SN 2023ixf from 14.25 to 66.25 days post explosion (solid lines) with the best-matching CSM interaction model (semi-
transparent). The zero flux levels for each epoch are drawn as a dotted–dashed line in the same color as the observed spectrum at that epoch. Over time, the UV
emission declines, and P Cygni features develop in the optical, until day 66, when only Mg II λλ 2796, 2802 is visible in the UV. This corresponds to a sequence of
models with decreasing interaction power. Even though the model spectra do not match the SED of the observations, especially in the first two spectra where they
appear to be cooler (resulting in lower-ionization species and more UV line blanketing), the match is impressive given the 1D nature and the ad-hoc implementation of
the mass, density, and clumping of the cool dense shell. Prominent spectral features have been marked with dotted lines at 7000 km s−1, the approximate location of
the absorption throughout the spectroscopic sequence. The “emission” feature at 1925 Å is marked at rest with a dashed line. Narrow ISM absorption lines have been
removed to better highlight the supernova spectra. Observed and model spectra at each epoch have been placed at the same distance with the same offset applied.
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the outer edges of the ejecta. We compare Mg II and Hα in
Figure 3, finding that the profiles extend to similar velocities on
both the red and blue sides, confirming that the Mg II is emitted
from the cool dense shell at the outer edge of the ejecta.
However, Hα sits in the optical where there is a continuum and
forms throughout the ejecta and cool dense shell, leading to a P
Cygni profile, while Mg II, without UV continuum and forming
in the outer ejecta, is seen solely in emission. There is a
shallow, narrow dip at the blue edge of the Hα profile that
could be absorption from the cool dense shell at ∼9200 km s−1,
although it is not clear if this feature is real given the signal-to-
noise ratio (S/N) of the spectrum.

To characterize the Mg II feature further, we fit three
different profiles in Figure 3, representing different physical
configurations. A spherical distribution of material with a
Gaussian emitting profile will produce a Gaussian profile.
Although the profile is clearly not Gaussian, it could be coming
from a spherical distribution of material that is being
attenuated. To explore the nonattenuated spherical distribution,
we fit a Gaussian to the blue side of the Mg II profile from
−10,000 to −7000 km s−1. This fit is shown as a pink line in
Figure 3; it has a mean of μ= 0 km s−1 and a FWHM intensity
of 7780 km s−1. The observed blue side of Mg II is well
described by a Gaussian profile. An alternate emitting region
could be a sphere with a Gaussian profile that has had the
center removed to form a thick shell. This configuration will
have a flat-topped profile with Gaussian wings (Jerk-
strand 2017) if the cool dense shell and ejecta are optically
thin. Given our slanted top profile, we use the maximum of our
observed flux as the flat-topped maximum of the model profile.
This defines the inner radius velocity of the shell as
vin=−6800 km s−1, and the profile is shown as a dotted-blue
line in the right panel of Figure 3.

To model the slated top of the profile, we model the line as if it
were generated by an asymmetric shell of material (i.e., a shell in
which there is more flux from one side than the other reaching the
observer). Following L. A. Kwok et al. (2023, 2024), we model
this asymmetric shell as a Gaussian profile with an off-center hole
cut out, which results in a slanted top instead of a flat-topped
profile. We parameterize this model by the FWHM and mean of
the Gaussian, the velocity of the center of the hole (vc), and the
velocity of the radius of the hole (vin). We find
FWHM= 7580 km s−1, μ=−2995 km s−1, vin= 5000 km s−1,
and vc= 1750 km s−1, where vc and vin are measured relative to
μ. This model fits the data exceptionally well and is shown as a
green dashed line in the right panel of Figure 3. While the CSM
is likely asymmetric, we caution that this parameterization is
more likely to indicate different optical depths along the line of
sight through the ejecta and cool dense shell, and should not be
taken as a literal description of the ejecta. It does, however,
demonstrate that this profile can be created by a shell of material
in which a higher flux of photons from the blue side of the ejecta
is reaching us, than photons from the red side. Additionally, it
defines the inner edge of the blue side of the shell to be at
velocity −6245 km s−1 (where the profile peaks), close to our
earlier estimate of −6800 km s−1. From these two values, we
adopt vin=−6500 km s−1. From these fits we conclude that the
emitting region of the Mg II is well described by a Gaussian
profile with a FWHM ≈7700 km s−1 and an inner radius of
vin=−6500 km s−1 that has been attenuated on the red side due
to the opacity of the ejecta and cool dense shell. We note that as
the profile approaches the peak flux from the blue side, the rise is
shallower than the Gaussian profile, possibly indicating asym-
metry. Finally, we note that if the CSM is asymmetric, inner and
outer shell velocities would represent projected velocities.
Narrow absorption lines are present in the spectra from Fe II

λ2344, λ2374, λ2383, λ2587, λ2600 and Mg II λλ2796, 2802,

Figure 3. Left: Hα and Mg II line profiles on day 66 in velocity space of SN 2023ixf compared to the CSM interaction models of L. Dessart & D. J. Hillier (2022) with
Lsh = 1 × 1040 erg s−1, scaled to the distance of SN 2023ixf. The shapes of both lines are well captured by the models, given that the cool dense shell is at a higher
velocity in the models than in SN 2023ixf. Right: Mg II profile (black) fit with a pure Gaussian (pink) modeling spherical ejecta, a symmetric shell (blue dotted)
modeling emission from the cool dense shell in the absence of optical-depth effects, and an asymmetric shell (green dashed) modeling the cool dense shell with optical
depth.
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the models, whose formation requires higher temperatures
(L. Dessart & D. J. Hillier 2005)

The UV is dominated by a forest of iron-group-element
absorption lines that blend together, making it challenging to
associate features with the emission or P Cygni profiles of
individual species (L. Dessart & D. J. Hillier 2005; K. A. Bos-
troem et al. 2023b). To facilitate the identification of regions
with contributions from different elements, we post-process the
CMFGEN models to calculate the spectra on day 14 and day
19, omitting the bound–bound transitions of individual species.
The full spectrum is then divided by these spectra to obtain the
relative flux contribution of each species. We perform this
calculation for H, He, C, N, O, Ne, Na, Mg, Al, Si, S, K, Ca,
Sc, Ti, Cr, Fe, Co, and Ni. Comparing the omitted spectrum to
the full spectrum for each species, regions were identified as at
least partially resulting from an individual species. These are
marked in the top panel of each column of Figure 4, which
shows the full model spectrum compared to the observed
spectrum at the same epoch. Elements that have absorption
features with a depth of >2% of the total flux are shown in the
bottom panel of Figure 4. In these panels, the strong influence
of the iron-group elements (specifically Fe and Ni on day 14
and Fe, Ni, and Cr on day 19) on the overall spectrum is clear.
In particular, we point out that the apparent developing
“emission line” at 1924Å is in fact a window of lower
absorption between two prominent iron absorption regions,
similar to the “emission line” at 2970Å identified in the NUV
spectra of SN 2022acko on day ∼20 (K. A. Bostroem et al.
2023b). Additionally, we show the continuum emission if no
absorption is present in the top panel of each column of
Figure 4, demonstrating how strongly the spectrum deviates
from blackbody emission.

Another emission line of particular note is Mg II in the day
66 spectrum, which is compared to the CMFGEN models in
Figure 5. To account for the higher velocity of the models, we
scale the models by the ratio of the blue edge of the feature in
the observation to the blue edge in the model which preserves
the morphology of the line. The Mg II feature is only present in
models with CSM interaction after day ∼50 and rapidly
increases in strength for greater interaction power. Our
observation on day 66 falls between the models with a shock
power of Lsh= 1× 1040 erg s−1 and Lsh= 1× 1041 erg s−1 and
looks clearly distinct from models with no interaction.

In the left panel of Figure 3, we compare the Mg II and Hα
profiles of our observation and the Lsh= 1× 1040 erg s−1

model (without any shift in wavelength) on day 66. We find
that both profiles are similar, although the model extends to
bluer wavelengths due to the lack of dense CSM in the early
supernova evolution, which caused the cool dense shell to form
at lower velocities in SN 2023ixf. While the models have a
large narrow absorption feature on the blue side of Hα, from
the blue side of the cool dense shell, no such prominent feature
is present in the observed Hα profile. There is a hint of an
absorption feature around 9200 km s−1, although this is near
the noise threshold of the spectrum and thus we cannot
confidently associate it with this feature. On the red edge of
Hα, the models show a subtle red shelf. With the S/N of our
data, we cannot verify whether this feature is present.

The model Mg II is very boxy, rising sharply at the blue edge
of the Hα profile to a plateau before falling off just after
0 km s−1. This shape arises from a shell of material with the
back side obscured by the cool dense shell and ejecta, leading

to what appears to be blueshifted emission. Compared to our
observations, the Mg II feature in the models is boxier and more
blueshifted. Additionally, the Mg II emission in the observa-
tions rises more gradually to a peak and begins to fall off
immediately, rather than plateau. Nevertheless, the observa-
tions have the same basic structure as the models, indicating a
similar emitting mechanism and structure.

5. Comparison with Other Supernovae

We focus our comparison of SN 2023ixf to other supernovae
on the small number of Type II supernovae with UV
observations, defining a sample of objects with a range of
CSM properties and supernova types (see Table 3). Although
many of these objects continued to exhibit signs of CSM
interaction later in their evolution (e.g., D. Pooley et al. 2002;
J. Mauerhan & N. Smith 2012; N. Smith et al. 2017), we limit
the discussion to their plateau-phase evolution, which corre-
sponds to our observations of SN 2023ixf.
SN 1993J was a Type IIb supernova, with the hydrogen lines

fading and helium lines increasing in strength soon after the
explosion (A. V. Filippenko et al. 1993). Many lines of
evidence indicated interaction with CSM including narrow
emission lines (S. Benetti et al. 1994) and X-ray (H. U. Zimm-
ermann et al. 1994) and radio (G. G. Pooley &
D. A. Green 1993) detections. SN 1979C and SN 1998S are
both Type II supernovae with steeply declining light curves and
above-average photospheric phase luminosities. They also
showed narrow emission lines for weeks after the explosion;
however, these did eventually disappear (N. Panagia et al.
1980; D. C. Leonard et al. 2000). SN 1979C was also detected
at X-ray and radio wavelengths indicating interaction with
CSM beyond the nominal RSG wind (N. Panagia et al. 1980).
SN 1980K had a decline rate similar to that of SN 1979C,
although it was about a magnitude fainter in the V band. While
it did not exhibit narrow emission lines, it was detected in
X-rays (C. R. Canizares et al. 1982) and radio (K. W. Weiler
et al. 1992). SN 1987A was a peculiar Type II supernova,
originating from a compact, blue supergiant progenitor. No
CSM interaction was initially detected; however, months after
the explosion narrow emission lines appeared as high-energy
photons ionized a ring of CSM. SN 1999em, SN 2021yja, and
SN 2022wsp are considered fairly normal Type II supernovae
(E. Baron et al. 2000; D. C. Leonard et al. 2000; A. Gal-Yam
et al. 2008; G. Hosseinzadeh et al. 2022; S. S. Vasylyev et al.
2022, 2023a), although G. Hosseinzadeh et al. (2022) note that
SN 2021yja was exceptionally blue at early times and
S. S. Vasylyev et al. (2023b) find that the absorption of Hα
and Hβ in SN 2022wsp was suppressed in the P Cygni profiles
which they ascribe to CSM interaction. Finally, SN 2005cs and
SN 2022acko were low-luminosity supernovae (P. J. Brown
et al. 2007; K. A. Bostroem et al. 2023b). The only possible
sign of CSM interaction in these supernovae is a “ledge”
feature in the early spectra, which has been attributed to CSM,
although other possibilities exist (see J. Pearson et al. 2023, for
a detailed discussion). SN 2021yja also showed the “ledge”
feature. Details on the explosion epochs, extinction values, and
spectra considered in this analysis are given in Table 3. We
note that UV data also exist for SN 2010jl, a superluminous
Type IIn supernova. Throughout its evolution, the UV
spectrum is dominated by the cool dense shell with narrow
spectral features and enhanced flux, in contrast to the other
supernovae in this sample where the spectra are dominated by
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the supernova photosphere. We therefore exclude it from our
analysis.

In Figures 6 and 7, we show a comparison of the spectra of
SN 2023ixf to this sample of UV spectra, scaled to the distance
of SN 2023ixf, on day ∼10 and day ∼20, respectively. For this

comparison, we exclude SN 1979C and SN 1998S, as their UV
flux is significantly higher than that of SN 2023ixf and all
models considered in this paper. On day 10, SN 2023ixf is
similar in brightness to SN 2021yja. Although it has a lower
flux, SN 2022wsp is spectroscopically similar. The Mg II λλ

Figure 4. Top: UV spectra of SN 2023ixf on day 14.25 (left) and 19.25 (right) compared to radiative-transfer models. Absorption lines from individual species are
marked below the spectra. In the day 19.25 spectrum, the asterisk on Fe at 1924 Å indicates that this is a window of minimal iron absorption rather than an emission
line due to any atomic transition. The individual features are reproduced quite well, albeit at higher velocities in the models. Bottom: decomposition of the model
spectrum at each epoch into species that contribute to the spectrum. Although the individual spectra are offset, the scales of the spectra are consistent, showing the
relative intensity of each species. The dominance of iron-group elements (and in particular iron) in the spectra at both epochs is clear.
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2796, 2802 doublet is present in absorption in SN 1980K,
SN 2021yja, SN 2022wsp, and SN 2022acko, although it is
blueshifted to higher velocities in SN 2021yja and
SN 2022acko. Additionally, blueward of Mg II, the Fe absorp-
tion feature identified by S. S. Vasylyev et al. (2023a) in
SN 2022wsp is clearly present in SN 2023ixf and SN 1980K.
Although not a pronounced absorption trough, it is also
possibly present in SN 2021yja and SN 2022acko and blended
with Mg II in SN 1999em. Like SN 2023ixf, the UV spectra of
SN 1980K, SN 2021yja, and SN 2022wsp all show an absorp-
tion complex of Fe and Ni between 1750Å and 2050Å. The Fe
absorption complex between 2050Å and 2550Å, which is
notably shallower in SN 2023ixf and SN 1980K than models
predict, is fairly well reproduced in SN 2021yja, although all of
the observed profiles have less prominent individual troughs
than the model.

One of the most distinctive features of CSM interaction is
excess UV flux. On day 10, we see that SN 1980K has a higher
flux than SN 2023ixf, SN 2021yja has a very similar flux while
SN 2022wsp is a bit lower, SN 2022acko is significantly lower,
and the remaining supernovae have virtually no flux on day 10.
We note, however, that both excess UV flux and the slope of
the UV SED are highly dependent on the assumed distance,
extinction, and explosion epoch of the supernovae. In
particular, the redshift-independent distance of NGC 4269
ranges from 4 to 7.8Mpc (see S. D. Van Dyk et al. 2019, for a
thorough discussion), significantly affecting the luminosity of
SN 1980K. While the distances and thus overall luminosities
are uncertain, individual features can indicate different levels of
CSM interaction. For example, the development of an Fe
absorption complex redward of 3000Å is not present in
SN 1980K, SN 2021yja, and SN 2023ixf. This feature only
appears in models with lower levels of CSM interaction. This
line does appear to be developing in SN 2022wsp, consistent
with the interpretation that the lower flux level is indicative of
less CSM interaction. Comparing with the models, this
suggests that SN 2021yja and SN 2022wsp have close to

1× 1043 erg s−1 interaction power added to the ejecta lumin-
osity on day 10.
K. A. Bostroem et al. (2023b) noted that SN 1999em has an

extremely low UV flux relative to comparable sequences. It is
interesting to consider both the anomalous SED and features of
SN 1999em relative to the other supernovae in this sample, as
SN 1999em is a relatively prototypical Type IIP supernova
(although a high-velocity feature was detected in both Hα and
Hβ during the photospheric phase, interpreted as a sign of CSM
interaction; N. N. Chugai et al. 2007). The explosion epoch
used is halfway between the last nondetection and first
detection. It is possible that, at discovery, SN 1999em was up
to 5 days older, as suggested by L. Dessart & D. J. Hillier
(2006), which would make the UV flux less unusual; however,
even at a later phase, the shape of the UV flux is different from
that of the other supernovae—either more suppressed below
2750Å or with increasing flux redward of that. The presence of
an “emission” feature owing to the window of absorption at
1924Å further supports a later explosion epoch. Given this
uncertainty, SN 1999em is plotted in both Figures 6 and 7.
On day 20, the UV flux has decreased in all supernovae. As

was observed in SN 2022wsp (S. S. Vasylyev et al. 2023a), the
Fe feature blueward of Mg II has faded in SN 2023ixf.
Interestingly, SN 2021yja shows an extended feature that
encompasses both the Fe and Mg II features, possibly
indicating that these are blended. The slope and features of
SN 2021yja and SN 2022wsp are very similar to the model with
Lsh= 2.5× 1042 erg s−1, although they all have a larger flux.
The slope of SN 2023ixf and SN 1999em is not reproduced by
any model, even if an overall flux offset is applied. It is
possible that models customized for each supernova with more
sophisticated physics would provide a better fit. For example, a
compelling time-dependent model for SN 1999em is presented
in L. Dessart & D. J. Hillier (2006). The flux of SN 2021yja has
fallen to a level similar to that of SN 2022wsp, indicating a
lower level of power from CSM interaction. The fact that the
flux of SN 2021yja fell relative to SN 2023ixf and SN 2022wsp
from the flux levels on day 10 gives us confidence that this is
not a distance effect. The window of absorption at 1924Å
creates a clear “emission line” in SN 2021yja, SN 2022wsp,
and SN 2023ixf.
In interacting supernovae, the Mg II emission is attributed to

emission from the cool dense shell, which has been excited by
radiation from the reverse shock (R. A. Chevalier & C. Frans-
son 1994; L. Dessart & D. J. Hillier 2022). Originating from a
shell of material, the emission-line profile is expected to be
broad, boxy, and blueshifted (L. Dessart & D. J. Hillier 2022).
It has been noted in SN 1979C 14 yr after explosion
(R. A. Fesen et al. 1999), in SN 1993J on day 670 (C. Fransson
et al. 2005), in SN 1995N on day 943 (C. Fransson et al. 2002),
in SN 1998S on days 28–485 (C. Fransson et al. 2005), and in
SN 2010jl on days 34–543 (C. Fransson et al. 2014). However,
these supernovae represent the more strongly interacting
objects in our sample. It remains to be seen if this feature is
present in supernovae that do not have any period of strong
interaction with dense CSM.
We searched all available NUV spectra of our comparison

sample of Type II supernovae for the broad, boxy Mg II
emission that was observed on day 66 in SN 2023ixf. As Mg II
is present in absorption on day 25 and then in emission on day
66, we do not know the exact timing of this transition.
Additionally, this timing is related to the ejecta and CSM

Figure 5. Mg II line profiles of SN 2023ixf on day 66 in velocity space (black)
compared to models with no power from CSM interaction (cyan) and the two
lowest levels of CSM interaction modeled (Lsh = 1 × 1040 erg s−1; blue,
Lsh = 1 × 1041 erg s−1; magenta). This feature is present only in those models
with CSM interaction, indicating that SN 2023ixf is interacting with CSM on
day 66. The velocity scale of the models has been scaled to match the
observations.
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properties and thus may not be a universal property of Type II
supernovae. We therefore consider all spectra with phases
greater than 30 days. One complicating factor is the presence of
Mg II absorption from both the MW and the host galaxy, which
contaminates the supernova emission and can make it
challenging to assess the shape of the emission profile.
Whenever possible, we remove this narrow absorption from
our data.

We do not detect this feature in SN 1987A, although this is
perhaps not surprising given its blue supergiant progenitor and
lack of UV flux. The feature is clearly detected in the remaining
supernovae as a broad, boxy, blueshifted profile. In SN 1980K,
we marginally detect it. However, the S/N of the spectra is
fairly low and the feature is not as strong as in other
supernovae. In SN 1979C we detect it developing already on
day 24, although it could be as old as 32 days if the supernova
explosion occurred immediately after the last nondetection.
From this date, Mg II evolves from a blueshifted, flat-topped
profile into one with a slanted profile (higher blue edge) starting
around day 60. Similarly, Mg II evolves in SN 1998S from a
boxy, blueshifted, symmetric profile on day 72 to an
asymmetric profile on days 237 and 485. In SN 1993J, the
Mg II emission is fairly constant with a boxy, asymmetric
profile from day 173 to 669. This is the earliest epoch of data
for SN 1993J after the UV continuum has faded. While the
feature is clearly present as broad emission in SN 1995N and
SN 2010jl (days 30–572), the ISM absorption from both the
MW and the host galaxy obscure the shape of the profile and
we do not include these in our analysis.

The Mg II emission features of SN 1979C, SN 1980K,
SN 1993J, and SN 1998S are compared to that of SN 2023ixf in

Figure 8. We choose the closest available epoch to day 66, and
for SN 1998S we also include the first epoch at which the
profile is asymmetric. From these comparisons, we find that if a
change in the shape of the Mg II emission is observed, the
emission begins as a symmetric, boxy, blueshifted profile and
always evolves to the same asymmetric, boxy profile, with
more flux on the blue side. For supernovae that, like
SN 2023ixf, always show an asymmetric profile, the asymme-
try is always higher on the blue side. The consistency of this
asymmetry tells us that this is not an effect of asymmetric CSM
that we would expect to observe from a different viewing
angle, but rather an optical-depth effect. This is corroborated by
the L. Dessart & D. J. Hillier (2022) models, which show a
blueshifted, boxy emission profile with no emission from ejecta
at velocities below 7000 km s−1 (i.e., the emission is isolated to
the cool dense shell). Additional validation is derived from a
custom model that reproduces the models of L. Dessart &
D. J. Hillier (2022) but with the cool dense shell at
8500 km s−1 and shows the same slanted profile as we
observed in the Mg II feature. While optical-depth effects are
responsible for the blueshifted and slated profile at early times,
at later times dust formation likely attenuates the red side of the
feature. This sample shows a variety in maximum velocity of
the blue side of these features, indicating diversity in the
location of the cool dense shell, as well as other supernova
parameters such as the ejecta mass, hydrogen envelope mass,
explosion energy, and CSM mass. However, they uniformly
rise to maximum more slowly than the models, indicating a
different cool dense shell density profile than is implemented in
the models.

Table 3
Properties of Supernovae with UV Spectra Analyzed in This Paper

Name Spectra Epochs Distance Modulus Explosion Epoch MW E(B − V ) Host E(B − V ) References
(day) (mag) (JD) (mag) (mag)

SN 1979C 16, 24, 3, 34, 41, 48, 59, 69,
77, 82, 120

31.04 ± 0.17 2443970.5 ± 8 0.0226 0.16 ± 0.05 (A, B–H)

SN 1980K 10, 11, 13, 20, 36, 45, 73 29.44 ± 0.21 2444537.8+± 10 0.2930 0.00 (A, I, J, K)
SN 1987A 8, 9, 11, 21, 32, 42, 51, 62, 68,

102, 201
18.55 ± 0.05 2446849.62 ± 1 0 0.19 ± 0.02 (L–T)

SN 1993J 18, 19, 174, 670 27.80 ± 0.10 2449074.0 ± 0.8 0.0670 0.10 ± 0.11 (A, U, V, W, X, Y)
SN 1998S 17, 28, 76, 241, 490 31.18 ± 0.38 2450871.7 ± 3.5 0.0202 ± 0.0009 0.20 ± 0.02 (A, Z, AA, BB,

CC, DD)
SN 1999em 13 30.34 ± 0.07 2451475.9a ± 2 0.03486 ± 0.0003 0.10 ± 0.05 (A, EE, FF, GG, HH)
SN 2005cs 11 29.39 ± 0.47 2453549.5b ± 1 0.0307 ± 0.0018 0.015 (A, GG, LL, MM,

NN, OO)
SN 2021yja 10, 21 31.85 ± 0.45 2459464.9 ± 0.06 0.019 ± 0.085 0.085 ± 0.015 (A, SS, TT)
SN 2022wsp 10, 20 31.99 ± 0.16 2459855.08 ± 0.0484 0.05 0.30 (A, UU)
SN 2022acko 7, 19 31.39 ± 0.33 2459918.7 ± 1 0.0259 ± 0.0002 0.03 ± 0.01 (A, VV, WW)

Notes. +SN 1980K does not have a reliable explosion epoch. We adopt an explosion epoch 7 days prior to an observed spectrum on 1980 November 1, which shows
broad Hα emission.
a See also L. Dessart & D. J. Hillier (2006),
b See also L. Dessart et al. (2008). (A): E. F. Schlafly & D. P. Finkbeiner (2011). (B): E. E. E. Gall et al. (2015). (C): L. Ferrarese et al. (1996). (D): R. Barbon et al.
(1982b). (E): N. Panagia et al. (1980). (F): G. G. C. Palumbo (1982). (G): P. Benvenuti et al. (1982). (H): R. A. Fesen et al. (1999). (I): S. D. Van Dyk et al. (2019).
(J): R. Barbon et al. (1982a). (K): M. Pettini et al. (1982). (L): M. Romaniello et al. (2000). (M): C. Castagnoli et al. (1987). (N): S. Scuderi et al. (1996). (O):
W. Wamsteker et al. (1987). (P): A. Cassatella et al. (1987). (Q): A. Cassatella (1987). (R): R. P. Kirshner et al. (1987). (S): N. Panagia (1988). (T): C. S. J. Pun et al.
(1995). (U): W. L. Freedman et al. (1994). (V): J. R. Lewis et al. (1994). (W): M. Ergon et al. (2014). (X): D. J. Jeffery et al. (1994). (Y): C. Fransson et al. (2005). (Z):
J. A. Willick et al. (1997). (AA): K. A. Bostroem et al. (2023c). (BB): D. C. Leonard et al. (2000). (CC): E. J. Lentz et al. (2001). (DD): C. Fransson et al. (2005).
(EE): D. C. Leonard et al. (2003). (FF): A. Elmhamdi et al. (2003). (GG): J. M. Silverman et al. (2017). (HH): E. Baron et al. (2000). (II): R. B. Tully (1988). (JJ):
D. Y. Tsvetkov et al. (2006). (KK): A. Gal-Yam et al. (2008). (LL): E. Sabbi et al. (2018). (MM): A. Pastorello et al. (2006). (NN): E. Baron et al. (2007). (OO):
P. J. Brown et al. (2007). (PP): T. Zhang et al. (2012). (QQ): R. Stoll et al. (2011). (RR): C. Fransson et al. (2014). (SS): G. Hosseinzadeh et al. (2022). (TT):
S. S. Vasylyev et al. (2022). (UU): S. S. Vasylyev et al. (2023a). (VV): G. S. Anand et al. (2021). (WW): K. A. Bostroem et al. (2023b).
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component, if present, is significantly weaker than predicted in
the models. This could be due to a lower density CSM,
asymmetric CSM where the bulk of the CSM is offset from the
line of sight, and/or the fragmenting of the cool dense shell due
to Rayleigh–Taylor instabilities which would spread this
feature out in the velocity space.

To explore whether clumping and lowering the velocity of
the cool dense shell would provide a better fit to our
observations, we calculate a custom CMFGEN model. We
place the cool dense shell at 8500 km s−1. At this velocity, the
ejecta are optically thick. This has two effects: first, the material
has not been able to cool, so the temperature is higher; and
second, it responds much more quickly to the power from the
CSM interaction. However, we found that this change alone
was not enough to reproduce our observations and continued to
further tune the model. To better approximate the physical
conditions that create the emission from the cool dense shell
(i.e., the reprocessing of X-rays from the forward and reverse
shock), we add a uniform field of X-rays starting at
8000 km s−1 with a total power of 5× 1042 erg s−1 instead of
inserting power into the cool dense shell directly. Given the
energy of these X-rays, we add higher energy ions to our
model, namely, C III, N III, O III, Mg III, and Ne III. We also
increase the clumping from 1% to 10% volume filling factor
outside of 8000 km s−1, keeping the total mass the same.
In Figure 9, we compare this model on day 14.6 to our day

14.2 observed spectrum and the best-matching model from
L. Dessart & D. J. Hillier (2022) on day 14.6. Reducing the
velocity of the cool dense shell aligns the absorption and
emission. However, the resulting increase in the temperature of
the cool dense shell shifts flux from the optical to the UV,
causing the UV to overshoot the observed spectrum and the
optical to underestimate the true flux. The change in power
deposition from direct injection into the cool dense shell to an

Figure 7. Top: comparison of the spectrum of SN 2023ixf on day 19 with that of other Type II supernovae at a comparable epoch (phase for each spectrum given in
the panel legend; all spectra scaled to the distance of SN 2023ixf): SN 1980K, SN 1987A, SN 1993J, SN 2021yja, SN 2022wsp, and SN 2022acko. SN 2023ixf
remains UV bright, especially when compared with SN 2021yja, which has faded to a flux similar to that of SN 2022wsp. The explosion epoch of SN 1999em is
uncertain and thus we show the spectrum here, too, to demonstrate its similarity to the other spectra at these epochs. Bottom: UV spectrum of SN 2023ixf at 19 days
(black) compared with the CMFGEN models having varying degrees of shock power on day 20 (colors). Although at optical wavelengths the spectrum best matches
the model with Lsh = 2.5 × 1042, below ∼2750 Å the spectrum best matches the model with Lsh = 5 × 1042. Elements are marked in both panels in black at −7000
km s−1 to match the SN 2023ixf absorption. The asterisk denotes the feature caused by a window between two strong iron absorption troughs.

Figure 8. Comparison of the Mg II emission line in SN 2023ixf (day 66; black)
to that of other supernovae that show this feature (SN 1979C, brown;
SN 1993J, yellow; and SN 1998S, magenta). All lines have a blueshifted peak.
In all but the first SN 1998S spectrum, the profiles are asymmetric indicating
that the red side of the line is attenuated. The gap in some spectra is due to the
removal of narrow Galactic and host ISM absorption.
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wind velocity. We plot the density derived from flash features at
the time of the first spectrum (day 1.1), day 4 when many of the
narrow features disappear, and day 7 when the Hα narrow
component disappears. K. A. Bostroem et al. (2023c) and J. Zhang
et al. (2023) use the Hα luminosity to calculate the CSM radius
and density. K. A. Bostroem et al. (2023c) find RCSM 8.7× 1013

cm and ρCSM= 3.4× 10−14 g cm−3. J. Zhang et al. (2023)
determine RCSM= 2.33, 2.59, and 2.74× 1014 cm and
ρCSM= 7.41, 7.26, and 7.31× 10−15 g cm−3.

These combined measurements show that the mass-loss rate
of the progenitor of SN 2023ixf was relatively low until quite
close to the time of core collapse (R 5×1015 cm or t 33 yr
prior to explosion), at which point it increased to the large
densities inferred from flash-feature observations. However,
this figure also highlights that the systematics, uncertainties,
and simplifying assumptions in these different techniques lead
to 1 order of magnitude uncertainties in mass-loss rates and
densities.

7. Summary

We present UV observations of SN 2023ixf 14–66 days after
the explosion. SN 2023ixf is UV bright, with continuum
emission through day 24. Its UV spectrum shows weaker metal
absorption than other Type II supernovae that do not exhibit
definitive signs of CSM interaction. In the optical, the Hα
P Cygni profile is slow to develop and has a shallow absorption
component, which we infer is due to the additional emission
from CSM interaction. On day 66, the Mg II profile and Hα
emission component have a similar extent in velocity space, but
extremely different profile shapes, resulting from the lack of
UV continuum from the supernova ejecta. We examine the
contribution of different species to the UV spectrum of
SN 2023ixf on days 14 and 19, finding that the majority of
the absorption in the UV spectrum is due to iron, nickel, and

magnesium at both epochs, with additional contributions by
chromium at the later epoch.
We compare SN 2023ixf to CMFGEN models of supernova

ejecta with power from CSM interaction (L. Dessart &
D. J. Hillier 2022). Impressively, even though these models
were not made for a supernova like SN 2023ixf, which interacted
with dense CSM during its early evolution, they match the
overall evolution and the presence of individual features. It is
likely that the cool dense shell in SN 2023ixf is broader and
centered at a lower velocity (8500 versus 11,700 km s−1) and
higher temperature than the models. This is confirmed by a
custom model that places the cool dense shell at 8500 km s−1.
Additionally, the predicted presence of the Mg II emission after
50 days is confirmed, demonstrating that SN 2023ixf is interact-
ing with CSM at all epochs through day 66.
We visually identify the model that best matches our

observed spectrum at each epoch, finding that the power from
CSM interaction decreases with time. From this, we conclude
that at larger radii, there is lower density CSM, suggesting that
the mass-loss rate increased rapidly just prior to the explosion.
While the flash features favor a confined CSM, these disappear
after a week, limiting the radius out to which the mass-loss
history can be traced by this method. Our UV observations are
sensitive to much lower CSM densities, and we use them to
trace the CSM density to significantly larger radii and the mass-
loss history to earlier epochs. With a shock velocity of 10,000
km s−1, our observations probe the CSM density between a
radius of 1.2× 1015 cm to 5.2× 1015 cm and show the density
evolving from 5.2× 10−16 g cm−3 to 4.8× 10−20 g cm−3 over
this range. Using the wind velocity of 55 km s−1, we find that
the mass-loss rate decreases from 8.7× 10−4 Me yr−1 in our
first observation to 1.7× 10−6 Me yr−1 in our last observation,
showing the dramatic change in mass-loss rates 33–7 yr before
the explosion. Additionally, the mass-loss rate derived from the
day 66 spectrum shows that 33 yr before the explosion, the
RSG progenitor’s mass-loss rate was consistent with a
quiescent RSG wind (E. R. Beasor et al. 2020).
We also compare SN 2023ixf with other supernovae having

UV spectra around days 10 and 20. These objects cover a range
of UV fluxes, similar to the range spanned by the CMFGEN
models with varying levels of CSM interaction. This suggests
that we can use the UV to sensitively distinguish varying levels
of CSM interaction. Around day 10, we see that Mg II is clearly
present in absorption in the spectra with the most CSM
interaction. Often appearing next to it is Fe II; this can be seen
as a distinct feature in SN 2023ixf and SN 2022wsp, and it may
be present in the other supernovae either blended with Mg II
owing to its formation at higher velocities or as a weaker
feature. Mg II and Fe II are weaker around day 20 in all
supernovae. Additionally, the apparent emission line at 1924Å
is caused by a window of lower iron absorption, rather than
emission from an individual species, demonstrating the
complexity of associating a single species with an individual
feature in UV spectra.
Based on the shape and width of the Mg II emission in the

day 66 spectrum, we conclude that this emission is from the
cool dense shell, which is well described by a thick shell with a
Gaussian density profile: FWHM ≈7700 km s−1and an inner
radius velocity of ∼−6500 km s−1. We model the emission
with an asymmetric Gaussian shell, finding that the profile is
consistent with more of the observed emission coming from the
blue side than the red side. Additionally, in other supernovae,

Figure 11. Same as Figure 10 for the mass-loss history of SN 2023ixf
assuming a shock velocity (vsh = 10,000 km s−1) and the CSM wind velocity
(vwind = 55 km s−1). In its last ∼30 yr of life, the mass-loss rate increased from
a nominal RSG wind of ∼10−6 Me yr−1 to ∼10−2 Me yr−1.
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this feature is either symmetric or asymmetric with a higher
blue side, leading us to conclude that the profile shape is due to
attenuation of the far side of the shell, likely from opacity in the
shell and ejecta at early times and dust attenuation in the later-
time spectra (e.g., SN 1998S at 240d).

Finally, we compile the density and mass-loss measurements
of SN 2023ixf from the literature using a consistent shock
velocity of 10,000 km s−1 and a wind velocity of 55 km s−1.
We show that the density profile from 9.5× 1013 cm to
7.5× 1015 cm (0.5–42 yr before explosion) decreases from
1.1× 10−12 g cm−3 to 4.9× 10−20 g cm−3. With a wind
velocity of 55 km s−1, this corresponds to a change in mass-
loss rate of ∼10−2 Me yr−1 to ∼10−6 Me yr−1. This shows that
over the final ∼40 yr of the progenitor’s life, the mass-loss rate
went from that of a quiescent RSG to an extremely high mass-
loss rate. The densities and mass-loss rates of these different
techniques span about an order of magnitude, highlighting the
uncertainties and systematic errors in our methods, even when
some consistent assumptions are made.

SN 2023ixf is the best-observed Type II supernova since
SN 1987A, providing us with a Rosetta Stone to interpret other
observations and against which to benchmark theoretical
predictions. Although relatively few UV observations of Type
II supernovae exist (and even fewer time series), it is clear that
this wavelength range is rich in information about the
temperature, composition, and dynamics of the CSM and the
ejecta. It also probes the pre-supernova mass-loss history,
tracing it back to quiescent RSG winds 40 yr before the
explosion, and can provide insights into the role of CSM
interaction in the diversity of optical properties that we observe
in Type II supernovae. In particular, time series that look for
the presence of Mg II emission for all Type II supernovae and
trace its evolution to even later epochs are warranted to inform
our understanding of mass loss in RSGs, especially in the years
leading up to the explosion. The observations of SN 2023ixf
provide a critical link between early- and late-time UV
observations, and also between “normal” Type II supernovae
and strongly interacting Type II supernovae.
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