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M Check for updates

The early evolution of a supernova (SN) can reveal information about the environment
and the progenitor star. When a star explodes in vacuum, the first photons to escape
from its surface appear as a brief, hours-long shock-breakout flare'?, followed by a
cooling phase of emission. However, for stars exploding within a distribution of
dense, optically thick circumstellar material (CSM), the first photons escape from the
material beyond the stellar edge and the duration of the initial flare can extend to
several days, during which the escaping emission indicates photospheric heating?.
Early serendipitous observations** that lacked ultraviolet (UV) data were unable to
determine whether the early emission is heating or cooling and hence the nature of
the early explosion event. Here we report UV spectra of the nearby SN 2023ixfin the
galaxy Messier 101 (M101). Using the UV data as well as acomprehensive set of further
multiwavelength observations, we temporally resolve the emergence of the explosion
shock from a thick medium heated by the SN emission. We derive a reliable bolometric
light curve that indicates that the shock breaks out from a dense layer with aradius
substantially larger than typical supergiants.

On 19 May 2023, SN 2023ixf was discovered in the nearby (distance
6.9 + 0.12 Mpc)® galaxy M101 by K. Itagaki® at 17:27:15 (UTC dates are
used throughout this paper), and it was reported to the Transient Name
Server (https://www.wis-tns.org/object/2023ixf) at 21:42:21. The new
object is located at right ascension a =14 h 03 min 38.56 s and decli-
nation 6 =54°18"41.94” (J2000), in the outskirts of its host (Methods
section ‘The environment of SN 2023ixfwithinitshost’). Onreceiving
thisreport, we rapidly obtained a classification spectrum’ at 22:23:45.
The spectrum showed narrow emission lines often seen®in early-time
spectraof Type ll supernovae (SNe), known as flash features®'°, includ-
ing’H,Hel,Hell,NIII,N IV, C Illand C IV. Weinitiated amultiwavelength
follow-up campaign for this event using an established methodol-
ogy" (Methods sections ‘Photometry’, ‘Spectroscopy’ and ‘X-ray

observations’). In particular, we triggered UV spectroscopic observa-
tions using our Hubble Space Telescope (HST) target-of-opportunity
(ToO) programme that proved critical to reliably track the early UV
evolution of this object. Further studies of this object have been rap-
idly conducted and presented; asummary of these studiesis provided
in Methods section ‘Summary of further studies of SN 2023ixf at the
time of writing’.

Asour HST spectraillustrate (Fig. 1), the emission from the SN peaked
during thefirst few days in the far UV. The proximity of this eventled to
saturation of the UV photometers aboard the Neil Gehrels Swift Obser-
vatory, hindering standard photometric measurements. Anchoring
our continuous optical-UV HST spectra to unsaturated visible-light
photometry, we were able to extract reliable synthetic UV photometry
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Fig.1|Early HST UVspectraof SN 2023ixf. The spectratracetheevolving
shock-ionized flash lines and reveal metal absorption lines that examine the
progenitor metallicity of SN 2023ixf. All five epochs of coadded UV-optical

andusedittoindependently confirm our custom analysis of saturated
Swift observations (Methods section ‘Photometry’) and provide reli-
able UV coverage of the rise and fall of the SN light. Using the critical
UV data, combined with visible-light and infrared (IR) observations
(Methods section ‘Photometry’), we calculate abolometriclight curve
(Methods section ‘Photometry’) thatis showninFig.2, along with the
derived blackbody temperature and photospheric radius.

Figure 2 shows that, during the first three days of the SN evolution,
we measure an almost constant photospheric radius, with a mean
value of (1.9 + 0.2) x 10" cm. During this phase, the temperature
increases from13,000 K to about 32,000 K at peak and the blackbody
luminosity increases from 5.2 x 102 erg s t0 3.9 x 10 erg s™. For an
extended shock breakout in dense CSM, the rise time is expected to
bet, = Ry,/Us (ref. 3). Adopting the constant-radius value, we measure
as the shock-breakout radius R, = (1.9 + 0.2) x 10" cm and approxi-
mating the shock velocity v, by our measured photospheric velocity
(U, = Uphoe = 8,000 km s™'; Methods section ‘Spectroscopy’), we find
t.e =2.75 1 0.3 days, in excellent agreement with the data, suggesting
that the radiation-mediated explosion shock is indeed breaking out
froma dense CSM distribution.

The characteristic bolometric luminosity at breakout can be esti-
mated as the deposition of kinetic energy into the shocked CSM!
(Lpo = MU/t i), in which we assume a shock velocity of 8,000 kms™
and therise time ¢, as the relevant duration. We can thus estimate
the mass of the shocked CSM contained within the breakout radius
Ryotobe M= Ly tyic./v2~(7.4%2) 107> M, which suggests a charac-
teristic density of p = 5 x10™ g cm™, Pre-explosion studies of the
progenitor (Methods section ‘Summary of further studies of
SN 2023ixf at the time of writing’) indicate that its size was much
smaller'?, Assuming an expansion velocity of about 30 km s, derived
from the blueshifted centre of the narrow emission lines (Methods
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spectraareshowninlogspace to enhance the visibility of narrow features
acrossthe entire spectrum. Prominent flash features and UV absorptionlines
aremarked, notably C111412297 and NIV A1718.
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Fig.2|Early observables of SN 2023ixf.a-c, The bolometric evolution of
SN 2023ixfreveals the heating light curve expected from the extended
breakout flare of an explosion embedded within thick CSM. d,e, Arising X-ray
luminosity (d) combined with high-ionization line-flux decrease (traced by
He Il here; e) traces the hardening of the SN SED as the explosion shock
progressesinto thinner CSM. All error bars show 1ostandard deviations.
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Fig.3|Afullmapping of the CSMstructure. Thesstellarenvelope inferred
from pre-explosionimages extends to about 5 x 10" cm (ref. 12). Above it exists
thick (p=5x10"gcm™)and confined (r $ 2 x10* cm) CSM, ejected shortly
before the explosion, extending the shock breakout. The X-ray column-density
measurements thensuggesta decreasein density around the shock-breakout
regioninto an extended wind, which could have formed throughout the RSG
phase of the progenitor star. A collisionless shock forms after the decreasein

section ‘Spectroscopy’), we find the mass-loss rate responsible for
the confined CSM to be M = 0.011+0.005 M, year . The velocity and
mass-loss rate also match independent estimates®. At a velocity of
roughly 30 km s™, this period of enhanced progenitor massloss could
not have lasted more than a couple of years before explosion. Follow-
ing the end of the extended shock breakout from the dense inner CSM,
the blackbody emission radiusincreases rapidly and the temperature
and luminosity decrease. The continued increase of the light curves
in visible light (Methods section ‘Photometry’; Fig. 2) is the result of
the emission peak moving redward from the far UV and the growing
radius.

As the shock breakout is extended, the radiation-mediated shock
gradually exits the thick CSM behind the breakout region, transition-
ing into a collisionless shock in the CSM plasma above'*". This shock
heats the CSM it passes through, whereas the continuously escaping
photons cool the CSM electrons through inverse Compton scattering.
We show this cooling process to be highly efficient (Methods section
‘Evidence for shock breakoutinawind’), leading to aspectrum peaking
in the extreme UV (EUV; 260 eV) at radii of up to 7 x 10" cm. This EUV
radiation is sufficient to produce the highly ionized (He II, NIV, C 1V)
narrow flash features appearing in the early-time spectra of SN 2023ixf,
and the continuous source of ionizing photons is actually required by
the total flux of lines fromthe ionized CSM that we see, asthe integrated
luminosity of narrow-line components requires eachatomtobeionized
many times (Methods section ‘Spectroscopy’). For instance, toemit the
total energy of (1.66 + 0.04) x 10* erg in Ha between 1.38 and 6 days
after explosion would require 0.92 + 0.02 M, of hydrogen if only one
Ha photon is emitted per atom, which is ruled out by our estimate of
the total CSM mass (M < 0.01M,).

During the initial extended shock breakout, the expanding shock
in the CSM increases the EUV flux, ionizing the CSM further. This is
observed through our sequence of approximately days 1-2 spectra. An
increaseinspeciesionizationisseen,asN 111114634, 4641, C 111114647,
4650,15696 and He 115876,16678 decrease in strength and disappear,
whereas higher-ionization N IVA17109, 7123, CIVAA5801, 5812 and He Il
14686 lines continue to increase in flux (Fig. 2).

density near the shock-breakout radius, heating the CSM. At confined radii
(R 57 %10 cm), this heatingis suppressed by Compton scattering of the
SN-emitted UV-optical photons, resultinginan EUV-dominated spectrum.
However, at more distant radii, Compton coolingis no longer efficient,
resulting in hard X-ray bremsstrahlung emission, followed by radio
synchrotronemission fromthe heated electrons.

In the UV, our HST spectra (Fig. 1) reveal two lines with P Cygni pro-
files developing in the near-UV (NUV). N IV 11718 with an absorption
minimum atabout1,500 km s'is apparent already in our first HST spec-
trumonday 3.6,and C 11112297 appears on day 4.7 rapidly developing
aP Cygni profile with a velocity of up to about 1,500 km s by day 8.7.

ApartfromHa, the optical narrow lines disappear by day 5 (Methods
section ‘Spectroscopy’) as the shock propagates out of the efficiently
Compton-cooled region, hardening the bremsstrahlung spectrum.
Broad electron-scattering wings'e, however, last until day 6, as they
originate from scattered photons, which can be delayed by up to the
dynamical size of the shock transition layer R, /v, = 2.5 days. The NUV
N IVA1718line disappears between days 5.5and 8.7, consistent with the
optical-linetimescale, whereas the C 11112297 line persists until at least
day 8.7, as it arises from a transition from an excited state populated
by the EUV C 111 1412. The latter transition itself results from the C IV
absorption of an electron into an excited C Ill state (a process known as
dielectronic recombination)”. Thus, the persistence of this C 11112297
transitionreflects a parent population of excited C IVions stillionized
by the hardening X-ray flux.

By day 4 after explosion, the collisionless shock continues to prop-
agate into further layers of CSM that are not efficiently Compton
cooled. The hardening nonthermal spectrum from this lower-density
CSM manifests in an escaping flux of X-rays that are detected starting
on day 4 (Fig. 2). Further evidence for a sharp decrease in density is
provided by a decreasing neutral hydrogen column density deduced
fromthe Nuclear Spectroscopic Telescope Array (NUSTAR) X-ray obser-
vations™, reducing X-ray absorption. These column densities translate
into a CSMdensity of 4 x107¢ g cmat a distance of 2 x 10" cm, about
three orders of magnitude below our density measurement of
5x10 g cm™at2 x 10* cm. Figure 2 shows that the X-ray flux remains
approximately constant as the collisionless shock continues to travel
into the lower-density CSM. As the energy source for this emission
remains the deposition of kinetic energy into shocked CSM layers
(L=< Mv%/t=2mr’pv?), the constant nature of the X-ray luminosity
requires (foraconstant velocity) adensity profile falling as p =< r2(Meth-
ods section ‘X-ray observations’). Assuming this density profile, the
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density extrapolated back to the shock-breakout radius would be
p=10"*g cm>, This density is 1.5 orders of magnitude smaller than the
density inferred above at the shock-breakout region, indicating asharp
density decrease (Fig. 3). Unlike the optically thick CSM below the
breakout radius, this extended wind could have been produced by
heightened (approximately 10* M, year™)'® mass loss for decades or
more before explosion (Methods section ‘Photometry’). The extent of
the CSM canbe revealed by the duration of bright X-ray emission from
SN 2023ixf. We present the fullmapping of the CSM structurein Fig. 3,
asinferred from the different messengers described above.

During their escape, photons interact with the CSM through radia-
tive acceleration, dominated by the bound-free and bound-bound
cross-sections (Methods section ‘Radiative acceleration’). We observe
thisacceleration asanincrease in the full width at half maximuminten-
sity of the narrow lines, consistent with previous results”. Radiative
acceleration explains the measurement of high-velocity flash features
without requiring a recent stellar eruption to accelerate material to
these velocities before the SN. Thisreconciles the SN observations with
the nondetection of recent precursor eruptions from the progenitor®.
Thelast narrow CSM spectral component surviving until day 15 is the Ha
P Cygni profile that can be excited thermally and does not require either
EUV or X-ray radiation to form. This feature disappears as the outer
CSMis sweptup by the ejectaonday15, atadistance of approximately
10" cm assuming an ejecta velocity of about 8,000 km s™. Assuming
standard red supergiant (RSG) wind velocities (10-20 km s™), this outer
layer of CSM was expelled by the progenitor star afew decades before
explosion. After all the narrow features subside, the SN spectrum devel-
ops typically, showing photospheric features in the optical and UV
(Methods section ‘Spectroscopy’).

Using late-time photometric data, we calculate the **Ni mass synthe-
sized by the SN explosion (Methods section ‘Photometry’). Using this
property, we can investigate the total mass ejected by the SN explo-
sion??, given an estimate of the progenitor radius. According to the
latest progenitor studies'>?*, we find ejected mass estimates in the
rangeM;=7.4 + 0.4 M, whicharein tension withaneutron star remnant
withatypical mass® (1.4 M,), given the initial masses indicated by stel-
lar models of 12-15 M,, (ref. 12) or18.1'Y5 M, (ref. 23). To resolve the
tension, this event could have resulted in a black hole remnant. Alter-
natively, the progenitor needs to have lost several solar masses during
its pre-explosion evolution, abehaviour not predicted by current mod-
els. A testable prediction of losing such a large mass, forming an
extended CSM, isthat SN 2023ixf should remain X-ray bright for years.
These results highlight the ability of acombined SN and progenitor
star analysis to break model degeneracies.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
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Methods

The environment of SN 2023ixfwithinits host

The SN 2023ixfexplosionsiteis located 9 kpc from the centre of M101
(redshiftz=0.00084)* on the far side of an outer spiral arm (Extended
DataFig. 1). This region of the host galaxy is a site of continuing star
formation, with islands of enhanced star formation and diffusely dis-
tributed lower-level star-formation activity extending to the SN site
(Extended Data Fig. 1c).

Photometry

All phasesinthis manuscript referto)D =2,460,083.3 as the SN explo-
sion time, as inferred from early analysis of amateur-astronomer
pre-explosion observations of M101 (ref. 26).

We obtained a full multiband light curve of SN 2023ixf, covering
the early increase, plateau and radioactive decline. We present the
fulllight curvein Extended DataFig. 2. The data are available fromthe
WISeREP database. Standard reduction procedures are described in
the Supplementary information, as are our methods for reduction of
saturated Swift photometry using the streak photometry method”.

%6Ni mass and ejected mass estimate. By r = 90 days, the light curve
has fully settled onto the radioactive **Co tail. The *Ni mass can be
directly estimated from the bolometric luminosity*®?’, which is equal
to the energy deposition from**Co decay, assuming full trapping of
y-ray photons, as is typical for SNe Il at this phase*°. We calculate bolo-
metric corrections at late times using spectra of SN 2017ahn (ref. 31),
which shows similar persistent narrow features*and peak luminosity,
although aslightly shorter plateau duration. We stitch together nebu-
lar spectraof SN 2017ahn obtained after the fall from the plateauin the
optical (¢ =72 days) and IR (¢ = 65 days) to match each other. We then
calculate the bolometric correction to the uBgriz photometry from
the combined spectrum, extended assuming ablackbody extrapolation
outside the observed band. This estimate is within 15% of the bolomet-
ric luminosity calculated directly using a blackbody extrapolation to
the SN 2023ixf uBgriz photometry. We find that the bolometric light
curve of SN 2023ixfis well described by the energy deposition froma*Ni
mass of Msey;= 0.071£0.005 M. A 5% systematic error is included to
account for the scatter in the IR contribution (>9,000 A) to the bolo-
metric flux at ¢ = 90 days (ref. 33). Our estimate places SN 2023ixf at
the upper end of the Type 11 **Ni mass distribution?. We show the full
bolometric light curve, bolometric correction and **Ni deposition in
Extended Data Fig. 3.

Using the bolometric luminosity and the deposition from **Ni, we
calculate the time-weighted integrated bolometric luminosity
ET :ILtdt—IQsaNitdt, in which Qse,; is the deposition from SNi. We
note that ET = 0.1 M4R.v; is directly related to the ejected mass M,;,
progenitor radius R.and typical velocity v,;; itis dependent only on the
hydrodynamical profiles and is insensitive to the exact details of
radiation transport and CSM mass*?%; our resultis ET = (3.3 £ 0.2) x
10% erg s™. The bulk ejecta velocity is estimated® from the 15169 Fe II
line U = Uys169 504295 = 3400 £ 200 km s™ and we use four recent estimates
existing for the progenitor radius from pre-explosion data'>?****, We
derive theradius from the effective temperature and luminosity of the

. . 4 W12 . .
progenitor using R= (L/(41oT ¢&)) *~. Our constraints on the ejected
and remnant masses are presented in Supplementary Table 1.

Combining the constraint of two recent studies'>* gives an ejected
mass of 7.4 + 0.4 M,. We note that the calculated ejected mass for one
study® leaves a negative remnant mass, creating a tension between
the ejected mass estimate fromthe SN properties and their initial mass
estimate. Toreconcile the initial massimplied by the other studies>****
with the ejected-mass estimate, the progenitor probably had to either
lose alarge fraction of its mass before explosion or leave a black hole
remnant. The former option requires that the mass-loss rate of about
10"* M, year'inferred from the CSM extended wind would persist for

10*-10° years, much or most of the red-supergiant phase of the progeni-
tor star. In such a case, because X-ray examines the extent of the CSM
extended wind through the shock velocity, the SN will continue to be
X-ray bright for years.

Spectroscopy

We obtained atotal of 112 spectra of SN 2023ixf. Details the instruments
and configurations of these spectrais given in the Supplementary
information. The sequence of spectra in different phases is shown
in Extended Data Figs. 4, 5 and 7. All reduction notes are available in
the Supplementary information.

HST. Immediately following the classification of SN 2023ixf as a Type
Il event showing flash-ionization features’, less than 90 min from the
SN discovery, we initiated our disruptive HST programme GO-17205
(PIE.Zimmerman) as part of the follow-up campaign. Rapid response
and observation scheduling resulted in the first epoch of HST spec-
troscopy being obtained <50 h after the SN discovery, providing the
firstever NUV spectrum of a Type IlISN during the flash-feature phase.
Furthermore, as photometry from Swift saturated after ¢ = 2 days, the
HST spectrawere the only reliable source of UV information by provid-
ing synthetic UV photometry. This synthetic photometry validated the
readout-streak Swift photometry reduction and, thus, was the basis of
the entire SN UV light curve.

Five visits of SN 2023ixfwere carried out as planned, covering a total
of 22 HST orbits. All visitsin the programme were weighted towards the
NUYV, obtaining several orbits with the G230LB grism, but also included
coverage of the optical part of the spectrum with single-orbit expo-
sures using the G430L and G750L grisms. A full list of the programme
HST visits and exposures is shown in the Supplementary informa-
tion. Our sequence of HST spectra is presented in Fig. 1, showing a
coadded spectrum for each of our five HST programme visits. Reduc-
tion notes for the HST spectra are presented in the Supplementary
information.

The most notable CSM features in the UV spectra are the N1V A1718
and C 11112297 P Cygni profiles, with high velocities of >2,500 km s™
(Supplementary Fig. 2). Along with the strong N IV and C lll emission
linesinthe UV spectra, we find prominent line-of-sight absorption lines
of Fe lland Mg 11, as well as weaker Al lll, Zn I, Mn Il and Cr Il (seen in
Fig.1). These are known interstellar medium lines®® and are accompa-
nied by absorption lines of Ca and Na seen in high-resolution optical
spectra from the High Accuracy Radial Velocity Planet Searcher for
the Northern Hemisphere (HARPS-N). These absorption features also
appear in spectra of other Type Il SNe (see Extended Data Fig. 6), but
they are stronger in SN 2023ixf.

In Extended Data Fig. 6, we compare the photospheric features of
SN 2023ixfto other early-time UV spectraof Type Il SNe. The UV photo-
sphericfeatures of SN 2023ixf show aresemblance to those appearing
inthe early UV spectraof SN 2022wsp (ref. 37), SN 2021yja (ref. 38) and
SN 2022acko (ref. 39), suggesting some uniformity among Type II-P SNe.
Onthe other hand, the photospheric features of SN 2023ixf develop
later than in SN 2022acko, for which we have early-time NUV spectra,
and lack a strong emission feature atapproximately 1,910 A appearing
inthe early NUV spectra of SN 1999em (ref. 40) and SN 2005ay (ref. 41).
To assess the diversity of Type IISN NUV photospheric spectra, alarger
sample of early-time NUV spectra must be collected. As some uniform-
ityisobservedinatleast four recent SNe, these photospheric features
must arise from the progenitor natal chemical composition and not
from species synthesized during the SN explosion itself, whose param-
eters differ among explosions. It would thus be very informative to
examine the progenitor chemical composition by modelling these
early-time NUV spectra.

Shock velocity. To estimate the shock velocity of SN 2023ixf, we adopt
the blue-edge velocity of the broad photospheric Ha P Cygni profile.
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This velocity isreminiscent of the shock front as it represents the fastest
bulk material heading towards the observers. The photospheric velocity
has been shown to represent the shock velocity in cases in which the
mass-lossrateis lower than10 M, yearin theoretical work*2. We show
this velocity to be v, = 8,000 km s in Extended Data Fig. 7.

Narrow-line velocities. Using our sequence of high-resolution
(R=45,000) NOT/FIES spectra, we measure the velocities of the fully
resolved strongest narrow flash features, namely, Ha, HB, He 1114686,
CIVAA5801, 5812 and N IV A17109, 7123. For the Balmer lines, we also
measure the corresponding He Il n > 4 transition velocity. Our velocity
measurements are presented in Supplementary Table 2.

Depending onthe epoch, wefit different phenomenological models
to the narrow features to measure the velocity of different spectral
components. To remove the local continuum, we fit a third-degree
polynomial to the continuum (masking the line) and divide the spec-
trum by it. For the ¢ = 2.23 days spectrum, we fit a model consisting of
aLorentzian base (representing the electron-scattering wing) with
Gaussian components representing the narrow lines themselves. For
He 1114686, a blueshifted Lorentzian base is added, improving our
overallfitto this line. We interpret this blue excess as originating from
the scattering caused by the (by this epoch) ionized N 11114640, which
we have shown canbe delayed by up to ¢, inevolution. Overall, we find
all narrow lines to be consistent with velocities of about 100 km s at
this epoch. All narrow lines are shifted blueward by roughly 30 kms™,
except for Ha, which may be contaminated by M101 emission. These
fits are shown in Supplementary Fig. 1.

No clear narrow components are visible for the ¢ = 4.3 and 5.11 days
spectra. Therefore, we fit Lorentzian profiles to the flash features
(except for He 1114686 at t = 4.3 days, for which a narrow Gaussian
component is added to the fit as well). Starting from ¢ = 8.13 days, as
no other narrow features appear in the optical spectra, we only fit a
model to Ha, showing a narrow P Cygni profile. This profile is repre-
sented with aredshifted Lorentzian emission component adjacent to
ablueshifted Gaussian absorption component. To avoid introducing
asaddle mimicking the absorption component, we use a first-degree
polynomial to remove the continuum from these later spectra. These
fitsare presented as Supplementary Fig. 2. We define the P Cygni veloc-
ity to be three times the standard deviation of the Gaussian absorption
component. This corresponds to the absorption profile blue edge well
incasesinwhichthisedgeis clear and can also be measured when uncer-
tain continuum levels hinder the blue-edge measurement. A velocity
of v=2,000 km s isinferred from the mean of all four epochs. All fits
were made using the Imfit package®.

Narrow-line fluxes. To investigate the strength of the narrow lines,
we measure their flux using the sequence of medium-resolution spec-
tra. To do so, we fit a first-degree polynomial to the continuum in the
emission-line vicinity and remove it from the spectrum. We define the
borders of the nearby continuum by drawing its edge from a uniform
distribution. The emission flux is then obtained using trapezoidal in-
tegration. We repeat this process 1,000 times, drawing different edges
to the continuum, and take the mean value as the measurementand the
standard deviation as the measurement uncertainty.

The total emitted flux from He Il and Ha cannot be explained by a
singleionization event, as it corresponds to the emission of one photon
peratomby about1 M, of material. We present He Il flux measurements
inFig. 2 and the other line fluxes in the Supplementary information.

Extinction estimate. To examine the host-galaxy extinction, we adopt
established relations** between the equivalent width of Na I D absorp-
tionand extinction. We use our sequence of spectra from the HARPS-N,
which resolves the Na absorption completely. The equivalent width
is measured directly from the spectra after removing any microtel-
luric absorption, taking the mean of the first HARPS-N spectra (for

which we measure no decrease in Na component equivalent width).
The equivalent-width measurements are shown in Supplementary
Table 3. We determine E(B - V) = 0.034 mag, which we multiply by
afactor of 0.86 to correct for dust recalibration*; the final result is
E(B-V)=0.029 + 0.005 mag. Systematics dominate the uncertainty.

X-ray observations

The Swift satellite obtained several observations of SN 2023ixf at X-ray
energies with its X-ray telescope (XRT)*¢ in photon-counting mode.
We present the early X-ray increase in Fig. 2 and the full X-ray light
curveisshownin Extended DataFig. 8. The individual measurements
aresummarized inSupplementary Table 4. After aninitialincreasein
the X-rays, SN 2023ixf settles onto an X-ray plateau. As the luminosity
of a cooling forward shock is given by L =2nr?pv2, and the shock
velocity v, is only slowly decreasing (that is, staying roughly constant
at early times), a constant X-ray light curve suggests a steady mass
loss and a density profile p «< r2, in which ris the distance from the
progenitor star. We note that, at the time of writing, SN 2023ixf is still
X-ray bright. Detailed-reduction notes of the XRT data are shown in
the Supplementary information.

Summary of further studies of SN 2023ixf at the time of writing
Located in the nearby, well-known galaxy M101, SN 2023ixf attracted
notable attention from the community. In this section, we summarize
the main results published thus far.

Studies of the narrow lines. Several papers have discussed the
early-time optical flash features and their temporal progression>¥.
These studies present early flash spectroscopy of SN 2023ixf and dis-
cusstheincreaseinthe flash-featureionization (He I, NI, C1ll > Hel I,
N1V, C1V), unique to this event. Both studies also compare the early
spectrato non-local-thermodynamic-equilibrium models, reaching a
mass-loss-rate estimate on the same order of magnitude as thatinferred
by us for the confined CSM up to the shock-breakout radius of
M=2x10"? M, year . One study® finds a density of p ~ 102 g cm at
aradius of r=~10™ cm, consistent with our results. Both studies suggest
that the CSMis confined to (0.5-1.0) x 10" cm. We find that low-density
CSM extends further to explain the persistent X-ray luminosity and
narrow spectroscopic features until at least day 8.7 (C 111 12297) and
day15 (Ha). A comparison with aradiative-transfer model (rlw6b)* is
presented in onestudy as well”®, extending to the UV. Both studies also
compare SN 2023ixfto other SNe showing flash features and note the
similarity of SN 2023ixfto SN 1998S (refs. 49,50), SN 2017ahn (ref. 31),
SN 2020pni (ref. 51) and SN 2020tlf (ref. 52), all of which show
long-lasting flash features compared with most other SNe (ref. 8). We
also note that SN 2017ahn, SN 2020pni and SN 2020tIf all exhibit an
increase in their bolometric luminosity, suggesting that they experi-
ence an extended shock breakoutin a wind, similar to SN 2023ixf.
Detailed high-resolution spectroscopy of the narrow lines was pre-
sented in another study”. This showed that the narrow lines exhibit
broadening between days 2 and 4. Our high-resolution velocity meas-
urements from ¢ = 2.3 days are consistent with this result, and the
broadening of narrow lines is consistent with our results on radiative
acceleration of the CSM. We add the velocity measurements by this study
into Extended Data Fig. 9. Thiswork also discusses the possibility of the
CSMbeing asymmetric, citing the difference in blueshift between highly
ionized species and lack of narrow (approximately 100 km s™) P Cygni
profiles.In ourindependent analysis, we also observe ablueshift of the
narrow linesinthe ¢ =2.3-day NOT/FIES spectrum (see Supplementary
Fig.1and Supplementary Table 2). We note, however, that UV spectros-
copy reveals deep, narrow P Cygni profiles, unlike the optical Ha profile.

Spectropolarimetry. Early-time spectropolarimetry of SN 2023ixf was
obtained*, which observes a high continuum polarization of p,, = 1%
until day 2.5, reducing to 0.5% on day 3.5 after explosion. Thistimeline



isconsistent with our extended shock-breakout time R,,/v, = 2.5 days.
Asdiscussed in that study®, as the shock moves within optically thick
CSM, the photosphereis expected to originate from aradius at which
the optical thickness 7= 2/3. Thisis consistent with the roughly constant
radius obtained through our blackbody measurements, suggesting
that, at this radius (about 1.9 x 10" cm), the CSMis aspherical. We note,
however, that this asymmetry is only measured in layers above the
breakout radius. The sudden change in polarization between days 2.5
and3.5isalso consistent with a change in the CSM structure, which coin-
cideswiththereductionin density that we derive as the SN shock moves
from the confined CSMinto the extended wind (with the measurement
of first X-ray emission). The study also observes adepolarizationinthe
centre of the narrow He 11 14686 and Ha emission®, suggesting that
they form above the early polarized photosphere. This is consistent
with our results, showing that many of the narrow features formin
the extended wind.

X-ray and other messengers. As demonstrated through our CSM
model, X-ray and (mostly lack of) radio detections of SN 2023ixf have
been critical messengers in the mapping of CSM structure.

Two epochs of X-ray observations with the NuSTAR were previously
obtained™. Although both epochs are covered by the Swift/XRT as well,
NuSTAR provides severalimportant insights unavailable through XRT.
Both epochs fit a bremsstrahlung spectrum, with a peak at >25 and
34*Z keV, respectively, showing that the X-ray spectrum is hard. The
inferred NuSTAR unabsorbed bolometric X-ray luminosity in both
epochs of L,=2.5x10* erg s is consistent with our XRT measure-
ments, takinginto accountabolometric correction. Last, the decrease
insoft X-ray absorption between the first NuSTAR epoch (about 4 days)
andthe second epoch (about 11 days) traces the extended-wind profile
and is consistent with the decrease in density we expect after the
shock-breakout region. We adopt the mass-loss rate and densities
reported by this study as the extended-wind density.

Limits on millimetre observations of SN 2023ixf were reported as
well**, which are consistent with the high mass-loss rate we infer for
the confined CSM, but inconsistent with the lower mass-loss rates we
infer for the extended wind. NuSTAR data, however, show that lower
mass-loss rates consistent with our extended-wind model can also be
allowed by the radio data for the extended wind™,

Photometric evolution and models. A fit to a recent shock-cooling
model*for photometry startingat =1 day was shownin another study*.
As we measure the SN heating for the first 2.5 days, we find this result
tobeinconsistent with our data. Although shock cooling can describe
the unsaturated early-time Swift/UVOT photometry, itisin conflict with
the full SN light curve, including our HST dataand Swift streak photom-
etry, whichshows a prolongedincrease inall UV bands. This study also
discusses a change in the light-curve behaviour between the first day
before discovery by Itagaki and later photometry. This is consistent
with our pre-discovery P48 g-band photometry. Further discussion of
the changeinslopebetweenvery early times and the +1-day light curve
willbe presentedinafuture paper analysing more amateur-astronomer
photometry (O.Y. etal., manuscriptin preparation).

Blackbody spectral energy distribution (SED) fits to the UBVRI light
curve (that is, excluding the saturated Swift data) were performed in
another study®, reaching the conclusion that SN 2023ixf experiences
heating during the first roughly 5 days after explosion. That study there-
fore concludes that the SN goes through an extended shock breakout
in awind, consistent with our results. However, owing to the inacces-
sibility of the saturated UV light curve, the bolometric luminosity is
only sampledinthe Rayleigh-Jeans regime, causing an overestimation
ofthe luminosity rise time (by about 2.5 days) and an underestimation
ofthe SN heating (by about 16,000 K). Therefore, thisleads to the con-
clusion that the confined CSM extends much farther than our results
((3-7) x 10" cm compared with approximately 2 x 10" cm).

A multiband study of SN 2023ixf (ref. 58) presented the Swift grism
NUV observations and three epochs of photospheric (starting from
+6.9 days) FUV spectrausing the Ultraviolet Imaging Telescope (UVIT)
aboard the AstroSat satellite. The study also performed a light-curve
investigation without the saturated early-time UV data, inferring a
more extended dense CSM than our results.

Progenitor properties. Several studies have pointed out a candidate
progenitor star using pre-explosion images'>?*****° indicating that
the progenitor candidate was a RSG experiencing periodic (about
1,000 days) mass-loss episodes. Constraints on the mass-loss param-
etersfromthe progenitor IR variability and SED fits were given in several
studies®***°, This mass loss should reflect the extended wind, as the
confined CSM must have been ejected closer to the time of explosion
owing to its much larger density. The inferred CSM densities from
these studies are indeed consistent with the values we measure for
the extended wind. However, it is interesting to note that no eruptive
source has been identified for the confined CSM (below the breakout
radius) in optical®®, UV (ref. 60) or IR observations®. The IR data were
obtained merely 10 days before the explosion.

Evidence for shock breakout in awind

Blackbody fits. Starting at the first time when multiband photometry
isavailable atJD =2,460,084.42, we linearly interpolate our photom-
etryontoagrid with uniformstepsinlogtime. For each grid point, we
fit theresulting SED with ablackbody function to recover the blackbody
bolometric luminosity, radius and temperature of SN 2023ixf. We also
compare the optical-UV HST spectrato agrid of blackbody tempera-
tures and luminosities and calculate the best fit and the corresponding
uncertainties, assuming a likelihood log L = 2. Both methods are in
good agreement. We show these fits in Supplementary Fig. 3 and the
fitresultsareshowninthe Supplementaryinformation. A full bolomet-
riclight curveis shownin Extended DataFig. 3.

Compton cooling of the shock-heated wind at early times. As the
radiation-mediated shock breaks out of the dense CSM, the accelerated
ejectahit the low-density and optically thin wind, creating a collision-
less shock™™ that is mediated by collective plasma instabilities. The
average proton temperature at the shocked region'**is 7, = 0.2 MeV.
The electrons are heated by the shock passage and Coulomb interac-
tions with the protons to temperatures of 260 keV. These energetic
electrons inverse-Compton scatter on the flux of UV photons from
the underlying breakout region, suppressing the X-ray flux at early
times. Owing to the large density difference between the breakout
region and the extended encompassing wind, there are not enough hot
electronsto affect the UV-optical spectral peak substantially. Rather,
the plasma energy is carried away by EUV photons created through
inverse-Compton scattering. The spectrum will continuously harden
as the radiation flux decreases with time and distance, making this
cooling channel inefficient.

The cooling rate of a plasma with energy E,, of hot electronsat 7<1
and at atemperature Tby photons at much lower energies is given by
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in which o; is the Thompson cross-section and m.c? is the electron
rest-mass energy. Assuming £, =37, we find
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Using the observed bolometriclight curve, we calculate the cooling
rate of the plasma by the breakout burst photons at various locations
and times since the explosion. We show these results in Supplementary
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Fig.4; theyindicate that, during the first day of the explosion, Compton
coolingis notyet substantial enough to prevent X-ray emission, but no
observations exist at this time. During days ¢ = 2-6, X-ray emission is
suppressed at the collisionless shock front, but the electrons remain
hot enough to allow EUV emission. After day 6, the density decreases
and X-ray emission is no longer suppressed by inverse-Compton scat-
tering. Our results are broadly consistent with the observed He Il emis-
sion (ionized efficiently by <100-eV photons) before day 6 and the
emergence of X-rays on days 4-5. The continued presence of C 11112297
after the disappearance of He Il is consistent with the hardening of the
illuminating spectrum rather than an effect of recombination time.

Radiative acceleration
Radiative acceleration of CSM has been calculated® and shown to have
occurredin previous SNe, such as SN 2010jl (ref. 62), which—as a Type
IIn SN—showed notable interaction with its CSM environment. Here
we calculate the velocity gained by radiative acceleration at a given
radius using the time-dependent blackbody spectral luminosity that
we measured (Methods section ‘Photometry’) for SN 2023ixf.

The acceleration a spherical shell of material at T <1 experiences
owingto a fluxf, passing through itis given by

d?r 1
preaeer D ®

inwhich L, is the spectral luminosity of the internal source, u=0.7m,
is the average particle mass assuming solar mixture and o, is the total
cross-section atagiven frequency. To estimate the total cross-section,
we use an open-source opacity table® based on atomic line lists®* by
assuming CSM with a density of 10 g cm™and atemperature of 5 eV,
which would generate a thermal-electron-velocity distribution con-
sistent with the full width at half maximum of the electron-scattering
wings of the narrow emission lines observed during the first few days.
The effective cross-section owing to bound-bound and bound-free
processes dominates the effective cross-section for acceleration (but
not for diffusion) and is much larger than the Thompson cross-section.
Althoughthe CSMis notinlocal thermodynamic equilibrium with the
incomingradiation from the underlying SN, the cross-section is most
affected by bound-free interactions in the plasma. A full steady-state
solution of the fractions of different plasmaspecies is outside the scope
of this work.

InExtended Data Fig. 9, we show the velocities measured from vari-
ous narrow lines as they evolve until photospheric features emerge.
Our calculation demonstrates that, with afraction of neutral elements
achieved at5 eV, the absorption cross-section is sufficiently high to fully
explainthe observed line velocities with radiative acceleration from the
SN UV-optical emission at asingle location. The first high-resolution
spectrum capable of resolving lines with v <100 km s was taken at
t=2.3 days. Atthistime, radiative acceleration was already high enough
to dominate the observed velocity, indicating that the CSM velocity is
not measured from these features. Asaconsequence of our calculation,
we also determine the positionand radiative acceleration experienced
by shellsimmediately above the breakout region. Given sufficient time,
matter below the shock-breakout region (instead of the ejecta) would
accelerate enough to shock the matter. In our case, notable accelera-
tion does not occur before day 3. By this time, the ejecta themselves
will sweep up all matter, which can be accelerated to >5,000 kms™,
indicating that a collisionless shock had, in fact, formed above the
breakout region.

Data availability

Photometry and spectra used in this study will be made available
from WISeREP®* (http://wiserep.weizmann.ac.il/). A log of the avail-
able spectra can be found in the Supplementary information. Other

source data files are available in the Supplementary information and
Excelsheets. OPTICON observations were obtained under programme
ID OPT/2023A/001, PIE. Zimmerman.

Code availability

Relevant software sources and web locations have been provided in the
textand are publicly available. All scripts used to conduct the analyses
presented in this paper are available from the corresponding author
onrequest.
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(b) :

.

(c) 100 pc

Extended DataFig.1|Location of SN2023ixfwithin the M101galaxy.

a, Acomposite ugiimage taken by the Liverpool Telescope showing the location
of SN 2023ixfwithin the M101 galaxy. The SNis clearly seen to be very blue (the
most blue object withintheinset rectangle).Itislocated withinaspiralarmat
the outskirts of the galaxy. b, The Liverpool Telescope g-band image showing
the areamarked in the composite image. Nearby star-forming regions are

clearly seen. c, Haimage of the direct vicinity of SN 2023ixf, as marked in the
Liverpool Telescope g-band image, constructed from observations with the
integral field unit KCWI. The SN explosion site isembedded in aregion of
continuingstar formation, including diffusely distributed lower-level
star-formation activity and islands of enhanced star formation.
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Extended DataFig. 6 | Early photospheric UV spectraof SN2023ixfand
other TypellSNe. The early-time UV spectra of SN 2022wsp (ref. 37),

SN 2021yja (ref. 38), SN 2022acko (ref. 39), SN1999em (ref. 40) and SN 2005ay
(ref. 41) are presented. All spectra were taken by HST except for the SN 2005ay
spectrumobtained with GALEX. The prominent Mg 1112798 line is marked in
yellow. Its double-peaked shape is similar to that of SN 2022wsp, indicating an
Felltransition®. The broad absorptionacross1,800-2,100 A is marked as well

and arises from amix of metals. The featuresin SN 2023ixf are similar to those
of SN2022wsp, SN 2021yja and SN 2022acko, yet shifted because of different
velocity regimes. The uniformity of these features suggests that they originate
from the natal chemical composition of the exploding star. However, astrong
emission feature atroughly 1,910 A appearsin the spectraof SN 1999em and
SN 2005ay, suggesting that some diversity in SN IIUV photospheric features
existsaswell.
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