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            Abstract
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 flare1,2, 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 heating3. Early serendipitous observations2,4 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 SNâ€‰2023ixf in the galaxy Messierâ€‰101 (M101). Using the UV data as well as a comprehensive 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 a radius substantially larger than typical supergiants.
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                    Fig. 1: Early HST UV spectra of SNâ€‰2023ixf.[image: ]


Fig. 2: Early observables of SNâ€‰2023ixf.[image: ]


Fig. 3: A full mapping of the CSM structure.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Location of SN 2023ixf within the M101 galaxy.
a, A composite ugi image taken by the Liverpool Telescope showing the location of SNâ€‰2023ixf within the M101 galaxy. The SN is clearly seen to be very blue (the most blue object within the inset rectangle). It is located within a spiral arm at the outskirts of the galaxy. b, The Liverpool Telescope g-band image showing the area marked in the composite image. Nearby star-forming regions are clearly seen. c, HÎ± image of the direct vicinity of SNâ€‰2023ixf, as marked in the Liverpool Telescope g-band image, constructed from observations with the integral field unit KCWI. The SN explosion site is embedded in a region of continuing star formation, including diffusely distributed lower-level star-formation activity and islands of enhanced star formation.


Extended Data Fig. 2 UVâ€“optical light curves of SN 2023ixf.
Point spread function or aperture photometry is shown with star symbols, UVOT streak photometry is indicated using a plus symbol and synthetic photometry from HST is indicated using squares. The marker colours correspond to the band filter indicated on the left side of the figure. The error bars are of 1Ïƒ standard deviation.


Extended Data Fig. 3 Bolometric light curve of SN 2023ixf.
The black stars represent the reconstructed bolometric light curves using a blackbody extrapolation. The error bars are of 1Ïƒ standard deviation. The magenta points are the late-time bolometric luminosity reconstructed using the bolometric correction of SNâ€‰2017ahn to the uBgriz late-time pseudo bolometric light curve. The dashed red line indicates the energy deposition from the best-fit 56Ni mass (labelled in the legend; see Methods section â€˜Photometryâ€™) to the tâ€‰>â€‰90-day luminosity. Error bars are 1Ïƒ standard deviations.


Extended Data Fig. 4 The early-time spectral sequence of SN 2023ixf.
A plethora of narrow flash-ionization lines is seen in the earliest spectra, including the H Balmer series, H Paschen series, several series of Heâ€‰II (nâ€‰â†’â€‰3,â€‰4,â€‰5,â€‰6), Heâ€‰I, Câ€‰IV, Nâ€‰IV, Nâ€‰III and Câ€‰III. Lower-ionization species (Câ€‰III, Nâ€‰III, Heâ€‰I) weaken until they disappear in the optical spectra by day 2.


Extended Data Fig. 5 The early spectral sequence of SN 2023ixf after t = 6 days and until broad features appear.
All narrow lines except narrow HÎ± P Cygni disappear by day 6 in the optical. The narrow P Cygni no longer appears by approximately day 16.


Extended Data Fig. 6 Early photospheric UV spectra of SN 2023ixf and other Type II SNe.
The early-time UV spectra of SNâ€‰2022wsp (ref.â€‰37), SNâ€‰2021yja (ref.â€‰38), SNâ€‰2022acko (ref.â€‰39), SNâ€‰1999em (ref.â€‰40) and SNâ€‰2005ay (ref.â€‰41) are presented. All spectra were taken by HST except for the SNâ€‰2005ay spectrum obtained with GALEX. The prominent Mgâ€‰II Î»2798 line is marked in yellow. Its double-peaked shape is similar to that of SNâ€‰2022wsp, indicating an Feâ€‰II transition37. The broad absorption across 1,800â€“2,100â€‰Ã… is marked as well and arises from a mix of metals. The features in SNâ€‰2023ixf are similar to those of SNâ€‰2022wsp, SNâ€‰2021yja and SNâ€‰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, a strong emission feature at roughly 1,910â€‰Ã… appears in the spectra of SNâ€‰1999em and SNâ€‰2005ay, suggesting that some diversity in SNâ€‰II UV photospheric features exists as well.


Extended Data Fig. 7 Photospheric-phase spectra of SN 2023ixf.
The photospheric development of the SN is typical of Type II-P SNe. A zoom-in of the HÎ± P Cygni profile is presented in the right panel, with 8,000â€‰kmâ€‰sâˆ’1 HÎ± marked. We adopt this value as the early-time ejecta velocity.


Extended Data Fig. 8 X-ray light curve of SN 2023ixf from XRT.
The absorbed X-ray luminosity from the XRT 0.3â€“10-keV band is presented. Each point represents a binned measurement, with an error bar representing the measurement period. The relatively constant X-ray luminosity suggests an average CSM density profile Ï�â€‰âˆ�â€‰râˆ’2. The error bars show a 1Ïƒ standard deviation.


Extended Data Fig. 9 Narrow-line-velocity evolution of SN 2023ixf.
Feature velocities and appearance times for HÎ±, Heâ€‰II Î»4686, Nâ€‰IV Î»1718 and Câ€‰III Î»2297 are presented. The dashed lines show the expected radiative acceleration of stationary matter at Ï„â€‰<â€‰1, calculated from the cumulative radiated energy at different radii. We indicate the region excluded by ejecta starting at Rbo/2â€‰=â€‰0.8â€‰Ã—â€‰1014â€‰cm with a velocity of 109â€‰cmâ€‰sâˆ’1, estimated from the blue edge of the photospheric spectrum. Previous approximate measurements19 are added as well. The error bars show a 1Ïƒ standard deviation.
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