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The final fate of massive stars, and the nature of the compact remnants they leave
behind (black holes and neutron stars), are open questions in astrophysics.

Many massive stars are stripped of their outer hydrogen envelopes as they evolve.
Such Wolf-Rayet stars' emit strong and rapidly expanding winds with speeds greater
than1,000 kilometres per second. A fraction of this population is also helium-
depleted, with spectra dominated by highly ionized emission lines of carbon and
oxygen (types WC/WO). Evidence indicates that the most commonly observed
supernova explosions that lack hydrogen and helium (types Ib/Ic) cannot result from
massive WC/WO stars??, leading some to suggest that most such stars collapse
directly into black holes without a visible supernova explosion*. Here we report
observations of SN 2019hgp, beginning about a day after the explosion. Its short rise
time and rapid decline place it among an emerging population of rapidly evolving
transients® 3, Spectroscopy reveals a rich set of emission lines indicating that the
explosion occurred within a nebula composed of carbon, oxygen and neon. Narrow
absorption features show that this material is expanding at high velocities (greater
than 1,500 kilometres per second), requiring a compact progenitor. Our observations
are consistent with an explosion of a massive WC/WO star, and suggest that massive
Wolf-Rayet stars may be the progenitors of some rapidly evolving transients.

The Zwicky Transient Facility (ZTF)® first detected SN 2019hgp
(ZTF19aayejww) located atJ2000 right ascensiona=15h36 m12.86 s
and declination 6 =36° 44’ 00.5” in r-band images obtained starting
2019 June 8.2422 UTC, about 1.1d after the estimated explosion time
(see Methods section ‘Detection of SN 2019hgp and its estimated explo-
sion time’). We promptly obtained a spectrum of this object (Fig. 1),
which is unique, dominated by highly ionized emission lines of car-
bon and oxygen, and lacking prominent lines of both hydrogen and
helium. Its redshift is consistent with that of the nearby host galaxy
(z=0.0641+0.0002). A rapid follow-up campaign was triggered™
and we collected densely sampled optical and ultraviolet (UV) pho-
tometry and spectroscopy (see Methods sections ‘Photometry’ and
‘Spectroscopy’). The object rapidly rose to maximum brightnessin r:

<9.5 dcomparedtotypically15 dformosthydrogen-deficientsupernovae
(SNe)® (Fig. 2), placing it among rapidly evolving transients (RETSs).

A bolometric light curve derived from our photometry (Methods
section ‘Spectral energy distribution evolutionand extinction’) is plot-
tedin Fig. 3. It demonstrates the vivid contrast between the rapid rise
and decline of this event and the much slower evolution of a typical
hydrogen-poor supernova (SN). Comparing the light curve to models™
using Tigerfit (Methods section ‘Modelling the observations’), we find
(Fig.3) that our early photometric data cannot be explained by models
based on energy release from freshly synthesized radioactive **Ni
(ref. ), as is commonly assumed for H-deficient (type I) SNe*>™,
Instead, simple models based on interaction” between the expanding
ejectafromthe explosion and a distribution of circumstellar material
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Fig.1|Spectraof SN 2019hgp are dominated by carbon, oxygenand neon.
High-quality spectraof SN 2019hgp obtained with Gemini/GMOSonlyldand3d
after explosionare analysed using a previously published method?, with all lines
above 30% of maximumintensity marked. The first spectrumisimpacted by slit

(CSM)fit the data well, and indicate an explosion emitting a total radi-
ated energy of E,,4 = 0.11 x 10* erg, and a compact progenitor with a
pre-explosion radius of R« =4.4 x 10" cm. The properties of the ejecta
are a total mass of M,;= 1.2M,, with an opacity of k = 0.04 cm*g™, as

losses bluewards of4,400 A and its continuum was artificially made similar to
that of the high-quality spectrum obtained 2 d later. Almost all features are
clearly associated with high-ionization transitions of C, O and Ne. In particular,
strong features of ionized He around 4,686 Aand 5,411 Aare not seen.

expected for C/O mixtures'. The total CSM mass required is
Mcsy = 0.2M_; the mass-loss rate is M = 0.004M®yr’1 ,expanding ata
velocity of v, =1,900 km s, We obtained an extensive series of spec-
tra of SN 2019hgp (Extended Data Figs. 1-3). Our initial data revealed
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Fig.2|SN 2019hgpis arapidly rising, fairly luminous transient. Among
H-poor SNe (thatis, excluding type 11 SNe, red dots), its location on the
rise-luminosity diagram (see Methods section ‘Photometry’ for the rise-time
derivation) is similar to those of the type Ibn events (cyan) and differs from
those of all other classes. The object shares asimilar phase-space location with
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well observed RETs (RETs, black circles; RETs with spectral similarities to SNelc
andIb, green and magenta filled circles, respectively; asample of RETs that lack
spectroscopic classification, open black symbols with duration uncertainty
noted as error bars). See Methods section ‘Data onrise times of various
transient source classes’ for additional details and datasources.
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Fig.3| Thebolometric evolution of SN 2019hgp shows rapid cooling from
aninitial hot phase. Two weeks post-explosion the spectral energy
distribution (SED; Extended Data Fig. 4) is well described by blackbody curves,
and theinferred blackbody radii (inset) indicate an expansion velocity of
approximately 9,900 km s™. A clear blue excess above the best-fit blackbody
SED appearsaround day 15 (Extended DataFig. 4); blackbody parameters

ahitherto unobserved rich set of emission lines that persist for about
20 d. Lineidentification shows that these arise fromanebula composed
of carbon, oxygen, and neon, with no obvious trace of hydrogen or
helium (Fig. 1). We could find no similar spectra among thousands of
previously reported observations of explosive transients. Some of the
strongest spectral lines present a clear P Cygni profile,acombination
of absorption and emission from an expanding nebula, commonly seen
in spectra of massive stars embedded in thick winds. From our best
data we measure a wind expansion velocity greater than 1,500 kms™
(Fig. 4), typical of Wolf-Rayet (WR) stars. Observationally, WR stars
arebroadly categorized into WN stars (showing strong spectroscopic
features of He, N and sometimes H) and WC stars (exhibiting features
of Cand O, but not of H or He). The spectra of SN 2019hgp therefore
indicate a CSM nebulasimilar to those of WR stars of the WC family. An
expansion velocity of approximately 2,000 kms™, as indicated by our
light-curve modelling, is consistent with the spectra (Fig. 4).

The final fate of WR stars is an open problem in astrophysics. Basic
considerations suggest that all stars above a cut-off initial mass of
(8-10)M,, including WRsstars, should at the end of their lives fuse their
core material toinertironand undergo core collapse”. For many years,
WR stars were considered natural candidate progenitor stars for SNe
oftypes Iband Ic — stellar explosions that do not exhibit signatures of
hydrogen (type Ib) or even helium (type Ic)'s. However, several lines of
evidence suggest that the observed population of SNe Ib/c cannot arise
solely from massive WR stars*™*,

Our observations suggest that SN 2019hgp did arise from anexplosion
of amassive star that had very similar properties to those of a WC-type
WRsstar. The rapid rise and decline of the light curve imply that the total
ejected mass was small (about 1M, if we adopt the simple CSM model;
Methods section ‘Modelling the observations’). If so, a WC progenitor
star within the observed mass range of this class (9M,-16M,)' suggests

oo (restframe days)

(radiusand temperature) are less reliable after that date. The light curveis well
fit by models of CSMinteraction (solid blue); radioactive models (dashed red)
cannotfitthe peak dataevenifthe entire ejectaare composed of **Ni, whichiis
ruled out by the spectra (Extended Data Figs.1-3). Ascaled light curve (black)
of the well observed rapidly declining type Ic SN 2007gr*° is shown for
comparison. Standard 1o error bars marked.

that the remnant of the explosion must have been ablack hole, as the
ejectaaretoo light to carry the excess mass above that of aneutronstar.
However, this tentative conclusion is subject to at least the following
two caveats. First,aperiod of enhanced mass loss asindicated from our
modelling, with a mass-loss rate that is greater than 100 times above
the typical values for WR stars!, occurring prior to explosion, may have
greatly reduced the pre-explosion total mass of the progenitor star.
Second, the ejected mass is estimated using rather simple spherical
models (see Methods section ‘Modelling the observations’), and inany
case cannot account for ‘dark’ mass that cools rapidly after explosion
andisnotenergized by radioactivity or CSMinteraction. Acombination
of'such caveats may substantially reduce the apparent gap betweenthe
derived ejecta mass and the estimated pre-explosion progenitor mass.

SN 2019hgpisincluded in the ZTF Bright Transients Survey (BTS)®"
and its first spectrum was sufficient to identify its unique nature
(Extended Data Fig. 1); we can therefore estimate from having but a
single eventinthis survey that similar events comprise a smallfraction
of the total core-collapse SN rate, of order 107,

Of particular interest is the detection of Ne 111 lines. Such lines
have not been observed before in the context of material stripped
off an evolved star (rather than as trace elements within a nearly
solar-composition wind). The neon observed here was probably the
nucleosynthetic product of the same processes that formed the C/O
layer, and is therefore probably dominated by °Ne; further study of
these data may illuminate the formation process of cosmic neon.

WR stars of the WN type have previously been proposed as progeni-
tors?*22 of a subset of transients (type Ibn supernovae)***?* that,as a
class, show the most rapidly evolving light curves among all SNe%**
(Fig.2),and whose spectraindicate that the progenitors must have been
richinHe (and sometimes also show traces of H)**%, Combined with
our present observations, this suggests an emerging picture in which
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Fig.4|SN 2019hgpisembeddedinarapidly expanding nebula. Absorption
fromtwice-ionized carbonin our early-time spectraindicates aline-of-sight
expansion velocity of the nebulasurrounding SN 2019hgp with ablue edge
extendingatleast outto1,500 kms™ (blue), and potentially t0 2,000 kms™

WR stars can explode as SNe appearing as RETs (instead of as typical SNe
withlonger rise and decline times); WN stars may end their lives as SNe
Ibn?, and WC stars may be the progenitors of events like SN 2019hgp?*%
that require a new spectroscopic class—type Icnis the clear choice®,
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Methods

Summary of observations

Our photometric observations are provided in Supplementary Table1,
shownin Extended DataFig. 5, and discussed in Methods section ‘Pho-
tometry’ below. Spectroscopic data are presented in Extended Data
Figs.1-3, and details about the observational setups are provided in
Supplementary Table 2 and Methods section ‘Spectroscopy’.

Detection of SN 2019hgp and its estimated explosion time

SN 2019hgp was first detected by ZTF**' located atJ2000 right ascen-
siona=15h36 m12.86 s and declination § = 39° 44’ 00.5”, with an
estimated positional uncertainty of 0.44” compared to Gaia®, in an
r-band image obtained with the ZTF camera® onJD 2,458,642.7422
(2019 June 8.2422 utc), about 1d after the last nondetection by the
same instrument. The ZTF image-processing pipeline® generated an
alert based on image subtraction® with respect to a reference image.
Thealert was picked up by our custom ‘infant supernovae’ filter* run-
ning on the ZTF Growth Marshal system®. It was identified by a duty
astronomer (R.B.) and follow-up observations were promptly trig-
gered using our standard methodology™. The object was reported
to the IAU Transient Name Server (TNS; https://wis-tns.weizmann.
ac.il/object/2019hgp) on June 10, 2019°® and was allocated the name
AT 2019hgp. Forced photometry analysis performed at the SN loca-
tion using custom methodology® recovered prediscovery signal in
stacked r-band images obtained during the night prior to observation
(Extended DataFig. 6).

To estimate the explosion time, we fit low-degree polynomials to
our well observed r-band light curve and adopt the mean and standard
deviation of these fits (2019 June 7.1 + 0.2 UTC) as an estimate for the
explosion time and its uncertainty (Extended Data Fig. 6). All times
reported in this paper are with respect to this explosion time, z,,,.

Photometry

ZTF gri photometry obtained with the ZTF survey camera was pro-
cessed with the ZTF image reduction pipeline3* using the ZOGY
image-subtraction method®. We obtained additional ugri photometry
with the robotic 60-inch telescope at Palomar (P60)*°, using the Spec-
tral Energy Distribution Machine (SEDM)*, extracting PSF photometry
from image subtraction against SDSS templates using FPipe*2. Addi-
tional ugrizphotometry was obtained using the 10:0 camera mounted
onthe 2-m Liverpool Telescope (LT) and reduced using the telescope
standard software followed by our custom subtraction pipeline based
on FPipe.

Photometry was also obtained using GTC/OSIRIS as part of our
spectroscopic campaign. We obtained GTC photometrying’, r/,i’ and
2’ during the same night. The data were analysed using the OSIRIS
Offline Pipeline Software (OOPS) version 1.4.5 (http://gtc-osiris.
blogspot.com/2012/10/the-osiris-offline-pipeline-software.html)
that uses standard routines in IRAF to de-bias and flat-field the
images. We then solved the astrometry using stars from GAIA DR2
using the software package Gaia version 4.4.6 (http://starlink.eao.
hawaii.edu/starlink/2015ADownload). We performed aperture
photometry usinga custom tool* available from https://github.com/
steveschulze/Photometry. Once an instrumental magnitude was
established, it was photometrically calibrated against the brightness
of several standard stars measured in a similar manner and tied to
the SDSS DR8*.

SN 2019hgp was also observed with the Ultra-Violet/Optical Tele-
scope (UVOT)* onboard the Neil Gehrels Swift Observatory*®. Observa-
tionsbegan 8.1 hafterthe ZTF discovery. The UVOT data were retrieved
from the NASA Swift Data Archive (available at https://heasarc.gsfc.
nasa.gov/cgi-bin/W3Browse/swift.pl) and reduced using standard
software distributed with HEAsoft version 6.19 (available at https://
heasarc.nasa.gov/lheasoft/), using the recently revised calibration.

Photometry was measured using uvotmaghist with a3”radius circular
aperture. To remove the host contribution, we obtained a final epoch
inBand Von 2 and 3 August 2019 and used archival data in w2, m2,
wland Uthat were obtained between 2007 and 2008. We built a host
template using uvotimsum and uvotsource with the same aperture
used for the transient. We then numerically subtracted the host flux
from the transient light curve.

Extended Data Fig. 5 shows the observed light curves, and all pho-
tometry is listed in Supplementary Table 1. All photometry has been
corrected for Milky Way foreground extinction according to £(B-V) =
0.019 mag?, and assuming a negligible host extinction (Methods
section ‘Spectral energy distribution evolution and extinction’).
We assume a standard ACDM cosmology*® with Q,,=0.27,Q,=0.73
andH,=70 kms™*Mpc™.

Rise time. Estimation of the object r-band rise time is complicated as
thelight curve shows low-level undulations around peak. To estimate
the r-band peak date we use what we consider to be our most reliable
dataset (forced-photometry observations from the ZTF P48 wide-field
camera), binned to1-day bins. These observations show two apparent
peaksat 6.15 dand 9.15 d restframe days from our estimated explosion
date, with the second peak being slightly more luminous (-18.58 mag
and -18.64 mag, respectively). Smooth rise and decline precede and
follow these two peaks so we consider the date of the peak to be securely
within this range. We plot both values in Fig. 2.

Pre-explosion limits

Inaddition tothe limits fromthe supernovadiscovery observing season
listed in Supplementary Table 1, the field was observed by PTF, iPTF
and ZTF a number of times prior to the discovery of the supernova.
Pre-explosion limits exist for the following date ranges: 13-19 May and
5July2009;18 March-13 June 2010;1-2 March 2011;1 February-20 June
2013; 19 March-28 May and 20 December 2014; and 5-26 June 2015.
Allupper limits are in r-band except for 1-2 March 2011 and 5-26 June
2015, which are g-band. Typical nightly upper limits are between
20.5-21.5 mag, thatis, constraining pre-explosion eruptions with peak
absolute magnitudes of -17.5to0 -16.5 mag. Within the 2.5 years before
the SN explosion ZTF observed its position 915 times in 194 different
nights. When combining observations in 7-day-long bins* we can rule
out eruptions brighter than an absolute magnitude of -15.5in the g
or rband during 20% of the duration of ZTF (corresponding to 56%
of the periods with observations). As these limits are brighter than
some of the precursors detected prior to SNe of types IIn and Ibn so
far***-! we cannot put strong constraints on the eruptive history of
the progenitor of SN 2019hgp.

Spectral energy distribution evolution and extinction

Using our well sampled photometry of SN 2019hgp extending from
the UV to the nearinfrared (IR) (Supplementary Table 1and Extended
DataFig. 5), we can trace the spectral energy distribution of the event
(SED; Extended DataFig. 4) and its evolution with time, and construct
the bolometric light curve (Fig. 3). To calculate the bolometric light
curve from our UV-IR photometry, we fit a blackbody curve to each
epoch, and integrate the flux enclosed within the wavelength range
covered by our photometry (typically extending from the Swift UVW2
tothezband). During epochs where the data are well fit by ablackbody,
we adopt the total integrated blackbody luminosity as the bolomet-
ric value. In later epochs we detect a UV excess above the blackbody
curves (Extended Data Fig. 4); and we therefore estimate the bolometric
luminosity using the integrated observed flux with UV and IR correc-
tions calculated by integrating under the blackbody curves outside of
the range covered by our data. We note that any UV excess above the
blackbody curve bluewards of the Swift bluest band (UVW2) cannot
be accounted for, and in these later epochs our adopted bolometric
values are therefore lower limits.


https://wis-tns.weizmann.ac.il/object/2019hgp
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http://starlink.eao.hawaii.edu/starlink/2015ADownload
https://github.com/steveschulze/Photometry
https://github.com/steveschulze/Photometry
https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/swift.pl
https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/swift.pl
https://heasarc.nasa.gov/lheasoft/
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The bolometric evolution of SN 2019hgp shows rapid cooling froman
initial very hot phase (7= 30 kK; Fig. 3), rarely observed before. During
the initial two weeks, the SED (Extended Data Fig. 4) is well described
by blackbody curves withtemperatures coolingto~10 kK on day 15; the
inferred blackbody radii (Fig. 3; inset) indicate a photospheric expan-
sion velocity of 9,900 km s™. The appearance of a UV excess beyond
this time, as well as the spectroscopic evolution (Methods section
‘Circumstellar emission in other SN types’ and Extended Data Fig. 7),
all suggest adominant contribution frominteraction during the later
phases, with the relevant CSM located at radii >10" cm.

Extinction. SN 2019hgp exploded at the outskirts of its host (Extended
DataFig. 8 and see Methods section ‘Host galaxy’), does not show evi-
dence for narrow NaD absorption at any phase, andisinitially very blue,
indicating that the host extinction of this object is unlikely to be large.
We therefore assume throughout the paper no extinction at the host.

We canuse our early datatoinvestigate the range of allowed extinc-
tionvalues. Fitting our first epoch optical-UV SED, we find that the data
are well fitassuming negligible extinction, but allow higher extinction
values (indicating of course a higher blackbody temperature; Extended
DataFig. 9). Regardless of the extinction law parameters (Galactic,
LMC or SMC curves, and the value of R,), the maximal extinction val-
ues allowed are E;_, = 0.15, requiring an initial temperature as high as
~100 kK (Extended Data Fig. 9).

Spectroscopy

We obtained atotal of 33 spectra of SN 2019hgp, taken with the instru-
ments listed in Supplementary Table 2. The sequence of spectra is
shown in Extended Data Figs. 1-3. All spectra will be made publicly
available through the Weizmann Interactive Supernova Data Reposi-
tory (WISeREP; https://www.wiserep.org/object/12504)%.

P60/SEDM. The Spectral Energy Distribution Machine (SEDM)**?is
anintegral field unit spectrograph with a low resolution of R = 100
mounted on the 60” robotic telescope (P60)*° at Palomar observa-
tory. It is primarily used to rapidly vet SN candidates discovered by
the ZTF survey and the first spectrum of SN 2019hgp was obtained by
the SEDM only 4.3 hafter the SN was detected. SEDM data are reduced
automatically>*.

GMOS/Gemini. After the initial SEDM spectrum, a higher-resolution
spectrum was obtained with the Gemini Multi-Object Spectrograph
(GMOS)* mounted on the Gemini North 8-m telescope at the Gemini
Observatory on MaunaKea, Hawaii. Two 900-s exposures were obtained
with the B600 grating and with central wavelengths of 520 nm and
525 nm, respectively, to cover the chip gap. The same setup was used
for the second Gemini spectrumon 2019 June 10. The GMOS data were
reduced using the Gemini IRAF package version 1.1.14.

LT/SPRAT. The Spectrograph for the Rapid Acquisition of Transients
(SPRAT)*®is a high-throughput, low-resolution spectrograph mounted
on the Liverpool Telescope (LT)*, a 2-metre robotic telescope at the
Observatorio del Roque de Los Muchachos in Spain. LT spectra of
SN 2019hgp were reduced using the standard pipeline provided by
the observatory.

NOT/ALFOSC. We observed the object with the Alhambra Faint Object
Spectrograph and Camera (ALFOSC) mounted on the 2.56-m Nordic
Optical Telescope (NOT) based at the Roque de los Muchachos Obser-
vatory. The spectra were reduced in a standard way, which includes
wavelength calibration through anarclamp, and flux calibration using
aspectrophotometric standard star.

HET/LRS2. We also obtained optical spectra of SN 2019hgp with the
Low Resolution Spectrograph 2 (LRS2)*® on the 10-metre Hobby-Eberly

Telescope®. LRS2 hasblue (LRS2-B) and red (LRS2-R) arms; each arm s
adual-armspectrograph. The UV and orange arms on LRS2-B cover the
spectral ranges of 3,700-4,700 A with a resolving power of R =1,900,
and 4,600-7,000 Awith R=1,100, respectively. The two arms of LRS2-R
cover 6,500-8,420 A and 8,180-10,500 A, both with a spectral resolv-
ing power of R=1,800. Eacharmis fed by separate 12 arcsec x 6 arcsec
integral field units (IFU)®®. The three first HET spectra of SN 2019hgp
were obtained with the blue arm only, and both arms were used se-
quentially for the two later spectra. The red arm data were not useful
during thelastepoch.

The LRS2IFU datawere reduced with self-developed IRAF and Python
scripts. Fibre-to-fibre transmission variations were corrected with twi-
light flat-field frames obtained during the same night. Spectra obtained
with the LRS2-B and LRS2-R were wavelength-calibrated based on the
spectraof HgCd and FeAr lamps, respectively. For each epoch of obser-
vation, a mean sky spectrum was constructed by median combining
the flux of all fibres after a3o clipping procedure. Flux calibration was
carried out each night by observing spectrophotometric standard stars
atsimilar airmasses. Finally, we corrected for the telluric lines using a
mean spectrum constructed from observations of telluric standard
stars.

WHT/ACAM. One spectrum was obtained with the single slit
Auxiliary-port CAMera spectrograph (ACAM)*° mounted on the 4.2-m
William Herschel Telescope (WHT) at the Observatorio del Roque de
los Muchachosin LaPalma, Spain. The ToO was obtained as part of the
Optical Infrared Coordination Network for Astronomy (OPTICON)
programme. The spectrograph has an approximate resolution of
R=400and spectral datawere reduced using standard IRAF routines.

LDT/Deveny/LMI. Spectroscopy was obtained with the DeVeny Spectro-
graphonthe4.3-mLowell Discovery Telescopein HappyJack, AZ, USA
(LDT, formerly the Discovery Channel Telescope or DCT)®*? on 2019
June 22. The LDT spectrum (PI: S. Gezari) was obtained with a 1.5”-wide
slit and taken in two 450-s exposures with the 300 g mm™ grating.
We reduced the spectrum with standard IRAF routines, stacking the
exposuresinto asingle two-dimensional science frame, and corrected
for bias and flat-field before extracting the one-dimensional spectrum.
The spectrum was wavelength-calibrated by comparing with spectra
of HgNeCdAr arclamps, and flux calibration was performed using the
standard star Feige 67.

P200/DBSP. The Double Beam Spectrograph (DBSP)®* is mounted on
the 5-m Hale telescope at Palomar Observatory (P200). The two spectra
were obtained witha 600/4,000 grism on the blue side and a316/7,150
gratingontheredside, yieldingaspectralresolution of R=1,000. The
datawere reduced with the pyraf-dbsp pipeline®*.

Keck/LRIS. Two spectra of the fading SN were obtained with the
Low-Resolution Imaging Spectrometer (LRIS)® mounted on the Keck-1
10-mtelescope at the W. M. Keck Observatory in Hawaii. The data were
reduced with the LRIS automated reduction pipeline Lpipe®.

GTC/OSIRIS. We used the 10.4-m Gran Telescopio Canarias (GTC), situ-
ated ontheisland of La Palma, Spain, to obtain late-time spectroscopy of
SN 2019hgp. Director Discretionary Access to the facility was most kind-
ly granted and proved critical as at that time all facilities on top of Mauna
Keawere shutdown. The spectrawere obtained with the OSIRIS instru-
ment (Optical System for Imaging and low-Intermediate-Resolution
Integrated Spectroscopy) using the grisms RI00O0OB and R1I000R, with
an exposure time of 3 x 1,400 s in each grism. The observations with
the two arms were performed in two consecutive nights (29 and 30]July,
respectively) and the spectrawere co-added to produce asingle spec-
trum covering the wavelength range 3,600-10,200 A. Allspectrawere
reduced and calibrated using custom-made pipelines, based on IRAF.


https://www.wiserep.org/object/12504

Redshift. During our first Gemini observations (1.4 d after explo-
sion; Supplementary Table 2) we extracted a spectrum of both the
transient and the nearby potential host galaxy, for which there was
no catalogued redshift information. We measure a host redshift of
Zhost = 0.0641+£ 0.00001, where the error represents only the statistical
error fromthe scatter of values obtained from fitting individual strong
lines (HP, O 111114959, 5007A, He 115876 A), weighted by the line error
measurements. Measuring the transient redshift from the same data
using the strongest isolated lines of C 111 (15696A) and O 111 (15007A)
we find a value of ziene = 0.0638 £ 0.00001. Comparing the transient
redshift values measured from Gemini data obtained on two different
epochs (1and 3 days after explosion), we estimate these values have
an additional systematic uncertainty of Az=0.0002. The measured
velocity offset between the transient and its host (Az=0.0003;
v =90 km ™) is well within the velocity distributions of stars within
galaxies. Since the transientis also superposed on a diffuse component
ofthe apparent host (Extended Data Fig. 8), we consider the association
ofthe transient with the host to be secure. Since the transient emission
might be shifted by the intrinsic bulk velocity of the expanding mate-
rial, we adopt the host redshift when we calculate the distance to this
event; the slight offsets above have, in any case, negligible impact on
our calculated results.

Early emission-line phase. The early spectra of SN 2019hgp (days 1-6,
Extended Data Fig. 1) show a hot, blue continuum consistent with the
hotblackbody fits (Extended Data Fig. 4) on which numerous emission
lines are superposed. Analysis of our high-resolution spectra (Fig. 1)
show that the emissionis dominated by highly ionized carbon, oxygen
and neon. Helium (or hydrogen) lines are not obvious inany spectrum,
making this object remarkably different from any previously observed
transients.

The dominance of carbon and oxygen, along with the low expansion
velocity determined from the P Cygni absorption features (Fig. 4)—
which is substantially below the photospheric expansion velocity
estimated from our blackbody fits (Fig. 3, inset)—suggests that the
emission lines come from a unique distribution of CSM surrounding
the exploding star. The apparent composition, lacking strong lines
of hydrogen and helium, is similar to that expected from WR stars of
types WC and WO.

Focusingonthe presence of He 11in particular, we note that the peak
of the emission bump seen near the location of He 11 15411A is offset
by about 10 A with respect to the expected wavelength, making the
association of this feature with He 11 uncertain. The strongest line of
He 11in the visible range, 146864, is blended with the red wing of the
strong C 111 line at 14650A. To further test whether He 11 contributed to
thisarea of the spectrum, we modelled the observed spectrumin this
regionwith aP Cygni profile of C 111, composed of a Lorentzian emission
profile with ablueshifted Gaussian absorption feature (Extended Data
Fig.10). We then tested whether introducing an additional Lorentzian
emission component at the wavelength of He 1114686A is favoured in
ax’sense. Ouranalysisindicates that this isindeed the case (Extended
Data Fig. 10), but that both models provide a reasonable description
of the data. We conclude therefore that although our spectra do not
show obvious evidence for He 11 emission, the presence of thision is per-
mitted by our observations. This is consistent with the spectroscopic
analysis of WC stars®” where models that include 55% He by mass fit the
spectra well, with only marginal emission from He 1115411A and with
the He 11 14686A blended into the strong C 111 complex, as we see.
Asforthe presence of hydrogen, spectroscopic series of hydrogen-rich
supernovae of type I1°7° show ubiquitous strong emission lines of
hydrogen. For example, observations of SN 2013fs” covering a very
broadrange of temperatures and obtained during similar phases after
explosion, always show strong Ha emission. We therefore consider it
unlikely that there is hydrogen in this event.

Late emission-line phase. About six days after explosion, the strong
emissionlines of C 111and O 111 have largely disappeared (Extended Data
Fig.2,top) and aset of emission lines of lower ionization species appear,
initially of C 11 and later, around day 10, of O 1. One would expect the
oxygen populationto go through aphase dominated by O 11, and indeed
afeature reminiscent of the W-shaped O 11 complex seen in SLSNe-I"?is
seeninthe P60 + 6.9 d spectrum. However, higher-resolution spectra
obtained before and after that spectrum resolve those features into
residual absorption from O 111 and C 111. It would therefore seem that
SN 2019hgp did not go through an O 11-dominated phase. The spectra
obtained around 12-15 days are quite featureless, although of lower
signal to noise. By day 19.3 (Extended Data Fig. 2, bottom), strong,
broad photospheric features appear, marking the transition of the
objectinto the photospheric phase.

Photospheric phase. At19.3 d post explosion, broad features emerge
with P Cygni profiles (Extended Data Fig. 3). The implied velocities
are noticeably higher than previously seen—for example, the strong
0117774A line shows a two-component absorption structure with
the narrow and broad components showing blue edges extending
to~2,500 km s (similar to previously seen line velocities; Fig. 4) and
~12,000 km s, respectively. The velocities of the emerging broad com-
ponents are similar to those deduced from the photospheric expansion
(Fig. 3, inset). Initially, sharp, narrow emission spikes of C1,C11and O 1
aresuperposed onthe broader features, but those disappear by day 27.4
(Extended DataFig. 3, bottom) and the spectrum evolves to resemble
that of spectroscopically normal type Ic SNe around peak. Comparison
withaspectrum of SN 2017gr around peak” (Extended DataFig. 3, bot-
tom) shows that most line features agree, but several differences are
also apparent, especially in the area 5,000-7,500 A. Many of the line
features of SN 2019hgp are noticeably narrower, and in some cases
much weaker (for example, the Ca 11 H+K feature).

Totest the contribution to the spectrum from He [ lines (and thus the
spectroscopic classification of the object) we undertake modelling of
the 27.4-d spectrumusing the SYNOW™ code; our results are shownin
Extended DataFig.11. As can be seen there, this analysis does not sup-
port the contribution of He 1 to the spectrum, suggesting a late-time
classification of SN Ic for this object, as alsoindicated by the similarity
to SN 2007gr. We stress that we use SYNOW modelling for line identifi-
cation and verification only, given the many simplifying assumptions
underlying this code, such as spherical, homologous expansion and
resonant scattering line formation above a sharp photosphere that
emits a blackbody spectrum™. In particular, elemental abundances
or relative mass fractions cannot be determined using this approach.

Recent analysis of SNe Ibn” suggests that the emission and absorp-
tion P Cygni components of He I transitions can vary with time and
depend on the physical properties of the emitting gas. It may require
amore sophisticated modelling to determine how much helium is
allowed by the spectra we have obtained, however, we note that the
reported analysis” shows that for the transition in question (16678A),
the emission component, which we do not observe, grows stronger
with time. We conclude that our data do not present strong evidence
for helium during the photospheric phase.

Nebular spectrum. We have attempted to obtain anebular spectrum
ofthisrapidly fading transient 52.8 d after explosion using the GTC. The
object was very faint at this time (Extended Data Fig. 5) and the object
was setting, limiting the duration of our exposures. We have been able
to extract the signal from the combined exposures spanning the wave-
length range shownin Supplementary Fig. 4; areas outside of this range
are very strongly affected by skylines. The spectrum shows several
broad emission features (for example, a velocity width 0f 10,000 km s™
for Na1D) that coincide withcommonly observed nebular lines of Ca,
Mg, Na and O. Narrow Ha from the underlying host is also observed.
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Weak absorption features are stillapparent for Na 1D and Mg 1]14571A
suggesting perhaps that the emission is not purely nebular.

X-ray observations

We monitored the field with the Swift X-ray telescope (XRT)” concur-
rently with the UVOT observations. We built Swift/XRT data products
using the Build XRT Products web service at http://www.swift.ac.uk/
user_objects, which employs the methods described in refs. 7778, The
count-rate light curve was built using the binning modes ‘Time’ and
‘Counts’ with default parameters.

Swift XRT recorded no X-ray emission during the entire campaign.
The3olimitonthe countrate for the entire periodis 6.1 x 10™* counts s™.
The count-rate limits on the individual epochs are ~0.11 counts s™ in
100-s bins. We used WebPIMMS (https://heasarc.gsfc.nasa.gov/cgi-bin/
Tools/w3pimms/w3pimms.pl) to convert the count-rate limit of the
stacked data into a flux limit. Assuming synchrotron radiation with
aphoton index of 2, a Galactic absorption” of N,(H) =1.61 x 10*° cm?
and no host absorption, the absorption-corrected flux is <2.2 x 10™
ergcm™s™ between 0.3 and 10 keV for the entire period. This corre-
sponds to a luminosity of <2.2 x 10" erg s between 0.3 and 10 keV at
z=0.0641.

We compare our X-ray data to similar observations of other RETs.
We use a recently presented sample®® and augment it with observa-
tions of CSS161010%, iPTF14gqr®?, SN 2019dge®, SN 2018gep®* and
AT2020xnd (ZTF20acigmel)®. All Swift XRT data are analysed as
detailed above, whereas Chandra observations of CSS161010 are con-
verted to the same scale assuming a power law spectrum withindex 2.
Our results are plotted in Supplementary Fig. 5. Only two objects
(CSS161010 and AT2018cow) are detected in X-rays. Our observations
would have detected an X-ray emission similar to that of AT2018cow
from SN 2019hgp (and several other RETs), but the sensitivity of the
observations and the range of observing time is such that we cannot
exclude that any other RET in our sample, including SN 2019hgp, has
asimilar X-ray luminosity to that of CSS161010.

Inthe context of interacting SNe, our upper limits constrain the X-ray
luminosity to be 1-3 orders of magnitude below the bolometric peak
(lying initially in the UV and moving through the visible toward the IR
with time). Such a ratio of X-ray to optical/UV luminosity was meas-
ured for other interacting SNe (for example, type IIn SN 2010j1*** and
type IbnSN2006jc®%) where the X-rays were actually detected. Lacking
astandard comprehensive model for SN CSMinteractionitis difficult
to provide additional interpretation of the X-ray data without custom
modelling, which is beyond the scope of this work, except to say that
variants of literature models that fit other interacting events could
also be applicable for SN 2019hgp.

Host galaxy
SN 2019hgp exploded next to ananonymous star-forming galaxy desig-
nated as WISEA J153613.08+394357.2 in the NASA Extragalactic Database
(NED). As shown in Extended Data Fig. 8, the SN exploded on top of a
diffuse extension of the main body of the galaxy, possibly aspiralarm.
Weretrieved science-ready coadded images from the Galaxy Evolu-
tion Explorer (GALEX) general release 6/7%, the Sloan Digital Sky Survey
datarelease 9 (SDSS DR 9)%°, and preprocessed Wide-field Infrared
Survey Explorer (WISE) images® from the unWISE archive®. The unWISE
images are based onthe public WISE dataand includeimages fromthe
ongoing NEOWISE-Reactivation mission R3%*°*. In addition to this,
we use the UVOT observations that were obtained either before the
explosion of SN 2019hgp or after the SN faded. The brightness in the
UVOT filters was measured with UVOT-specific tools in the HEAsoft
version 6.26.1. Source counts were extracted from the images using
aregion of 10”. The background was estimated using two circular
regions with a radius of 20” each close to the SN position. The count
rates were obtained from the images using the Swift tool uvotsource.
They were converted to magnitudes using the UVOT calibration file

from September 2020. All magnitudes were then transformed into
the AB system®.

We measured the brightness of the host using the Lambda Adaptive
Multi-Band Deblending Algorithm in R (LAMBDAR?®®; https://github.
com/AngusWright/LAMBDAR) and the methods described in ref. .
The brightness of the host in the UVOT images was measured with the
Swift FTool uvotsource using an aperture encircling the entire galaxy.
Supplementary Table 3 details the measurements in the different bands.

We modelled the host SED with the software package Prospector
version 0.3%. Prospector uses the Flexible Stellar Population Syn-
thesis (FSPS) code® to generate the underlying physical model and
python-fsps'® to interface with FSPS in python. The FSPS code also
accounts for the contribution from the diffuse gas (for example, H 11
regions) based on Cloudy models'. We assumed a Chabrier initial
mass function' and approximated the star formation history (SFH)
by alinearly increasing SFH at early times followed by an exponen-
tial decline at late times (functional form ¢ x exp(-t/1)), as well as dust
attenuation'®, Finally, we use the dynamic nested sampling package
dynesty’®* to sample the posterior probability function.

Supplementary Fig. 6 shows the observed SED and its best fit. The
SED is adequately described by a galaxy template with a mass of
logM /M, =9.05"3%, and astar-formation rate 0f 0.24*3-03M_yr . The
mass and the star-formation rate are below average, but still within the
distribution of values for host galaxies of type Ic SNe from the PTF
survey”. SN 2019hgpis located 3.54” from the centre of its host galaxy.
At aredshift of 2= 0.0641 and assuming our adopted cosmology, the
offset translatesto a projected distance of 4.4 kpc. Although the SN is
locatedinthe outskirts ofits host, the location is not unusual for type Ic
SNe exploding in galaxies of similar mass?’.

Type Ic and type Il SNe from the PTF sample exploded in overall
similar galaxies” and have also comparable redshift distributions.
This motivates a comparison of the host of SN 2019hgp to those of
type Il SNe with similar early CSM signatures (‘flash’ features)®s. Sup-
plementary Fig. 7 presents akernel density estimate of the host galaxy
mass of SNe Il from the PTF sample. The vertical blue lines display the
host masses of PTF SNe Il with flash features®®. These hosts probe awide
range from10%M_to 10"M,. Hosts similar to that of SN 2019hgp (shown
inred) are fairly common among SNe Il with flash features.

The GTC SN spectrum from 29 July 2019 (Supplementary Table 2)
shows narrow emission lines from the underlying H 11 regions. We
measure the following line fluxes for Ha, H(3, [O 111] 14960, [O 111] A5007,
and [N11]16585 of 16.5+1.1, 5.3 +1.4, 3.0+ 1.2, 8.4 +1.6 and
3.0 £0.9 x10™ erg cm™?s™. Owing to the lack of accurate photometry
of the transient at the time of the spectroscopic observation, each
measurement can be off by anumerical factor. However, flux ratios of
lines close inwavelength space are unaffected by this uncertainty and
by the uncertain dust extinction at the explosion site. Therefore,
we can estimate the metallicity at the explosion site using the O3N2
indicator with the calibration reported in ref. '®. The oxygen abun-
dance of 12 + log(O/H) = 8.29'3:3¢ translates to a low metallicity of
Z=(0.4 +0.04)Z, (assuming a solar oxygen abundance of 8.69)'°°.

Overall, the properties of this galaxy are similar to those of the hosts
of other RETs®, as well as those of the host galaxies of hydrogen-poor
type I superluminous SNe (SLSNe-I) and long-duration gamma-ray
bursts (GRBs) at z= 0.3 (refs. *>7107710%)

Circumstellar emission in other SN types

We compare our 27.4-d spectrum of SN 2019hgp with representative
spectraofother types ofinteracting SNe of type Ibnand IInin Extended
DataFig.7. The spectrumis quite similar to those of SNe Ibn, inboth the
non-thermal continuum shape and some of the features, but it remark-
ably lacks the strong He 1 emission lines, which are the spectroscopic
hallmark of type Ibn SNe. The blue quasi-continuumseen below 5,500 A
probably arises from emission from multiple Fe 11 transitions (as seen
for other events)’>!°,
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Data onrise times of various transient source classes

Figurelplotsthe peakred-light (ror R-band) absolute magnitudes ver-
susthe transient rise time from estimated explosion to peak. As these
sources are all nearby, time-dilation corrections are negligible and have
notbeen applied. High-cadence wide-field surveys are especially well
suited to determine these parameters, and in particular to accurately
estimate the time of explosion, and most data plotted come from such
surveys. In particular, data have been extracted from the following
sources. Data for SN 2019hgp are from this work. Rise time data for
type lISNe are based on samples from PTF™ and ZTF’°. Datafor SNe Ia
arefromthe ZTF sample: peak magnitudes™and rise times'>. Data for
SNe Ic are taken from the PTF samples of normal* and broad-line'®
events. Additional events with well determined parametersinclude SN
2002ap™*'7, SN1998bw"8, SN 2006aj"*'2°, SN 1994122 and PTF12gzk'>.
Data for SNe Ibn are from the high-cadence ZTF survey (E.C.K. et al.,
manuscript in preparation). Unfortunately no similar survey sample
data exist yet for SNe Ib, and we compiled data for the well observed
events iPTF13bvn'?*, SN 1999ex'>, SN 2008D"¢*?” and SN 2009jf"5,
Thelocations of asample of Pan-Starrs 1 RETs’ that lack spectroscopic
classification are marked with open black markers; additional well
observed RETs included are KSN15K'?, iPTF16asu°, AT2018cow™*' '
and SN 2018gep®*. RETs iPTF16asu and SN 2018gep show SN-Ic-like
spectra during their evolution, whereas the rapidly rising event iPTF-
14gqr, standing out from the rest of the PTF SN Ic sample (green) was
suggested to arise from an ultra-stripped progenitor®?; SN 2018dge is
asimilar event with type Ib spectral features®. The single peculiar lax
event within the ZTF SN la sample is marked by an open blue symbol.

Modelling the observations

We first summarize the main observational properties that any physical

models of this event need to confront.

» The bolometric light curve (Fig. 3) rapidly rises (within <1.5d) to a
luminous peak (L =3.4 x10* erg s™). The timescales of rise and decline
areshortcompared to typical type ISNe (Figs. 2,3 and Extended Data
Fig.5).

« Ourobservations are well fit by blackbody SEDs until day 12 (Extended
DataFig. 4), with blackbody temperatures that rapidly cool froman
initially hot peak (7 =30 K assuming negligible host extinction; pos-
sibly as hot as 100 kK for the maximal allowed extinction values of
E;_,=0.15 mag; Extended Data Fig. 9).

« Theblackbody radius evolution suggests a free (ballistic) expansion
atv=9,900 km s until day 10 (Fig. 3, inset).

» The event occurred within an expanding wind with a composition
dominated by C/O/Ne (Fig.1), suggesting the progenitor envelope is
also free of hydrogen, and depleted of helium. The wind expansion
velocity is high, v,;,q = 2,000 km s (Fig. 4).

» Anejectacomponent expanding at typical SN photospheric velocities
(v=10,000 km s™) appears around19 d after explosion (Extended Data
Fig.3) and reveals absorption lines of common intermediate-mass ele-
ments (O, Na, Mg, Ca), as well as absorption by iron and quite probably
neon (Extended Data Fig. 11).

 Observations starting around 15 d show a UV excess above the best-fit
blackbody (Extended DataFig. 4); spectral comparisonto other types
of interacting SNe (Extended Data Fig. 7) shows a blue continuum
excess starting at approximately the same time.

Next, we consider several classes of models and confront them with
our observations.

Radioactive *®Ni. Figure 3 shows the best-fit *Ni model found using
Tigerfit (https://github.com/manolisO7gr/TigerFit). This model re-
quires the entire ejecta to be composed of **Ni (with amass of 0.4M,);
thisis driven by the requirement of high Ni mass to attempt to explain
the luminous peak, whereas the total ejectamass is constrained by the
rapid rise and decline (short diffusion time) to be low. The resulting

solution of having a pure Ni ejecta still misses the peak, has to assume
avery low y-ray trapping, and is in strong conflict with our spectro-
scopic observations that are not dominated by iron-group elements
at any phase. We thus find that our early photometric data cannot be
explained by models based on energy release from freshly synthesized
radioactive *Ni (ref.'?), asis commonly assumed for hydrogen-deficient
(typeI) supernovae>>*, A comparison of our bolometriclight curve to
that ofarelatively rapidly evolving SN Ic (SN 2007gr)** shows that even
scaling this light curve down arbitrarily, no section of our light curve
is consistent with the Ni decline slope, indicating that any radioac-
tive contribution is sub-dominant at all observed phases. Models of
SN 2007gr**suggest the total C/O-dominated ejecta mass of that object
is <2M,. The comparatively rapid evolution of SN 2019hgp therefore
suggests that for any model assuminga centrally located energy source,
the total mass of the ejecta (also dominated by C/O in our case, with
similar expansion velocities; Extended Data Fig. 3) would be smaller
than this value, for the diffusion time to be shorter.

Pure CSM interaction. Figure 3 shows that asimple CSM interaction
model® describes the Bolometric light curve well throughout its
evolution, and the derived best-fit parameters (progenitor radius of
R+=4.1x10" cm, ejectamass of M,; = 1.2M,,, opacity of k =0.04 cm’ g™,
CSMmass Mgy =0.2M,,, and amass-loss rate M = 0.004Moyr']expanding
atavelocity of v,;,g =1,900 km s™) are remarkably consistent with the
values we estimate directly from the data. We note that these models
are simple and include several assumptions, most notably that the
reverse and forward shock heating are both centrally located, and ter-
minate when the SN ejecta have been swept up by the reverse shock,
and the forward shock breaks out of the CSM. This simplified assump-
tionof centrally located shocks canlead to an overestimated diffusion
timescale and underestimated CSM and ejecta masses®. Yet, thisinter-
pretation faces two major difficulties. The first is the observed spec-
troscopic evolution of SN 2019hgp. Although the initial spectra
(Extended DataFigs.1,2) show narrow lines superposed onablue con-
tinuum, (as seen in other interacting transients of types Iln and Ibn;
Extended Data Fig. 7), starting at day 19 (Extended Data Fig. 3), our
spectrashow broad absorption features with high expansion velocities
(v=10,000 km s™) which suggest we are seeing the supernova ejecta
directly, rather than emission from shocked CSM. This requires a dif-
ferent energy source for the emission at later phases. A second conun-
drum with the pure CSM model is that during the initial 10 days after
explosion, the emitting region smoothly expands with a constant veloc-
ity (Fig. 3, inset). This behaviour cannot beaccommodated in asimple
spherical CSM interaction model, and would require a non-spherical
geometry™, Interestingly, non-spherical CSM geometry has been ob-
served around WR stars™. We thus conclude that CSM interaction is
probablyimportantinthisevent—butasimple, spherical CSMinterac-
tion model that assigns the entire emitted energy to interactionis in-
consistent with the data. Animportant caveat for CSM models is that
the ejecta mass estimate includes only the ejecta that take partin the
interaction (typically the fastest, externallayers), and the mass of more
slowly moving material is unconstrained. With an additional, large
unobserved mass component, the total ejecta mass may become con-
sistent with a neutron star (rather than ablack hole) remnant.

Shock cooling within a CSM nebula. In analogy to type Il SNe, one
may consider amodel where the ejecta are heated by the explosion
shock and slowly radiate this energy (the shock-cooling emission)
over anextended period of time. In type Il SNe this model is commonly
considered, and the spectroscopic behavior seen—with a blue con-
tinuuminitially (with superposed emission linesin objectsembedded
in CSM)®87° evolving to a photospheric spectrum with broad absorp-
tion features®—is broadly similar to what we observe here. However,
as can be seen in Supplementary Fig. 8, to reach the peak bolometric
luminosity we measure (L =3.44 x 10* erg s™), asupergiant progenitor
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(with R«>10" cm) is needed, for any reasonable explosion energy, in
contrast to the compact progenitor indicated by our spectroscopic data
(Fig.4). The modest expansion velocity we measure (v=10,000 kms™)
for ourlow-mass ejecta (M<2M,) in fact suggests alow kinetic energy,
making the radius constraint stricter. We therefore conclude that a
standard shock-cooling model within a CSM distribution does not fit
our observations.

Shock breakout in a wind. The first electromagnetic signature arriv-
ing to a distant observer from an exploding star is a flare of radiation
emitted when the explosion shock breaks out from the stellar surface
(the shock-breakout flare)™. For a compact star as we consider here,
the shock breakout emission peaks at high energy and would be too
weak to be observed in visible light by ZTF*8, However, if the star is
embeddedinathick wind, as may be the case here, the breakout occurs
in the wind, at a radius much larger than that of the progenitor. Such
wind-breakout flares are much longer and more luminous than stellar
breakouts, and could peak in the near UV*’, making this a plausible
model for SN 2019hgp. In fact, SN 2009uj, an interacting transient
suggested to result from a wind breakout™, has a UV rise timescale
similar to that of SN 2019hgp (7 d and 4 d, respectively) and an almost
identical r-band decline slope. To test this idea, we estimate the ex-
pected blackbody temperature during such aflare. This could be done
by applying equation 7 fromref. ™, T=9.1x 10*k;43t;/*K. Here K, 5, is
the opacityincm?g™, and ¢, is the time since explosionin units of 7 days.
This time requires some attention, as the explosion time we have used
sofaristhetime offirstlight. The differenceis the time it takes the explo-
sionshockto propagate within the star, whichis negligible (<0.005 d for
al10,000 kms™shock propagating inacompactstarwith R« =4 x 10" cm)
compared to our estimated uncertainties (0.2 d). However, this propaga-
tion time is not negligible for the larger wind radii we consider here.
If we adopt the intercept of the blackbody radius evolution at the time
of firstlight (Fig. 3, inset) as the wind breakout radius (-2 x 10** cm), and
add the propagation time for a10,000 km s shock (2.3 d) to the time
from first light until our first SED was obtained (1.5 d, Extended Data
Fig.4), wefind using the equation above apredicted temperature range
T=1.2-1.8 x10°K for opacity values k =0.2 cm?*g*and k= 0.04 cm* g},
respectively, which bracket the range of highly ionized He/C/O mix-
tures'. This estimate is consistent with the upper range of the allowed
temperature during this epoch assuming the extinctioninthe hostis not
negligible (Extended Data Fig. 9). We can conclude that our observations
arenotin conflict withawind breakout powering the peak of the emission
seen.However, anadditional mechanism, possible interaction, is prob-
ably required to power the UV excess and blue spectral continuumseen
later during the evolution of this object.

Model summary. Having studied several possible models for our
observations, it appears that no single simple idea can explain all
the observations. Some models (for example, **Ni radioactivity and
shock-cooling emission), are unlikely to substantially contribute. In
fact, the failure of **Ni models can be taken as a defining feature of
RETs, such as SN 2019hgp, and its Ibn and Icn cousins. On the other
hand, CSMinteraction probably plays apartin explaining the observa-
tions. Although a simple spherical interaction model is problematic,
interaction is probably required to explain the late-time UV excess
and blue spectral continuum, and is expected given that the progeni-
tor obviously exploded within a CSM nebula. Solutions to difficulties
encountered atlate time (the appearance of broad absorption features)
could include certain geometries, such as a CSM torus seen from an
angle closetothe polar direction; inthis way the observer sees both the
expandingejectadirectly and the interaction emission fromthe ejecta
hitting the inner radius of the torus™°. Alternatively the CSM may be
clumpy; both options have been discussed before'. A hybrid model
(for example, a wind breakout followed by an interaction phase) may
bean attractive option to explain our rich dataset.

Data availability

The photometry of SN 2019hgpis available in Supplementary Table1,
and all the observations (photometry and spectra) are available from
WISeREP* (http://wiserep.weizmann.ac.il/). Matlab scripts that gen-
erate most of the plots within this paper are available from the corre-
sponding author upon request. Opticon observations were obtained
under programme ID OPT/2019A/024, PIA.G.-Y.

Code availability

Relevant software sources have been provided inthe text, web locations
provided as references, and are publicly available.
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Extended DataFig.1|Early spectroscopy shows strong emission lines of spectralareaaround 5,250 Ainrestframeisimpacted by imperfect subtraction

carbon, oxygen and neon. During theinitial hot phase (1-5.6 d after explosion)  ofthe strong atmospheric 5,577 A skyline (grey shade). Five additional P60 and
these highlyionizedlines (see Fig.1for detailed lineidentification) weakenwith LT spectrawithlower signal-to-noise and spectral resolution obtained during
time, with pure emission lines evolving to P Cygni profiles, and then to thisperiod are omitted for clarity.

absorption-dominated profiles. Major emission features are marked; the
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Extended DataFig.2|Evolution toward lowerionization. The spectroscopic
series obtained during the intermediate phase (5-19 d after explosion) follows
the weakening and disappearance of the Cllland Olll absorption features seen
earlier,and theemergence of aset of low-ionization emission lines, initially of
Cll (red) and later Ol (blue; 50% intensity lines extracted as in ref. 2°). Higher

resolution spectraresolve the broad featuresin the blue into multiple narrow
componentsbetter described by Cllland Olll at zero velocity than by Oll blends
sometimes seenin hot early phases of stripped SNe, including Type I SLSNe*72,
By day19 (bottom) broad features appear and the spectrum shows a marked
blue excess. Seven additional spectra omitted for clarity.
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Extended DataFig.3|Development ofthe photosphericspectrum. The
spectroscopicseries obtained during the late phase (19-27 d after explosion)
evolves as features of heavier elements (for example, Mg) begin to emerge,
whilebroad absorption features develop. Initially, strong features (such as Ol
7774A and Cl1 6580A) present both a narrow (-2,000 km s blue edge)
absorption feature as well asabroader (-6,000 km s minimum) component.

At 27 d after explosion, relatively broad absorption features have developed
thatare reminiscentof spectraoftypelc SNe, with features from Mg, Caand Fe
appearinginadditionto Cand O. Excess continuumin the blueis evident,
probably arising from the Fe 11 pseudo-continuum often seenin spectra of
interacting SNe (typeslinand Ibn?).
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Extended DataFig.5|Lightcurves of SN 2019hgp extending fromthe UV to
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Extended DataFig.7| A comparison of spectraofinteracting SNe. Our SN2005c¢I"®, bottom). The hallmark strong He  emission lines common to SNe
spectrum of SN 2019hgp is overall quite similar to those of SNe Ibn (SN 2016jc*® Ibn (115876, 6678,7065,7281) are absent from the spectrum of SN 2019hgp.
and SN 2018bcc”), sharing in particular the unusual non-thermal continuum Remarkably, this object does, however, show broad absorption features that
thatisflatontheredside, and hasapronounced elevationbluewards of -5,500 aremissing fromspectraof Type Ibnand Typelln, suggesting that strong
A (dotted line); this emission probably arises from a quasi-continuum of shocksarenotobscuring our line of sight at 27.4 d after explosion.

multiple Fe 11 emission lines (resolved insome cases, for example, the Typelln
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Extended DataFig.8|SN 2019hgp (marked by the crosshair) explodedin spiralarmorarecent episode of galaxy interaction. Inthisimage eastis tothe
the outskirts of its host galaxy at a projected distance of 4.4 kpc (3.54”). leftand north up. Theimage size is40” ontheside.

The host shows elongated arms of diffuse emission which could suggest a



T =30,000K, Host E(B-V) = 0 mag —— T =30,000K, Host E(B-V) = 0 mag

(@) —— T=56000K, Host Total E(B-V) = 0.1 mag (b) —— T=56000K, Host Total E(B-V) = 0.1 mag
—— T=110,000 K, Host Total E(B-V) = 0.15 mag —— T=110,000 K, Host Total E(B-V) = 0.15 mag
15 —— T =368,700 K, Host Total E(B-V) = 0.2 mag 10~ 5L —— T =2368,700 K, Host Total E(B-V) = 0.2 mag
1007 r ¥ Observed flux % Observed flux

1016+ 10-16F

observed flux (ergs=' cm=2 A
observed flux (ergs~! cm=2 A1)

1077 10-17}
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 x 103 4x10°  6x10° 10 2 x 10 4x103  6x10° 10*
observed wavelength (A) observed wavelength (A)
2
x4/d.o.f.
—— T=30000K, Host E(B-V) = 0 mag
15 (C) —— T=56,000K, Host Total E(B-V) = 0.1 mag 0.30
10-Pr —— T=110,000K, Host Total E(B-V) = 0.15 mag (d) - 10.80
—— T=368,700 K, Host Total E(B-V) = 0.2 mag
# Observed flux
L9.76
0.25
°I<C L8.72
q
= 0.20
8 -7.68
— 10-16| .
|m 10 >
%0 | - 6.64
3 @ 015
>:< w
& - 5.60
ge]
g
o 0.10 - 4.56
%
Q
©
10~ 17 L F3.52
0.05
-2.48
2x 10 4x 10 6x 10 10 2.0 2.5 3.0 3.5 4.0 4.5 5.0
observed wavelength (A) Ry
Extended DataFig. 9 |Extinction fits to our first-epoch SED (+1.5d) using temperatures of -100 kK) are allowed; higher extinctionis ruled out regardless
various extinction laws. a-c, Extinction fits using MW (a), LMC (b)and SMC(c)  ofextinctionlaw parameters (MW (d) law shown, SMC and LMC are similar). x*
extinction laws. A fit with negligible host extinction (red) fits the data well. minimization is done using epochs well fit by blackbody curves (<15d).

Values of extinction, extending up to £,_,= 0.15 mag (requiring blackbody Standard loerror bars marked.



Article

— Gemini +1.1d —— Best fit without He 1l 4686A
—— Gemini +3d Best fit with He Il 4686A
(a) (b)
5 0 [ Xrea=1.47 5 o [X%ea=0.95 /
151 1.5 \
x I
Z |
< 10- 1.01 \L
Q
= |
©  0.51 0.5 - \
=
5 N \)\\
c i b ...ﬁll'. \| W i
0.0 0.0 \Fiy q gy
-0.5 ~0.5 ‘
4500 4600 4700 4800 4500 4600 4700 4800
(c) (d)
X2y =2.19 X2, =1.87 'ﬂ
1.0- 1.0- w
—
x f
= 0.51 0.5 -
o i
N ’ M
E “ﬂhﬂumlu ™ ol 1, luudL‘u
£ 0.0 0.0 1 : I"W
§ WM\
—0.5 —0.5 ,
|

4500 4600 4700 4800
wavelength [A]

4500 4600 4700 4800
wavelength [A]

additional Lorentzian emission from He 1114686A (b, d) is preferred by the data
(inthe y*sense) even though this feature does not appear as a distinct emission
peak. We conclude that the presence of He I1in these spectra cannot be ruled
out.

Extended DataFig.10 | Modelling of the emission complex around 4,660A
during the first two Geminiepochs.1day (a,b) and 3 days (c, d) after
explosion. Wefitacombination of a Lorentzian emission component of ClII
14650A along with ablueshifted Gaussian absorption component. Including an
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Extended DataFig.11|A comparison of our +27.4 d Keck spectrum of contribution of helium compromises the fit around 6,000-7,000 A, owing to
SN 2019hgp to SYNOW models. The spectrum can be well represented by a theexpected butunobserved contribution of the P Cygni profile of Hel
combination of common elements seenin supernovae (oxygen, sodium, A6678A. Perhaps this could be reconciled by more sophisticated modelling,
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We compare models without (green) and with (red) He [; we find that the SNelbn.
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