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Typelasupernovae (SNela) are thermonuclear explosions of degenerate white dwarf
stars destabilized by mass accretion froma companion star’, but the nature of their
progenitors remains poorly understood. A way to discriminate between progenitor
systems is through radio observations; anon-degenerate companion star is expected
to lose material through winds? or binary interaction® before explosion, and the
supernova ejecta crashinginto this nearby circumstellar material should resultin radio
synchrotron emission. However, despite extensive efforts, no type lasupernova (SN la)
has ever been detected at radio wavelengths, which suggests a clean environment

and acompanionstar thatisitselfa degenerate white dwarf star**. Here we report
onthe study of SN 2020eyj, a SN la showing helium-rich circumstellar material, as
demonstrated by its spectral features, infrared emission and, for the first timeinaSN Ia
to our knowledge, aradio counterpart. On the basis of our modelling, we conclude that
the circumstellar material probably originates from a single-degenerate binary system
inwhich a white dwarfaccretes material froma helium donor star, an often proposed
formation channel for SNela (refs. 6,7). We describe how comprehensive radio follow-
up of SN 2020eyj-like SNe Ia can improve the constraints on their progenitor systems.

SN 2020eyj was first detected on 7 March 2020 UT (modified Julian
date (MJD) =58,915.12; see ‘Observations’ section in Methods), at
a=11h11min47.19s,6=29°23'06.5” (J2000). The SN was classified
as a SN Ia (ref. 8) based on a low-resolution spectrum obtained on
2 April 2020, 25 days after the first detection. Comparisons with type
laand Ibc spectra from the literature support the SN la classification
(see ‘SNlaclassification’ sectionin Methods and Fig.1). Unusual evolu-
tion of the later light curve prompted us to obtain a second spectrum
on 20 July 2020, 131 days after first detection. The second spectrum

was very similar to those of type Ibn SNe (SNe Ibn), which are SNe that
interact with helium-rich circumstellar material (CSM) and have spectra
characterized by narrow (roughly a few 10* km s™) He 1 emission lines
while showing little to no H1(refs. 9,10).

Onthebasis of the late-time (tail-phase) CSM-interaction-dominated
spectra (Fig.2), SN2020eyj fallsin the category of the rare subclass of
SNe la that show evidence of CSM interaction in their optical spectra
(SNela-CSM; ref. 11). The narrow emission lines in the spectra of such
interacting SNe arise from shock interaction between the fast-moving
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Fig.1| Thefirstspectrum of SN2020eyjis consistent withatypela(-CSM).
The SEDM classification spectrum of SN 2020eyj, obtained about12 days after
peakandshowninblack, iscompared withtypela-91T SN2001V, type la-CSM
PTF11kx, typelaSN2004eo and typelc SN1994l. Phases are relative to peak,
which—inthe case of SN2020eyj—has an uncertainty of acouple of days. Several
importantabsorption features areindicated at the expected wavelengths.
Notably, the spectrum of SN 2020eyj lacks any sign of 017,774 A absorption.
Spectrahave been corrected for MW reddening. Telluric features are indicated
by crossed circles.

SN ejecta and the slow-moving CSM™. SNe la-CSM are strong con-
tenders for the single-degenerate (SD) SN la formation channel on
account of the CSM, which is commonly assumed to originate from a
non-degenerate donor star through stellar or accretion winds. Before
SN 2020eyj, all of the discovered SNe la-CSM exhibited prominent
Balmer emission lines and only weak He emission features”.
Typically, CSMinteraction contributes substantially to or even domi-
nates the spectral and light-curve evolution of SNe la-CSM from the
beginning, hindering unambiguous classification as SNe la (ref. 13).
However, in some rare cases, SNe la-CSM have shown a delay in CSM
interaction* ¢, suggesting that the CSMwas located far (>10" cm) from
thebinary systemat the time of explosion. Notably, PTF11kx cemented
SNe la-CSM as abona fide SN la subclass by virtue of a delay of about
60 days, allowing for an indisputable SN la classification before CSM
interaction®. SN 2020eyj follows a similar evolution as PTF11kx, initially
showingatypical SN labell-shaped light curve (Fig.3) and aspectrum
consistent witha SN la of the 91T subgroup” without clear evidence for
CSMinteraction (Fig.1). Then, at 50 days after first detection, the g-band
light curve of SN 2020eyj diverges from a steady declineinto a plateau
thatlasts for roughly 200 days. Such an evolution and colour change is
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not expected for anormal SN 1a (Fig. 3) butis driven by the emergence
of spectral features associated with CSMinteraction (see ‘Light-curve
analysis’ section in Methods). We interpret the start of the plateau at
50 days as the epoch when CSM interaction starts to contribute sub-
stantially or even dominate the light curve of SN 2020eyj. Assuming
a SN ejecta velocity of 10* km s™ (ref. 18), the delay corresponds to an
inner boundary to the CSM of about 4 x 10" cm. Except for the presence
of He emission lines, the late-time spectra of SN 2020eyj are typical
for the SN Ia-CSM class, with prominent broad Ca 11 emission from
the near-infrared (NIR) triplet and without any sign of O 117774 emis-
sion (Fig.2). The compact and star-forming host galaxy of SN 2020ey;j
(see ‘Host galaxy’ section in Methods) is also consistent with those of
other SNe la-CSM™.

Despite the similarities between SN 2020eyj and other SNela-CSM,
the presence of He 1lines and absence of prominent H I lines remains
astriking difference with profound implications for the progenitor
system.AsH1iseasier toionizethan He I, the absence of the lines indi-
cates that the CSM around SN 2020eyj, and thus the companion star,
is He-rich and H-poor. Although the late-time spectra of SN 2020eyj
are similar to those of SNe Ibn, these SNe are presumed to arise from
the core collapse of massive (>10 M,) stars®'**°, which are unlikely to
beinabinary system with a white dwarf (WD), as they would undergo
core collapse long before the WD formed. A merger involving a degen-
erate He WD donor star is also disfavoured, because in such merger
models, only asmallamount of unburned He (about 0.03 M, (ref. 21))
is present close to (<10 cm) the WD (ref. 22), whereas the CSM around
SN 2020eyjresides at>10" cm. Instead, astrong candidate for the donor
star in the SN 2020eyj progenitor system is a non-degenerate He star
(initial mass1-2 M, for example, ref. 23). WD + He star systems can be
formed by means of binary evolution* and this SD channel for SNe Ia
has garnered recent interest because the very restrictive limits placed
by radio non-detections and deep optical imaging® that exclude most
H-rich donor star modelsstill allow for low-CSM-density WD + He star
systems®?. The possible detectionin pre-explosion Hubble Space Tel-
escopeimaging of the progenitor system of the type lax (SNe la similar
to SN2002cx (ref. 27)) SN2012Z, ablue compact source interpreted as
aHe-star donor?, has further strengthened this hypothesis, although
the thermonuclear nature of type lax SNe is debated?.

The CSMinteractionin SN 2020eyjis also confirmed, for the first time
ina SN Ia, through the detection of a radio counterpart, at a frequency
of 5.1 GHz at 605 and 741 days after the first detection (see ‘Radio’ sec-
tionin Methods). Follow-up in the X-rays did not yield a detection (see
‘X-ray’ section in Methods). We model the radio synchrotron emission,
which results from the shock interaction between the ejecta and the
CSM, assuming two basic CSM configurations expected in a SD progeni-
tor system; a constant density shell and a wind-like density profile with
density p < r? (Fig. 4). A constant density shell could result from a mass
ejection event such as anova, whereas a wind-like CSM profile would be
expected from an optically thick wind, in which the mass-transfer rate
from the donor star to the WD exceeds the maximum accretion rate of
He-rich material that the WD can burn on its surface?**°, As well as CSM
material resulting from a SD scenario, we consider synchrotron emis-
sion resulting from the interaction of a SN la from a double-degenerate
(DD) WD merger interacting with the local interstellar medium (ISM)*..
For the SD shell model, the radio detections are best explained with a
CSM mass of M., = 0.36 M, (see ‘CSM shells’ section in Methods), with
the expectation that the radio light curve will start to drop off rapidly at
around 900 days. For the SD optically thick wind model, the bolomet-
ric light-curve tail (see ‘Bolometric light curve’ section in Methods) and
radio detections of SN2020eyj are well fitted with a mass-transfer rate of
10-102M_ yr, microphysics parameter €; =10-10> and a CSM mass
within10Y cm of M, = 0.3-1.0 M. The DD ISM model (the dashed lines
inFig. 4) requires unusually high ISM densities and does not recover the
observed decline in flux, ruling out the DD formation channel for SN
2020ey;j (see ISM'’ section in Methods). The best fit radio light curves of
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Fig.2| Thespectraof SN2020eyjin the tail phase are dominated by CSM
interaction. The spectraof SN2020eyjat late phases (in black) are compared
withthe prototypical typelbn SN2006jc and thetypela-CSM SN PTF11kx. The
spectrashow features common to SNe la-CSM, such as the quasi-continuum
blueward of 5,700 A and broad Ca 11 emission. The main SN emission features
areidentified inthe top spectrum. The emission linesin SN 2020eyj show

the shelland wind models differ in particular at early phases (Fig. 4), but
no radio data were obtained at these epochs. Instead, multifrequency
monitoring of the radio counterpart of SN 2020eyj until late phases
(>1,000 days) will allow to discriminate between the rapid drop-offof the
shellmodeland ashallower decline expected in the case of awind-like CSM.

Aviable progenitor scenario for SN 2020eyj needs to explain not
only the presence and properties of aHe-rich CSM butalso its detached
configuration. For the delayed type la-CSM SN 2002ic, the CSM-free
cavity was attributed to a possible drop-offin mass-transfer rate or the
emergence of alow-density fast wind evacuating the CSM*. In the case
of PTF11kx, the delayed CSM interaction was explained by a scenario
involving a symbiotic nova progenitor, in which recurrent novae on
the surface of the WD sweep up the wind-deposited CSM into shells®.
SN 2020eyj shows strong similarities to PTF11kx, which may hint at a

strong asymmetry, with attenuated red wings (Extended Data Fig.3). The
bottomspectrumis of the host of SN2020eyj, obtained at 679 days, some

300 days after the SN had faded below the detection limit of the ZTF. Some
unresolved galaxy lines are marked. Phases are relative to first detection,
which—inthe case of SN2006jc—was at or after the peak.Spectrahavebeen
corrected for MW reddening. Telluric features are indicated by crossed circles.

common progenitor scenario. Their light curves are virtually identical
up until day 50 (Extended Data Fig.1) with risetimes of about 14 daysin
the gband, whichis fast for aSNla (ref. 33). And, except for the nature
of the narrow emission lines, both SNe have similar spectra through-
out their evolution (Figs. 1and 2). For SN 2020eyj, a nova progenitor
could look like V445 Puppis (V445 Pup; see ‘V445 Puppis’ section in
Methods), the only known nova system that showed He-rich, but H-free,
ejecta®**, Notably, the V445 Pup system s considered a prime candidate
progenitor system for the He star + WD SN la channel, as it is claimed
tobe host to a WD with amass close to the Chandrasekhar limit*. Fur-
thermore, aprominent carbon-rich equatorial dusty disk such as that
in V445 Pup (refs. 34,35) could explain (see ‘'V445 Puppis’ section in
Methods) the luminousinfrared counterpart of SN 2020eyj (Extended
Data Fig. 2), which we attribute to an infrared echo from radiatively
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Fig.3| The multibandlight curve of SN2020eyjcanbedividedintoa
diffusion-peak phase and along-lived interaction-powered tail phase.
Thelight curves of SN 2020eyj are shown with overplotted SN Ia template fits
totheinitial peak (see ‘Light-curve analysis’ sectionin Methods). The most recent
mid-infrared epoch (W1land W2) is outside the date range plotted here and is
shownin Extended DataFig.2.Opencirclesindicate synthetic photometry
derived from the spectra. Phaseisinrest-frame days since first detection.
Apparent magnitudes on the left y axis, absolute magnitudes on theright y axis,

heated pre-existing dust with a dust mass of order 102 M, (see ‘Dust
properties’sectionin Methods). Theinitial models invoking recurrent
novae for the origin of PTF11kx (ref. 15) were challenged by the CSM
masses involved®, which were too large by orders of magnitude for
symbiotic nova mass build-up models®, Similarly, the mass resulting
from a V445 Pup-like nova outburst (<107 M_; see ‘V445 Puppis’ sec-
tion in Methods) is insufficient to explain the CSM mass observed in
SN 2020eyj. However, arecent study of the radio evolution of V445 Pup
suggests that the equatorial disk could have pre-dated (and survived)
the nova outburst®, which would allow for mass build-up in the disk
between nova eruptions. This scenario would require the SN to occur
soonafter the novaoutburst and before the resumption of mass trans-
fer between the donor and WD reforms the disk at small radii. We note
that anovasimilar to the year 2000 event of V445 Pup would not have

480 | Nature | Vol 617 | 18 May 2023

inwhichpisthedistance modulus. Non-detections with Soupper limitsare
indicated by triangles. The photometry hasbeen binned into one-night bins
and hasbeen corrected for MW reddening. The diamond markers at the top
indicate the epochs of spectroscopy. The bottom panel shows the g — rcolour
for the nightsin whichboth gand rphotometry was obtained, overplotted
withthe colour evolution of atypical SNIa. Theerror barsrepresent 1o
uncertainties.

been detectable at the distance of SN 2020eyj (see ‘Precursor search’
section in Methods).

SN 2020eyj represents the first observational example of the previ-
ously speculated class of SNe la-He CSM (ref. 40). The presence of a
dense CSM, supported by a radio detection, offers strong evidence
for the SD scenario for SN 2020eyj, in particular for the He star + WD
formation channel. Itis estimated that about10% of all SD SNe la arise
from this channel’, which is probably the dominant source of SNe la
with short delay times*. Understanding the timescale of SN Ia activity
isimportant for the chemical evolution of galaxies. The confirmed
presence of aHe-rich CSMinaSN lasystem also affects SN la explosion
modelling, as He plays avital role in double detonation modelsin which
the WD explosion is triggered by the ignition of a massive (0.2 M)
He shell on its surface®. Constraining the rate of SNe la similar to
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the wind model fits the observations (in black, with 1o uncertainties) well

for the microphysics parametere; =1.7 x 107 (1.5 x 10 ) and a CSM mass

of Mg, = 0.3 M, (1 M,) within 10" cm (see ‘Optically thick wind’ sectionin

SN 2020eyjwould require systematic spectroscopic follow-up of SNe Ia
with long-lived light curves, as monitoring at present often stops after
aseemingly normal SN la has been classified. Observational properties
that SN 2020eyj share with its H-analogue PTF11kx, such as a fast rise
and a 91T-like peak spectrum, can potentially guide such follow-up
efforts and allow for the discovery and study of more SN 2020eyj-like
SNela, including at radio wavelengths.
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Methods

Observations

Discovery. SN 2020eyj was discovered by the Asteroid Terrestrial-
impact Last Alert System (ATLAS)*>* on 23 March 2020 UT (ref. 44)
and subsequently detected as part of the Zwicky Transient Facility
(ZTF) survey®*, ata=11h 11 min 47.19 s, 6 =29° 23" 06.5” (J2000).
Pre-discovery detections were recovered in the ZTF data on 7 March
2020 UT (MJD =58,915.12) in both g and rfilters. For reference, we list
some key characteristics of SN 2020eyj in Extended Data Table 1.

Optical photometry. Follow-up photometry was obtained as part
of public and partnership ZTF survey observations* with the ZTF
camera*® on the Palomar 48-in. telescope (P48) telescope in the g
and rbands, and later phases were also covered in the iband. The P48
data were reduced and host subtracted using the ZTF reduction and
image-subtraction pipeline*’, which makes use of the ZOGY algorithm*°
for reference-image subtraction. Following the rationale illustratedin
ref. 51, we apply the difference image zero point magnitude to convert
fluxes from unitsin detector datanumber (DN) to pJy and translate flux-
esto ABmagnitudes. We apply adetection threshold of signal-to-noise
ratio (S/N) 2 3 and for non-detections we compute Soupper limits. The
Supplementary Information lists the ZTF magnitudes and upper limits.

Further photometric epochs were obtained with the Liverpool Tel-
escope®, the Spectral Energy Distribution Machine (SEDM) on the
Palomar 60-in. telescope (P60), the Las Cumbres Observatory tel-
escopes (programme ID NOAO2020B-012) and the Alhambra Faint
Object Spectrograph and Camera (ALFOSC) on the Nordic Optical
Telescope (NOT), with data reduced and host subtracted using the
pipelines described in refs. 53,54 or standard methods. In this work,
we also make use of the forced photometry service from the ATLAS
survey*>> which contained valuable photometry in the o and cbands.
One i-band epoch was obtained from the Pan-STARRS1 data archive®®.

ZTF and ATLAS also obtained observations of the location of
SN 2020eyj in the nights immediately preceding the first detection,
with limiting magnitudesinthe ZTF gband on 5and 6 March2020 UT
of 20.8 and 19.7, respectively, and the (binned) observations in the o
band from ATLAS on5March 2020 UT correspond to a limiting magni-
tude of 20.2. Phases in this study are relative to the first ZTF detection
(MJD =58,915.212, 7 March 2020 UT) in rest-frame days, unless stated
otherwise. Given the excellent constraints on the nights before, this
epochisalso close to the time of first light.

Allmagnitudes are reported in the AB system. The extinctionin the
Milky Way (MW) was obtained from ref. 57 as £(B— V') = 0.024 mag.
MW reddening corrections are applied using the extinction law with
R,=3.1(ref. 58), whereas SN reddening corrections are applied using
R,=2.The photometric magnitudes of SN2020eyj are listed in the Sup-
plementary Information. The ATLAS and P48 light curves are shownin
Fig.3, binned into one-night bins to enhance the S/N.

Optical spectroscopy. The first optical spectrum of SN 2020eyj was
obtained with the SEDM (ref. 59) mounted on the P60 (ref. 60), 25 days
after first detection. All SEDM spectra are automatically reduced and
calibrated with pysedm (ref. 61) and the quality of the SEDM spec-
trum of SN 2020eyj was further improved using hypergal (ref. 62).
Follow-up spectroscopy was obtained from 131 days onward with the
Low-ResolutionImaging Spectrometer (LRIS)®* onthe Keck I telescope
and the ALFOSC on the NOT (ref. 64). A host spectrum was obtained
at 678 days, after the SN had fully faded from view. The spectra were
reduced in a standard manner, using LPipe (ref. 65) and Pypelt®®* for
Keck/LRIS and NOT/ALFOSC, respectively.

Alogofthe obtained spectrais provided in Extended Data Table 2 and
the epochs of spectroscopy are indicated by the diamond markers on
topofthelightcurvesinFig.3. The spectrawere absolute-flux-calibrated
against the -band magnitudes using the Gaussian process interpolated

magnitudes and then corrected for MW extinction. All spectral data
and corresponding information will be made available through the
WISeREP public database®. We present the peak SEDM spectrum in
Fig.1and the later sequence of spectrain Fig. 2.

Theinitial spectrum obtained with SEDM is characterized by broad
absorption features (see ‘SN la classification’ section). The later spec-
tra are shaped by broad Fe 11 lines, in particular the quasi-continuum
blueward of 5,700 A (refs. 69-73) and a prominent Ca I1 NIR triplet.
Superimposed on the continuum are narrow He 1 emission lines, as
well as Ha. We measure full width at half maximum (FWHM) velocities
of the He 1 emission lines and Ha in the spectra obtained with Keck at
131and 251 days by fitting a Lorentzian profile to the complete lines, as
well as tojust the blue wings. The red wings in the He and Ha lines are
markedly attenuated (see Extended Data Fig. 3 and ‘Dust properties’
section), so the intrinsic FWHM velocities are better represented by
(double) the blue-wing FWHM. We report these FWHM velocities in
Extended Data Table 2. The FWHM velocities of the He 1 emission lines
range from1,100t0 2,700 km s (corrected for the red wings), withno
sign of a narrow (<1,000 km™) component detected in some SNe Ibn
and interpreted as coming from the unshocked CSM™”, There is also
no sign of material stripped from the donor star by the SN ejecta™’¢,
whichis predicted to show up as narrow emission (<1,000 km™ (ref. 77)).

The asymmetricline profile we associate with the SN also applies to
the Ha emission line, suggesting the presence of Hin the CSM. In the
spectrum obtained at 131 days, Har has an equivalent width of 14 A, not
corrected for contribution by the host. By comparison, the He 1 emis-
sionlines at 5,876 A, 6,678 A and 7,065 A in the same spectrum have
equivalentwidthsof47 A, 43 A and 61 A, respectively. As His easier to
ionize than He, the more prominent He lines means that the CSM must
predominantly consist of He. By epoch 329 days, the Ha luminosity has
dropped to the luminosity of the Ha narrow emission line in the host
spectrum obtained at 678 days (see ‘Host galaxy’ section).

Infrared photometry. Following areport’® of amid-infrared detection
of SN 2020eyj in the 2021 data release of the NEOWISE Reactivation
(NEOWISE-R)” survey, we queried the IPAC Infrared Science Archive
for any NEOWISE-R detections at the position of SN 2020eyj. After
filtering poor-quality data and binning individual exposures follow-
ing the method described in ref. 80, the SN was recovered in both W1
and W2 filters (3.4 and 4.6 pum, respectively) in all four 2020 and 2021
epochs, with the earliest detection at 59 days after first detection (Fig. 3
and Extended Data Table 3). The host isnot detected in (stacked) WISE
databefore the SN explosion (Extended DataFig. 2, top panels), sowe
assume that the contribution from the host is negligible and all
observed flux is because of the SN.

Radio. We observed SN 2020ey;j with the electronic Multi-Element
Radio Linked Interferometer Network (e-MERLIN) in two epochs. The
first epoch, with a duration on target and phase calibrator of about
16 h, was conducted on19 November 2021 (centred on MJD 59,538.29),
605 days after first detection and included six e-MERLIN telescopes
(Mk2,Kn, De,Cm, Daand Pi). The second epoch was conducted during
six consecutive days between 6 and 12 April 2022 (mean MJD 59,678.59,
741 days after first detection). Between fix and six telescopes (includ-
ing the Lovell) participated, with some antennae missing part of the
runs owing to technical problems. Owing to the much smaller field
of view of the Lovell telescope, the pointing centre of the second
epoch was shifted by 1 arcmin to include an in-beam calibrator in
the primary beam of this telescope. 3C 286 and OQ 208 were used as
amplitude and band-pass calibrators, respectively. The phase calibra-
tor,J1106+2812, was correlated at position a;,90 o =11 h 06 min 07.2617 s
and )00, = 28°12’ 47.065”, at aseparation of 1.7° from the target, and
was detected with a flux density of 150 mJy. We centred our observations
atafrequency of 5.1 GHz, using abandwidth of 512 MHz. The datawere
correlated with the e-MERLIN correlator at Jodrell Bank Observatory,
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using four spectral windows, each of 512 channels, with 1-s integrations
and four polarizations.

We calibrated and processed the data using the e-MERLIN CASA
pipeline® version v1.1.19 running on CASA version 5.6.2. We used the
10-mJy in-beam source to self-calibrate the residual phases and ampli-
tudes of the target source. Cleaning was done with the software package
wsclean®. Final images of the target were produced with a synthesized
beam of 80 mas x 35 mas at a position angle of 28°and 94 mas x 71 mas
atapositionangle of -71°,in the firstand second epochs, respectively.
Theloroot meansquares of the images is17 and 8 pJy beam™, respec-
tively. The target is detected in both epochs as an unresolved source
as characterized with task IMFIT. We estimate the uncertainty of the
peak flux density to be aquadratic sum of the image root mean square
and aconservative 10% amplitude scale calibration error. The final flux
density of the source is 80 + 20 and 60 + 10 pJy beam™in the first and
second epochs, respectively. Theradio sourceislocated atanaverage
position of aj00,0=11h 11 min 47.1763 sand 659000 = 29° 23’ 06.45”, with
an estimated uncertainty of 10 mas.

The average position of the e-MERLIN detections relative to the
optical positions of SN 2020eyj is shown in Extended Data Fig. 4. The
radio detectionis consistent with the position ofthe SNin the ALFOSC
epoch at 382 days (rband) and the position reported in GaiaAlerts of
the detection of SN 2020eyjin the G band at 42 days.

X-ray. On 27 April 2022, 758 days after first detection, we observed
SN 2020ey;j for 3.8 ks with the X-ray telescope XRT between 0.3 and
10 keV aboard the Neil Gehrels Swift Observatory®*%*, We analysed
the datawiththe online tools of the UK Swift team (https://www.swift.
ac.uk/user_objects/) that use the methods described in refs. 85,86 and
the software package HEASoft version 6.26.1. SN 2020eyj evaded detec-
tion down to a count rate of 0.003 count s™ (3¢ limit). To convert the
count-rate limitinto aflux limit, we assumed a power-law spectrumwith
aphotonindex /" of 2 and a galactic neutral hydrogen column density
0f 1.9 x10%° cm2 (ref. 87). Here the photon index I"is defined as the
power-law index of the photon flux density (NV(E) «< E™). Between 0.3
and 10 keV, the count-rate limit corresponds to an unabsorbed flux of
1.1x10™" ergcm™s™and a luminosity <2.4 x 10" erg s™. It is possible
thatadeeperobservationwould haveyielded adetection, asthe type la-
CSM SN 2012ca was detected in X-rays at a similar epoch, with a lumi-
nosity on the order 10*° erg s™ (ref. 88).

SNIaclassification

During the peak phase of SN 2020eyj, an optical spectrum was obtained
with the low-resolution (R =100) SEDM on the P60, 25 days after first
detection. This high S/N spectrum was characterized by broad absorp-
tion features (Fig.1), based on which SN 2020eyj was classified asaSN
la at redshift z=0.03 (ref. 8). Using SNlascore, a deep-learning-based
classifier of SNelabased on low-resolution spectra®, it was noted that
the SN could be atypelbc SN erroneously classified as SN Ia because of
the degeneracy between peak spectra of SNe Ibc with those of SNe la
at post-peak phases, but their classifier favoured a SN Ia classification
anyway. In general, based on the comparison study inref. 13, type Ibc
SNe erroneously classified as type la(~CSM/91T) are much less com-
mon than the inverse. Here we scrutinize the SEDM spectrum using
comparisons with SNe fromthe literature, based on spectral matching
with the SuperNovaIDentification (SNID)®° and Superfit® classification
tools, for which the SNID template library has been supplemented with
the type Ibc templates from ref. 92. We adopt a g-band peak epoch
of MJD =58,929 + 2, based on the light-curve fitting described in the
‘Light-curve fit’ section, with the uncertainty driven by the poor sam-
pling of our photometry around peak.

The top 10 SNID (rlap > 10) and Superfit matches are all of type la
(Fig. 1) and include normal SNe Ia such as SN 2004eo (ref. 93) and
91T-like SNe such as SN2001V (ref. 94). The best matching SN of type Ibc
(rlap = 8) isthe type Ic SN19941 (refs. 95-98). The phases corresponding

tothe matched SNelaare all post-peak, ranging from 12 days to about
50 days post-maximum, whereas the matching SN Ibc spectra are
all within a few days from peak. The phase of the SEDM spectrum of
SN 2020eyj is 12 days post-maximum, which corroborates the SN Ia
classification.

In terms of spectral features, the SEDM spectrum shows broad
absorption lines that, based on the spectral comparisons, can be
unambiguously identified as Si 11, Fe 11 and Ca 11 (Fig. 1). Compared
with normal SNe la as exemplified by SN 2004eo, the Si 11 features in
SN 2020eyj are shallow. Diluted Si 11absorptionis common for 91T-like
SNela, asinthe spectrum of SN2001V. Type la-CSM are known to show
91T-like spectraaround peak'. As aSN strongly interacting witha CSM,
the presence of diluted Si 11in the SEDM spectrum of SN 2020eyj is
consistent with a type la(-CSM) classification. In terms of expansion
velocity, the velocity of the Si 1116355 absorption feature in the SEDM
spectrumis 8,900 + 600 km s™. This velocity is on the slow side for the
SN Iasample described in ref. 99 but consistent with the SN Ia sample
inref. 100 and comparable with, for example, SN 2004eo (Fig.1).

Another notable featurein the SEDM spectrum is the complete lack
of 017,774 Aabsorption (Fig.1), even though O 1absorptionin SNelais
common, in particular 91T-like SNe la can have shallow or non-existent
O 1(ref.101). Thisis clearly visible in the matched spectrum of SN 2001V.
By contrast, SNe Ibc that lack O 1absorption are extremely uncommon,
especially atabout 12 days post-peak'®>'%% as exemplified by type Ic SN
19941 in Extended Data Fig. 5. In this figure, we have also included the
typeIbnSN2006jc at a phase similar to that of the SEDM spectrum, to
highlight that SN2020eyj does not show any sign of He 1 emission lines
or the quasi-continuum expected for a type Ibn at this phase.

Anabsence of oxygen linesis typical for type la-CSM spectra, both as
anabsorption feature around peak and as emissionin later epochs™'%,
asseeninthe early and late spectra of PTF11kx in Figs.1and 2, respec-
tively. Similarly, the late spectra of SN 2020eyj lack any sign of O 117774
emission (Fig.2). Other featuresinthe late-time spectra of SN 2020eyj
that are typical for type la-CSM include prominent broad Ca 11 emis-
sionand a high Ha/HpB Balmer ratio, whichindicates that the emission
lines are probably produced through collisional excitation rather than
recombination. The high S/N spectrum at 251 days shows both Ha and
Hp emission, but after correcting for contribution by the host, only Ha
shows some residual flux related to the transient. We note that, at this
late phase, SN2020eyjis about four magnitudes brighter than expected
fromanormal SN Ia, such as SN 2004eo (ref. 93), and the spectrum is
dominated by CSM-interaction features.

In conclusion, based onits spectral features, we classify SN 2020eyj
asatypela(-CSM) SN. Furthermore, as we discuss in the ‘Light-curve
fits’ section, the light curves of SN 2020eyj show strong similarities
to those of PTF11kx, the SN that cemented SNe la-CSM as a subclass.

Light-curve analysis

Light-curve fits. The light curve of SN 2020ey;j (Fig. 3) can be divided
into two phases, similar to its spectral evolution. In the first phase,
lasting around 50 days, the light curve follows a fairly typical bell-like
shape, peaking at m=17.2 in both the rband and the ATLAS bands,
which—ataluminosity distance of 131.4 Mpc (see ‘Host galaxy’ section)—
corresponds to M = -18.4, not accounting for host extinction. During
thefirst phase, the light curve hasared g - rcolour, consistent with the
classification spectrum. The second phase, the tail phase from 50 days
onward, is characterized by a slowly evolving light curve with spectra
thatare dominated by CSMinteraction. Although the r-band light curve
continues to fade, albeit at aslower rate of about 0.6 mag per 100 days
between days 50 and 251, the g-band light curve plateaus. This resultsin
ag-rcolourchangetoblue (see bottom panel of Fig. 3), which—based
onthespectra—is driven by the pseudo-continuumblueward of 5,700 A.
This Fe 11 feature, typical for CSM-interaction-powered spectra, is well
traced by the ZTF gband (4,100-5,500 A). From 251 days onward, the
light curve fades in all bands at arate of about 1 mag per 100 days.
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The transition between the two phases is well captured by the pho-
tometry at 50 days, when the decline in the g band is abruptly halted
and changes to a plateau lasting around 200 days. This divergence of
the g-band light curve from a smooth decline is probably the epoch
in which CSM interaction starts contributing (substantially) to the
light curve and in which the spectra start to look like those of SNe Ibn.
But even though the late spectra may be similar to SNe Ibn, the light
curve is unlike those of documented SNe Ibn. SNe Ibn are charac-
terized by uniform, rapidly evolving blue light curves'®, peaking at
M, =-19.5. There is a handful of long-lived, slowly evolving SNe Ibn
reported in the literature, but they are either much brighter than SN
2020ey;j (refs. 106,107) or have a much longer risetime'®®, None of the
literature SNe Ibn show a long-duration (>300 days), slowly evolving
light-curve tail such as that observed in SN 2020eyj. It is worth noting
that there have been suggestions in the literature that some SNe Ibn
may come from thermonuclear explosions, hidden by a dense CSM'%,
The discovery of SN 2020eyj seemingly supports that notion.

The post-peak decline rates and peak magnitudes of SNe la are
strongly correlated (the Phillips relation'®), with brighter (fainter) SNe
laevolving slower (faster). We fit the first phase of the multiband light
curves with SNooPy™, to determine whether the width (stretch) of
SN 2020eyjis consistent with the expected peak luminosity. The light
curve of SN2020eyj up to 50 daysis well described by aSNIalight curve
with an adopted stretch of s;,=1.2+ 0.1 and an extinction of
E(B-V)=0.5+0.1 mag (adopting a total-to-selective extinction ratio
R,=2.0), resultinginapeak magnitude approximately 0.06 mag fainter
than expected from the Phillips relation. The required line-of-sight
extinctionis considerable but is consistent with the host extinction of
E(B-V)=0.54'313 mag derived from host galaxy Balmer lines (see
‘Host galaxy’ section). We apply the same fitting method to the light
curve of PTF11kx, consisting of published and previously unpublished
photometry. For PTF11kx, we adopt the same stretch factor of 1.2 and
obtainanextinction of E(B - V) = 0.27 + 0.02 mag, consistent with the
extinctionA, = 0.5 magderivedinref. 15. After correcting for the fitted
host extinction, the resulting absolute-magnitude light curves of
SN 2020eyj and PTF11kx are practically identical in the gand r bands
for the firstapproximately 45 days, eventhough the fitsare independ-
ent (Extended Data Fig. 1). The r-band light curves peak at M, = -19.3
for both SNe, consistent with both SNe la and SNe Ia-CSM, although
bothSNeare onthe fainter end of the sample of SNe la-CSM described
inref. 11. From the light-curve fits, we obtain for SN 2020ey;j risetimes
inthegandrbandsof14 + 2and 16 + 2 dayssince first detection, respec-
tively. This is fast for a SN Ia (ref. 33) but similar to PTF11kx (Extended
DataFig.1).

An important caveat about the light-curve fit is that the intrinsic
decline rate of SN 2020eyj could seem slower because of the contri-
butionby CSMinteraction. On the basis of the colour evolution of the
light curve, we know from day 50 onward that the CSM contribution
isnotable, but it is reasonable to assume that some CSM interaction
already contributes to the light curve at earlier epochs. This means
that the stretch parameter we measure should be regarded as an upper
limitand, as aresult, soisthe peak luminosity of the fit. SN2020eyj, but
also PTF11kx, are not typical SNe la, so the colours and peak magnitude
could (to some extent) also be a property intrinsic to the class.

Bolometric light curve. The light curve of SN 2020eyj around peak
has limited photometric coverage, in both wavelength and cadence,
which hinders the construction of a precise, full bolometric light curve.
Instead, we compute the bolometric light curve based on the SN Ia
light-curve template fit obtained in the ‘Light-curve fits’ section, for
epochs when the photometry (notably the g band) still matches well
with thefitted light curve (up to 38 days after first detection; Extended
DataFig.1). From the fitted optical light curves, we flux calibrate, cor-
rect for host extinction and integrate the spectral time series from
ref. 112 from the ultraviolet (UV) to the NIR (1,000-25,000 A). For the

tail phase, we integrate the Keck spectraat 131and 251 days from 3,000
t010,000 A and apply a linear extrapolation in the UV to zero flux at
2,000 A.Thereislittle spectroscopic (Fig. 2) and colour (Fig. 3) evolu-
tion between the Keck spectrum at 251 days and the NOT spectrum
at 328 days, so we extend the pseudo-bolometric light curve to the
final photometric epoch at 383 days obtained with ALFOSC on the
NOT assuming a constantbolometric correction applied to the g-band
magnitude. Extended Data Fig. 6 shows the bolometric luminosity
inferred fromthetemplatefit, theKeck spectraandthe final photometric
epoch. The templatefitto theinitial peakincluded considerable line-of-
sightextinction of E(B - V) = 0.5 mag (see ‘Light-curve fits’ section). To
account for the possibility that SN 2020eyj may be intrinsically faint
rather thananormal SN lasubstantially dust-extincted, we alsoinclude
abolometriclight curve for E(B - V) = 0. Depending on dust extinction,
thetotalintegrated energy radiated across the bolometriclight curve
amounts to 0.6-1.2 x 10 erg.

Host galaxy

The host of SN 2020eyj is a faint and compact galaxy with designation
SDSS J111147.15+292305.9 (Extended Data Fig. 4). We retrieved
science-ready co-added images from the Galaxy Evolution Explorer
(GALEX) generalrelease 6/7 (ref. 113), the Sloan Digital Sky Survey data
release 9 (SDSS DR 9; ref. 114) and the Panoramic Survey Telescope and
Rapid Response System (Pan-STARRS, PS1) DR1 (ref. 56) and measured
thebrightness of the host using LAMBDAR (Lambda Adaptive Multi-Band
Deblending Algorithm in R; ref. 115) and the methods described in
ref. 116. We augment this dataset with an optical -band image obtained
with ALFOSC on the NOT on 2 May 2022 and UV observations from
Swift/UVOT from 27 April 2022. The photometry on the UVOT images
was done with uvotsource in HEASoft and an aperture encircling the
entire galaxy (apertureradius 8”). Extended Data Table 4 lists all meas-
urements. We fit the host galaxy spectral energy distribution (SED) with
the software package Prospector version 0.3 (ref. 117) to determine the
host galaxy properties. We assumed a Chabrier initial mass function™®
and approximated the star formation history (SFH) by alinearly increas-
ing SFH at early times followed by an exponential decline at late times
(functional form ¢ x exp(~t/7), in which ¢ is the age of the SFH episode
and ris the e-folding timescale). The model was attenuated with the
modelinref. 119. The priors were set identical to those in ref. 116. The
fitresulted ina low host-galaxy mass of log(M/M,) = 7.79' 5%,

We obtained a host galaxy spectrum with LRIS/Keck after SN 2020eyj
had faded fromview, at 678 days. We identify unresolved (<150 kms™)
host-galaxy lines in the spectrum, such as numerous Balmer lines
in emission and absorption, [N 11] A16548,6583, [O 11] AA13726,3729,
[0 111] A14959,5007 and [S 11] 116716,6731, based on which we meas-
ure a redshift of 2= 0.0297 + 0.0001. Adopting a flat cosmology with
H,=70kms™*Mpc'and Q,,= 0.3, this redshift corresponds to a lumi-
nosity distance to SN 2020eyj of 131.4 Mpc, which we use throughout
this paper. Correcting for MW extinction, the adopted distance results
in a host galaxy absolute magnitude of M,=-15.8.

On the basis of the Balmer decrement measured in the host spect-
rum, we estimate a host extinction with £(B - V) = 0.54*314 mag , in
agreement with the extinction obtained by fitting the light curves of
SN 2020eyj with a SN la template (see ‘Light-curve fits’ section). The
line ratios of log,,([O 111] A5007/HB) = 0.39 and log,,([N 11] 16583/
Ha) =-1.26 put the host galaxy well into the regime of star-forming
galaxies on the Baldwin-Phillips-Terlevich diagram'?°. Adopting the
parameterization of the empirical oxygen calibration O3N2 by ref. 121,
we obtain an oxygen abundance of 12 + log(O/H) = 8.14 + 0.03. Such a
low oxygen abundance is expected for alow-mass galaxy'?.

The host properties of 16 SNe la-CSM were reported in refs. 11,123.
The authors concluded that all objects in their samples exploded in
star-forming late-type galaxies (spiral and dwarf galaxies) with absolute
magnitudes between M,=-20.6 and -18.1 mag. The hosts of three SNe
inthis sample evaded detection in archival SDSS images, implying an
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absolute magnitude M, >-18 mag. SN 2020eyj exploded in a mark-
edly low-luminosity star-forming dwarf galaxy with an absolute r-band
magnitude of only M, =-15.8 mag (not corrected for host attenuation).
However, the modelling of the host-galaxy SED and the Balmer decre-
ment show non-negligible attenuation of 0 < £(B - V) < 0.55 mag (30
confidence interval from host SED modelling) or 0.2 < E(B- V) <1 mag
(30 confidence interval from the Balmer decrement), which would
alleviate the apparent extremeness of the host galaxy.

Dust properties

Infrared emission is commonly observed in interacting SNe and can
be attributed to the condensation of dust in the SN ejecta or in the
shocked CSM, or to pre-existing dust in the CSM that is heated radia-
tively by the SN emission or by the ejecta—CSM shock interaction'*'%,
The mid-infrared luminosity of SN2020eyjis at asimilar level as for the
mostinfrared-luminous interacting SNe, such astypelln-andla-CSM
SNe, and at 4.5 umis 6-10 magnitudes brighter than normal typelaSNe
and 24 magnitudes brighter than the type Ibn SN 2006jc (Extended
DataFig. 2, bottom panel).

Assuming optically thin dust, the flux F, can be written as™®:

F = My BV(TS)KV(a) ’ M

d
inwhich M, is the mass of the dust, B, the Planck blackbody function, T;
the temperature of the dust, k,(a) the dust absorption coefficient asa
function of dust particle radius aand dis the distance to the observer. For
simplicity, we assume asimple dust population of asingle size composed
entirely of amorphous carbonwith agrainsize of 0.1 umwith the corre-
sponding absorption coefficient k asinrefs. 129,130 and fit the WISE data
toobtainanestimate of the dust temperature and mass. We note that the
dust mass depends onassumed grain size, which we cannot constrainon
theavailable data. Varying the grain size from 0.01t01.0 pm changes the
derived dust mass by an order of magnitude'”. Over the first three epochs,
up to 412 days, we derive a constant dust temperature of around 800 K
(Extended Data Table 3), consistent with alack of colour evolutioninthe
WISE photometry (Fig. 3). Only at the fourth WISE epoch (614 days) dowe
seeamarked decreaseinthe dusttemperature, to 608 + 23 K. These dust
temperatures are well below the expected evaporation temperature of
dust (1,500 K for silicates and 1,900 K for graphite grains'¥). Aswell as the
dust temperatures, we obtain dust mass estimates of (1.8 + 0.3) x 10> M,
t0 (9.9 £2.1) x 102 M, for the first and final WISE epochs, respectively
(Extended Data Table 3). The dust mass estimated for the final epoch cor-
respondstoa CSMmass of1x (0.01/ry,) M, inwhichr,,is the dust-to-gas
ratio. The total integrated energy emitted in the infrared is 9 x10* erg
(Extended Data Table 3), whichis similar to the integrated energy emitted
inthe optical (see ‘Bolometriclight curve’ section).

In the case of optically thin dust that we consider here, the black-
body radius can be interpreted as a lower limit to the radius at which
the dust resides. In the case of SN 2020eyj, the blackbody radius is
(2.5+0.2) x10" cm in the first epoch and increases thereafter to
(6.4 £0.6) x10" cm at 614 days (Extended Data Table 3). Assuming a
SN ejecta velocity of 10* km s, by 59 days, the ejecta would only have
travelled about 20% of the distance inferred from the blackbody fit
at that epoch. Combined with the constant dust temperature, this
suggests that the infrared emission of SN 2020eyj is dominated by
pre-existing dust being radiatively heated by CSM interaction emis-
sion, aswasthe caseintype la-CSM SN 2005g;j (ref. 130). Furthermore,
because the dust reached a temperature of 800 K as early as 59 days
and showed no notable evolution afterwards, it is unlikely that any
surrounding dust was evaporated owing to the SN, because such hot
dust would have dominated the infrared flux. For a peak SN luminos-
ity of roughly 10** erg s (Extended Data Fig. 6), the dust evaporation
radiusis R.,,, = (0.34-2.6) x 10" cm, depending on dust grain size and
composition'”. The lack of dust at the sublimation temperature implies

that theimmediate region surrounding the SN was devoid of dust, much
like the CSM-free cavity inferred from the SN light curve.

The He 1 and Ha emission-line profiles show the red wing being
attenuated with time (Extended Data Fig. 3). Such an evolution in
the line profiles has been interpreted to result from condensation of
dust in the ejecta or the shocked CSM, obscuring the red wing of the
emission line?*'*2 Similar line profiles have been observed inmany
SNe la-CSM" and in the prototypical type Ibn SN 2006jc, in which the
evolution of theline profiles was attributed to dust condensingina cool
dense shell produced by the interaction of the ejecta with CSM also pro-
ducinga substantialinfrared excess'®. Notably, such line-profile evolu-
tionhasalsobeenobservedinthe HenovaV445Pup, whichwasattributed
to dust obscuration within the shell®. In particular, for type la-CSM SN
2005g;j, dust formation was inferred from line profiles”, whereas the
bulk of the infrared emission was also attributed to pre-existing dust*’.
Although thelineasymmetry inthe spectra of SN2020eyj is consistent
with dust formation, it must be noted that asymmetric line profiles can
also arise from optical depth effects, for example, in SNe Ibn (ref. 20).
Asubstantial contributionto the infrared flux by newly formed dust is
also not consistent with the lack of colour evolutionin the light curve
of SN 2020eyj from day 100 onward. The dust formation in SN 2006jc
was accompanied by areddening of the optical light curve'®, whichwe
donotobservein SN 2020eyj past100 days. So, we attribute the bright
infrared counterpart of SN 2020eyj predominantly to pre-existing
dust, similar to the conclusion drawn for the infrared counterpart of
the prototypical type la-CSM SN 2002ic (ref. 124).

CSMorigin

Optically thick wind. Using progenitor models for the He star donor
SNIachannel fromref. 6, Moriya et al.? investigated the CSM properties
resulting from this channel, in which accretion from anon-degenerate
Hestar allows the accompanying WD to reach the Chandrasekhar limit.
The study by Moriya et al.” focused on the low-circumstellar-density
regime, in which the CSM properties in the WD + He star systems still
adhere to the stringent CSM constraints imposed by radio non-
detections of SNe la (refs. 4,5,133,134). Here we explore if the models
with sufficiently dense CSM, with a wind-like density profile (p =< r’),
canexplaintheinteraction-powered light-curve tail of SN2020eyj and
the detections at radio wavelengths. To quantify the properties of the
CSM, we fit the CSM-interaction-powered tail of the bolometric light
curve using the analytical model from ref. 26 and use the resulting
mass-transfer rates to fit the radio detections.

Extended DataFig. 6 shows the bolometric light curve of SN 2020eyj,
with theinitial peak described by the SN Iatemplate fit (solid line), and
for the tail phase the luminosities inferred from the Keck spectra at
131 and 251 days and the ALFOSC epoch at 383 days (see ‘Light-curve
fits’ section). From the light curve described by the SN Ia component
alone (solid and dotted lines), it is also clear that the late-time light
curve of SN 2020eyj cannot be powered by **Ni decay, as the flux inte-
grated across the Keck spectrumat 131 daysis already at least ten times
larger than what the radioactive decay delivers. Also plotted are the
CSM-interaction modelfitsto the light-curve tail, forboth E(B- V) =0
and 0.5 mag, as discussed in the ‘Light-curve fits’ section. Assum-
ing a pre-SN wind velocity of 1,000 km s™, the CSM-powered tail of
SN 2020eyjis consistent with mass-transfer rates between 107 M, yr™!
(E(B-V)=0mag)and3 x102M_yr*(E(B- V) = 0.5 mag), whichis1-2
orders of magnitude larger than that considered in the original study?.
Atthese very high mass-transfer rates, the critical mass accretion rate
by the WD is exceeded and the excess is ejected as an optically thick
wind, resulting in an extended He envelope®. In the model, the forward
shock reaches approximately 107 cmin 800 days. If we assume awind
velocity 0of 1,000 km s, the CSM mass within 10”7 cm in the models
range from 0.3 M to 1M, for E(B- V) =0and 0.5 mag, respectively.

Extended DataFig. 6 shows the wind model radio light curves fitted
totheradio detections at 5.1 GHz, adopting €. = 0.1and mass-transfer



rates of 102 M, yr*and 3 x 102 M, yr™, for E(B - V) =0 and 0.5 mag,
respectively. We consider both synchrotron emission with synchrotron
self-absorptionand free-free absorption but note that, at the late phase
of the radio detection, free-free absorption has only a minor impact.
Theradiolight curve with an adopted mass-transfer rate of 10> M, yr!
is consistent with the radio detections of SN 2020eyj at 5.1 GHz, with
microphysics parameter €, = 1.7 x 107, For the high-extinction sce-
nario, with a mass-transfer rate of 3 x 102 M, yr, the model fits when
€;=1.5x107. Ineither case, the late time evolution follows the observed
power-law decline rate of the observed radio luminosity of =-1.6,
which is comparable with that for hydrogen-free SNe Ibc (ref. 135).

It is worth noting that the bolometric light curve only extends to
400 days, whereas the first detection of SN 2020eyj at 5 GHz took place
at 605 days. Furthermore, it has been argued that the mass-transfer
rates associated with the optically thick wind phase (>107 M, yr™) do
not lead to SNe la but rather to accretion-induced collapse of the WD
(refs.136,137), although alternative wind models have been suggested
to overcome this problem™s,

CSM shells. The CSM surrounding the H-rich analogue of SN 2020eyj,
PTF11kx, was argued to be concentrated in shells”. Other SNe la have
shown evidence for CSM concentrated in thin shells, albeit at distanc-
es (about10' cm) that nointeraction with the ejectais expected™ 2,
Shells have also been invoked for the configuration of the CSM in
core-collapse H-rich type IIn SNe and typically attributed to ejection
events by their massive progenitors. One noteworthy example is the
well-studied SN 2014C, which transitioned from a stripped-envelope
SN to a type IIn SN owing to interaction with a distant shell, and was
detected in the radio™****. Models for the radio emission of SNe Ia col-
liding with a constant-density shell of CSM have been previously pre-
sented in the literature, along with approximate functional forms to
describe the evolution of the optically thick synchrotronlight curve'®.
Because those models assume hydrogen-rich material, for our calcula-
tions, we modify n. = p/m,ton. = p/(2m,); otherwise, we use the default
parameters, notably €; = 0.1. We explore shell models with a range of
CSM masses M, = (0.01-1) M, and interaction end times from
t..q =328 days (the spectrumthat does not show prominent He 1lines)
to t..q = 763 days (the second radio detection)—in this model, interac-
tion must have ended before the second radio detection for the radio
emission to have declined between the two observations. We assume
ashellinner radius of R, = (30,000 km s)(50 days) =1.3 x 10 cm to
close the system of equations inthe model; then, the ranges of M, and
t..qg correspond to a range of shell widths AR/R;, = 3.4-7.5. For each
model, we calculate the representative model error as
Omod=MaX(|Ly, ops (&) = Ly, moa(&)I/AL,, ops(£)), inwhich subscripts ‘obs’
and ‘mod’ refer to observed and modelled values, respectively, L, is
spectral luminosity and AL, is the error on the luminosity (flux error
only; errorindistanceis notincluded). The best-fit model by this met-
richas M ,,,=0.36 M, and ¢, = 665 days, which is a very similar mass
towhatis found for PTF11kx based on analysis of its optical spectra™®.
We find that models with o,,,4 < 3 have ¢,,4 = (500-763) days and
M= (0.2-0.5) M, whereas those with g,,,, <1 (that s, a better fit)
havet.,q 2 580 daysand M, = (0.3-0.4) M. The best-fit shellmodelis
showninFig. 4.

V445 Puppis. The nova outburst of V445 Pup in the year 2000 lacked
any Balmer emissioninthe spectraofits ejecta, butinstead was charac-
terized by He and carbon emission lines**', making it the firstand so
far only known He nova system. On the basis of light-curve modelling,
amass (21.35 M,) close to the Chandrasekhar limit was inferred for
the WD in V445 Pup (ref. 36), consistent with the observed high ejecta
velocities up to 8,450 km s (ref. 35). Combined with a high mass-
transfer rate >10” M, yr', inwhich half of the accreted matter remains
on the WD (ref. 36), V445 Pup is considered to be a prime candidate
progenitor for the SD He + WD SN la progenitor channel.

Onthebasis of infrared spectrashowing prominent carbon lines**'*®
and arapid decline in the light curve of V445 Pup, it was shown that a
carbon-rich thick dust shell must have formed in the nova ejecta®'¥,
High-resolution NIR images resolved the nova event into an expand-
ing narrow bipolar shell with bulk velocities of about 6,700 km s and
aperpendicular central dust disk that strongly attenuates the opti-
cal He 1 emission lines arising from the receding shell®. Seven years
after the outburst, the bipolar shell of V445 Pup, asimaged in the NIR,
extended to around 10” cm and the central dust torus had an outer
radius (perpendicular to the lobes) of 210" cm (ref. 35). An outer dust
shellinaV445Pup-like system could survive dust sublimation fromaSN
laexplosion, depending on peak luminosity and grain composition'”.
Arecentstudy of the long-lived radio evolution of V445 Pup showed that
the systemwas continuously synchrotron luminous for years after the
outburst®. The synchrotron emission originated from the inner edge
of the equatorial disk and was interpreted as interaction between a
wind coming off the WD from nuclear burning and the surviving disk.
The persistence of the disk through the nova outburst suggests that
the disk s atleast comparable in mass with the mass of the nova ejecta,
which was estimated to be about 10™* M, (ref. 36). In turn, the mass of
the WD in V445 Pup, close to the Chandrasekhar limit, limits the ejecta
mass in the system to not more than about 107 M, (Fig. 7 inref. 36).

ISM. Radio emission can potentially arise from a SN lain the DD sce-
narioasaresultofinteraction with the ISM. We have modelled the radio
light curve fromsuchamerger scenarioin the same way asinrefs. 31,134,
thatis, we assume that the supernovais the result of two merging WDs
with masses 0.9 and 1.1 M, as described in ref. 149. The outermost
ejecta has a density slope « p™ with n =13 (see ref. 31 for a discussion
onn). The microphysics parameters are the standard values e, = 0.1and
€z = 0.01. The modelled radio emission increases with time (Fig. 4) and,
to agree with the observed 5.1-GHz fluxes at 605 and 741 days, the ISM
electron density hastobe 660 cm™and 450 cm, respectively, assum-
ing fully ionized hydrogen and helium with He/H = 0.1. For n=13 and
fixed €., the electron density scales roughly ase;*”#, so other ISM den-
sities are possible accordingly. For a probable upper limit on €; 0of 0.1,
thelSMdensity would be n, = 85 cm™to fit the flux at the second epoch,
andfor e, 0f 0.001, n, = 2,570 cm™. The increase in radio flux with time
isopposite to whatis observed andis a property for all our ISM models
withn >7.1. Lower nvalues are not expected® and the densities required
inour ISM models are much higher than normal ISM densities. Moreo-
ver, for the n =13, ¢; = 0.01 model, inwhich n, = 450 cm, the modelled
flux for the first epoch undershoots by 2o (Fig. 4). In summary, our
radio observations and their modelling argue strongly against an ISM
scenario, which arises from a DD progenitor system. Furthermore, the
observed strong helium lines are also at odds with an ISM scenario™.
We therefore conclude that SN 2020eyj did not result from the ther-
monuclear runaway of aWDina DD progenitor system, leaving the SD
scenario as the only viable alternative.

Precursor search. The CSM surrounding SN 2020eyj could have
originated from one or more novae, such as observed in V445 Pup.
We investigate if a similar outburst at the location of SN 2020eyj can
be found in ZTF data going back more than 2 years. The position of
SN 2020eyj was observed 772 times (after quality cuts) inthe g, rand i
bands across 202 different nights in the final 2.29 years before the SN
explosion. There are no notable pre-explosion detectionsin unbinned
or binned light curves (1-day-long to 90-day-long bins) following the
search method described in ref. 151. When combining observations
in week-long bins, we reach a median limiting absolute magnitude
of -14.28 in the rband (-14.26 in the g band). We can, hence, rule out
precursors that are brighter than —14 magnitude 21% of the time in
the rband (16% of the time in the gband). Precursors brighter than
magnitude -15 can be ruled out 49% of the time in the r band (39% for
thegband) in the final 2.29 years before the SN. The nova outburst of
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V445 Pup peaked at m, = 8.6 (ref. 152), which—at a distance of 8.2 kpc
(ref. 35)—equates to an absolute magnitude of M, = -1, far below the
detection threshold of the ZTF.

Data availability

The optical spectra of SN 2020eyj that support the findings of this
study have beenmade available through the WISeREP archive (https://
www.wiserep.org/object/14508). The ZTF photometry is listed in
the Supplementary Information. Radio data from the electronic
Multi-Element Radio Linked Interferometer Network (e-MERLIN) have
been made available onthe Zenodo repository withidentifier https://
doi.org/10.5281/zenodo.7665246. Data from the NEOWISE-R mission
areavailable from the NASA/IPAC Infrared Science Archive with identi-
fier https://doi.org/10.26131/IRSA124. Photometry from the Asteroid
Terrestrial-impact Last Alert System (ATLAS) were obtained from a
public source (https://fallingstar-data.com/forcedphot/).

Code availability

On request, the corresponding author will provide the code used to
produce the figures. The details of the models used in the ‘Light-curve
fits’and ‘Optically thick wind’ sections can be found in refs. 26,31,145
and references therein.
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Extended DataFig.1|Thelight curves of SN2020eyj are consistent witha
SNIaanditsH-rich analogue SN1a-CSM PTF11kx. We simultaneously fit theg,
randilight curves of theinitial peak phases of both SN 2020eyj and PTF11kx
withthe SN Ialight curve fitter SNooPy. SN 2020eyj is well fit with stretch factor
1.2and E(B- V) =0.5+ 0.1 mag. Similarly, PTF11kx is well fit with stretch factor

Phase (days, rest-frame)

1.2and E(B- V) =0.25+0.02 mag. Panels show the absolute-magnitude light

curves of SN2020eyj and PTF11kx, after correcting for the host extinction
derived fromthefit.a,gband. b, rband for SN 2020eyj and r/R band for
PTF11kx.c,iband. Open circlesindicate synthetic photometry derived from

thespectra. Theerrorbarsrepresentlouncertainties.
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Extended DataFig.2|SN2020eyjwas accompanied by abright mid-infrared
counterpart.a, A co-added image of the last NEOWISE-R epoch before the SN
explosion, without any sign of the SN host. b, The co-added image in the W1
filter of the November 2020 NEOWISE-R epoch, 261 days after first detection,
with SN2020eyj clearly visible. ¢, A mid-infrared light-curve comparison of SN
2020eyjinthe W2 filter (4.6 pm) toasample of SNe observed with Spitzer at

4.5 um, adapted fromref. 154, including Type IIn SNe (in black), Type la-CSM
SNe (inred) and Type Ibn SN 2006jc (inlilac). Furthermore, the light curves of a
sample of SNelafromref. 155is plotted in green. SN 2020eyj (large pink circles)
isamongthebrightest SNe observedinthe mid-infrared and is 6-10 magnitudes
brighter than normal SNela, depending on the phase. The error barsrepresent
louncertainties.
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Extended DataFig.3| The Heand Haemission-line profilesin the late theredwing (see ‘Dust properties’ sectionin Methods), but may also be aresult
spectraof SN2020eyjshow notable asymmetry. The He I emission lines at of optical depth effects?®. The Ha emission line at 131 days also shows asymmetry
5,876 A, 6,678 Aand 7,065 A all show strong attenuation in the red wings and an and thereisa (minor) declinein flux between the two epochs shown here. By
apparentblue shift over time between the 131and 251 days epochs. Suchline 329 days, the Ha luminosity has dropped to the level of the line emissionin the
asymmetryis commonly observed in SNela-CSM (ref. 11) and isinterpreted as host spectrum (see ‘Optical spectroscopy’ sectionin Methods).

resulting from the condensation of dustinthe ejectaor shocked CSM, obscuring
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2020eyjinthe ALFOSC epochat 382 days (rband, red circle, 0.1” uncertainty),
overlaid ona4” x4”Pan-STARRS1i-band dataset of the host.b, A3’ x 3’ colour
composite image, obtained with NOT/ALFOSC, of the compact star-forming
host galaxy of SN2020eyjandits environment.

Extended DataFig.4|The position ofthe radio detectionis consistent
with the position of SN2020eyjin the optical. a, The average position of the
e-MERLIN detections (black circle, 0.01” uncertainty), the position reported in
GaiaAlerts (Gband, greencircle, 0.06” uncertainty) and the position of SN
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Extended DataFig.5|Thespectraof SN2020eyjdonot match Typelcorlbn
SNe atearly epochs. The SEDM classification spectrum of SN 2020eyj
compared with Type Ibn SN2006jc and Type Ic SN19941 at similar epochs,
about12 days after peak. At15 days post-peak, SN2006jc already showed
strong He emission lines and developed the quasi-continuum typical for

CSM-interaction-dominated spectra. These features arenot observedin SN
2020eyj at12 days post-peak but do become prominent at late phases (Fig. 2).
At13 days post-peak, SN19941 has grownredder compared with its peak
spectrumshowninFig.1and the 017,774 A absorption feature hasbecome
more prominent, whereasin SN 2020eyj, this featureis not present.
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Extended DataFig. 6| The bolometriclight curve of SN2020eyjcanbe
described with aradioactive decay model for the peak phaseand an
optically thick wind for the tail phase. For the initial SN Ia peak of SN 2020eyj,
we adopt thebolometriclight curve (solid lines) accompanying the SN Ia
templatefitto the griphotometry (see ‘Light-curve fits’ section in Methods),
assuming no line-of-sight extinction (in green) and an extinction of
E(B-V)=0.5mag(inorange). Overplotted are the associated bolometrically
corrected luminosities up to 40 days. Fromepoch 46 days onward, the SN Ia
template fitnolonger accurately describes the observed (g-band) photometry
(Extended DataFig.1). The dotted lines show the continuation of the bolometric
lightcurve of theunderlying SNIa. The three measurementsin the tail phase
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arebased ontheintegration of the two Keck spectra, extrapolated to the UV,
and abolometrically corrected photometric ALFOSC epoch. The dashed lines
represent the fits to the tail-phase measurements using the analytical model
fromref. 26, following the same colour scheme for the level of extinction. Inthe
transition region from the diffusion peak to the CSM-interaction-poweredtail,
between 50 and 100 days, the sum of the models would overestimate the
luminosity, suggesting that the CSM configurationis more complicated than
asimplewind-like density profile. The red diamonds show the infrared

luminosity of SN 2020eyj (Extended Data Table 3), which are notincluded in
the modelfits.



Extended Data Table 1| Key characteristics of SN 2020eyj

a (J2000) 11"11m47.19°
§ (J2000) +29°23/06.5"
Luminosity distance (Mpc) 131.4
First detection epoch (MJD) 58915.212
Peak epoch (fit, MJD) 58929 + 2
Redshift 0.0297 £ 0.0001
E(B_V)N[W (mag) 0.024
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Extended Data Table 2 | Log of spectroscopic observations of SN 2020eyj and its host and FWHM velocity measurements of
prominent emission lines in the 131 and 251days Keck spectra

MJD Date Phase Telescope + Instrument
(uT) (rest-frame)
58941.2 2020 Apr 02 25 P60+SEDM
59050.3 2020 Jul 20 131 Keck1+LRIS
59150.5 2020 Oct 28 228 P60+SEDM
59162.2 2020 Nov 09 240 NOT+ALFOSC
59173.6 2020 Nov 30 251 Keck1+LRIS
59253.9 2021 Feb 08 329 NOT+ALFOSC
59615.4 2022 Feb 05 678 Keck1+LRIS
Line velocities

He1 A5876 He1 \6678 He1 A7065 Ha

(km s71) (km s71) (km s71) (km s71)
131 days
Full 1080 960 780 400
Blue wing 1540 1270 1080 540
251 days
Full 1500 1150 1140 320
Blue wing 2680 1750 2000 390

Phase is relative to the first detection epoch, in the rest frame. The listed velocities are both the FWHM velocities measured from fitting the full line with a Lorentzian line profile as well as
twice the half width at half maximum of the blue wing. The latter measurements better represent the true FWHM velocity, because the red wings in the emission lines are strongly attenuated
(Extended Data Fig. 3).



Extended Data Table 3 | Mid-infrared photometry from the WISE telescope and infrared and dust properties of SN 2020eyj

Epoch 1 Epoch 2 Epoch 3 Epoch 4

MJD 58975.45 59181.42 59339.60 59548.01
Phase (rest-frame days) 58.5 258.5 412.0 614.4

w1 (mag) 17.29 £+ 0.03 16.72 £+ 0.02 16.40 £ 0.02 17.30 + 0.04
W2 (mag) 17.26 £ 0.03 16.70 £+ 0.04 16.31 £ 0.02 16.76 + 0.03
Mgt (10-% M) 1.8 4 0.3 2.8+ 05 48+ 05 9.9+21
Tqust (K) 801 + 23 809 + 27 778 + 16 608 + 23
BB (K) 1268 + 63 1291 £ 27 1201 + 38 826 + 35
BB (106 cm) 25+ 0.2 32+03 42402 6.4+ 0.6
Lpp (10%2 erg s7) 12403 2.0 + 0.4 2.6 + 0.4 14+03
Cumulative (10%9 erg) - 27+04 58 +£ 0.7 9.3+ 1.0

Phase (row 2, rest-frame days since first detection), magnitudes (rows 3 and 4, in AB system and binned per epoch), dust mass and temperature (rows 5 and 6, assuming 0.1um amorphous
carbon grains), blackbody temperature, radius and luminosity (rows 7-9) and the cumulative radiated energy (row 10).



Article

Extended Data Table 4 | Host-galaxy photometry

Survey/Telescope Instrument Filter Magnitude
GALEX FUV 21.37£0.38
GALEX NUV 20.99 +0.14

Swift UvoT w2 21.45+0.16
Swift UuvoT m2 21.66 + 0.27
Swift UvoT wl 21.31+0.24
SDSS u 21.16 +£0.23
SDSS g 20.26 + 0.06
SDSS r 19.86 + 0.05
SDSS i 19.74 +£0.13
PanSTARRS g 20.46 £+ 0.10
PanSTARRS i 19.94 £+ 0.08
PanSTARRS z 19.71 £ 0.16
PanSTARRS Y 20.21 +0.57
NOT ALFOSC r 19.99 + 0.03

Magnitudes are not corrected for reddening.
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