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Abstract

We present multiwavelength data of SN 2020acct, a double-peaked stripped-envelope supernova (SN) in NGC 2981 at
~150 Mpc. The two peaks are temporally distinct, with maxima separated by 58 rest-frame days and a factor of 20
reduction in flux between. The first is luminous (M, = —18.00 £ 0.02 mag) and blue (g — » = 0.27 &= 0.03 mag) and
displays spectroscopic signatures of interaction with hydrogen-free circumstellar material. The second peak is fainter
(M, = —17.29 £+ 0.03 mag) and has some spectroscopic similarities to an evolved stripped-envelope SN, with strong
forbidden [Ca 0] and [O 1I] features. No other known double-peaked SN exhibits a light curve similar to that of
SN 2020acct. We find the likelihood of two individual SNe occurring in the same star-forming region within that time to
be highly improbable, while an implausibly fine-tuned configuration would be required to produce two SNe from a
single binary system. We find that the peculiar properties of SN 2020acct match models of pulsational pair instability
(PPI), in which the initial peak is produced by collisions of shells of ejected material, shortly followed by core collapse.
Pulsations from a star with a 72 M, helium core provide an excellent match to the double-peaked light curve. The local
galactic environment has a metallicity of 0.4 Z., a level where massive single stars are not expected to retain enough
mass to encounter the PPI. However, late binary mergers or a low-metallicity pocket may allow the required core mass.
We measure the rate of SN 2020acct-like events to be <3.3 x 10"¥Mpc > yr ' at z = 0.07, or <0.1% of the total core-
collapse SN rate.

Unified Astronomy Thesaurus concepts: Supernovae (1668); Core-collapse supernovae (304); Type Ib supernovae
(1729); Massive stars (732)

Materials only available in the online version of record: data behind figures, machine-readable table

1. Introduction

The observed diversity of the supernova (SN) population has
expanded in recent years as a result of the increased depth,

o ; ) wavelength coverage, and observing baselines afforded by modern
Original content from this work may be used under the terms surveys. This is most apparent within core-collapse SNe (CCSNe),
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deficient (Type IIb), and hydrogen-poor (Types Ib/Ic), their
increasingly heterogeneous light-curve morphologies raise ques-
tions about the similarity of their progenitor systems, explosion
mechanisms, and our understanding of massive stellar evolution.

In recent years, a growing number of “double-peaked” SNe
have been identified whose light curves exhibit a secondary
maximum either preceding or trailing the main SN. Double
peaks have been observed within both hydrogen-rich and
hydrogen-poor SN classes, and the properties of the second
peaks are themselves diverse. Strong rebrightenings post-SN
have been attributed to a variety of physical mechanisms,
including internal engines in the form of accretion onto a newly
formed compact object (T. Moore et al. 2023; P. Chen et al.
2024; T. Kangas et al. 2024), spin-down of a newly formed
magnetar (K. Maeda et al. 2007; M. C. Bersten et al. 2021), the
interaction of the SN ejecta with material flung far from the
progenitor (J. Sollerman et al. 2020; Y. Sharma et al. 2024), or
even double-peaked *°Ni distributions in the ejecta (N. Tomi-
naga et al. 2005; F. Taddia et al. 2018). This is in contrast to
peaks that occur before the SN, which are usually attributed to
the circumstellar interaction (CSI) of material lost from the
progenitor star in the months—years leading up to its explosion
(although see D. Kasen et al. 2016 for alternative models).

More common early emission signatures range from the bright
and rapidly declining shock-cooling (SC) peaks in some SNe IIb
(e.g., E. Waxman & B. Katz 2017) and the faint, brief early
bumps observed in some hydrogen-poor superluminous SNe (e.g.,
G. Leloudas et al. 2012; M. Nicholl & S. J. Smartt 2016;
C. R. Angus et al. 2019; Z. H. Chen et al. 2023). These “pre-
peaks” occur immediately prior to the rise of the main SN and are
thought to arise from SC of circumstellar material (CSM;
M. Nicholl et al. 2015; A. L. Piro 2015; M. Smith et al. 2016)
close to the progenitor star. However, other early peaks show a
greater separation from the main SN occurring in the weeks—
months prior to the main explosion. Such “precursor” events are
thought to be the result of late mass ejection from the progenitor
star. While smaller precursor eruptions are believed to be common
in red supergiants (W. V. Jacobson-Galan et al. 2022), there is
growing evidence that massive stars undergo large-scale erup-
tions, shedding up to ~few M, of material in a single episode
(N. Smith et al. 2003). These eruptions can result in luminous
transient events, capable of achieving SN-like luminosities
(M. Fraser et al. 2013; J. C. Mauerhan et al. 2013; M. L. Graham
et al. 2014; R. Margutti et al. 2014). Preexplosion outbursts have
been witnessed in a growing sample of SN progenitors in the
weeks to years prior to their final collapse (e.g., M. Fraser et al.
2013; E. O. Ofek et al. 2013; A. Pastorello et al. 2015; S. J. Bre-
nnan et al. 2024), and a wide variety of scenarios have been
invoked to explain them, from binary interaction (S. C. Yoon et al.
2010) to luminous blue variable (LBV) outbursts (R. M. Humph-
reys & K. Davidson 1994).

Pulsational pair instability (PPI) lies at the extreme end of
eruptive mass-loss episodes. In stars with zero-age main-sequence
(ZAMS) masses 70 M, < M < 140 M.,, their massive (=35 M)
carbon- and oxygen-rich cores can reach temperatures of
>5 x 10°K, leading to the production of electron—positron pairs,
removing pressure support from the core (G. Rakavy et al. 1967).
This leads to a dynamically unstable contraction of the O-rich core,
which ignites explosive O burning. The energy released is
insufficient to disrupt the whole star but instead generates strong
pulsations, driving mass ejections from the surface (Z. Barkat et al.
1967; G. Rakavy et al. 1967). Such pulses are capable of expelling
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~10M. worth of material from the outer envelope of the
progenitor (S. E. Woosley 2017; M. Renzo et al. 2020), and a star
may undergo multiple PPI ejections throughout its lifetime, ceasing
once the entropy loss from pulsations alleviates the instability.
Collisions between successively ejected shells can produce a bright,
SN-like transient in the months—years prior to the final explosion
(S. E. Woosley 2017; M. Renzo et al. 2020).

PPI events almost certainly exist in the Universe, as even at
moderate (~solar) metallicity, there will be a mass range of
helium and heavy-element cores that experience PPI, produce
violent mass ejections, and eventually collapse to form heavy
stellar mass black holes (40-50M.; Z. Barkat et al. 1967,
S. E. Woosley 2017). The detection of massive black hole binaries
by the LIGO-Virgo collaboration (R. Abbott et al. 2023a, 2023b)
is indicative that such events have occurred. Due to the structured
CSM with multiple shells that PPI is predicted to produce, PPI
models can physically describe SNe whose light curves show
peculiar morphologies (e.g., significant preexplosion excesses,
large modulations or bumps in the light curve, or long-lasting blue
and luminous events) or those whose spectra exhibit signs of
strong interaction. Observable transients from PPI (“PPISNe”)
may result from collisions between shells of material ejected close
in time or from the collision of the ejecta from a terminal SN with
previously expelled shells, allowing them to span a wide range of
luminosities and durations.

However, observational confirmation of PPI events is difficult,
as other mass-loss mechanisms can also produce strongly
interacting SNe. The unique identifier of a PPI event is the
presence of an interaction-powered transient with SN-like energies
prior to the actual explosion of the star. Several notable PPISN
candidates have been identified in recent years, including
SN 2010mb (S. Ben-Ami et al. 2014), iPTF 14hls (I. Arcavi
et al. 2017), SN 2017egm (W. Lin et al. 2023; J. Zhu et al. 2023),
iPTF 16eh (R. Lunnan et al. 2018), SN 2016aps (M. Nicholl et al.
2020), SN 2016eit (S. Gomez et al. 2019), and SN 2019szu
(A. Aamer et al. 2024). Though these events show evidence of a
CSM shell that is detached or massive (iPTF 16eh, SN 2016aps)
and perhaps complex in structure (SN 2010mb, iPTF 14hls,
SN 2017egm), none are unambiguous PPISN events, either
because there are no detections of the preexplosion shell collisions
that uniquely identify the mass-loss mechanism or because any
early peaks lack the spectroscopic or photometric coverage to
confidently say that the first peak is both interaction-driven
(SN 2019szu) and occurs before final core collapse (iPTF 16eit).
Moreover, none of these events have been matched to a specific
PPISN simulation that can reproduce the observables.

In this Letter, we present SN 2020acct, a double-peaked SN
whose peaks are photometrically and spectroscopically distinct
and whose properties point toward a PPI origin. Throughout
this work, we assume a standard ACDM cosmology of
Hy=70km g1 Mpc”, Qy=0.3, and 2, =0.7.

2. Data
2.1. Photometry

SN 2020acct (ZTF20acwobku) was discovered by the
Zwicky Transient Facility (ZTF; E. C. Bellm et al. 2019) in
the g band on 2020 December 10 16.75UT, or MIJD
59193.923, at R.A.= 09:44:56.060, 6= +31:05:45.77.
Located in NGC2981 at z= 0.034650 (C. Prieto et al.
2017), SN 2020acct is offset 6.724S, 6.”27W from the core of
the galaxy (a physical separation of 6.1 kpc). The location of
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Figure 1. Images of NGC 2981, the host galaxy of SN 2020acct. Left: stacked HST images (F555W and F814W bands). The 3” x 3”inset image zooms in on the
local environment with red crosshairs marking the location of SN 2020acct. Right: PS1 r-band images of SN 2020acct during the first (top) and second (bottom) peaks

used for astrometric measurements.

SN 2020acct within NGC 2981 is shown in Figure 1. The field
of SN 2020acct was also observed as part of routine operations
by the Young Supernova Experiment (YSE; D. O. Jones et al.
2021), the Pan-STARRS survey for Transients (PSST;
M. Huber et al. 2015), and the Asteroid Terrestrial-impact
Last Alert System (ATLAS; J. L. Tonry et al. 2018). The YSE-
PZ web broker was used for coordinating follow-up observa-
tions and visualization of the YSE, ATLAS, and public ZTF
data (D. A. Coulter et al. 2022, 2023).

griz-band imaging was obtained through YSE with the Pan-
STARRS telescope (PS; N. Kaiser et al. 2002) between 2020
December 9 and 2021 February 22. All images were reduced
with the YSE photometric pipeline, which is based on
photpipe (A. Rest et al. 2005), with template images taken
from stacked Pan-STARRS1 (PS1) 3w sky survey data
(M. Huber et al. 2015, M. Fulton et al. 2024, in preparation).
All images and templates are resampled and astrometrically
aligned to match a sky cell in the PS1 sky tessellation and
nightly image zero-points determined by comparing point-
spread function (PSF) photometry to PS1 stellar catalogs
(M. Huber et al. 2015). PSF-matched templates are subtracted
from the nightly images, and the flux-weighted centroid is
determined at a position forced to match the SN position
determined from the first images, from which we perform PSF
photometry. Additional izy-band Pan-STARRS imaging was
obtained as part of PSST, alongside the composite w band.
PSST images were processed in real time as described in
E. A. Magnier et al. (2020a). We perform forced photometry at

the location of the first Pan-STARRS detection using the PS1
37 sky survey data (M. Huber et al. 2015) as our reference.

We use the ZTF forced photometry server (F. J. Masci et al.
2023) to obtain public g- and r-band photometry of SN 2020acct,
with detections spanning 2020 December 10 to 2021 April 2 (—58
to +50days in the rest frame). We use the ATLAS forced
photometry server (J. L. Tonry et al. 2018; K. W. Smith et al.
2020; L. Shingles et al. 2021) to recover the difference-image
photometry in the o and ¢ bands for SN 2020acct, with detections
covering the period 2020 December 10 to 2021 February 22.

We obtained target-of-opportunity observations from the Neil
Gehrels Swift Gamma-ray Burst Mission (Swift; N. Gehrels
et al. 2004) UltraViolet and Optical Telescope (UVOT;
P. W. A. Roming et al. 2005). SN 2020acct was monitored with
Swift from 2020 December 14 to 2020 December 23 and from
2021 February 12 to 2021 February 23. To estimate the host
galaxy level for subtraction, UVOT observations were also
obtained after the SN had faded on 2021 October 11. We perform
photometry using the HEAsoft package UVOTSOURCE with a
source aperture of 2.”0 to minimize contamination from
surrounding regions of star formation and a source-free back-
ground region with a radius of 20.”0.

Observations with the Hubble Space Telescope WFC3/
UVIS of SN 2020acct were obtained in the F275W band on
2021 November 29 (program GO-16657; PI: Fremling) and in
the F555W and F814W bands on 2022 February 2 (program
SNAP-16691; PI: Foley). SN 2020acct is undetected at both
epochs, with 5o limits of my;5 > 28.3, msss > 27.8, and
mg14 > 27.8 within a 17 aperture.
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Figure 2. Top: the light curve of SN 2020acct. The phase is given in the rest frame with respect to the maxima of the second peak (MJD 59254.4). The two peaks are
distinct, separated by 58 days in the rest frame (maximum to maximum). The inset shows that between the peaks, the SN does not completely fade to zero flux.
Bottom: photometric comparison of SN 2020acct with other notable double-peaked SESNe (M. C. Bersten et al. 2021; A. Aamer et al. 2024; K. K. Das et al. 2024;
H. Kuncarayakti et al. 2023; T. Kangas et al. 2024; Y. Sharma et al. 2024), including the PPISN candidates SN 2016eit, SN 2019stc, and SN 2019szu (S. Gomez
et al. 2019, 2021; A. Aamer et al. 2024). We also show the G. Hosseinzadeh et al. (2017) SN Ibn template light curve and a template light curve for SN impostors
(derived using the light curves of M. Fraser et al. 2015; N. Elias-Rosa et al. 2016; L. Tartaglia et al. 2016; A. Pastorello et al. 2018; S. J. Brennan et al. 2022).

We estimate the time of explosion, #y = 59192.1 £ 0.5, as the
midpoint between the last preexplosion nondetection from
ATLAS on MJD 59191.58 and an early first detection from the
YSE survey in the g and z bands on MJD 59192.65. We present
the light curve of SN 2020acct in the top panel of Figure 2, with
detections spanning 106 rest-frame days from initial discovery.
Photometric observations are provided within Appendix Table 1,
where all rest-frame phases are reported with respect to the
maximum of the second peak. All photometry is corrected for the
Milky Way foreground extinction using the dust maps of
E. F. Schlafly & D. P. Finkbeiner (2011). We do not correct for
internal host galaxy extinction.

2.1.1. Astrometry

We analyzed PS1 r-band images corresponding to the first
and second peaks of SN 2020acct, taken on 2020 December 17

and 2021 February 11, respectively, to determine the relative
astrometric offset and confirm the coincidence of the two
peaks. The zoomed-in images are displayed in the right panels
of Figure 1.

Using SExtractor (E. Bertin & S. Arnouts 1996), we
identified common stars in both images. We applied quality
control cuts to exclude stars based on source ellipticity, the full
width at half-maximum (FWHM), saturation, or proximity to
the image edges. After removing these sources, the images had
30 stars in common with well-measured positions.

To compute the geometric transformation between the two
images, we performed iterative fitting on these stars using
GEOMAP (D. Tody 1986). Following the removal of four
additional stars, we applied a second-order Legendre poly-
nomial fit and used GEOTRAN to apply this transformation.
We performed additional systematic tests, including a jackknife
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test with the selected stars to determine the influence of
individual stars in the fitting process and, by changing the order
of the fit, finding an additional 0.07 and 0.07 pixel uncertainty
in each direction, respectively.

We find the location of the two peaks to be coincident, with a
relative offset of (0.19 = 1.71, 0.36 &£ 1.38) pixels in the x- and
y-dimensions, respectively, or 0.”76 +6.”784, 1./44 +5."52,
indicating that they are consistent to within 0.19¢.

2.1.2. Long-term Light Curve

We search for variability prior to the detection of the first peak
of SN 2020acct, performing forced photometry at its astrometric
location. We use the ZTF (F. J. Masci et al. 2019) and ATLAS
(K. W. Smith et al. 2020) forced photometry servers to recover the
difference-image photometry and internally collected forced
photometry for PSST, with observations dating from 2018
January 1 (ATLAS), 2013 November 18 (PSST), and 2019
November 13 (ZTF). We visually inspect the forced light curves
and do not find significant preexplosion activity within the PSST
and ZTF data down to a luminosity of M= —14.9. For the
shallower ATLAS data, we compare the forced light curve of
SN 2020acct to the forced photometry of eight control light curves
located within a circular radius of 15° of the transient, using the
weighted mean of the control light curves to identify any
discrepant epochs in the target light curve (see S. Rest et al. 2024
for further details). We find no significant variability in the
preexplosion data out to MJD 57754 (2017 January 1), down to a
luminosity of M, = —15.9.

2.2. Spectroscopy

We obtained five epochs of optical spectroscopic observations
of SN 2020acct spanning —58 days to +56 days (rest frame). The
optical spectra were obtained with the Kast dual-beam
spectrograph (J. Miller & R. Stone 1994) on the Lick Shane
telescope, the Alhambra Faint Object Spectrograph (ALFOSC) on
the Nordic Optical Telescope (NOT), and the Low-Resolution
Imaging Spectrograph (LRIS; J. B. Oke et al. 1995) on the Keck I
telescope. A final spectrum was obtained using LRIS on 2021
May 12 (+89 days), with the slit centered on the SN location after
optical light from the second peak had faded. We use this
spectrum for host galaxy corrections. A log of all spectroscopic
observations and observing setups are presented in the Appendix.

The LRIS and Kast spectra were reduced using the UCSC
Spectral Pipeline®* and processed as described in M. R. Siebert
et al. (2019). The NOT-ALFOSC spectra were reduced using
custom built iraf pipelines. We color-correct all transient and
host galaxy spectra, mangling the spectra (E. Y. Hsiao et al.
2007) to the available photometry to correct for slit losses. We
use the LRIS local host galaxy spectrum to perform our host
subtraction, convolving the host spectrum to lower-resolution
instruments where applicable before subtraction. We present
the reduced spectra of SN 2020acct in Figure 3.

3. Analysis

Below, we examine the spectroscopic, photometric, and host
galaxy properties of SN 2020acct, outlining its physical
characteristics in the context of other CCSNe.

24 https://github.com/msiebert] /UCSC_spectral_pipeline
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3.1. Host Galaxy Environment

To examine the properties of the host galaxy of SN 2020acct,
we perform spectral energy distribution (SED) fitting, collect-
ing archival grizy images from the PS1 37 catalog, alongside
JHK measurements from the Two Micron All Sky Survey
(M. F. Skrutskie et al. 2006), the W1 and W2 bands from the
Wide-field Infrared Survey Explorer (E. L. Wright et al. 2010),
and near-UV and far-UV photometry from the Galaxy
Evolution Explorer (D. C. Martin et al. 2005). We measure
the global flux of the global host galaxy within a Kron-like
aperture (E. A. Magnier et al. 2020b) as determined within the
PS1 images, applying the same aperture across all survey
images and filters for consistency. We also extract the host
photometry within a 1 (corresponding to 0.6 kpc) aperture
centered on the explosion site of the SN to determine the
properties of the stellar population native to the progenitor.

Given that SN 2020acct is located 9.”3 from the center of
NGC 2981, we fit both the global and local host photometry using
the stellar population synthesis models of Prospector (J. Leja
et al. 2017; B. D. Johnson et al. 2021). We apply a 10% error floor
to all photometry to account for systematic uncertainties in both the
photometry and the physical models being fit to the emission. For
fitting the global host photometry, we invoke a model similar to
that of Prospector-av detailed by J. Leja et al. (2017), in which the
stellar mass, metallicity, six-component star formation history, dust
fraction, and reprocessing are free parameters (as per P. Ramsden
et al. 2022). In this case, the model uses a nonparametric Dirichlet
star formation history treatment, but the remaining free parameters
used are well described in J. Leja et al. (2017). For fitting the local
environment, we assume an exponentially declining star formation
history, with broad priors on stellar mass (4 < Log(M.,) < 12), star
formation history (=2 < Log(t) < 2), and metallicity
(—4 < Log(Z.) < 10). We generate models for both fits that
include the effects of stellar and nebular emission, metallicity, dust
reprocessing, and sampling the posterior using the Bayesian nested
sampling code dynesty (J. S. Speagle 2020).

Fitting the global SED, we find that NGC 2981 has a stellar
mass of log(M, /M) = 11.297 53¢ and a current star formation
rate (SFR) of (SFR/M,yr~!) = 17"]3. When we fit the SED of
the stellar population local to the explosion site of SN 2020acct
within a 1” radius of its location, we find a local SFR of
log(SFR/M,yr—") = —1.1707 and an average stellar age of
lage = 9.13743 Myr, from which we infer a local specific SFR
(sSFR) of log(sSFR/M yr ") = —10.470% We show our
global and local SED fits in the Appendix (Figure 7).

We measure a local gas phase metallicity using emission
lines from the LRIS spectrum taken at the location of SN 2020acct.
Only Ha, HB, and N 11 A\6584 lines are observed, for which
we measure fluxes of Fyy, =4.2 +0.2 x 10716 erg s Tem ™2,
Fug=75 + 0.8 x 10" erg g ! cmfz, and Fnu=66=%
1.4 x 10~ 7 erg s~ ' cm 2. We use the N2 metallicity diagnost-
ic of 12+ 1log(O/H)=8734 + 0.462x log(INII/Ha])
(R. A. Marino et al. 2013) and find 12 + log(O/H) =8.36
(0.46 Z.)). We also estimate the local SFR using the Ha line flux
diagnostic of R. C. J. Kennicutt (1989) and find SFR(Ha) =
94 x 10°M,, yr'. We note that this metallicity (0.4 Z.),
approximate to the metallicity of the Small Magellanic Cloud, is
significantly lower than the SFR inferred through our local
Prospector fitting but is likely due to differences in aperture size.
Spatially resolved integral-field spectroscopic observations will
likely disentangle this issue.
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Figure 3. Spectroscopic time series of SN 2020acct. Key spectral features are highlighted. Top panel: spectra obtained during the first peak. Middle panel: spectra obtained
during the second peak. The phases of all spectra are given with respect to the second peak. The two peaks are spectroscopically distinct, with the first showing swiftly
evolving narrow lines and the second showing absorption features similar to SESNe. Bottom panel: a host galaxy spectrum from the explosion site of SN 2020acct.

(The data used to create this figure are available in the online article.)

3.2. Spectroscopic Properties
3.2.1. First Peak

From Figure 3, we can see that the spectroscopic properties
of the two peaks are very distinct. The higher-resolution LRIS
spectrum of the first peak, obtained at —58 days (approximately
—1day from the maximum of the first peak), displays a blue
continuum with several superimposed narrow absorption and
emission lines, including strong He T A\4471, 5857 and He 11
AM686 P Cygni features. Given the lack of corresponding Ha
and HfS emission, we identify the P Cygni feature at 4100 A
as He 1.

The feature at 4600 A requires additional examination. This
feature has two peaks above the continuum, with the redder peak
corresponding to He I M4686. The bluer peak is roughly consistent
in wavelength with the N III triplet AA634, 4640, 4641; however,
we disfavor this identification, as discussed below.

The wings of each peak are much narrower than the
Lorentzian (or “IIn-like”) profiles typically seen in either flash-
ionized SNe II or SNe Ibn (which are produced by electron
scattering of photons as they pass through the ionized CSM;
N. N. Chugai 2001; C. Huang & R. A. Chevalier 2018). If the
two peaks were attributed to resolved narrow lines of He II and
N 111, this would imply a width of <1000 kms ™' (see Appendix
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Figure 4. Helium profiles in the first peak of SN 2020acct. Left: strong asymmetric absorption features are present in all helium lines, which align in velocity space.
The solid line indicates zero velocity in the rest frame, while the dotted lines indicate the minima of the inferred absorbing material from fitting He II profiles. The
MA471 line is affected by the SN continuum. Top right: fitting the He II A\4868 line with a single Gaussian profile, with a width of ~3000 km s~ Two absorbing
components are required, with velocities of ~—900 km s ' and ~—1600 km s~'. Bottom right: the same fit to the He 11 A4100 line.

Figure 8) and therefore a low optical depth for the line-forming
region of the CSM compared to other CCSN progenitors
(W. V. Jacobson-Galdn et al. 2024).

Instead, the 4600 A feature can be explained exclusively as
He 11 with a complex line profile. This profile requires a single
emission component blueshifted by —1600kms™' with an
FWHM of 2900 kms~' and two absorption components at
—900kms ' and —1600km s~ '. The absorption significantly
reduces the core of the emission, separating it into two apparent
emission peaks. This is supported by comparison to other He I
lines, which exhibit a consistent velocity structure (see, for
example, the He 11 M100 feature; Figure 4). The apparent
blueshift of these lines from the rest frame (~1600kmsfl)
may be due to destructive opacity effects (A. Jerkstrand 2017),
where redwardly scattered photons that are moving toward the

observer are suppressed by optically thick interceding material,
creating an apparent strong reduction in flux from the red wing
of the line. .

We thus identify the 4600 A feature as being produced solely
by He 11 M686 with no N 1II contribution. Given the likely high
ionization of the CSM during the first spectrum, we search for
additional features of C III and N III within the spectrum but do
not find evidence of these lines. Thus, the first optical spectrum
of SN 2020acct exhibits only He spectral features. These
emission features have mostly disappeared by the —54 day
spectrum (+3 days from first maximum), where only broad,
weak He I A\5876 emission is observed.

In Figure 5, we compare the first peak spectrum of SN 2020acct
to the those of CCSNe at similarly early epochs (<—7 days). At
these phases, nearby CSM is “flash ionized” by ultraviolet (UV)
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Figure 5. Top: spectroscopic comparison of the —58 day spectrum of SN 2020acct with “flash-ionization” spectra of young Type II CCSNe (O. Yaron et al. 2017;
G. Terreran et al. 2022), early spectra of SNe Ibn (A. Pastorello et al. 2015; A. Gangopadhyay et al. 2020), SN impostors (M. Fraser et al. 2013; S. J. Brennan
et al. 2022), and the SC phase of an SN IIb (L. Tartaglia et al. 2017). Key spectral features are marked. Bottom: spectroscopic comparison of SN 2020acct around its
second maximum (43 days) against double-peaked SESNe SN 2023aew (here the phase of the SN is set with respect to its second peak; T. Kangas et al. 2024;
Y. Sharma et al. 2024), SN 2019stc (S. Gomez et al. 2021), and SN 2019szu (A. Aamer et al. 2024); the superluminous SN 2015bn (M. Nicholl et al. 2016); and the
normal SESNe SN 2007gr (J. Chen et al. 2014) and SN 2004gq (M. Modjaz et al. 2014).
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radiation emitted by the breakout of the SN shock from the stellar
envelope (O. Yaron et al. 2017; G. Terreran et al. 2022), rapidly
cooling and recombining (A. Gal-Yam et al. 2014; D. Khazov
et al. 2016). We also compare with the early flash-ionization
spectra of rapidly evolving SNe Ibn (A. Pastorello et al. 2015;
A. Gangopadhyay et al. 2020), nonterminal outbursts from SN
impostors (M. Fraser et al. 2013; S. J. Brennan et al. 2022), and
spectra of cooling of shock-heated ejecta following shock
breakout (SC) in an SN IIb (L. Tartaglia et al. 2017).

The helium emission features present within the first peak of
SN 2020acct do not resemble the broad features produced by
rapidly expanding ejecta within SNe or within SN IIb SC
peaks. The lack of Balmer emission disfavors an SN impostor
interpretation for the first peak (also see Section 3.3). These
features are instead more similar to those of flash-ionized
CCSNe and SNe Icn/Ibn, whose features are the result of brief
CSM interaction. The brevity of the emission features seen in
the —58 day spectra (gone 4 days later) and the presence of
high-ionization recombination lines such as He 11 \4846 are
reminiscent of short-lived recombination lines in the early
epochs of SNe II (D. Khazov et al. 2016; R. J. Bruch et al.
2023) and some SNe Ibn (A. Pastorello et al. 2015; G. Hosse-
inzadeh et al. 2017; A. Gangopadhyay et al. 2020). The lack of
Ha emission and broader line widths (see Figure 4) in
SN 2020acct suggests a different origin of interaction.

The broad, complex helium line profiles with emission and
multiabsorption components indicate a complex CSM struc-
ture. From our simple modeling, the absorption profiles imply
that at least two regions of obscuring material sit between the
emission zone and the observer in order to mask the center of
the He 1 emission profiles. The lack of corresponding
hydrogen absorption suggests that this obscuring CSM is also
hydrogen-free. We estimate velocities of approximately
~—900kms~" and ~—1600kms ™" for these helium-absorb-
ing regions. The different widths and velocities of these profiles
suggest a complicated geometry with multiple obscuring
regions. Understanding the geometry of this CSM structure
requires detailed 3D radiative transfer simulations, which is
beyond the scope of this work.

3.2.2. Second Peak

Upon rebrightening, the second peak of SN ?2020acct
exhibits a very different spectral evolution. The visible strong,
broad absorption features are, upon first inspection, similar to
those of a stripped-envelope SN (SESN). The lines present at
this phase include He 1 AM471, 4922, 5876, 6678, Na I
AA5890, 5896, O T AN6158, 7774, Sc T AN5663, 6247, Ca II
A3934, the near-infrared (NIR) triplet A\8498, 8542, 8662,
Mg 11 \7887, forests of blended Ti II around 4400 A, and Fe I
lines around 4550 A. We also tentatively identify the broad,
flat-topped feature around 7300 A (obscured by a telluric in the
+0 day spectrum but clear at 43 days) as a blend of forbidden
[Ca ] AN7291, 7323 and [O 1] AX7320, 330, with potential
contributions from [Fe II] A7452 or N I \7468 toward the red
wing of the feature, with the two wings becoming more
distinguished by the +9 day spectrum. Notably, SN 2020acct
exhibits relatively narrow absorption features. Fitting the O T
A6158 and Sc I \6247 features (which we judge to be
unblended features) in the +1 and +3 day spectra we find
ejecta expansion velocities of 5800 + 900 km s~ ', decreasing
to 4300 4+ 400kms ' at +9 days. The origin of the broad
emission feature at 6500 A is unclear. This could be due to Ha;
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however, the implied velocity from the absorption component
(13,000 kms™') is substantially higher than the bulk of the
ejecta, and we do not see any corresponding HG emission.
Other possibilities include C T A6580, [O 1] A\6300, 6364,
[N 1] (as suggested for SN 2023aew; T. Kangas et al. 2024), or
some combination of these lines. By +56days in the late
photospheric phase, we see only rest-frame emission from Na I,
the Ca I NIR triplet, some weak He I A5876, and the
ambiguous 6500 A feature.

In Figure 5, we compare the 4-3 day spectrum to the spectra
of other double-peaked SESNe, SN 2023aew (T. Kangas et al.
2024; Y. Sharma et al. 2024), SN 2019stc (S. Gomez et al.
2021), and SN 2019szu (A. Aamer et al. 2024); a late-time
spectrum of the superluminous SN 2015bn (M. Nicholl et al.
2016); and the normal SESNe SN 2007gr (a Type Ic; J. Chen
et al. 2014) and SN 2004gq (a Type Ib; M. Modjaz et al. 2014).
The features present during the second peak of SN 2020acct are
strikingly similar to those of SN 2023aew and SN 2015bn,
although less broad. In particular, the second peak of
SN 2020acct shows a striking similarity to SN 2023aew, which
also exhibits a strong double-peaked light curve (see Figure 2).
However, the first peak of SN 2023aew was found to be
spectroscopically similar to an SN IIb, with broad absorption
features indicating expanding ejecta (T. Kangas et al. 2024;
Y. Sharma et al. 2024), which we do not observe within
SN 2020acct.

Though the second peak holds some similarity to an SESN,
there are some notable differences. The potential presence of
forbidden [Ca II] and [O 1] at maximum light is unusual for a
typical SESN. Forbidden emission lines can only be produced
within low-density environments, where collisional deexcitation is
unlikely, and thus radiative deexcitation becomes the dominant
process. As such, these features typically appear closer to the
nebular phase (>100days from explosion), when the ejecta
become largely optically thin. Further, we do not detect [O TI]
A6300 emission, commonly observed in SESNe during the
nebular phase. This suggests that that the oxygen emission that we
observe during the second peak comes from completely ionized
material, likely a low-mass or low-density region (assuming a
given heating rate from the inner SN ejecta). The forbidden [Ca II]
and [O II] may therefore originate from collisionally excited low-
density material external to the SN ejecta. Thus, the second peak
may not be a *°Ni-decay-powered explosion, as we expect within
normal SESNe.

SN 2020acct joins a handful of SNe, SN 2023aew,
SN 2019szu, SN 2019stc, and SN 2018ibb (S. Schulze et al.
2024), where these features are prominent close to maximum
light. A. Aamer et al. (2024) explain the early presence of [O II]
emission lines in SN 2019szu as the interaction of the SN ejecta
with nearby CSM, ejected 120 days before explosion as a result
of PPL, a model that has also been invoked to explain the
double- peaked light curve of SN 2019stc. Though PPI events
are not “°Ni-decay-powered, as normal SESNe are, they are
expected to produce events with similar spectra to SNe Ib/c
due to increasing core surface mass fractions of helium, carbon,
and oxygen in the final pulses before collapse (M. Renzo et al.
2020). We explore PPI further in Section 5.2.

3.3. Photometric Properties

The two peaks of SN 2020acct are distinct from each other,
with emission dropping by 2.8 mag in the r band within
22 days from the first maximum. In the bottom panel of
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Figure 2, we compare the photometric evolution of
SN 2020acct to other double-peaked SESNe (M. C. Bersten
et al. 2021; K. K. Das et al. 2024; H. Kuncarayakti et al. 2023;
T. Kangas et al. 2024; Y. Sharma et al. 2024), including three
PPISN candidates (SN 2016eit, SN 2019stc, and SN 2019szu;
S. Gomez et al. 2019, 2021; A. Aamer et al. 2024). We also
compare the first peak's evolution to the SN Ibn template of
G. Hosseinzadeh et al. (2017) and to an SN impostor template
(constructed using data from M. Fraser et al. 2015; N. Elias-
-Rosa et al. 2016; L. Tartaglia et al. 2016; A. Pastorello et al.
2018; S. J. Brennan et al. 2022).

SN 2020acct does not closely resemble any current event
within the literature. The 58 day lag between the two peaks is
similar to the peak separations in other events; however, the
clear drop in flux between the peaks is unique. While the
second peak of SN 2020acct falls within the typical distribution
of normal Ib/Ic SN luminosities (D. Richardson et al. 2014), it
lies toward the faint end of the double-peaked SN range. The
brighter first peak exceeds the luminosities typical of an SN
impostor, and its light-curve evolution is more rapid. Although
its rapid behavior is closer to that of SNe Ibn (G. Hosseinzadeh
et al. 2017), the differences in spectral properties outlined in
Section 3.2 (although see M. Pursiainen et al. 2023 for
spectroscopic diversity) and the appearance of a second peak
suggest a different origin.

We construct the bolometric light curve of SN 2020acct
using the optical foreground-extinction-corrected photometry
(we exclude Swift photometry due to uncertain background
subtraction), grouping data at 2day intervals and fitting a
simple blackbody function to the resulting light curves and
integrating across the full blackbody curve to find the
bolometric luminosity. We find the luminosity of the first
peak to be 9.6 + 0.6 x 10*? erg s~ and that of the second peak
to be 3.52 + 0.09 x 10%ergs™'. The flux drops to
<2 x 10" erg s~" during the minimum between the two peaks.

Examining the blackbody fits (see Figure 7), we find that the
first peak of SN 2020acct shows very rapid evolution in both
temperature and radius, cooling quickly after peak (cooling by
25000K in 10 days), with a radius increase of a factor of
~2 over 10 days to >8 x 10" cm. We also note the unusually
large photospheric radius found for both events (=8 x
10™cm) at early phases and seemingly larger for the first
peak compared to the second peak. The general behavior is
similar to flash-ionized SNe II (though CCSN radii are
typically not so extended; I. Irani et al. 2024) and to Ibn/Icn
SNe (e.g., C. Pellegrino et al. 2022; M. Pursiainen et al. 2023),
where a CSM envelope is quickly shock-heated and then cools.

4. Progenitor Scenarios

We next explore different potential progenitor scenarios to
see if they can reproduce the double-peaked light curve of
SN 2020acct. We first consider the plausibility of SN 2020acct
being the chance occurrence of two individual SNe originating
from either the same star-forming region or binary system
before exploring models from a single progenitor system.

4.1. Two SNe from the Same Region

We consider a scenario in which the two peaks of
SN 2020acct originate from two individual progenitor stars in
the same star-forming region, which would appear to be
coincident given the localization within the host galaxy.
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As the lifetimes of CCSN progenitors are short (~few Myr),
the CCSN rate should closely follow the current SFR, which we
can use to estimate the likelihood of this case. We take the
theoretical relationship between SFR and CCSN rate from
M. T. Botticella et al. (2012). For the local SFR within ~1 kpc
of the explosion site of SN 2020acct, which is ~1 X
107%2M, 5 yr ', we would anticipate of order ~10~*SNeyr ..
The probability of two individual SNe occurring within this star-
forming region within a 60 day window is thus ~2.7'°. The
extremely low probability of two SNe occurring within 1 kpc of
each other within such a short window suggests that this is not a
likely scenario to produce SN 2020acct.

4.2. Two SNe from a Binary System

Another possible route to producing two individual SNe at
the same explosion site within a short temporal window is to
have two progenitors coevolving within a binary system. Close
binary systems, in which Roche-lobe overflow occurs, have
been frequently invoked as the progenitors of SESNe, as they
present a more efficient method (compared to stellar winds in
single Wolf—Rayet stars) of partially stripping 10-18 M, SN
progenitors of their hydrogen envelopes (e.g., J. S. W. Claeys
et al. 2011; S.-C. Yoon et al. 2017). Binaries have also been
suggested as a mechanism to strip Ibn progenitor envelopes,
with some potential direct progenitor detections to support this
(J. R. Maund et al. 2016; N.-C. Sun et al. 2020).

However, for a binary system to reproduce the observed
properties of both peaks of SN 2020acct, with both components
exploding within a ~60day window, both stars within the
system must evolve on similar timescales and undergo
sufficient stripping to reduce their outer hydrogen envelopes.
A close system in which the binary mass ratio is high may
result in unstable mass transfer while both stars are on the main
sequence, leading to the formation of a common envelope with
a double core (C. J. Neijssel et al. 2018). Within such a system,
both stars could coevolve on more similar timescales while
efficiently removing most of their hydrogen envelopes.
However, the likelihood of both components reaching the
point of final core collapse within 50 days of each other seems
implausible.

Another issue with this model is the requirement that enough
energy must be lost from the binary system due to its corotation
within the envelope to sufficiently eject it before both
components explode, as we do not observe signatures of
strong interaction with a hydrogen-rich CSM within either
peak. At the lower end of massive binaries (two 8 M, stars),
the binding energy of the envelope is of order several x
10* erg (M. U. Kruckow et al. 2016). It may be possible that
the explosion of the first component releases sufficient energy
to remove any envelope prior to the second explosion.
However, from simple modeling (Section 4.3.3), the kinetic
energy released during the first explosion is ~(6-8) x 10*® erg
and therefore unlikely to be sufficient to eject an envelope
alone. It may be possible that some envelope remains after the
first explosion, and any signatures of interaction are too weak
to be detected while the second SN is bright.

The extreme fine-tuning this scenario would require to
evolve both binary components on similar timescales, for the
common envelope to be cleanly removed before or by the first
SN, and for both cores to collapse within a two-month window
makes this scenario inconceivable. Thus, we do not consider
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this further as a route to producing the two peaks of
SN 2020acct.

4.3. Rate of SN 2020acct-like Events

To help constrain potential progenitor scenarios for
SN 2020acct, we determine the observed rate of comparable
double-peaked SNe to SN 2020acct. The SN rate is defined as

N

_, 1
fqpec evr ( )

Ryoacet—like =

where N is the number of events observed within a volume V
during the time period 7. The efficiency of detection (the
likelihood that an event is detected within the data of a given
survey) is given by ¢, while f,.. is the spectroscopic
completeness of the survey within V.

We estimate the rate of SN 2020acct-like events within
ATLAS (our shallowest survey) over a 4 yr baseline from 2018
to 2021 out to a distance of 300 Mpc (z ~ 0.07), beyond which
the second peak of SN2020acct would not have been
recoverable within the ATLAS data (and the first peak would
be observed as a stand-alone SN Ibn).

Using the ATLAS efficiency simulation tool (which
accounts for the survey cadence and 5o limiting magnitudes
within a given field), we estimate the recovery efficiency for an
SN 2020acct template light curve (see S. Srivastav et al. 2022
for full details). Assuming an event is efficiently “detected” if a
minimum of 10 epochs of cospatial 50 detections are
recovered, we simulate the efficiency of ATLAS recovery by
injecting 10,000 events in 50 Mpc bins out to 300 Mpc. From
our simulations, we find € = 0.163 at 300 Mpc.

To estimate the spectroscopic completeness of ATLAS, we
take a similar approach to M. Nicholl et al. (2023) by selecting
all transients detected within the survey of brightness m < 20.0
(in either the cyan or orange filter) within a 4 yr window
(2018-2021) and measuring fipe. from the ratio of spectro-
scopically classified to total events with >11 ATLAS
detections in the light curve (the minimum number of
detections required to identify SN 2020acct as a double-peaked
event assuming an average ATLAS cadence of 1.5 days). We
find fipee = 0.54.

Given the changing spectroscopic nature of SN 2020acct, we
also search for potentially missed spectroscopically classified
events within the 2018-2021 ATLAS data, requiring that
candidates have two peaks separated by >20 days (eliminating
IIb SC curves) and peak luminosities within ~1 mag of each
other, where any spectroscopic classification of either peak
matches that of SN 2020acct (signatures of interaction and/or
an SESN). We find no other double-peaked events of a similar
nature to SN 2020acct.

We measure the rate of double-peaked events like
SN2020acct to be ~33 x 10°® events Mpc >yr ',
approximately x10~* of the CCSN rate (D. A. Perley et al.
2020; C. Frohmaier et al. 2021). We thus proceed under the
assumption that SN 2020acct is the product of an intrinsically
rare progenitor system or explosion mechanism.

4.3.1. SC Modeling

A small subset (3%—9%; K. K. Das et al. 2024) of SNe Ib/c
have preexplosion peaks due to the SC of extended CSM
around the progenitor star heated by the SN shock wave
following the initial explosion. We thus model the first peak of
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SN 2020acct with an SC model, where photons deposited by
the shock wave begin to escape from optically thick ejecta or
CSM (E. Waxman & B. Katz 2017). SC emission is expected
to last on the order of a few days, with a light-curve
morphology driven by both the energetics of the shock wave
and the properties of the nearby CSM (E. Nakar &
R. Sari 2010; E. Waxman & B. Katz 2017). We fit the first
peak with the revised models of A. L. Piro et al. (2021), fitting
only optical (g, r, z, 0) photometry from the first 10 days after
our estimated 7o, where the model is valid. We find the best fit
to these data to be SC of a CSM envelope at a radius of
Rcsv =750 £ 10 R, that has a mass of Mcgm =0.20 £ 0.05
M_, and is moving at a velocity of v, = 12,000 4 800 km s ".

The primary issue with this model is that SC emission does
not provide a natural explanation for the delay between the first
and second peak and requires that the SN occur at the
beginning of the first peak. It is then difficult to explain the
second peak reaching maximum ~50 days later.

4.3.2. Low-mass Helium Star Models

Given the presence of helium emission during the first peak, we
explore models commonly used to describe the production of SNe
Ibn, an intrinsically rare subset of SESNe (approximately 1% of
all SNe; A. Pastorello et al. 2008). A massive Wolf-Rayet star
that loses all or most of its hydrogen envelope through luminous
blue variable (“LBV-like”) outbursts (e.g., A. Pastorello et al.
2007),25 winds, or binary interaction can accumulate a
substantial helium-rich CSM around the progenitor. Interaction
of the final SN ejecta with this CSM (e.g., R. J. Foley et al.
2007; A. Pastorello et al. 2008; L. Dessart et al. 2022) could
potentially power the light curve.

We explore several models involving explosive mass
ejection and winds from low-mass (initial masses 2-3 M)
helium stars at solar metallicity (see also L. Dessart et al. 2022).
Two examples are shown in the Appendix (Figure 12). One,
based on a helium star with initial mass 2.6 M, (pre-SN mass
2.14 M), experiences a very low energy terminal explosion
(2.3 x 10* erg) that interacts with a shell ejected by a silicon
flash 101 days earlier. The other, a helium star with initial mass
2.7 M, (pre-SN mass 2.21 M) experiences no silicon flash but
instead interacts with a very strong wind (0.1 M., yr'). Such a
large mass-loss rate might be reasonable for a star that is
burning oxygen and silicon during the last year of its life in
unstable flames bounded by a molecular weight inversion
(S. E. Woosley 2019) or perhaps late-stage binary interaction.

While both models are capable of reproducing the first peak
of SN 2020acct, each has some deficiencies. Models invoking
interaction of a terminal explosion with a previously ejected
shell require very low explosion energies (2.3 x 10* erg) to
avoid making the light curve too bright. Reducing the wait time
between the silicon flash and core collapse could produce a
fainter event, but then the SN ejecta would also overtake the
ejected shell before peak luminosity was reached, resulting in
no narrow emission lines. Moreover, this model does not offer
a natural explanation for the presence of the second peak.

The simplest wind model produces a light curve that declines
too slowly following the first peak. This could reflect the
decreasing optical efficiency of the forward shock as it moves
outside the photosphere or a variable mass-loss rate. In

% For an LBV-like event, the CSM would likely be hydrogen-rich, rendering
this scenario unlikely.
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particular, if the mass-loss rate increased with time just before
the explosion, the density in the wind would decline more
steeply than 2. This model also does not provide an intuitive
explanation for the second peak. While a composite model
invoking an interaction with a shell of material ejected by a
silicon flash prior to the wind phase is possible, the lack of
narrow lines during the second peak discredits this.

While these models arise from a more instinctive progenitor
population given the host environment of SN 2020acct (see
Section 3.1), they critically cannot explain the presence and
properties of the second peak. We thus do not consider these
models further here.

4.3.3. Modular Open Source Fitter for Transients Modeling

We use the Modular Open Source Fitter for Transients
(MOSFiT) code (J. Guillochon et al. 2018) to estimate the
likely explosion parameters for each peak under the assumption
that the first peak is CSI-powered (E. Chatzopoulos et al. 2012;
B. Jiang et al. 2020) and the second is the result of the
%5Ni-decay model (W. D. Arnett 1982). We select data within
the MJD range 59192.65-59223.43 for the first peak and in the
range 59248.40-59280.27 for the second peak, independently
fitting the two models but allowing for the explosion epoch of
the second to coincide with the first peak. For the CSI
modeling, we explore different CSM density profiles (pcsm),
where the density is a power-law function of the radius, r, such
that pcsm o< ¥~ °. We fit the peak three times (i) under the
assumption of a shell-like CSM (s=0), (ii) under the
assumption of a wind-like CSM (§ =2), and (iii) with s as a
free parameter. To efficiently sample our posterior parameter
space, we use the Bayesian nested sampling code dynesty
(J. S. Speagle 2020).

Visually, we find that the CSI and the *°Ni-decay models
provide agreeable fits to the data. In particular, the CSM
interaction model is able to capture the swift rise and slower
decline of the first peak. However, the resulting model
parameters seem nonphysical, with a very low CSM mass of
0.05M. and 7 x 10 >M, of ejecta and very low radii
(~10"% cm). We find negligible differences in the goodness of
fit when using a wind-like and a shell-like CSM, and leaving
this parameter free does not suggest a preference either way. As
the CSI models implemented within MOSFiT are based on the
analytic models of E. Chatzopoulos et al. (2012), which assume
a continuous power-law density profile for both ejecta and
CSM, these unusual values may be a result of trying to fit a
simple model to a more complex physical scenario. For the
second peak, we can fit the **Ni-decay model to the light curve;
however, this model favors low ejecta masses (0.1 M) with an
extremely high nickel fraction (fy; = 0.91). Such low ejecta
mass is unusual for an SESN. SNe Ibc typically eject between 2
and 4 M, of material (M. R. Drout et al. 2011; J. D. Lyman
et al. 2016), of which 0.08 M., on average is >°Ni (N. Afsaria-
rdchi et al. 2021). Though *°Ni-decay model masses are usually
overestimated (N. Afsariardchi et al. 2021), the low ejecta mass
and unrealistically high *°Ni fraction inferred in this fit are
extreme. The inability of MOSFiT to recreate this with a
reasonable ejecta mass and “°Ni fraction could indicate that the
second peak is not produced by a standard SESN progenitor or
that additional powering mechanisms are required to produce
this peak. Our assumed model priors and resulting fit
parameters can be found in Appendix Table 4, and our fit is
shown in Appendix Figure 9.
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4.4. Discussion

Both peaks of SN 2020acct present distinct properties that
make their origins difficult to reconcile with normal SN
models. Based on the spectroscopic properties exhibited by the
first peak of SN 2020acct, it is reasonable to assume that it is
powered only by CSM interaction, although from the results of
our MOSFiT modeling, the CSM setup is potentially more
complicated than that invoked within the analytical model of
E. Chatzopoulos et al. (2012). While its spectroscopic features
suggest strong interaction with nearby hydrogen-free CSM, its
duration and luminosity make it difficult to reconcile as either a
stand-alone SN or an SN impostor. Its separation in time from
the second peak (58 days in the rest frame) puts it at odds with
SC models from shock breakout at the onset of core collapse
and from models invoking CSM interaction from explosions of
low-mass helium stars. In particular, if originating from the
same explosion, the separation between the two peaks is
seemingly too long for them to be causally connected (i.e., the
onset of core collapse cannot happen long before the start of the
second peak). The strong, broad helium emission lines imply a
different CSM configuration from the nearby CSM illuminated
during the early phases of normal CCSNe and SNe Ibn.

The second peak of SN 2020acct appears to be a terminal
explosion and holds some spectroscopic and photometric
similarity to SESNe. Though the unrealistically high >°Ni
fraction and low ejecta mass from MOSFiT make a solely
6Ni-decay-powered scenario unlikely (see Section 5 for further
discussion), modeling this peak has shown that its explosion
date must occur after the first peak has faded. The early
emergence of forbidden [Ca II] and [O 1] lines typically
observed at the nebular phase, alongside the absence of [O 1],
suggests that this line originates from highly ionized diffuse
material, likely external to the SN ejecta.

PPI is a very appealing scenario to describe SN 2020acct, as
its properties align with the key hallmark of PPISNe—the
presence of an interaction-powered transient with SN-like
energies prior to a terminal explosion. PPI would provide a
natural explanation for the two luminous and distinct peaks of
the event, while the low observed rate of similar events measured
within ATLAS would agree with the natural rarity of PPI
progenitors (estimated to be a few thousand of all CCSN
progenitors; S. Justham et al. 2019). We explore a PPI progenitor
scenario for SN 2020acct more in the following section.

5. PPI

Episodic eruptive mass loss in massive stars has been shown
to produce luminous precursory peaks within SN light curves
(N. Smith et al. 2010; M. Fraser et al. 2013; N. Smith 2014;
C. Bilinski et al. 2015; N. Elias-Rosa et al. 2016). However, the
luminosity (peaking on average at ~10** erg s~ '), evolutionary
timescale, and distinct spectroscopic features of the first peak
make it unlikely that the first peak arises due to an LBV-like
eruption as seen in SN impostor events. The absence of
hydrogen in the first peak spectra of SN 2020acct also makes it
difficult to explain as an LBV eruption.

PPI presents one possible way of producing a peak powered
by interaction of hydrogen-poor CSM without needing to
invoke an underlying SN. Collisions of ejected shells of
material are capable of powering transients ranging between
10*" and 10**ergs™" (S. E. Woosley 2017; M. Renzo et al.
2020) prior to the onset of final core collapse. However, due to
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the requirement of large initial masses to build a sufficiently
massive core, stars that experience PPI are expected to be
intrinsically rare; thus, the rate of PPISNe should be low
(M. Renzo et al. 2020).

In this section, we compare the light curve of SN 2020acct to
PPI models of single helium cores and explore the feasibility of
this progenitor scenario with regard to its observed properties
and its host environment.

5.1. PPI Models

Theoretical models suggest that PPI is capable of reprodu-
cing a wide variety of light-curve morphologies and spectra
(A. Heger & S. E. Woosley 2002; T. J. Moriya & N. Langer
2015; S. E. Woosley 2017; M. Renzo et al. 2020). For single-
star models, this observational diversity is a result of
differences in the efficiency of stripping the outer hydrogen
envelope, while the number, duration, and energy of the pulses
are governed by the energetics of the initial pulse (such that
more energetic pulses are less frequent). For helium core
masses ~40 M, pulses from PPI are expected to completely
remove the outer hydrogen envelope of the progenitor, leaving
only a bare He core at the point of collapse. Early emission is
expected in PPI events as a result of colliding shells of ejected
material. In cores >44 M., the pulse interval should become
long enough (~several days) that individual peaks will be
discernible in the light curve, although above 252 M.,
the delays between the pulses are too far apart in time to
produce bright collisions with the first ejected material
(S. E. Woosley 2017).

For a star stripped of its hydrogen envelope, the observed
duration of the double-peaked light curve (at least 60 days)
qualitatively agrees with models of helium core masses
entering PPI of ~50 M, (S. E. Woosley 2017, see Figure 5),
which we use as the basis for our modeling here. Including the
additional mass ejection episodes to create the circumstellar
shell that produces the narrow lines in the first peak, the upper
limit on this helium core mass is about 53 M., (for the nuclear
reaction rates assumed in S. E. Woosley 2017). These core
masses correspond to larger helium star masses when the core
is first uncovered, either via winds or binary interaction, with
the actual values dependent on metallicity and an uncertain
mass-loss rate. Assuming a metallicity of 10% solar and the
Wolf-Rayet (WR) mass-loss rates of S.-C. Yoon et al. (2017),
the initial helium core mass would be 70-73 M., corresp-
onding to a ZAMS mass of ~140-150 M, (S. E. Woosley
2019). In this mass range, the PPI models transition from those
that experience multiple pulses (50 M., models), each with a
peak luminosity of ~10%ergs™', to just a single major
outburst (cores >53 M_). In more massive cores, the initial
pulses are stronger, resulting in a longer delay until the final
death of the star but also burning more of the carbon and
oxygen within the core. As a result, the final pulses are fewer
and weaker. An uncertain but diminishing mass of carbon also
acts to decelerate the collapse, weakening the pulses.”®

Here we compute models of helium stars with helium core
masses at the onset of PPI in the range 51-53 M, using the
KEPLER code (T. A. Weaver et al. 1978; S. E. Woosley 2017),
assuming a metallicity of 10% solar, evolved with mass loss
(mass-loss models as per S. E. Woosley 2019). To encapsulate

26 Uncertainties in convection (M. Renzo et al. 2020) could have a similar, or
even larger, dampening effect.
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the relative luminosity and separation of the two peaks of
SN 2020acct, we increase the 3 and 12C(oz, 7)160 reaction
rates from S. E. Woosley (2017) by a factor of 1.2 to increase
the carbon mass fraction at central helium depletion to 0.124.
This variation is allowed by uncertainties in the rates
(S. E. Woosley & A. Heger 2021) and acts to shorten the
delay between the initial pulse and the death of the star. We add
an additional degree of freedom by allowing the shock energy
and interval between the peaks to vary by artificially varying
neutrino energy losses between pulses, which act to shorten the
cooling time between pulses. We demonstrate the effects of
these adjustments in the Appendix (Figure 13). A detailed
discussion of these models will be presented in S. E. Woosley
et al. (2024, in preparation). We present our best-fitting model
(“he72”) in Figure 6, in which pulsations of a helium core of
72 M, (corresponding to a core mass at the point of PPI of
52.92 M) are found to recreate the two peaks of SN 2020acct.

In our best-fitting model, the modified core experiences five
pulses before collapse. The first pulse, powered mostly by
explosive carbon burning, reaches a maximum central temp-
erature of 2.96 x 10°K, ejecting 0.90 M., of material, with a
kinetic energy of 7.7 x 10* erg. This mass ejection is faint, as
no significant radioactive material is ejected and adiabatic
expansion reduced the energy deposited by the shock. Most of
the energy from nuclear burning (~2 x 10°'erg) goes into
expanding the star, reducing its central temperature, after some
oscillations, to 8.45 x 108 K. At this low temperature, it
requires 11 yr of neutrino-mediated Kelvin—Helmholtz evol-
ution for the core to once again become hot enough to be
unstable. During this, most of the energy deposited by the first
pulse is radiated away as neutrinos.

Pulses 2, 3, and 4 then occur in rapid succession, separated
by only 0.46day and 3.3 days, respectively (reaching core
temperatures of 3.11, 3.31, and 3.89 X 10° K). Combined,
these three quick pulses eject 3.90 M, of material with a kinetic
energy of 3.86 x 10°°erg. Once again, the majority of the
nuclear energy goes into the expansion of the star. It is the
collision of pulse 4 with the combined ejecta of pulses 2 and 3
that produces the first peak of SN 2020acct. After these last
three pulses, the central temperature of the core is
1.23 x 10° K. At this temperature, the associated waiting time
until the death of the star in the unmodified model would be
110 days. Here we temporarily increase the neutrino losses”’ by
a factor of 1.8, which shortens the waiting by 61 days (see
Figure 13), before a final weak fifth pulse.

The fifth and final pulse reaches a temperature of
5.8 x 10° K and then rebounds weakly, producing an outgoing
shock of only about 2 x 10*erg (corresponding to a
luminosity of 4 x 10**ergs™', comparable with the second
peak of SN 2020acct). This weak pulse ejects an additional
0.64 M, of material at low velocity before the core finally
collapses 30 minutes later, producing a black hole with
baryonic mass 47.5 M. It is this fifth pulse that powers the
second peak in the he72 model. For many other models of
similar core mass, a slightly higher final bounce temperature is
produced (~6 x 10° K), which causes the core to immediately
collapse into a black hole. It is also possible that this immediate
collapse followed by low-level accretion could power an
additional weak outburst, but without further assumptions, there
would be no second peak in the light curve (S. E. Woosley et al.

27 - .
Neutrino losses scale with temperature as o< 7'%.
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Figure 6. PPI modeling of SN 2020acct, compared to its bolometric light curve. From a 72 M, He core (corresponding to a mass at the onset of PPI of 52.9 M..), the
first peak is the result of colliding shells produced by three quick successive pulsations, while the second peak is produced by a weak final pulse that induces final
collapse of the core to a 47.5 M, black hole. The weak model peak before the first observed peak comes from the collision of closely spaced pulses 2 and 3, and its

actual presence is uncertain.

2024, in preparation). We present a breakdown of the most
dominant elements in the ejected material for each pulse in
Table 1, and the temperature evolution of the model is shown in
Figure 14.

This model presents a good overall fit to the bolometric light
curve of SN 2020acct in Figure 6. We note that the weak peak
prior to the first major peak (luminosity ~2 x 10*ergs™') is
due to the collision of the closely spaced pulses 2 and 3 and
may not be present given the uncertainties in timing due to
neutrino cooling. Given these additional uncertainties and
parameters necessary to the “modified” model, we treat the
he72 model as suggestive of the ability to describe SN 2020acct
as a PPISN, rather than a final solution.

5.2. Consistency with Observed Properties

Both qualitatively and quantitatively, SN 2020acct fits the
description of PPI well. The light curve shows a strong match
to PPI from a 72 M. helium core in which a shell-shell
collision is observed from material ejected in a combination of
three pulses that occurred 64 days prior to the final collapse of
the core.

The interacting, fast-evolving spectroscopic features of the
first peak, with only helium emission, can be explained under
shock heating of colliding shells of CSM. As the pulses
originate from an uncovered helium core, the composition of
these ejected shells should be be predominantly helium,
carbon, and oxygen (see Table 1). Though this can explain the
He 1T emission observed within the spectra during the first
peak, the absence of C III, which has a similar ionization
potential, is less easy to reconcile. It may be that C IIT A\4650
is present within the first spectrum but masked by the helium
absorption and thus remains undetected. The presence of
carbon and oxygen may also be masked if the ejecta is
chemically stratified, such that helium sat further out in the
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ejecta. If the photosphere was located within a more helium-
rich region at the time of observation, the high optical depth
of the ejecta would mask other elements below this. PPI
typically predicts shell velocities of 2000—4000kms~'
(S. E. Woosley 2017), which would agree with the widths
of the unobscured profiles from our modeling in Section 3.2.
The absorbing material in front of the photosphere could
originate from material ejected from the progenitor in
previous outbursts. The inferred velocities of the absorbing
material (~900kms ' and ~1600kms ') are not entirely
consistent with the shell velocity predictions of the PPI
model. However, uncertainties in the assumptions behind the
symmetry of the pulse or the timing of the ejection may
reconcile these.

The unusual properties of the second peak can also be
accounted for under PPI. M. Renzo et al. (2020) find that for
PPI progenitors with initial helium core masses in the range of
40-80 M., the relative surface mass fractions of He, C, and O
at the onset of final core collapse are expected to produce
transients spectroscopically similar to SNe Ib/c, as observed
within the second peak of SN 2020acct. The early presence of
forbidden [Ca 1] and [O 1] emission could originate from
ejected material crossing the radius at which the shell collision
occurred, interacting with the low-density CO-rich material
ejected by earlier pulses. Forbidden line features have also been
observed within the double-peaked PPISN candidates
SN 2019stc (S. Gomez et al. 2021) and SN 2019szu (A. Aamer
et al. 2024), the latter in particular within its early (near
maximum light) spectra, similar to SN 2020acct.

The photospheric radius and effective temperature for the
first peak of the PPI model are 6 X 10" cm and 15,000 K,
respectively. While preliminary (pending a more careful
treatment of radiation transport), these values agree with the
properties of SN 2020acct (Appendix Figures 7 and 14). From
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both PPI modeling and simple blackbody fitting, we can see
that the apparent photosphere occurs at much larger radii
(6 x 10'* cm) than typically assumed for a CCSN (~10"* cm;
I. Irani et al. 2024) at early times, indicating farther removed
material than that involved with normal interacting CCSNe.

We note the strong difference between the properties within
the PPI model and those found from MOSFiT modeling. The
inferred CSM mass for the first peak from MOSFiT of 0.05 M,
is significantly smaller the total CSM mass from shells 2, 3, and
4 (3.9M,), whose collisions produce the first peak in our
radiative transfer PPI model. This difference likely arises due to
the inefficient conversion of kinetic energy to optical radiation
within the PPI model, combined with the density structure of
the CSM. If the location of the photosphere is not reflective of
where the bulk of the ejected material is, analytical light-curve
models like those used in MOSFiT, where the luminosity
follows the forward shock, may not accurately trace all of the
ejected CSM for a PPISN. This may also explain the small radii
(~10"?cm) inferred by the MOSFAT fits, which are signifi-
cantly smaller than those inferred from both blackbody fitting
and the PPI model.

The PPI model can also explain why modeling the second
peak with a >°Ni-decay model produced nonphysical results.
The rise time of a “°Ni-powered SN is related to the
diffusion timescale of photons within the ejecta. The low
ejecta mass and high °°Ni fraction inferred from the
MOSFiT fits to the second peak are likely a result of trying
to encapsulate the relatively fast rise time and luminosity of
the second peak, which under the PPI model is actually a
product of a PPI pulse followed by the final core collapse.
Given the strong discrepancies between the physical proper-
ties inferred from PPI modeling and those from fitting
analytical models in MOSFiT, we caution that the latter
method may not be a reliable way of probing PPI candidates,
as has previously been done for other events (S. Gomez et al.
2019, 2021).

5.3. Environment and Progenitor

PPI can provide an intuitive explanation for the two distinct
peaks of SN 2020acct. We now investigate whether the local
environment of SN 2020acct is consistent with PPI models. As
PPI requires massive helium cores for pair production
(Mye > ~30M), we typically expect to find PPISN
progenitors within low-metallicity environments (N. Yusof
et al. 2013; J. S. Vink 2018) and, given their expected short
lifetimes (~Myr), typically associated with regions of strong
star formation. The local 17 radius environment around
SN 2020acct presents average star-forming properties com-
pared to the bulk CCSN population (I. Irani et al. 2022) and a
relatively low sSFR for a CCSN host. From the host galaxy
spectrum, we estimate a local metallicity (as per T. Storchi-B-
ergmann et al. 1994) and find it to be 12-+1log(O/H) = 8.36, or
0.4 Z.. While this estimate is subsolar, it is still significantly
higher than the ~10% solar metallicity assumed in most single-
star PPI models (T. Yoshida et al. 2016; S. E. Woosley 2017;
M. Renzo et al. 2020).

However, it has been suggested by S. Justham et al. (2019)
that helium cores massive enough to reach the PPI threshold
may be formed via the merger of a binary system composed
of less massive stars (ZAMS between 40 and 64 M,). After
an extended period of hydrogen fusion in both stars' cores,
the two stars merge to form a single star whose newly
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combined helium core is sufficiently massive to be unstable
to PPI and will later undergo pulsations. S. Justham et al.
(2019) invoke this model as a potential route to producing
PPISNe where the progenitors retain more of their hydrogen
envelope than within single-star models of the same core
mass for a given metallicity. Thus, binary mergers may
provide a route to produce PPISNe under higher-metallicity
conditions without needing to form an exceptionally massive
single-star progenitor in situ.

To estimate the probability of producing a 72 M, helium core
within the local host environment of SN 2020acct, we use the
physical properties inferred from our PPI modeling to search for
potential progenitor systems within the Binary Population and
Spectral Synthesis data release (BPASSv2.2.2; J. J. Eldridge
et al. 2017; E. R. Stanway & J. J. Eldridge 2018; H. Stevance
et al. 2020). Assuming a metallicity of Z=0.004 (0.4 Z.), we set
the hydrogen mass to My < 0.01 M, and the hydrogen mass
fraction to X < 0.001 (i.e., hydrogen-stripped cores; L. Dessart
et al. 2012). We then search for models between 70 and 75 M....
Weighting the models by the initial mass function (IMF) of
P. Kroupa (2001) and binary fractions and period distributions of
M. Moe & R. Di Stefano (2017), we find 0.7 systems per million
solar masses that meet the above criteria at this metallicity.
Though these stars are predicted to be within binary systems,
none are the result of a merging system.

Though we do not place any constraints upon the ejecta mass
of the final SN within the models of our BPASS search, we find
the average IMF-weighted ejecta mass to be M¢; = 5.54 M,
Pulsations are not modeled within the BPASS framework;
however, this ejecta mass agrees with the estimated total mass
lost from pulsations (5.44 M..).

Using the double-Schechter galaxy stellar mass function of
A. H. Wright et al. (2017) to determine the total mass of
galaxies, and assuming that the main-sequence lifetime scales
with stellar mass as ¢ o M72'5, we calculate the rate from
transients originating from a 72M, helium core to be
1.1 x 10~® events Mpc > yr~'. This is in agreement with the
upper limit of our measured rate from ATLAS. Both our
ATLAS rate and the estimate from viable BPASS progenitor
models are approximately an order of magnitude lower than the
theoretical predictions from S. Justham et al. (2019), who
estimate that PPISNe from binary mergers should be a few for
every 1000 CCSNe. Though a merged binary system provides
an easier route to producing the required core mass for PPI
within the host galaxy environment of SN 2020acct, it is not
impossible that the progenitor was produced within a pocket of
low metallicity within the galaxy, in which a single massive
(Mzams =~ 150M.) progenitor is more easily born. High-
resolution environmental studies, in which the very local
(~tens of parsecs) environment to SN 2020acct can be probed,
are the best way to determine the feasibility of this latter
scenario (C. R. Angus et al. 2024, in preparation).

6. Conclusions

We have presented the photometric and spectroscopic
follow-up of the unusual transient SN 2020acct in NGC 2981
at z=0.034. This event shows a distinct double-peaked light
curve, with peaks separated by 58 days in the rest frame, both
astrometrically coincident within the same region of a massive
host galaxy. The first peak is more luminous and rapidly
evolving, exhibiting helium emission lines in its spectra that
disappear quickly. The second peak shows some spectroscopic
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similarities to an SESN but with forbidden lines around
maximum light. From our analysis of the data and exploration
of possible progenitor scenarios, we conclude the following.

1. The properties of the first peak of SN 2020acct are
consistent with a transient powered by hydrogen-poor
CSM interaction. Spectroscopically, it most closely
resembles an interacting hydrogen-poor SN Ibn, although
its helium emission features, partially obscured by
foreground helium CSM, are much broader than typical
Ibn events. Modeling the photometric properties of the
peak suggests that this interaction occurs at some distance
(8 x 10" cm) from the progenitor.

2. The second peak shows signatures of a terminal stellar
explosion, i.e., absorption features similar to SNe Ibc.
The presence of forbidden [Ca 1] and [O 1I] lines around
maximum light indicates the presence of low-density,
preburned material external to the explosion being swept
up by more ejected material.

3. We find the rate of double-peaked events like
SN 2020acct to be ~3.3 x 107° events Mpc > yr ' at
z=0.07 (~0.001% of the CCSN rate).

4. We do not find it likely that SN 2020acct is the random
occurrence of two SNe from within the same star-forming
region of NGC 2981, given the relatively low SFR of the
local environment.

5. We rule out the possibility that SN 2020acct originates
from the rapid successive explosions of stars within a
close binary system. Though binary coevolution can
evolve two stars on a similar timescale, significant
tweaking would be required to reproduce the observed
properties and explosion times of both peaks.

6. The interaction of a low-mass 2.5-3.0 M., helium star
with its late-stage wind and/or mass ejections is deemed
an unlikely progenitor route, given the inability of these
models to produce a secondary peak without signatures of
interaction.

7. We pose that SN 2020acct may be a candidate PPISN,
with the first peak being driven by shock collision of
previously ejected shells of material. We fit the
bolometric light curve of SN 2020acct with models of
helium core explosions and find that it can be described
well with pulsations of a 72 M, core.

8. The relatively metal-rich and low-star-forming nature of
the local host environment seems at odds with a PPI
interpretation. BPASS models indicate that 0.7 stripped
helium cores of the necessary mass are created per
million solar masses of material within such environ-
ments. These progenitor numbers are in approximate
agreement with the measured upper limit to the rate of
SN 2020acct-like events from ATLAS. It is unclear
whether such PPI progenitors may be formed in situ at
higher metallicity or must be produced via close binary
mergers (e.g., S. Justham et al. 2019), with further
detailed studies of the local environment required to settle
the discrepancy.

The increased survey volume from the Rubin Observatory
Legacy Survey of Space and Time will boost the transient
discovery rate by an order of magnitude while also enabling the
detection of faint light-curve structures such as preexplosion
outbursts fainter than that in SN 2020acct. Identification and
follow-up of double-peaked SNe from Rubin will improve our
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understanding of the rate of PPISNe, the diversity in their
properties, and the range of metallicities that can support them.
Since these massive stars are likely the progenitors of at least some
of the black holes detected through gravitational-wave emission,
follow-up of PPISN candidates will provide a powerful, orthogonal
constraint on the evolutionary pathways for these systems.
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Appendix

We plot the SED fit to the global and local host galaxy
photometry in Figure 7. Our He ii / N iii modelling of the
emission profiles at 4600 A in Figure 8. The bolometric light
curve, temperature and radial evolution are shown in
Figure 9. We present our low-mass helium star models in
Figure 10. Our best fitting MOSFiT light curve is shown in
Figure 11. The impact of alterations to the PPI model upon
the bolometric light curve is demonstrated in Figure 12, and
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Figure 7. Prospector SED fitting of the global (top panel) and local (bottom panel) host photometry within 1” of the explosion site of SN 2020acct. Fitting the

global SED, we find a stellar mass of log(M, /M) = 11.29759¢ and a current SFR of (SFR/Myyr~!) = 17413, For the stellar population, we find an SFR of

log(SFR/Myyr—!) = —1.1709 and an average stellar age of f,e = 9.13733 Myr.

we display the temperature evolution of the he72 model in parameters are presented in Table 2, and we list the mass
Figure 13. The corner plots of our MOSFiT parameter fractions of the elements present within the ejecta of each of
distributions are shown for the first and second peak in the pulses of the he72 model in Table 3. Details of all
Figures 14 and 15 respectively. We present the light curve spectroscopic observations obtained are detailed within

data for SN 2020acct in Table 1. Our fitted MOSFiT Table 4.
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Table 1.
Photometry of SN 2020acct
Band MID Phase Mag. Err. Band MID Phase Mag. Err. Band MID Phase Mag. Err.
Uuvw2 59197.85 —54.66 19.01 0.10 PS i 59258.46 3.92 19.00 0.04 P60 r  59264.30 9.57 19.13 0.05
Uvw2 59199.91 —52.67 19.71 0.16 PS i 59267.42 12.59 19.58 0.14 P60 r  59266.26 11.46 19.18 0.08

Uuvw2 59203.88 —48.82 20.28 0.20 PS z 59192.65 —59.68 19.57 0.10 P60 r  59268.30 13.43 19.55 0.09
Uuvw2 59257.45 2.95 20.84 0.16 PS z 59193.65 —58.72 18.67 0.05 P60 r  59272.28 17.28 20.04 0.30
Uvw2 59260.52 5.91 20.55 0.20 PS z 59195.65 —56.78 18.20 0.03 P60 r  59280.27 25.00 20.50 0.13
Uvw2 59262.24 7.58 21.04 0.29 PS z 59207.47 —45.36 19.13 0.07 P60 r  59292.23 36.57 21.12 0.24
Uuvw2 59268.62 13.74 20.39 0.24 PS z 59212.59 —40.41 19.94 0.11 P60 r  59294.21 38.48 20.80 0.23
UvM2 59197.86 —54.65 18.66 0.10 PS z 59219.51 —33.72 20.46 0.17 P60 r  59306.24 50.10 21.38 0.28
UVM2 59199.91 —52.67 19.34 0.13 PS z 59220.67 —32.60 20.33 0.15 59205.53 —47.23 18.88 0.05

o

UvM2 59201.24 —51.38 19.60 0.19 PS z 59237.46 —16.37 20.67 0.29 c 59207.53 —45.30 19.17 0.07
UVM2 59203.89 —48.82 20.07 0.17 PSy 59194.67 -57.73 18.60 0.10 c 59229.54 —24.03 20.54 0.20
UuvMm2 59257.46 2.96 20.53 0.15 PSy 59206.68 —46.12 19.30 0.13 c 59251.51 -2.80 18.72 0.05
UuvM2 59260.52 5.92 20.46 0.24 PSw 59206.50 —46.30 18.81 0.01 c 59253.50 —0.87 18.60 0.04
UuvM2 59262.24 7.58 20.45 0.20 PSw 59255.39 0.96 18.86 0.04 c 59255.41 0.98 18.64 0.05
UuvM2 59268.62 13.74 20.50 0.24 P60 g 59193.42 —58.93 18.04 0.02 c 59257.48 2.98 18.62 0.04
UVW1 59197.85 —54.66 18.53 0.10 P60 g 59198.39 —54.13 17.96 0.02 c 59261.42 6.78 18.89 0.05
UvVwl 59199.90 —52.67 18.93 0.14 P60 g 59200.42 —52.17 18.24 0.04 0 59193.58 —58.79 18.26 0.04
Uvwl 59203.88 —48.83 19.77 0.21 P60 g 59203.41 —49.28 18.79 0.04 0 59208.52 —44.34 18.84 0.08
UVW1 59262.24 7.58 20.21 0.25 P60 g 59205.43 —47.33 18.96 0.04 0 59209.53 —43.37 19.25 0.10
UVW1 59268.61 13.74 20.36 0.33 P60 g 59225.46 -27.97 21.30 0.32 0 59217.59 —35.58 19.61 0.20
U 59197.85 —54.66 17.95 0.09 P60 g 59248.40 —5.80 19.94 0.12 0 59221.52 —31.78 20.15 0.20
U 59199.90 —52.67 17.90 0.13 P60 g 59250.30 —3.96 19.00 0.05 0 59249.64 —4.60 19.09 0.18
U 59203.88 —48.83 18.65 0.17 P60 g 59252.39 —1.94 18.66 0.03 0 59267.39 12.55 19.53 0.15
U 59262.24 7.58 19.46 0.26 P60 g 59254.29 —0.11 18.58 0.03
B 59197.85 —54.66 17.65 0.10 P60 g 59256.31 1.84 18.64 0.03
B 59199.91 —52.67 17.57 0.14 P60 g 59258.36 3.83 18.75 0.03
B 59201.24 —51.38 17.44 0.17 P60 g 59262.31 7.64 19.31 0.05
B 59203.88 —48.82 18.15 0.18 P60 g 59264.33 9.60 19.40 0.05
B 59262.24 7.58 18.37 0.20 P60 g 59266.31 11.51 19.81 0.13
B 59268.62 13.74 18.13 0.21 P60 g 59268.29 13.42 20.06 0.18
14 59197.86 —54.65 17.40 0.16 P60 g 59276.23 21.10 21.01 0.18
14 59203.89 —48.82 17.30 0.20 P60 g 59280.24 24.97 21.22 0.20
Vv 59262.24 7.58 17.97 0.28 P60 r 59193.49 —58.87 18.31 0.03
14 59268.62 13.74 17.87 0.32 P60 r 59195.50 —56.93 17.88 0.02
PS g 59192.65 —59.68 18.57 0.03 P60 r 59198.47 —54.05 18.04 0.02
PS g 59200.58 —52.02 18.30 0.02 P60 r 59200.51 —52.09 18.25 0.05
PS g 59219.51 —33.72 21.57 0.35 P60 r 59203.47 —49.22 18.62 0.04
PS g 59256.34 1.88 18.65 0.04 P60 r 59217.36 —35.80 20.24 0.22
PSr 59200.58 —52.02 18.30 0.02 P60 r 59219.36 —33.86 20.62 0.25
PSr 59207.47 —45.36 19.09 0.04 P60 r 59221.40 —31.89 20.59 0.18
PSr 59209.50 —43.40 19.35 0.07 P60 r 59229.41 —24.15 20.70 0.29
PSr 59246.37 =7.76 20.07 0.26 P60 r 59231.37 —22.26 21.08 0.28
PSr 59256.34 1.88 18.69 0.03 P60 r 59250.34 —3.92 18.95 0.06
PS i 59207.51 —45.32 18.99 0.04 P60 r 59252.30 —2.03 18.74 0.03
PSi 59209.50 —43.40 19.39 0.07 P60 r 59254.39 —0.01 18.67 0.03
PSi 59221.49 —31.81 20.91 0.17 P60 r 59256.41 1.94 18.68 0.03
PSi 59223.43 —29.93 20.95 0.36 P60 r 59258.33 3.79 18.80 0.05
PSi 59246.37 —7.76 20.75 0.23 P60 r 59262.24 7.57 19.09 0.07

Note. All reported magnitudes are in the AB system and corrected for foreground extinction.

(This table is available in machine-readable form in the online article.)

19


https://doi.org/10.3847/2041-8213/ad9264

THE ASTROPHYSICAL JOURNAL LETTERS, 977:L41 (28pp), 2024 December 20 Angus et al.

N III (4640) velocity (km s~1)
le_—147000 -2000 O 2000 4000 6000

&
ot NIII blueshift : :
'_|' 8 - = -368.6 km/s
m I
o~ §
| 6 i :
= Hell peak blueshift :
(&) =-317.7 km/s |‘
h
9 4 Hell abs blueshift ‘ N
9 = -758.1 km/s :
>
] "
&= 2 | \
kS ‘ ‘ \
ST ) .
] _ - 1 A
£ é
o _9| : i
Z : :

—8000 —6000 —4000 —2000 0 2000 4000
He II (4686) velocity (km s~1)

Figure 8. Modeling the emission profiles around A4650 as He 11 and N 1II. To recreate the profile, an additional He II absorption component was included. The profiles
of both emission lines are narrow (900 km s~ for N 1II and 450 km s~ for He 11) and are offset by >300 km s~ ' from the rest frame. As narrow lines typically
indicate the presence of low-density /optically thin material, the only way to produce this blueshift would be through attenuation of the red wing of the line through
dust condensation.
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Figure 9. Luminosity, temperature, and radial evolution of the blackbody fits to the two peaks of SN 2020acct. Phases are given with respect to the second peak.
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Figure 10. Two low-mass helium star models for the first peak of SN 2020acct. Left: a model that experienced a silicon flash 101 days before exploding with a very
low energy, 2.3 x 10* erg. The light curve is produced by the explosion impacting the shell ejected by the flash. The initial helium star mass was 2.6 M_, and the pre-
SN mass, 2.14 M, of which the flash ejected 0.47 M, with energy 6 x 1047 erg. The first peak is fit well by this model, but the required explosion is low for neutrino-
powered SNe in this mass range, and there is no obvious mechanism for making the second peak. Right: a similar model without a silicon flash that interacted with a
steady wind of 0.1 M., yr~ ' with velocity 1000 km s~ '. The initial helium core mass here was 2.7 M, the pre-SN mass was 2.21 M_,, and the explosion kinetic energy
was 9 x 10* erg. The initial peak is fit well, but the model declines too slowly after the peak. This could indicate decreasing optical efficiency for the shock, which
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lies above the photosphere (dashed line), or a nonsteady wind with density declining faster than 2.
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neutrino losses (dashed line), a weak fifth pulse makes the second peak of the light curve. See Section 5 for more details.
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Table 2.
MOSFiT Parameters for SN 2020acct
Peak 1 (CSI, S=0)
Param. Units Prior Range Output
fo days Flat —8.5-0 —2.76103
Mcsm M, Log-flat 0.01-10 0.04610:01%
Resm cm Log-flat 10%-10'° 3.0573% x 1012
M, M, Log-flat 0.001-10 0638 x 102
Vej kms™! Log-flat 1-100 15.15% x 10°
p gem™? Log-flat 10710-108 0.137548 x 1078
Tonin K Log-flat 80-25,000 1077591 % 10
Peak 1 (CSI, $=2)
Param. Units Prior Range Output
fo days Flat —8.5-0 —3.46153%
Mcsm M, Log-flat 0.01-10 0.057093
Resm cm Log-flat 108-10'° 16.01% x 102
M, M, Log-flat 0.001-10 0.07122, x 1072
Vej kms ™' Log-flat 1-100 12.5513, x 103
p gecm ™ Log-flat 1071°-108 057931 x 1078
Tonin K Log-flat 80-25,000 107138 x 104
Peak 1 (CSL, S free)
Param. Units Prior Range Output
to days Flat —8.5-0 —2.1619%
Mcsm M, Log-flat 0.01-10 0.0175:3%¢
Resm cm Log-flat 108-10'° 0317034 x 1012
M, M, Log-flat 0.001-10 0.00973:923 x 1072
Vej kms™' Log-flat 1-100 18.272% x 103
p gcm Log-flat 1071°-108 9.12+24 % 108
Tonin K Log-flat 80-25,000 1077097 x 104
s Flat 0-2 0.847039
Peak 2 (°°Ni)
Param. Units Prior Range Output
fo days Flat —80-0 -3.087°9%8
fai - Log-flat 1073-1.0 0.91 =97
M, M, Log-flat 0.01-100 0.13270944
Vej kms™! Gaussian Ve =59 6.23703% x 103
o=0.7
Tonin K Log-flat 80-25,000 525504 x 104

Note. The two peaks are fit independently, the first peak with the interaction-powered model and the second with the **Ni-decay model. In both models, 7 is the time
of explosion in rest-frame days, v,; is the velocity of the ejecta, and Ty, is the minimum temperature of the photosphere. In the interaction-powered model, Mcgm,
Recsws and p are the mass, radius, and density of the CSM, respectively, whose density profile is given by pcgwm o< r~*. In the **Ni-decay model, the **Ni fraction of the
ejecta is given by fy;.

Table 3.
Breakdown of the Composite Ejected Material from the Pulses in the he72e Model
Pulse He C (0] Ne Na Mg
1 1.66 x 107! 3.56 x 107! 370 x 107! 1.83 x 1073 5.86 x 1073 298 x 1074
24344 427 x 107! 1.25 2.05 1.55 x 107" 241 x 1074 1.84 x 1072
5 3.02 x 1072 1.61 x 107! 374 x 107! 6.96 x 1072 3.70 x 1073 8.11 x 1073
Total 6.24 x 107! 1.77 2.79 226 x 107! 336 x 1074 2.68 x 1072
Pulse Si S Fe Ni Mot E; (107" erg)
1 7.64 x 1073 2.90 x 1073 1.15 x 1074 8.89 x 107° 0.89 0.77
243+4 3.52 x 1074 111 x 1074 427 x 107* 8.68 x 1073 3.90 3.86
5 6.37 x 1073 1.60 x 107° 5.64 x 1073 233 x 1073 0.64 0.16
Total 492 x 107* 1.56 x 107* 598 x 1074 119 x 1074 5.44 479

Note. The most dominant elements in the ejecta are listed with their masses (in solar masses). The total ejected mass of each pulse is provided (Mo,) alongside their
kinetic energies (E;). The properties of pulses 2, 3, and 4 are presented together, as their rapid temporal succession makes it difficult to evaluate their individual

properties.
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Table 4.
Spectroscopic Observations of SN 2020acct
MID Phase Telescope Instrument Range Exp. Time
(days) (A) (s)
59194 —58 Keck I LRIS 3600-9670 750
59197 —54 NOT ALFOSC 3620-8575 900
59254 0 NOT ALFOSC 3620-8575 900
59257 +3 Keck 1 LRIS 3600-9670 900
59264 +9 Shane Kast 3130-9615 3600
59312 +56 Keck 1 LRIS 3600-9670 1200
59346 +89 Keck I LRIS 3600-9670 1800

Note. All reported phases are with respect to maximum light of the second
peak. All spectra will be made publicly available on WISeREP (https://www.
wiserep.org/) upon publication.
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