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ABSTRACT

Context. Hydrogen-rich superluminous supernovae (SLSNe II) are rare. The exact mechanism producing their extreme light curve
peaks is not understood. Analysis of single events and small samples suggest that circumstellar material (CSM) interaction is the
main mechanism responsible for the observed features. However, other mechanisms cannot be discarded. Large sample analysis can
provide clarification.

Aims. We aim to characterize the light curves of a sample of 107 SLSNe II to provide valuable information that can be used to validate
theoretical models.

Methods. We analyzed the gri light curves of SLSNe II obtained through ZTF. We studied the peak absolute magnitudes and char-
acteristic timescales. When possible, we computed the g — r colors and pseudo-bolometric light curves, and estimated lower limits
for their total radiated energy. We also studied the luminosity distribution of our sample and estimated the fraction that would be
observable by the LSST. Finally, we compared our sample to other H-rich SNe and to H-poor SLSNe I.

Results. SLSNe 1II are heterogeneous. Their median peak absolute magnitude is ~—20.3 mag in optical bands. Their rise can take
from ~two weeks to over three months, and their decline times range from ~twenty days to over a year. We found no significant
correlations between peak magnitude and timescales. SLSNe II tend to show fainter peaks, longer declines, and redder colors than
SLSNe I.

Conclusions. We present the largest sample of SLSN II light curves to date, comprising 107 events. Their diversity could be explained
by different CSM morphologies, although theoretical analysis is needed to explore alternative scenarios. Other luminous transients,
such as active galactic nuclei, tidal disruption events or SNe Ia-CSM, can easily become contaminants. Thus, good multiwavelength
light curve coverage becomes paramount. LSST could miss ~30% of the ZTF events in its gri band footprint.

Key words. methods: data analysis — supernovae: general

1. Introduction

Core-collapse supernovae (CCSNe) result from the explosive
death of massive stars (M > 8 My). These have historically been
classified based on their observed spectral features (Filippenko

* Corresponding author; priscila.pessi@astro.su.se

1997). The lack or presence of hydrogen (H) in the spectra will
result in a type I or type II classification, respectively. Type II
supernovae (SNe II) represent the highest observed fraction of
CCSNe (e.g., Perley et al. 2020). SNe II can be further divided
into different subclasses depending on particular spectroscopic
or photometric properties. Among the spectroscopic subclasses,
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we can find type IIb SNe (SNe IIb), whose spectral sequence
progressively shifts from being dominated by H lines to being
dominated by helium (He) lines (Filippenko et al. 1993); and
type IIn SNe (SNe IIn), whose spectra show narrow H emission
features (Schlegel 1990). Among the photometric subclasses we
can find type IIP and IIL SNe (SNe IIP and SNe IIL respec-
tively, hereafter collectively referred to as regular SNe II), the
former showing a light-curve “plateau” after peak and the lat-
ter declining linearly after peak (Barbon et al. 1979). Further-
more, luminous SNe (LSNe II) show light curve peaks that are
more luminous than those of regular SNe II (Pessi et al. 2023);
and superluminous SNe (SLSNe II) present extremely luminous
light curves (peaking at magnitudes <—20 mag in optical bands,
although this limit is somewhat arbitrary, e.g., Gal-Yam 2019,
and references therein) that cannot be explained with typical
CCSN powering mechanisms. This work focuses on this last
subclass of SLSNe II events and aims to characterize their light
curves in order to better understand the physical mechanisms
that power them.

The fraction of SLSNe II is among the lowest observed frac-
tions of SNe (e.g., Perley et al. 2020), and so the H-deficient
SLSNe I have historically been given more attention as they
seem to be more numerous (Gal-Yam 2019), with the current
number of classified SLSNe I exceeding a few hundred events
(e.g., Chen et al. 2023; Gomez et al. 2024). Studies of SLSNe I
allowed to constrain the possible powering mechanisms that
may be driving their extreme luminosities. Four main mecha-
nisms have been proposed as the most likely powering sources
of SLSNe I. Three of these consist of the thermalization of the
energy produced by a process that can be either the spin-down of
a magnetar, the accretion of fallback material into a black hole,
or the interaction of the SN ejecta with surrounding circumstel-
lar material (CSM). The fourth mechanism considers extremely
massive progenitors (M ~ 140-260 M) that undergo a ther-
monuclear explosion triggered by electron—positron pair produc-
tion, producing events known as pair instability SNe (PISNe)
that are powered by the radioactive decay of the large amounts
of 3Ni synthesized by the explosion. These four mechanisms
can be considered in stand-alone models or can be combined
to explain the unusual behavior of SLSNe I (see Kasen 2017,
Gal-Yam 2019, and references therein).

In principle, the same powering mechanisms can be invoked
to explain SLSNe II. Studies of a few SLSNe II (e.g., SN 2010j1,
Stoll et al. 2011; SN 2016aps, Suzuki et al. 2021; SN 2021adxl,
Brennan et al. 2024), as well as small sample analysis (e.g.,
Inserra et al. 2018, two SLSNe II; and Kangas et al. 2022, ten
SLSNe II) conclude that CSM interaction is probably the main
driving mechanism for these events. The presence of CSM inter-
action becomes obvious when the spectra show narrow H lines
(e.g., Smith 2017, and references therein), although the absence
of such lines does not discard the presence of CSM interaction
(e.g., Kangas et al. 2022; Pessi et al. 2023). A SN with narrow
H lines in the spectra will typically be classified as a SN IIn.
SNe IIn tend to be luminous, with an average peak magnitude
of ~—19mag (Nyholm et al. 2020), placing them at the edge
of the SLSN class. It has long been debated whether SNe IIn
should also be considered as SLSNe II (or SLSNe IIn) when their
light curve peak luminosities exceed those of classical events
(e.g., Howell 2017). One of the arguments of such a debate is
whether the classification is connected to the physical processes
that power the light curves or not.

All massive stars experience mass loss either via steady
winds, outbursts before the death of the star, or mass trans-
fer in multiple systems (e.g., Puls et al. 2008). Thus, all SNe
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will show signs of interaction at some point in their evo-
lution. The exact observational evidence of interaction will
depend on the CSM morphology, density and extension (e.g.,
Chevalier & Irwin 2011; Blinnikov 2017; Morozova et al. 2017;
Bruch etal. 2023; Dessart 2024), if the CSM is optically
thin to electron scattering, narrow lines will be absent (e.g.,
Dessart & Hillier 2022, and references therein). It has been
argued that considering steady winds as the prevalent mass-loss
mechanism would result in overestimated mass-loss rates, and
it has been proposed that the mass loss should occur through
eruptions shortly before explosion instead (Beasor et al. 2020;
Davies et al. 2022; Dessart & Jacobson-Galdan 2023). This sce-
nario is supported by observed evidence of pre-explosion activity
(e.g., Strotjohann et al. 2021; Tsuna et al. 2023). Eruptive mass
loss is most commonly observed in Luminous Blue Variables
(LBVs, see Weis & Bomans 2020, for a review on the character-
istics of this broad class of stars). Eruptions could also occur in
very massive stars (M ~ 70-260 M) due to pulsations driven
by pair production instabilities, which will be energetic, but not
enough to disrupt the whole star. The pulsations will continue
until the mass of the star has been reduced enough to avoid pro-
ducing pulsations, and the star will continue to evolve until it
finishes its life as a CCSNe. These events are known as pulsa-
tional pair instability SNe (PPISNe, e.g., Woosley 2017).

The uncertainties in the CSM distribution and degree of
interaction contribution to the energy budget of H-rich SNe
makes it difficult to create a full picture of the progenitor systems
and explosion energetics of some of these events, particularly
when pre-explosion images are not available. Among SLSNe II
there are two events considered to be prototypical: SN 2006gy
(Ofek et al. 2007; Smith et al. 2007), which shows persistent
narrow lines in its spectral evolution and thus would be classified
as a SLSN IIn; and SN 2008es (Miller et al. 2009; Gezari et al.
2009), which does not show persistent narrow spectroscopic
emission lines. Regardless of the spectroscopic differences, the
light curves of both events have been explained invoking CSM
interaction. Although SN 2008es has also been suggested to
be magnetar-powered (Inserra et al. 2018), Bhirombhakdi et al.
(2019) disfavored the magnetar model and favored CSM interac-
tion based on the late-time light curve. It is still unclear whether
interaction is able to account for the observed characteristics of
all SLSNe II when larger samples are considered.

In this work we analyze the light curves of a large sample
of H-rich SLSNe II, regardless of their particular spectral fea-
tures, in order to see if there are distinct photometric character-
istics that can point towards a common progenitor configuration
and explosion mechanism. This paper is organized as follows in
Sect. 2 we describe the sample. Sect. 3 presents the light curve
analysis. In Sect. 4 we highlight events in the extremes of the
analyzed parameter distributions and in Sect. 5 we present com-
parisons to other events. Sect. 6 describes possible contaminants
of the sample. We discuss our findings in Sect. 7 and conclude
in Sect. 8.

2. SLSN Il sample description

The sample presented in this paper was collected by the Zwicky
Transient Facility (ZTF, Bellm et al. 2019a; Graham et al. 2019;
Masci et al. 2019; Dekany et al. 2020). ZTF is a high-cadence
(from minutes to days depending on the science case, with
an average of three days for the public survey in gr bands,
Bellm et al. 2019b), wide-field (47-square-degree field of view)
survey that covers the whole northern sky using the 48 inch
aperture Samuel Oschin Telescope at the Palomar Observatory.
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In this work we include all spectroscopically classified type II
SNe whose peak brightness surpass the SLSN threshold, with-
out making any spectroscopic distinction based on the presence
or absence of narrow emission lines. We consider that if events
with and without narrow lines are sufficiently photometrically
distinct, we shall observe multi-modality in the distributions of
the considered features (see Sect. 3). To test this hypothesis, we
decided to exclude events previously published by Kangas et al.
(2022) from our full sample and present comparisons of the
photometric parameters of both samples in Sect. 5.1 instead.
Since the events published by Kangas et al. (2022) were specif-
ically selected due to the absence of narrow lines in their spec-
tra, if a multi-modality existed between events with and without
narrow lines, the light curve parameters of these events should
map any possible multi-modality. To remain consistent with our
classification scheme, we exclude the events in the sample of
Kangas et al. (2022) classified as SLSNe 1.5. We also exclude
SN 2020yue as this event is a contaminant in their sample (see
Sect. 6 for further discussion on contaminants) that has been re-
classified as a tidal disruption event (TDE) by Yao et al. (2023).
We consider only three simple selection criteria to build our
sample:

— The source must have at least one observed spectrum from
which a classification as H-rich can be inferred. This means
that we require the presence of Balmer lines in the spectra,
but we do not discriminate between narrow and broad lines;

— It should be possible to perform baseline correction to the
forced photometry (see Sect. 2.3.1), in the time interval
between March 17th 2018 (MJD 58194.0) and December
12th 2022 (MJD 59925.0)';

— At some point of the evolution, the rest frame absolute mag-
nitudes (see Sect. 2.4) of each source must be <—19.9 mag in
any of the ZTF gri bands (see Sect. 2.2).

All sources were selected from the GROWTH Marshal
(Kasliwal et al. 2019) and Fritz platform (van der Walt et al.
2019; Coughlin et al. 2023). Sources with no classification
on these databases are not considered in this work. Transient
classification depends both on the interest of the commu-
nity for a given source and on availability of observing
resources. Many of the sources included in this sample were
deemed interesting by the ZTF SLSN working group based
on properties such as long-lived light curves and small or
faint hosts, etc. Subsequent efforts were invested in obtaining
further classification for these events. Some sources were
classified by other groups interested in potential SLSNe,
and some sources by dedicated classification surveys (all
the classification reports are presented in the supplementary
material on https://zenodo.org/records/14711673).
Eleven ambiguous events were found that show evidence
that indicate they could be classified as either Active Galac-
tic Nuclei (AGN, Burbidge et al. 1963) or Tidal Disruption
Events (TDEs, Rees 1988) thus, they are excluded from the
sample and discussed in Sect. 6. The final sample includes
a total of 107 SLSNe II (the general characteristics of the
sample are presented in the supplementary material on
https://zenodo.org/records/14711673).

2.1. Classification as hydrogen-rich

All events presented in this paper have at least one observed
spectrum used to secure the type II classification, this means

! The considered observation time range was arbitrarily selected to
include events observed from the beginning of the survey up to the
beginning of this work.

that a H feature’ can be found in the available spectra. In
each case, line identification is supported by spectral matching
to the spectral template library of the Supernova Identification
(SNID; Blondin & Tonry 2007) software. All classification
spectra are publicly available on the Transient Name Server
(TNS?).

While the majority of objects have spectra consistent with a
classification as type IIn by SNID, a significant fraction (~26%)
have only (or mostly) low-resolution spectra from the Spectral
Energy Distribution Machine (SEDM, Blagorodnova et al. 2018;
Rigault et al. 2019) or the Spectrograph for the Rapid Acquisi-
tion of Transients (SPRAT, Piascik et al. 2014) available, pre-
cluding any line profile analysis and further sub-classification
beyond type II. Beyond classification, any further spectroscopic
analysis is deferred to future work. Ambiguous cases and possi-
ble contaminants are discussed in Sect. 6.

2.2. Redshift determination and classification as SLSNe

The considered heliocentric redshifts (z) were obtained from
spectral lines as z = (4 — Ag)/Ao, where Ay is Ha rest wave-
length and A the Ha observed wavelength, obtained by fitting
a Gaussian close to the center of the emission line using the
Imfit package (Newville et al. 2014). If we have multiple spec-
tra (~24% of the sample has more than three observed spectra)
we calculate z for each spectrum and use each of these indepen-
dently obtained z to calculate the absolute magnitude (Sect. 2.4)
of the corresponding object at peak (Sect. 3.1). The largest stan-
dard deviation obtained when doing this exercise corresponds
to a variation of 0.1 mag. Thus, we consider as SLSNe II any
hydrogen-rich event that reaches magnitudes <—19.9 mag in any
of the ZTF gri bands. Any spectral analysis beyond classifi-
cation and redshift determination is beyond the scope of this
work.

Fig. 1 shows in blue the distribution of z for our sample of
107 SLSNe II and for the sample of ten SLSNe II presented
by Kangas et al. (2022) in sky-blue (see Sect. 5.1). Except for
SN 2021adxl (z = 0.018), all SLSNe II are in the Hubble flow
(z > 0.02), with the next closest event in our sample being
SN 2022mma (z = 0.038).

2.3. Photometry

The bulk analysis of this sample is performed using ZTF data.
When possible and for comparison purposes, we also include
public photometry from the Asteroid Terrestrial-impact Last
Alert System (ATLAS, Tonry et al. 2018; Smith et al. 2020). The
sample’s average S/N among bands is similar with a mean value
of 10. The average cadence of observation (calculated as the
rate of observations in the observed rest-frame time range) is
~3.6days in g and r bands, ~6days in i band, ~7 days in o
band, and ~16 days in ¢ band. Light curves with fewer than ten
observed points are not considered for the analysis (the light
curves of each event are presented in the supplementary mate-
rial on https://zenodo.org/records/14711673).

2 Most classifications rely on the presence of Ha in the spectra, except
for SN 2020uagq that only shows HB because the He region falls outside
of the wavelength range of the data in hand.

3 https://www.wis-tns.org/
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Fig. 1. Redshift distribution of the 107 events in our ZTF SLSN II sam-
ple in blue, filled regions. In dashed, empty, sky-blue regions we show
the redshift distribution of the ten events in the ZTF SLSN II sample
presented by Kangas et al. (2022), see Sect. 5.1 for a discussion.

2.3.1.ZTF

ZTF images can be found in the Public Data Releases*. Pho-
tometry is processed by the Science Data System at IPAC’
(Masci etal. 2019). The photometry for every transient is
obtained by subtracting the observed science image from a ref-
erence image using ZOGY (Zackay et al. 2016). The reference
image is generated by co-adding 15 to 40 high-quality histor-
ical images obtained with the same CCD quadrant and filter
as the science. The main problem with obtaining photometry
in this way is that the reference image can be contaminated
with transient flux, this issue is particularly problematic for tran-
sients observed at the beginning of the survey when pre-transient
images were scarce. In order to improve the quality of the light
curves, we requested IPAC forced point-spread function (PSF)
photometry, following the steps outlined in the ZTF forced pho-
tometry guideline®. The forced photometry is delivered together
with several quality flags. We considered them and removed
photometric points associated with bad pixels, difference image
cutouts off image or too close to the edge, and catastrophic
errors. We also removed points observed with seeing >4". Fol-
lowing the ZTF forced photometry guideline, we also assess the
scisigpix value associated with each photometric point. The
scisigpix parameter is defined by ZTF as the robust sigma
per pixel. To estimate the threshold of this parameter, we con-
sider the median scisigpix of all the photometric observations
taken with the same filter for all the retrieved sources, which
resulted to be ~23. Thus, we removed all photometric points
with scisigpix>23.

After applying all the quality cuts, we reprocess the forced
photometry to correct for possible offsets produced either by
transient contamination in the reference images, or by observa-

4 https://irsa.ipac.caltech.edu/data/ZTF/docs/
releases/ztf_release_notes_latest

> Formerly referred to as the Infrared Processing & Analysis Center
(https://www.ipac.caltech.edu).

% http://web.ipac.caltech.edu/staff/fmasci/ztf/
forcedphot.pdf
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tions of the same source utilizing different quadrants or chips
of the camera. If present, these offsets will be constant, and can
be corrected by subtracting the median stationary signal of the
transient with respect to the reference image, also referred to as
the “baseline”. To find the baseline we first combine the flux
observations in one day bins. We then get a rough estimation of
the light curve’s peak epoch by applying a Savitzky-Golay fil-
ter (Savitzky & Golay 1964) using the savgol_filter module
on the SciPy package (Virtanen et al. 2020), and calculating the
maximum of the resulting filtered light curve. SLSNe can have
very long rise times and longer declines from peak than fainter
events, we consider that images taken prior to six months (180 d)
or later than three years (1095 d) from the estimated peak should
not contain transient light. These time ranges are loosely based
on previous SLSN studies (e.g., Howell 2017; Gal-Yam 2019).
If there are no observations in the considered range, the time
range for the baseline is chosen arbitrarily by hand, making sure
that the observed flux in the selected region is consistent with
an straight line, indicating that the transient is no yet present in
the observations. There are a few cases for which a baseline can
be defined both before and after peak. Nonetheless, we typically
consider the baseline after peak for events that occurred before
2019, and the baseline before peak for events that occurred after
2019. We only consider baselines with at least 20 observed pho-
tometric points in the selected time range. If a baseline has fewer
than 20 photometric points, we deemed the correction impos-
sible and discarded the observations associated with the corre-
sponding field in the corresponding CCD chip. Baseline correc-
tion is performed following Strotjohann et al. (2021). This is,
we iterate over the photometric points removing those that are
further away from the median baseline flux until 20% of the
points are left. The computed baseline median is then subtracted
from the overall flux of the transient. The baseline corrected flux
is then converted to AB magnitudes. The associated error bars
were calculated through the computer calculation of uncertain-
ties method (Bevington & Robinson 2003). This method pro-
vides asymmetric error bars. We adopted the absolute magnitude
of the larger associated uncertainty as error bars. If a random
photometric point appeared to deviate from the general shape on
the light curve, we inspected the IPAC images visually to check
if the transient is present or if an artifact is introducing a spuri-
ous detection. In case of the latter, the point was removed from
the light curve.

2.3.2. ATLAS

The ATLAS survey scans the sky with a two day cadence
(Smith et al. 2020; Shingles et al. 2021). ATLAS observes in
two wide filters: ¢ (or “cyan” band, which covers the wavelength
range 4200-6500 A, roughly corresponding to the g + r range)
and o (or “orange” band, which covers the wavelength range of
5600—8200 A, roughly corresponding to the r + i range). We
retrieved the ATLAS photometry from the forced-photometry
server’ and processed the output utilizing the pipeline developed
by Young (2020). ATLAS photometry has fewer associated qual-
ity flags than ZTF, and ATLAS filters are wider than the ZTF
ones. Therefore we mostly use the ATLAS photometry as check
of the taxonomic description of the light curves and do not per-
form any analysis on it.

7 https://fallingstar-data.com/forcedphot/
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2.3.3. Swift

Fourteen objects in our sample were observed with the
UV/optical Telescope (UVOT, Roming et al. 2005) aboard the
Neil Gehrels Swift Observatory (Gehrelsetal. 2004). We
retrieve the level-2 data from UK Swift Data Archive®. For each
object, we co-added all sky exposures for a given epoch and
filter to boost the S/N using uvotimsum in HEAsoft’. After-
wards, we measured the brightness of the event with the Swift
tool uvotsource. The source aperture had a radius of 5", while
the background region had a radius of 30”. All measurements
were calibrated with the calibration files from November 2021
and converted to the AB system following Breeveld et al. (2011).

2.4. Absolute magnitudes

To obtain absolute magnitudes we first use the corre-
sponding heliocentric z of each SLSN II (see Sect. 2.2)
to compute their distance modulus (). We employ the
astropy.cosmology software and adopt the NASA/IPAC
Extragalactic Database’s (NED'Y) canonical cosmological
parameters (Hy = 73 kms™! Mpc‘l, Qv = 0.27, Qp = 0.73).
We do not consider uncertainties due to the host galaxy pecu-
liar velocities as all our SLSNe II except SN 2021adxl are in
the Hubble flow (z > 0.02, see Sect. 2.2) and such uncertainties
will be small. In the case of SN 2021adx]l we use the distance
modulus presented by Brennan et al. (2024). Milky Way extinc-
tion is calculated using NED’s Galactic Extinction Calculator'!,
accessed through the ned_extinction_calc script'?. We do
not consider host extinction. For all the SLSNe II in the sample,
we adopt the cosmological term for the K-correction (Hogg et al.
2002) as —2.5 x log(1 + z), as presented in Chen et al. (2023).
This is because the spectral coverage of our sample is rather
poor. To investigate the uncertainties introduced by adopting this
approximation, we compute full K-corrections for those events
with available spectra within 30 days of the r-band peak (as this
is the best observed band). To do this, we use the SuperNovae
in Object Oriented Python (SNooPy, Burns et al. 2011) soft-
ware. Each considered spectrum was corrected for Milky Way
extinction. In addition, following Chen et al. (2023), the full K-
corrections consider g band for events at z < 0.17 and r band
for events at z > 0.17. After obtaining the full K-corrections,
we compared them to the adopted approximation. The compar-
ison can be seen in Fig. 2. In this figure, the inverse of the
S/N of each considered spectrum is indicated as associated error
bars, so larger error bars indicate lower S/N. This is not the
error associated with the K-correction but serves as an indica-
tion of the quality of the considered spectrum. We note that the
adopted approximation for K-corrections follows the behavior of
the full K-correction, with a dispersion of 0.2 mag. We conclude
that the adopted K-correction approximation is a good approx-
imation and consider it when computing absolute magnitudes.
Absolute magnitudes are then calculated in the AB system as

8 https://www.swift.ac.uk/swift_portal/

° https://heasarc.gsfc.nasa.gov/docs/software/heasoft
version 6.32.2.

10 The NASA/IPAC Extragalactic Database (NED) is funded by the
National Aeronautics and Space Administration and operated by the
California Institute of Technology.

' NED’s Extinction Calculator considers the recalibration presented
by Schlafly & Finkbeiner (2011) to the extinction map presented by
Schlegel et al. (1998), assuming a Fitzpatrick (1999) reddening law
with R, = 3.1.

12 https://github.com/mmechtley/ned_extinction_calc
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Fig. 2. K-correction approximation obtained as —2.5 X log(1 + z) (black
line), compared to full K-corrections obtained using SNooPy (blue
dots). The inverse of the S/N of the spectrum considered to calculate full
K-corrections is presented as associated error bars. The vertical dashed
gray line indicates z = 0.17, at which we switch from ¢ to r band to
calculate the correction.

My = my — u — Ay — Keorr, Where p is the calculated distance
modulus, A, is the Milky Way extinction in the corresponding
wavelength and K. is the K-correction approximation.

3. Analysis

In this section we describe the analysis methods and present
a general description of the studied sample. Most of the
light curve parameters were estimated using light curve inter-
polation in either flux or magnitude space. We use two
main methods of interpolation, Gaussian Process (GP, e.g.,
Rasmussen & Williams 2006); and locally estimated scatter-
plot smoothing (LOESS, Chambers & Hastie 1992), consider-
ing a second order polynomial. The former was implemented
using the GPy package'? and the latter using the Automated
Loess Regression (ALR) pipeline presented by Rodriguez et al.
(2019). Similarly to GP, the method implemented by ALR is non-
parametric and allows one to compute confidence regions. If ALR
cannot fit a second order polynomial, it will default to do the
interpolation considering a first order polynomial. ALR is less
sensitive to big data gaps than GP, allowing for a better repre-
sentation of our light curves at later times. Still, artificial wiggles
can be seen in the interpolation when the data is too sparse, but
the effect is not as strong as that observed when using GP'*.

3.1. Light curve peak estimation

The SLSNe are classified based on their peak absolute magni-
tude, thus this is their most important characterization parame-
ter. To estimate the peak epoch and absolute magnitude in each
photometric band, we interpolate the light curves in flux space
through GP (see Sect. 3). We use a Monte Carlo approach,

3 https://gpy.readthedocs.io/en/deploy/

14 Tt has become popular to interpolate SN light curves using multiband
light curve information (e.g., Boone 2019), here we avoid such tech-
niques as they assume the color evolution of the event, which we do not
know a priori for our sample of SLSNe II.
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drawing 800 samples from the posterior distribution of each GP
interpolation and calculating the peak epoch for every sample.
The median of the resulting distribution is considered to be the
associated peak epoch of an event, the 15.9 and 84.1 percentiles
of the distribution is taken as the associated lower and upper
asymmetric error bars, respectively. The peak absolute magni-
tude is obtained from the interpolation at peak epoch, the associ-
ated asymmetric error bars are obtained from the interpolation’s
confidence interval at the 15.9 and 84.1 percentiles. The distri-
bution of peak absolute magnitude in gri bands is presented in
Fig. 3. All the three distributions present a median absolute mag-
nitude of ~20.3 mag, consistent with our selection criteria. Given
that we consider superluminous any event that presents a mag-
nitude <—19.9 mag at some point of the evolution in any of the
ZTF gri bands, we can conclude that events in the left hand side
of g band peak absolute magnitude distribution are either intrin-
sically redder or suffering from non-negligible host extinction.
Further spectral analysis is needed in order to properly quantify
host extinction; such an analysis is outside of the scope of this
paper. The g band distribution also extends to the higher values
of peak absolute magnitude. Events in the right hand side of g
band peak absolute magnitude distribution are mainly located at
larger z. The median value and dispersion of the rest frame peak
absolute magnitude in gri bands are presented in Table 1.

3.2. Rise and decline times

Although GP interpolation is useful to calculate the peak epoch
and associated error bar, it is not ideal to use as a representation
of the full light curves. This is because GP is sensitive to gaps
and we do not put any constraints on the observed cadence of the
light curves. In general, our SLSN II light curves have densely
sampled peaks and sparsely sampled declines that can present
big gaps. ALR interpolation (see Sect. 3) is used to characterize
the timescales of the sample. We follow the work of Chen et al.
(2023) and consider the tse/dec,x parameters to describe the rise
and decline times of our SLSN II light curves. These repre-
sent the time intervals between peak and an x fraction of the
flux. In particular, we consider the same fractions as Chen et al.
(2023), which are 10% (Amag=2.5) and 1/e (Amag=1.09).
In each case, the associated error bar corresponds to the peak
epoch error bar. In Fig. 4 we show the distribution of #ise/dec,x
for the gri bands of our full sample. We note that we can only
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measure ;s 10% for a handful of events, mainly due to the lack
of data at very early times. We do not see any multi-modality
in the rise and decline time distributions. To confirm this, we
use the gaussian_kde module available in the SciPy package
(Virtanen et al. 2020) to calculate the probability density func-
tion of the distributions via kernel density estimation (KDE),
using a Silverman bandwidth. The resulting KDE for each time
parameter supports the lack of multiplicity in the sample. In
Table 1 we include the median value and dispersion for each
calculated time parameter in each band.

We note that the values of #,1/c are shorter for bluer bands,
with the median value in g band being ~3 rest frame days shorter
than that in » band, and the median r band rise time being ~10
rest frame days shorter than that in i band. Bluer light curves not
only rise faster but they also decline faster. fgec,109% and tgec,1/e
are ~13 rest frame days shorter for g band than for » band. The
faster evolution of the g band light curves can also be seen in
the timescale distributions presented in Fig. 4. This is followed
by the evolution in the » band and the i band seems to be the
slowest evolving one. This hints towards the potential of redder
bands to be used in the search and follow up of SLSNe II.

We investigate correlations between the rest frame rise and
decline times and rest frame peak absolute magnitude in gri
bands. Fig. 5 shows the respective scatter plots. The first column
of Fig. 5 shows e, 109 against peak absolute magnitude, the
scatter plot seems to point towards a correlation between these
parameters, where longer rising events show brighter peaks.
However, such a conclusion would suffer from low number
statistics. In addition, we do not see the same trends in the second
column of Fig. 5 which shows #s,1 /. against peak absolute mag-
nitude and considers a larger number of events. No correlations
are seen for the decline times versus rest frame peak absolute
magnitude either. To confirm the lack of correlations we use the
scipy.stats.pearsonr package to calculate the Pearson’s r
parameter (P,) and its associated p value (Ppy) for all the distri-
butions. As was anticipated, no significant correlation is found.
The Pearson’s parameters are annotated in the corresponding
panels of Fig. 5 (the time parameters for each event in each
observed photometric band are detailed in the supplementary
material on https://zenodo.org/records/14711673).

Since tgec,1/e and tise,1 /¢ are the best sampled timescales, we
investigate possible correlations among them. We present the
respective scatter plots in Fig. 6. We see clear trends that show
that fast risers decline faster and viceversa the Pearson’s parame-
ters show a strong correlation in the g and i bands, however this is
not the case in the » band. This lack of correlation in the r band is
driven by six events (SN 2018bwr, SN 2019npx, SN 2019aafk,
SN 2020jgv, SN 2020yrn and SN 2021yyy) that decline slow
compared to their rise.

3.3. Colors

In Fig. 7 we show observed g — r colors with respect to rest
frame days since observed g band peak, calculated considering
the g and r band LOESS interpolations (see Sect. 3). We see a
similar behavior for the whole sample, this is somewhat blue col-
ors at early times that become red as the event evolves. Although
these represent observed colors, the observed behavior is similar
regardless of the object’s z. After ~100 rest frame days the color
evolution of most SLSNe II stalls, becoming almost constant. We
note that these late phases are generally poorly sampled and bet-
ter data is needed to accurately make any claim about the color
behavior at these times. Fig. 7 shows SN 2022gzi highlighted
in red. If only the g band light curve is considered, this event
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Table 1. Median luminosity and timescale parameters.

Peak

—_—~— —_—~—

Band Faintest ~ Most luminous  #ise.10% frise1/e fdect/e tdec.10%
[mag.] [mag.] [mag.] [days] [days] [days] [days]

g -203%¢ _189x01  -219+0.1 441174 338280 7504810 935 g+l00

P 204703 Z198+01  —21.6+01  49.0%4 37.0°260  893#822 048 #1347

i 203703 —199+0.0  —211+0.0 4980 469747 098311053 046871140

Notes. Median rest frame peak absolute magnitudes of the SLSN II sample, dimmest and brightest rest frame peak absolute magnitudes, and
median rest frame rise and decline times per ZTF filter. The errors associated with the median values correspond to the 15.9 and 84.1 percentiles

respectively.
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Fig. 4. gri band (green, red, and yellow, respectively) distribution of ts 109 (first panel), #se 1/ (second panel), #gec,1/e (third panel) and #gec 109 (last
panel). Empty, dashed lime steps show the corresponding parameter distribution of the ZTF SLSN II sample presented by Kangas et al. (2022),

see Sect. 5.1 for a discussion.

would not be classified as a SLSNe II but as a SN IIn however,
it reaches SLSN II peak luminosities in the redder bands. Thus,
we conclude that this event is suffering from considerable host
extinction. Still, given the shallower color evolution of this event
compared to the rest of the sample, we consider the possibility
of SN 2022gzi being a contaminant in Sect. 6. SN 2021elz is
also highlighted in blue in Fig. 7, this is the brightest event of
the sample (see Sect. 4.5), we see that the overall color evolution
of this events follows the general trend of the whole sample.

In Fig. 8 we show the observed g — r color at g band peak
against rest frame g band peak absolute magnitude, SN 2022gzi
is the reddest event (g — r = 0.9 mag) at the top left corner
of the plot. We can see that fainter events seem to be red-
der than brighter ones. We calculated the Pearson’s r param-
eter and associated p value for the distribution using the
scipy.stats.pearsonr package, and find a correlation of
P, = 0.49, with an associated p value Py, = 7x 107, which we
illustrate by fitting a straight line to the points (shown in light
green in Fig. 8). The plot also shows that SLSNe II are red-
der than SLSNe I at similar phases. This is consistent with the
findings of Chen et al. (2023) that suggest that brighter events
show bluer colors at peak. Further analysis to investigate whether
SLSN II are intrinsically redder or whether this effect is linked
to intrinsic host extinction, or associated with dust production,
or produced by CSM, is outside of the scope of this work.

3.4. SLSN Il energetics

To constrain the total radiated energy of the SLSNe II in our
sample, we constructed pseudo-bolometric light curves. We only
considered events with an available peak date and ten or more
photometric observations in all three gri bands; these include 39
SLSNe II. Two approaches are considered following the proce-

dures presented by Gkini et al. (2024) who considers the meth-
ods presented by Lyman et al. (2014). The first approach is to
simply integrate the observed spectral energy distribution (SED),
to do this we interpolate the gri bands with respect to the phase
of r band observations using ALR (see Sect. 3) and integrate over
the resulting interpolated curves. This approach gives a lower
limit for the bolometric luminosity completely ignoring both the
UV and NIR contributions to the SED. Given that at early times,
before photons start diffusing, SNe present high temperatures, a
large fraction of the early energy is emitted in the UV (see for
example Dessart et al. 2017). As SNe evolve and cool down, the
contribution at longer wavelengths becomes more important and
so, it is crucial to account for the NIR emission. Therefore, our
second approach is to also consider extrapolations to both the
UV and NIR by fitting a black body to consider the missing flux.
To account for the UV flux, we fit a black body to the available
optical data and integrate it from O A to our g band. In a similar
manner, to account for the NIR flux, we integrate the black body
fit to the available optical data from our i band to 25 000 A. Black
body approximation is inaccurate when line emission becomes
dominant over the SLSN radiation, this effect will become more
important at later times and so we restrict our approximation to
phases <400 days post peak, although further multi-wavelength
analysis is needed to fully understand the limits of our approach.
Given the limits of our data, such an analysis is outside of the
scope of this work.

In Fig. 9 we show the obtained pseudo-bolometric light
curves from our first and second approach in the left and right
panels, respectively. The median difference between the peak
luminosities of the pseudo-bolometric light curves obtained
through the two methods is ~0.5dex and can be as high as
~(0.75 dex. We note that the error bars associated with our second
approach (presented in gray color in the right panel of Fig. 9)
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Fig. 5. Timescales versus peak absolute magnitudes. From top to bottom: gri band (respectively) rest frame peak absolute magnitude compared to
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these parameters. Lime dots in the first row show the corresponding parameter distribution of the ZTF SLSN II sample presented by Kangas et al.
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are quite large due to the addition of artificial UV and NIR
flux. At later phases, line blanketing becomes important and the
black body approximation is no longer adequate. We highlight
the importance of obtaining UV photometry to better estimate
SLSN II energetics. Martinez et al. (2022a) showed that in the
case of SNe II, NIR observations are essential when line blan-
keting starts to affect bluer bands, since the black body approx-
imation starts peaking at redder bands. Unfortunately, we have
very few photometric bands to make a comparison with their
method. Hence, we also highlight the importance of obtaining
NIR photometry to estimate SLSNe II energetics.

Out of the fourteen events in our sample with available UV
data (see Sect. 2.3.3), only two also have observations in all three
optical gri bands. These two events are shown in Fig. 10. The top
panels show the observations in all the considered bands, while
the bottom panels show three calculated pseudo-bolometric light
curves. Two correspond to the methods described above, and
the third pseudo-bolometric light curve is calculated by direct
integration of the UV — gri bands in the overlapping observed
phases plus an extrapolation to the NIR in the same way as
was described above. We can see that although both of our ini-
tial approaches to calculate pseudo-bolometric light curves only
provide lower limits for the observed total luminosity, including
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extrapolations to the UV and NIR provides results that are closer
to the real emitted total luminosity.

Once we have calculated pseudo-bolometric light curves, we
can estimate a lower limit for the total radiated energy of each
event. These are presented in Fig. 11. We see that brighter events
are typically found at larger distance moduli and radiate more
energy. SN 2018lzi shows a radiated energy >10°' erg, which
is considered to be typical given the kinetic energy of CCSNe.
To achieve such high energies, additional powering mecha-
nisms are needed. Pruzhinskaya et al. (2022) have proposed that
SN 2018lzi is a PISNe, although their analysis is approximate as
they did not count with spectroscopic z at the time and other
power sources have not been discarded. Kangas et al. (2022)
show that the SLSN II, SN 2019uba, also radiates more than
10! erg, they suggest that this may be produced by CSM inter-
action plus a central engine.

3.5. Luminosity distribution

To correctly analyze the luminosity distribution of our SLSN II
sample it is necessary to account for Malmquist bias (Malmquist
1922). This is a selection effect produced by the limiting
magnitude associated with the telescope used to obtain the
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observations. The fact that telescopes have an associated lim-
iting magnitude means that we are not detecting the intrinsically
faintest events. To mitigate this effect, we follow the procedure
described by Nyholm et al. (2020) to statistically estimate the
number and distance distribution of the missing SLSNe II. This
procedure consists of defining a magnitude completeness limit
based on the limiting magnitude of the telescope and the bright-
ness of the faintest event in the sample. However, defining our
sample’s completeness in this way is challenging as we do not
have estimates on how many SLSN remain unclassified due to
reasons other than their brightness, such as the failure to identify
their light curve as potential SLSN candidates or lack of spec-
troscopic follow up resources. Although we are not considering
all the effects that may be impacting our selection, we roughly
estimate the magnitude completeness limit by inspecting the dis-
tribution of peak apparent magnitudes (top panel of Fig. 12). In
an homogeneous, Euclidian universe, the distribution of a flux-
limited survey should satisfy the relation AN o f3/2, where AN

corresponds to the number of events per considered bin and f is
the observed flux at peak (e.g., Perley et al. 2020). We consider
that our sample is complete up to the integer magnitude closest
to the position at which the slope of the f*/? relation intersects
the peak magnitude distribution, for our sample this is 19 mag for
all three gri bands. The proportionality factor for each band was
inferred by fitting the function to the number of events in each
histogram bin, for all bins with an increasing number of events.
To do this, we used the curve_£fit module on the SciPy opti-
mization package. The volume defined by events with brighter
rest frame peak absolute magnitude than these limits, left to the
diagonal lines and above the solid lines in the second row pan-
els of Fig. 12, is considered to be complete. The volume defined
by fainter events to the right of the diagonal lines and above the
solid lines, is considered to be incomplete. We note that in the
case of the g band, there is one event that is fainter (marked with
a double dash-dotted turquoise line) than the one considered to
define the complete volume, we assume that this event suffers
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from considerable host extinction (see Sect. 3.3) and remove it
from the analysis.

Once the complete volume has been defined, we consider
bins of 0.5 mag both in brightness and distance moduli. These
bins are marked with different line styles in Fig. 12. The solid
horizontal lines indicate the faintest event of the distribution,
while the solid vertical lines indicate the corresponding dis-
tance modulus. Then, the first 0.5 mag absolute magnitude bin is
encompassed between the solid and dashed horizontal lines and
the first 0.5 mag distance moduli bin of is encompassed between
the solid and dashed vertical lines. We consider that events left
to the solid vertical line represent the first complete volume.
Below the dashed horizontal lines are the dim events and above
it the bright events. Between the solid and dashed lines is the
first considered incomplete volume with a lack of dim events
below the dashed horizontal line. This dim region is populated
by randomly selecting peak absolute magnitude values from the
dim part of the complete volume left to the vertical solid line,
at randomly selected distance moduli. The ratio between bright
and dim events in the incomplete volume should be the same as
the ratio observed in the complete volume. We then consider the
randomly generated points as true observations, move to the next
peak absolute magnitude and distance modulus bin and repeat
the procedure. When no point is found in the new bin above the
horizontal line and to the right of the vertical line, the procedure
stops. The true observed points are marked with colored circles
and the randomly generated points are marked with black circles
in the second row panels of Fig. 12.

The bottom panel of Fig. 12 shows the distributions of rest
frame peak absolute magnitudes before and after Malmquist bias
corrections. The median rest frame peak absolute magnitude of
the distribution without Malmquist bias correction is ~0.1 mag
and ~0.2 mag brighter than that of the distribution with the cor-
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rection in the g and r bands, respectively. However, it remains the
same in the i band. This could be a result of the lower number
of events in this band. We note that this is just a rough estimate
as we ignore possible systematic bias that can be introduced in a
sample selected based on classified events.

4. Extreme events

Although we treat our sample of SLSNe II as a whole, we can
see that some events clearly stand out from the rest. We discuss
such events in the following.

4.1. Multi-peaked SLSNe Il

A subgroup of SLSNe II stand out for their visually inferred
multi-peaked behavior. This subgroup is shown in Fig. A.l.
SN 2018dfa, SN 2018hsb and SN 2021nhh show a narrow
peak before the main peak; SN 2021lhy shows a broad rise
with a subtle peak before the main peak, similar to what
has previously been considered to be a precursor event (e.g.,
Ofek et al. 2014; Strotjohann et al. 2021; Matsumoto & Metzger
2022), although brighter than usual; SN 2018bwr shows a some-
what wide secondary peak after a the primary peak; SN 2022pjl
shows a secondary peak much fainter than the primary peak and;
SN 2020usa shows more than two peaks, these could also be
considered to be bumps (e.g., Nyholm et al. 2017). SN 2020usa
is also the brightest of the group, although not the brightest of
our whole SLSN II sample. Although an environment analy-
sis is outside of the scope of this work, it is worth mentioning
that most of these events appear to be off-center from their host
galaxies, except from SN 2020usa and SN 20211lhy. There is no
additional evidence to indicate that these events are not SLSN
however, other types of nuclear transients are a major source of
contamination when defining SLSNe II samples (see Sect. 6) and
a thorough dedicated analysis would be needed in order to fur-
ther evaluate the classification of these two events.

In general, the presence of multiple peaks in the light curves
is explained by invoking the presence of CSM. Differences in
the mass loss mechanisms of the progenitor stars can produce
different CSM structures, as the ejecta meets a different portion
of the CSM, different peaks can be seen in the light curves (e.g.,
Dessart & Jacobson-Galan 2023; Khatami & Kasen 2024). We
note that these multi-peaked events represent only a ~6.5% of
our sample of SLSNe II. Thus, we could argue that intricate
CSM configurations may be the exception rather than the rule.
However, we cannot rule out that we are missing some frac-
tion of multi-peaked events due to differences in the observing
cadence and duration of the sample. It is not trivial to define an
optimal cadence to observe all possible light curve peaks as they
appear with a variety of widths, duration and brightness.

4.2. Slow risers

The rise time of SN is directly connected to the characteristics
and environment of their progenitor, and also to their explosion
mechanism (e.g., Martinez et al. 2022b). In Fig. A.2 we show
five SLSNe II that stand out for having rise times fse.1/e = 80
rest frame days in any of the gri photometric bands. This limit
was chosen arbitrarily considering that the rise time of the canon-
ical long rising SN, SN 1987A, is ~80days (e.g., Milone et al.
1988; Menzies 1988; Arnett et al. 1989; Sit et al. 2023, and ref-
erences therein). We note that the rise time in this work is mea-
sured differently. Nevertheless, if we would considered days
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Fig. 9. Pseudo-bolometric light curves of the SLSN II sample. The left panel shows the results of integrating the observed SED considering the
epochs for which we have all three gri photometric observations. The right panel shows the results of adding extrapolations to both the UV and

NIR to the SED obtained from the gri photometric observations.

elapsed from explosion, our rise times would be larger than the
considered limit. The behavior of the light curve of SN 1987A
(and 87A like events) has been explained as the product of the
explosion of a compact progenitor in a formerly binary system
(Pastorello et al. 2012; Taddia et al. 2016; Sit et al. 2023). But
87A-like events show much lower peak luminosities than those
presented in this work, so an alternative scenario is needed to
explain the behavior of this subgroup. The slow risers in our
sample are: SN 2018hsb, SN 2018lzi, SN 2020hei, SN 2021mz,
SN 2021nhh, and SN 2022fnl. In paticular, SN 2018hsb does not
only have a long rise but shows a narrow peak before the main
peak (see Sect. 4.1). SN 2018]zi is the most luminous slow riser.
The slowest riser is SN 2020hei, with fse 1/e = 103.2 rest frame
days in r band.

4.3. Fast risers

As was mentioned in the section above, the rise time of SN is
directly connected to the characteristics and environment of their
progenitors thus, we also highlight events with the shortest rise
times. We arbitrarily considered any events with fjs /e < 15
rest frame days in any of the gri photometric bands displays a
fast rise time, as this limit is roughly half of the median #sc 1 /e
value (see Table 1). Only three SLSNe II present such short rise
times, although other fast rising events could exist that were not
classified due to initial selection effects that tend to favor slow
rising objects as potential SLSN II candidates. The fast risers
in this sampler are shown in Fig. A.3. In the context of regular
SNe 1II, fast rises can be explained by a prolonged shock break-
out moving through either a progenitor’s extended atmosphere
or surrounding CSM (e.g., Gonzélez-Gaitan et al. 2015). In the
context of interaction powered SNe IIn, fast risers also decline
fast (Nyholm et al. 2020). Out of the three SLSNe II that show a
short rise time, only SN 2020kcr show a slow decline, whereas
SN 2020vfu and SN 2022pjl show a linear fast decline.

SN 2022pjl stands out as the fastest riser in the sample, with
tise,i0% = 9.8 rest frame days and fse1e = 7.5 rest frame
days in g band. This is ~three rest frame days shorter than the
next fastest event. SN 2022pjl also shows multiple peaks (see
Sect. 4.1), possibly indicating the presence of an unconventional
CSM configuration.

SN 2022pjl also stands out as the fastest decliner in the sam-
ple, with #4ec.100 = 24.1 rest frame days in g band. For regu-
lar SNe II, fast declining light curves are associated with higher
explosion energies (e.g., Martinez et al. 2022b, and references
therein). Although it has been argued that considering CSM
relatively close to the progenitor star could naturally account
for faster declining SNe II (Morozova et al. 2017), it is unclear
whether a parallelism can be considered to SLSNe II.

4.4. Slow decliners

Six SLSNe II in our sample stand out for their long duration,
showing #4ec.10% > 1year in any of the ZTF gri bands. These
events are shown in Fig. A.4. Out of all the slow decliners,
SN 2018bwr is also multi-peaked (see Sect. 4.1). The other
events: SN 2018hse, SN 2019bhg, SN 2019jyu, SN 2019npx
and SN 2020abku, decline rather linearly after peak. Other slow
decliners could have been missed due to lack of observations or
because of our selection criteria (see Sect. 2).

4.5. The most and least luminous SLSNe Il

The mean peak g band luminosity for our SLSN II sample is
—20.3mag (see Table 1). The luminosity range of SLSNe II
could be affected by host extinction (see Sect. 3.3), and thus it
is not trivial to define a lower luminosity threshold. Below we
present the most and least luminous events of the sample.
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The most luminous SLSN II in our sample is SN 2021elz.
Correcting by its high z = 0.26 we obtain a g band rest frame
peak absolute magnitude of gpeak ~ —21.9f8:(1) mag. The light
curve of SN 2021lelz is shown in the left panel of Fig. A.5, it
evolves smoothly, showing a linear decline after peak.

The least luminous SLSN II in our sample is SN 2022gzi.
As was expected, this event occurred at a lower z = 0.089 than
the most luminous one. The rest frame peak absolute magnitude
are gpeaxk ~ —18.9 £ 0.07 mag, rpcac ~ —19.8 + 0.04 mag, and
ipeak ~ —20.2 + 0.04 mag. This SLSN II is the reddest one of
the sample (see Sect. 3.3). We considered it to be a SLSN II
based on the i band peak luminosity. If this band would not have
been considered, this event would not have been classified as a
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SLSN. However, given that we consider the peak luminosity in
all gri bands, we can confirm this event to be superluminous. We
highlight the benefit of considering redder bands when looking
for SLSNe.

5. Comparison to other events

When discussing SLSNe, people usually refer to hydrogen poor
SLSNe 1. This is because there is much more data available on
SLSNe I than on SLSNe II (e.g., Gal-Yam 2019). This work
presents the first large sample of SLSNe II light curves. Some
SLSNe II exist in the literature that show narrow spectral lines
and were classified as SN IIn (e.g., Ofek et al. 2007; Smith et al.
2008). The distinction between SNe IIn and SLSNe II is not
always clear given that SNe IIn tend to be luminous and the
threshold to classify an event as SLSNe II is somewhat arbitrary.
Thus, it is often considered that SLSNe II that show narrow lines
are a mere extension in luminosity of SNe IIn (Perley et al. 2016;
Dickinson et al. 2023). In this section we compare our sample to
SLSNe I and SNe IIn as well as to the SLSNe II sample pre-
sented by Kangas et al. (2022).

5.1. Other SLSNe Il

The SLSNe II sample presented by Kangas et al. (2022) was
selected based on their lack of narrow spectral lines. We did not
include these events in our sample but present comparisons of
the corresponding distributions of z, rest frame g band peak abso-
lute magnitude, and total radiated energy in Figs. 1,3 and 11. We
also calculated the g band rise and decline time parameters of
the sample presented by Kangas et al. (2022) as was described
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in Sect. 3.2, and present comparisons to our sample in Fig. 4 and
in the top panel of Fig. 5. Fig. 7 shows comparisons of the g — r
colors with respect to g band peak of our sample and the events
in the sample of Kangas et al. (2022) with z < 0.17, as this is the
z limit for which we consider that K-corrections are negligible
we can utilize the reported peak epochs directly.

We see that the overall z distribution of both samples over-
lap. The same is true for the g band rest frame peak absolute
magnitude, and for the g band rise and decline time distribu-
tions. In addition, both samples show similar observed g — r
colors and estimated total radiated energies. Moreover, in the
top panels of Fig. A.6 we see that the overall shape of the
light curves presented by Kangas et al. (2022) is similar to the

light curve of the events in our sample. The premise behind the
selection criteria of Kangas et al. (2022) is that narrow H lines
are irrefutable evidence of CSM interaction (see Sect. 1) thus,
excluding such events provides further insight into the powering
mechanism of SLSNe II. Nevertheless, after inspecting different
models, Kangas et al. (2022) conclude that only pure *°Ni can be
discarded, while both the presence of a magnetar and CSM inter-
action reproduce the observed light curve with similar success.
Still, the UV excess detected in most of their SLSN II where
good enough UV data exist, indicates the presence of interac-
tion. We do not find any bimodality or visual clustering in the
distributions of the studied light curve parameters, this indicates
that there is no photometric distinction between SLSNe II that do
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not show persistent narrow lines and those that would be classi-
fied as SLSNe IIn. It has been argued before that a continuum in
observed light curve parameters point towards a common pow-
ering mechanism (e.g., Anderson et al. 2014). If this is the case
for all H-rich SLSN, then further subclassification does not pro-
vide additional insight in the physics involved in powering the
observed light curves. However, we cannot rule out that the stud-
ied parameters are not adequate to capture differences between
spectroscopic subclasses.

5.2. Type lin SNe

In order to compare the characteristics of SLSNe II to those
of SNe IIn we chose the sample of SNe IIn presented by
Nyholm et al. (2020). They present an analysis of SNe IIn with-
out really excluding possible SLSNe II thus, we expect some
overlap between their peak brightness measurements and ours.
Most of their analysis considers the R/r bands, so we use the r
band for light curve comparison, presented in the top panel of
Fig. A.6. Indeed, there seems to be a continuum of peak mag-
nitudes between SNe IIn and SLSNe II, with a small gap of
~0.2 mag between both SN types, which can also be seen in
the second middle panel of Fig. 12. In addition, (less luminous)
SNe IIn tend to decline faster than SLSNe II. This could indicate
that if CSM interaction is the sole responsible mechanism for the
additional luminosity seen in SLSNe II, the CSM configuration
around the progenitors of SNe IIn and SLSNe II should be dif-
ferent in radius, density or other morphological characteristics
in order to make the light curves of the latter last longer. How-
ever, both our sample and the one presented by Nyholm et al.
(2020) may be suffering from unknown selection effects, and a
more detailed comparative analysis is needed to further assess
the presence or absence of a continuum between SNe IIn and
SLSNe II.

5.3. SLSNe |

We consider the SLSN I sample presented by Chen et al. (2023)
to compare to our SLSNe II. This comparison is ideal as we
both consider the same survey and thus, the same filters and
reduction methods. Chen et al. (2023) consider the g band as
their primary photometric band, so we compare our g-band light
curves to theirs in the bottom panels of Fig. A.6. At earlier
times the light curves are very difficult to distinguish as they
present similar rise times, this can be better seen in the left
panel of Fig. 13. In Fig. 8 we compare the observed g — r col-
ors at peak against the rest frame g-band peak absolute magni-
tude of both samples and see that SLSNe I are overall bluer and
brighter than SLSNe II, without any SLSN II being bluer than
g—r < —0.1 mag (below the lower horizontal dashed gray line) or
brighter than gpesx < —22 mag (right of the vertical dashed gray
line). Another difference is the SLSNe II present much longer
decline times than SLSNe I (see right panel of Fig. 13).

6. Contaminants

At times SLSNe II can resemble AGN:ss, this is because the light
curves of some SLSNe II can reach comparable peak luminosi-
ties to those of AGNs. In addition, SLSNe II can be long-lived
and show bumps and wiggles in their light curves, as some AGN's
do. Moreover, both AGNs and SLSNe II can display narrow H
emission lines (e.g., Filippenko 1989). When the classification is
uncertain, one method to rule out AGNs is to assess whether the
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Fig. 13. Comparison of g band timescales versus peak absolute mag-
nitudes for SLSN II and SLSN I. Left panel: g band #g 1. versus rest
frame peak absolute magnitude for our sample of SLSNe II (green cir-
cles) and for the SLSN I (gray circles) sample of Chen et al. (2023).
Right panel: g band fgec,1/. versus rest frame peak absolute magnitude
for our sample of SLSNe II (green circles) and the SLSN I (gray circles)
sample of Chen et al. (2023).

transient is located at the center of the host galaxy; if it is not,
then it is likely that the transient is a SLSN II. However, there is
evidence that a small number of AGNs may be offset from the
center of their host (Ward et al. 2021). In addition, poor spatial
resolution or line-of-sight effects could make it difficult to study
the exact position of the SNe with respect to the center of the
host. All of this make AGNSs the primary contaminant in SLSN II
samples. Also TDEs can contaminate SLSN II samples, as illus-
trated by the case of SN 2020yue considered to be a SLSN II by
Kangas et al. (2022) but later reclassified by Yao et al. (2023).
When searching for SLSNe II in the ZTF survey we found
eleven events with ambiguous classifications!>: SN 2019fdr,
SN 2019meh, AT 2019pcl, AT 2019pev, SN 2020edi,
AT 2020pno, SN 2020vws, AT 2020afab, AT 2020afid,
AT 2021gwf and AT 2021ahqw. All of these events seem to
be located at the center of their respective hosts and show evi-
dence pointing towards an AGN classification. SN 2019fdr is a
very interesting case that highlights the difficulties in differen-
tiating SLSNe II from AGN, and also from TDEs. SN 2019fdr
was discovered on May 3rd 2019 by Nordin et al. (2019), the
report includes a last non-detection on the 27th of April 2019,
hinting towards a one week constraint on the possible explosion
epoch. A spectrum was obtained on the 15th of June 2019 by
Chornock et al. (2019). However, a classification was not pos-
sible as the nuclear location of the event and the lack of metal
lines in the spectra could not rule out the possibility of AGN,
TDE or SLSN. A second spectrum motivated a SLSN II clas-
sification by Yan et al. (2019), in this case the authors argue
in favor of such a classification based on UV colors and lack
of previous variability. Further analysis of the characteristics of
the event led Perley et al. (2020) and Frederick et al. (2021) to
consider SN 2019fdr to be an AGN. To add complication to
the interpretation of this event, Reusch et al. (2020) reported
a possible association with neutrino emission. This associa-
tion motivated a TDE classification by Reusch et al. (2022) and
Albert et al. (2021). However, Pitik et al. (2022) argue that a
neutrino association actually favors a SLSN II classification.
Recently, Wiseman et al. (2024) analyzed a sample of a few
ambiguous nuclear transients (ANTs), including SN 2019fdr,

15 Some of the events have a “SN” prefix due to reported classifica-
tions; the remainder were flagged as potential SLSNe II internally but
not reported so have an “AT” prefix. However, as is discussed, we con-
sider these identifications ambiguous.
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In red we highlight SN 2022gzi as the reddest event in the sample.

and conclude that such events may be obscured TDEs based on
occurrence rate arguments. Further analysis is needed in order to
better understand these events.

In the top panels of Fig. 14 we show the gri light
curves of the events with ambiguous classification. SN 2019fdr,
SN 2019meh and AT 2019pev have very long lived, bumpy light
curves indicating that these events may not be SNe. In the bot-
tom panel of Fig. 14 we show the observed g — r colors of the
ambiguous events in comparison to those of the SLSN II sample.
The main difference seems to be that SLSN II are blue at early
times and then become redder with time, while the ambiguous
events are red at early times, then become blue and then turn to
redder colors again. We mention in Sect. 3.3 that the color evolu-
tion of SN 2022g7zi, the reddest event in the sample, is shallower
than the one seen for other SLSN II. We see in Fig. 14 that it
is also shallower than that of the ambiguous events. But it does
show initial bluer colors than then become bluer and redder again
later on. In this work we consider SN 2022gzi to be a SLSN II
based on the available data, although further analysis in needed
to confirm the true nature of this event.

Based on nebular spectral modeling, Jerkstrand et al. (2020)
proposed that a thermonuclear type Ia SN enshrouded in a H-rich

CSM could explain the observed characteristics of the prototypi-
cal SLSN II SN 2006gy. In this scenario, the CSM would “hide”
the SN Ia features during the photospheric phase and these would
only become visible at late times, once the shock has crossed the
whole CSM. Such events are classified as type Ia-CSM (e.g.,
Silverman et al. 2013). SN 2006gy, with a peak absolute mag-
nitude of Vpeyx ~ —22.mag (Ofek et al. 2007), is brighter than
any of the events in our SLSN II sample. Additional nebular
spectroscopy and dedicated models would be necessary to study
whether this mechanism could explain any objects in our sample.
Two events in our sample: SN 2018dfa and SN 2019vpk are con-
sidered to be ambiguous by Sharma et al. (2023), but they do not
find robust spectroscopic indications that they are indeed SNe
Ia-CSM. We include them here as the available spectra match
other H-rich SNe.

7. Discussion
7.1. CSM as a possible powering mechanism
We have shown that there is a great diversity in our SLSN II

sample, with some events showing extreme characteristics (see
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Sect. 4). This sample of SLSNe II was selected without con-
sidering the morphology of the Ha emission line profile; how-
ever, there is evidence of narrow lines in most events. Assuming
that all the observed narrow lines are intrinsic to the SLSNe II,
we could conclude that the main powering mechanism produc-
ing the observed light curves is CSM interaction. Kangas et al.
(2022) consider only events without narrow lines in their spectra
and also find that the main powering mechanism contributing to
their light curves could be CSM interaction, although additional
mechanisms may be needed in the cases of their most extreme
events. The most popular alternative powering mechanism for
SLSNe is the presence of a magnetar. Inserra et al. (2018) argues
that a magnetar is better at explaining their sample of SLSNe II,
although they acknowledge that even though they selected their
sample because the events do not show narrow lines, some of
them do show evidence of CSM interaction during the photo-
spheric phase.

Khatami & Kasen (2019) suggest that the relation between
rise time and peak luminosity can help determine the under-
lying powering mechanism of the most luminous transients.
When analyzing rise time versus peak absolute magnitude of
our SLSNe II, we find no significant correlation (see Sect. 3.2)
and no noticeable groups. We also inspected the rise times of
the calculated pseudo-bolometric light curves (see Sect. 3.4)
against their peak luminosities finding no clear trend or corre-
lation, although this could be due to the low number of events
for which we can estimate bolometric light curves (~42% of the
sample).

Recently, Khatami & Kasen (2024) suggested that, if a light
curve is powered by CSM interaction, the diversity of the
observed morphologies can be explained by considering dif-
ferent CSM configurations. In this context, they propose that
SN IIn light curves may arise from light interior interaction
whereas events with radiated energies higher than 10°! erg may
result from events with heavy interior interaction. This last sce-
nario could explain the total radiated energy of SN 2018lzi (see
Sect. 3.4). If we assume that the light curves of all the SLSNe II
in this sample are powered by CSM interaction, we can use the
relation presented by Chugai & Danziger (1994) to approximate
the mass-loss rate of the progenitor star as:

M=2_L”_W

3 b
SN

ey

€V

where L is the bolometric luminosity, e(<1) is the efficiency of
shock kinetic energy to optical radiation conversion, v, is the
stellar wind velocity pre-explosion and vgy is the post shock shell
velocity. Accurately measuring all these parameters present dif-
ferent challenges, starting with the bolometric luminosity. € is
also an uncertain parameter and heavily relies on the adopted
model. In addition, although vsy could be estimated from the
width of the spectral lines, narrow lines are usually produced
by electron scattering and a good spectral sequence coverage
(which we do not have for most events) is needed to assess the
moment at which expansion takes over. Given all these uncer-
tainties any estimation of M is rather speculative. However, it is
still useful to have a sense of the possible progenitor characteris-
tics. In Fig. 15 we present rough approximations of M using the
pseudo-bolometric luminosity at the epoch of light curve peak.
We adopt € = 0.5, and consider two different vgy; first for inter-
acting SNe we adopt vsy = 2500km s~ (Smith 2017), second
for regular SNe II we adopt vsy = 10000kms~'. We also con-
sider three different vy, to account for the most popular proposed
interacting SN progenitors, 50kms~' typical for red super-
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Fig. 15. Mass loss rate (M) of the SLSNe II for which we can approx-
imate a pseudo-bolometric light curve (see Sect. 3.4) considering a
RSG, LBV and WR progenitor. The different mass loss rate ranges
are shown in consecutive horizontal axis. The left panel considers
vsny = 2500km s~! and the right panel vsy = 10000km s,

giants (RSG; van Loon et al. 2005), 100km s~ typical for lumi-
nous blue variables (LBV; Smith 2017; Gangopadhyay et al.
2020), and 1000kms~' typical for Wolf-Rayet stars (WR;
Crowther & Smartt 2007; Gangopadhyay et al. 2022). Consid-
ering vsy = 2500kms~! returns mass-loss rates that range
from over half a solar mass per year for RSG winds to tens of
solar masses per year for WR winds (see left panel of Fig. 15).
These far exceed the mass-loss rates typically inferred for regu-
lar SNe II, although they are somewhat consistent with values
deduced for other SLSNe II (e.g., Dukiya et al. 2024). While
regular SNe II show evidence for elevated mass loss in the late
stages of stellar evolution, analysis of a magnitude-limited sam-
ple gives a typical value of 3 x 10~ M, yr™! for an assumed wind
velocity of 10km s~! (Hinds et al., in prep.), which is at least two
orders of magnitude lower than the aforementioned values. Con-
sidering vgn = 10000 km s~! for our SLSNe II, returns loss rate
estimates that are more consistent with those found for regular
SNe II by Hinds et al. (in prep.) (see right panel of Fig. 15).
While this work was being reviewed, Hiramatsu et al. (2024)
released the analysis of a large literature sample of CSM inter-
action powered SNe IIn, which also includes events classified
as SLSNe II with narrow lines in their spectra. They identify
a bimodal distribution in the luminosity—timescale parameter
space for their SNe IIn, with a division near the median peak
luminosity. Their analysis indicates a median peak absolute mag-
nitude of ~—19.2 mag for their sample. Based on this, they pro-
pose that SLSNe II represent the brighter subset of SNe IIn. In
contrast, we suggest that this observed bimodality may reflect
differences in the underlying powering mechanisms for events
within each distribution. Consequently, it may be necessary to
adjust the threshold for defining an event as a SLSN II to include
fainter peak absolute magnitudes. However, further analysis is
required to determine whether this interpretation is consistent
across the SN II, LSN II, and SLSN II classes when spectra lack
narrow emission lines. This raises the question whether it is time
to reconsider the classification scheme for H-rich SNe, ensuring
a clear separation between light curve characteristics and spec-
tral features. Finally, we note that events such as those discussed
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in Sect. 4 are not adequately represented by the templates pre-
sented by Hiramatsu et al. (2024), highlighting the need for a
more nuanced approach to classification.

7.2. SLSNe Il in the LSST era

We are undoubtedly in a new era of large surveys and SNe
analysis methods are gradually changing. There are so many
SNe discovered every day that it has become impossible to
invest observational efforts to classify and follow up all of
them. Instead, the community tries to find the most interest-
ing events based on somewhat rare or outstanding characteris-
tics and obtain dedicated follow up of only those objects. The
follow up of the remaining SNe is doomed to rely on survey
observing cadence. It seems impossible to design a better strat-
egy as the observing resources are limited. Optimal follow up
of a large number of SNe will entirely rely on coordination of
those observing resources. It has occurred that interesting events
have been missed and found buried in the archives long after
they have disappeared, when no further follow up is possible.
Interesting events could also be missed due to lower cadence
in some regions of the sky that result in gaps in the data. All
this is going to become more of a concern once the upcom-
ing Vera C. Rubin Observatory Legacy Survey of Space and
Time (LSST) begins operations, as the survey is expected to pro-
duce ~10 million transient alerts per night (Ivezi¢ et al. 2019;
Hambleton et al. 2023). To try to deal with such a humongous
number of alerts, several brokers have been developedlé. These
brokers currently ingest ZTF data and have been proved useful
to identify rare/interesting events.

Because SLSNe are long lived, it is often considered that
they should be detected even in low cadence surveys. Thus,
they should be ideal candidates to be detected and followed
up with LSST. However, the SLSN class is mainly based on
the light curve peak brightness. Meaning that if the peak is
missed, then the event will never be classified as superlumi-
nous. To asses how many SLSNe II could be missed due to
the peak not being being observed, we used the LSST Opera-
tions Simulator'” through the OpSimSummary 3.0 software'®
(Rbiswas4 et al. 2022). We identified the ZTF SLSNe II foot-
print on the LSST path by considering the LSST declination and
airmass limits (LSST Science Collaboration 2017). When con-
sidering the former we found 72 of our SLSNe II in the LSST
path, 44 of which lie on the region limited by the airmass con-
straint. As was expected, events in the airmass limited region
present better light curve sampling than the rest. Overall, 50 of
our SLSNe II would have had at least one LSST detection. The
obtained light curves are presented in Fig. A.7.

Of course one detection is not enough to determine a peak
absolute magnitude. We consider events with at least 5 obser-
vations in either gri bands and use GP (see Sect. 3) to interpo-
late the LSST light curves and obtain an associated peak mag-
nitude. In Fig. 16 we compare the distribution of observed rest
frame peak magnitudes in the ZTF and LSST overlap. We see
that LSST will see the peaks of ~20% to 70% of the events, with
the most detections in the » band. Meaning that >30% of future
superluminous events could be missed, at least in the gri bands.
LSST will have more bands that ZTF, they will become crucial
in detecting SLSNe. To better determine the possible number of

16 https://www.lsst.org/scientists/alert-brokers

7 https://www.lsst.org/scientists/simulations/opsim
8 https://1lsstdesc.org/OpSimSummary/build/html/index.
html

missed events we would need an accurate estimation of SLSN
rates and we would need to fully understand their color distribu-
tion. Such an analysis is outside of the scope of this work. Here
we limit ourselves to assess how many known events within the
observable LSST sky could potentially be missed.

Our analysis is limited to nearby events (see z distribution in
Fig. 1). LSST will be ~4 times deeper than ZTF and thus, it will
have the capability to detect fainter and more distant SLSNe II.
Due to time dilation, the light curves of these distant events will
also be more finely sampled in the rest frame. While LSST will
excel at identifying distant SLSNe II, our findings indicate that it
may be less effective at recovering the nearby population of these
events, particularly in the bands analyzed here. Consequently,
we caution that future LSST SLSNe II samples may be biased
towards more distant events. To mitigate this potential bias, ded-
icated observational efforts will be essential to address possible
gaps in LSST light curves for nearby SLSNe II. Such efforts are
critical for ensuring a comprehensive and accurate understand-
ing of the SLSNe II population.

Based on Figures A.6 and 13, it seems like a photometric
distinction between type I and type II SLSNe will be impossible
at early times unless the SLSN I shows a peak color bluer than
g —r < —0.1 mag or a g band peak absolute magnitude gpe,x <
—22.mag (see Fig. 8). Otherwise, we should wait until very late
times to attempt such a separation. This implies that selecting
SLSNe II during the LSST era will be rather challenging.

8. Conclusions

We have presented the ZTF sample of SLSN-II, comprising 107
objects, and analyzed their light curve properties. This is the first
study of its kind. Our main conclusions can be summarized as
follows:

— Our SLSN II sample shows a median peak magnitude of
~=20.3 in the considered optical bands; a median #ge 1/e Of
~34, 37 and 45days in gri bands, respectively; a median
tise,10% Of ~44, 49 and 50days in gri bands, respectively;
a median Zgec1/e of ~75, 89 and 98 days in gri bands, respec-
tively; and a median #gec 109 of ~236, 248 and 247 days in gri
bands, respectively. However, SLSNe-II are a heterogeneous
population. The dispersion of the considered time parameters
is large, with some objects rising in less than two weeks and
some in over two months. Similarly, some events decline fast
and some take over a year to fade. We do not find any signif-
icant correlations between peak brightness and timescale.

— Only ~14%, 6% and 2% of objects are brighter than —21 mag
in the gri bands, respectively.

— Events that rise faster also decline faster with a few excep-
tions.

— Accounting for Malmquist bias, we find that the g band peaks
at M, = —20.2 mag. Although, there may be biasing effects
related to target selection and classification, especially at
the fainter end of discovered events, which are not being
accounted for.

— We find lower limits on the radiated energy typically in the
range of a few times 10°° erg. Only one object in our sample
has a radiated energy exceeding 107! erg. One object exceed-
ing this limit can also be found in the sample presented
by Kangas et al. (2022). In principle, only these two events
would require additional powering mechanisms, as the ener-
getics of every other SLSN II could be explained solely by
CSM interaction.

— Compared to the sample of SLSNe II without narrow spectral
lines presented by Kangas et al. (2022), we find no obvious
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Fig. 16. Distribution of gri (left, center, and right panels, respectively) peak absolute magnitudes as observed by ZTF and LSST.

differences in the light curve parameter distributions of our
sample that includes events with narrow lines in their spectra.
— Compared to regular SNe IIn, in addition to being more lumi-
nous (by definition), SLSNe II generally also have longer
timescales. Hiramatsu et al. (2024) analyzed a large sample
of SNe IIn including SLSN II(n) finding a bimodal distribu-
tion, although at lower peak absolute magnitudes.
— Compared to SLSN-I, the SLSN-II sample on average shows
fainter peak luminosities, redder observed peak colors, and
longer-duration light curves. These properties could be used
to distinguish between the populations in photometric-only
surveys.
— If we assume that the light curves are powered by circumstel-
lar interaction, our measured luminosities imply mass loss
rates in the range of less than one to tens of solar masses,
depending on assumptions on the nature of the progenitor
and velocity of the expanding material. Further spectroscopic
analysis is needed to constrain these values.
This diversity in light curve properties could reflect a similar
diversity in the CSM configuration and extent at the end of a
massive star’s life, even if the required mass loss rates in gen-
eral need to be high. Alternatively, the diversity could be pro-
duced by different powering mechanisms. The best way to probe
this would be to supplement the light curve information with
both multi-epoch spectroscopy and multiwavelength observa-
tions (such as radio and X-ray), although this is in general only
possible for the most nearby interacting SNe.

In the upcoming decade, the LSST at Rubin Observatory
is predicted to detect thousands of SLSNe, for which only a
small fraction can be spectroscopically classified. This work
represents a starting point in distinguishing SLSN-II from their
stripped counterparts, as well as from other rare transients in the
luminous, long-duration part of parameter space (such as pair-
instability supernovae). We caution that even for such slow tran-
sients, LSST cadence may miss crucial light curve information.

Data availability

Sample information, observing logs and measured parameters
can be found on https://zenodo.org/records/14711673.
All the classification spectra can be found on https://www.
wis-tns.org/
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Appendix A: Plots: Extreme events, comparison to other events and light curves as seen by LSST

Pessi, P. J., et al.: A&A, 695, A142 (2025)

=227 SN 2018bwr
SN 2018dfa
SN 2018hsb

O —21Ff SN 2020usa
g SN 2021nhh
= SN 2021lhy
o SN 2022pjl
© _20}
S
()
]
=)
Q -19t
QO
®
o
% -18}
fr
et
w0
()
—
[@)] —17 B

_16 L

-100 0 100 200 300 400 500 600 700
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Fig. A.2. SLSNe II with tys, /e > 80 rest frame days in any of the gri photometric bands. Left panel: rest frame g band absolute magnitude with
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Fig. A.3. SLSNe II with ts /e < 15 rest frame days in any of the gri photometric bands. Left panel: rest frame g band absolute magnitude with
respect to rest frame days since g band peak. Right panel: pseudo-bolometric light curves of events with gri band observations.
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Fig. A.4. SLSNe II with tgec 10% = 365 rest frame days in any of the gri photometric bands. Left panel: rest frame g band absolute magnitude with
respect to rest frame days since g band peak. Right panel: pseudo-bolometric light curves of events with gri band observations.
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Fig. A.5. Left panel: Light curve of the brightest event in the SLSN II sample. Right panel: Light curves of the faintest event in the SLSN II
sample.
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Fig. A.7. SLSNe Il gri ZTF light curves (light green, red, and yellow circles, respectively) as observed with the LSST cadence in gri bands (green,
red, and yellow stars, respectively).

A142, page 23 of 23



	Introduction
	SLSN II sample description
	Classification as hydrogen-rich
	Redshift determination and classification as SLSNe
	Photometry
	ZTF
	ATLAS
	Swift

	Absolute magnitudes

	Analysis
	Light curve peak estimation
	Rise and decline times
	Colors
	SLSN II energetics
	Luminosity distribution

	Extreme events
	Multi-peaked SLSNe II
	Slow risers
	Fast risers
	Slow decliners
	The most and least luminous SLSNe II

	Comparison to other events
	Other SLSNe II
	Type IIn SNe
	SLSNe I

	Contaminants
	Discussion
	CSM as a possible powering mechanism
	SLSNe II in the LSST era

	Conclusions
	Data availability
	References
	Plots: Extreme events, comparison to other events and light curves as seen by LSST

