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ABSTRACT

The division between stripped-envelope supernovae (SE-SNe) and superluminous supernovae (SLSNe) is not well-defined in
either photometric or spectroscopic space. While a sharp luminosity threshold has been suggested, there remains an increasing
number of transitional objects that reach this threshold without the spectroscopic signatures common to SLSNe. In this work, we
present data and analysis on four SNe transitional between SE-SNe and SLSNe; the He-poor SNe 2019dwa and 2019cri, and the
He-rich SNe 2019hge and 2019unb. Each object displays long-lived and variable photometric evolution with luminosities around
the SLSN threshold of M, < —19.8 mag. Spectroscopically however, these objects are similar to SE-SNe, with line velocities
lower than either SE-SNe and SLSNe, and thus represent an interesting case of rare transitional events.

Key words: supernovae: general.

1 INTRODUCTION

The classification scheme of stripped-envelope supernovae (SE-SNe)
is a spectroscopic one that mostly evolved over the latter half of the
20th Century (e.g. Filippenko 1997). Type | and Type Il separate H-
poor and H-rich transients. Type la separates thermonuclear events
from the Type Ibc SE-SNe. The latter group separated into the He-
rich Type Ib and the He-poor Type Ic. Some SE-SNe, of Type Ic
in particular, display broad and blended absorption features in their

E-mail: sipren.astro@gmail.com

spectra indicative of a high specific kinetic energy. These are then
further separated into Type Ic-BL. To complicate matters, SE-SNe
also include stars that explode with residual H in their outer layers,
these are Type I1b. Prentice & Mazzali (2017) went further, separating
the Type Ic into subclasses which expanded on the absorption width
theme by counting the number of certain features in the spectra. This
led to a sequence Ic-7 to Ic-3 with increasing specific kinetic energy,
thus linking the taxonomic scheme with physical parameters.

Since the discovery of hydrogen-poor superluminous supernovae
(SLSNe) in the last decade or so (Quimby et al. 2011), an active topic
of research has been establishing how these objects are connected
to normal SE-SNe, including SNe Ib, Ic, Ilb, broad line SNe, and

¢ 2021 The Author(s)

Published by Oxford University Press on behalf of Royal Astronomical Society

220z J8qWanoN Z0 U0 1s8nB Aq 42/ L8E9/ZHEY/E/80G/9I0E/SEIU/WO0"dNO"dIUSPEOE/:SA]Y WOI) POPEOJUMOQ


http://orcid.org/0000-0003-0486-6242
http://orcid.org/0000-0002-3968-4409
http://orcid.org/0000-0001-6797-1889
http://orcid.org/0000-0002-1296-6887
http://orcid.org/0000-0001-9541-0317
http://orcid.org/0000-0002-1650-1518
http://orcid.org/0000-0001-9598-8821
http://orcid.org/0000-0002-9770-3508
http://orcid.org/0000-0003-3939-7167
http://orcid.org/0000-0001-8290-2881
mailto:sipren.astro@gmail.com

supernova associated with gamma-ray bursts (For studies of SE-SNe,
see Lyman et al. 2016; Prentice et al. 2016, 2019b). ‘SLSN’ however,
is a classification mainly based upon a photometric property (lumi-
nosity). Initially, SLSNe were separated in luminosity space from SE-
SNe by an empirical cut: SLSNe are found at M, = —20 to —22 mag,
making them amongst the most luminous transients in the Universe
(Gal-Yam 2012). SE-SNe are found at lower luminosities compared
to SLSNe, M, = —16 to —19 mag (e.g. Drout et al. 2011; Taddia et al.
2018). With larger and more homogeneous samples, this initially use-
ful magnitude boundary has become blurry: Angus et al. (2019) com-
pared the luminosity distributions of SLSNe from the Dark Energy
Survey (DES) with the literature sample of SLSNe, and found that
the DES SLSN luminosity distribution peaks at Mygoo  —19.5 mag,
while the literature sample peaks at Mygog  —20.75 mag (Maogo iS
an artificial bandpass centred on 4000 A, see Inserra & Smartt 2014).
De Cia et al. (2018) showed that if one assumes that SE-SNe and
SLSNe are transients of similar origin then the luminosity distribution
of these objects is smooth and decreases for increasing luminosity.

To have a phenomenological definition of SLSNe similar to those
of other SN types, the spectra evolution up to 30d post-maximum
needs to be probed. A SLSN | spectrum at 30d resembles that of
a type Ic at peak (e.g. Pastorello et al. 2010; Inserra et al. 2013),
exhibiting a photospheric velocity that does not evolve after 30+ d
in contrast with typical SE-SNe (e.g. Nicholl et al. 2015; Liu, Modjaz
& Bianco 2017a; Inserra et al. 2018b).

Another issue is that SLSNe are rare (Quimby et al. 2013;
Frohmaier et al. 2021), and being luminous, they are observed at
higher redshift than other SN types making them relatively dim in
the observer frame. Consequently, spectroscopic observations with
good S/N are hard to come by, and long-term monitoring less likely.
Thus, the spectroscopic properties of the existing SLSN sample are
not well-sampled, with the exception of a few objects (e.g. SNe
2015bn and 2017egm; Nicholl et al. 2016a; Bose et al. 2018).

Inserra et al. (2018b) provided a statistical analysis of SLSNe-I
identifying two subclasses based on their photometric and spectro-
scopic evolution together with the ejecta velocity. Quimby et al.
(2018) analysed a large sample of Palomar Transient Factory (PTF)
SLSN-I and reported a similar finding with most objects following
a similar spectroscopic evolution to PTF12dam or SN 2011ke. They
also note that a few objects were ‘SLSN-like’ but did not fit within
this system or had limited data. One of these objects is PTF10ghi
(henceforth SN 2010md) which showed H/He in its spectra, making
it more SN llb-like (Inserra et al. 2013; Quimby et al. 2018).
Indeed, despite the obvious lack of He in the spectra of most
objects, Mazzali et al. (2016) demonstrated through spectral models
that He may be present in the post-peak spectra in some SLSN-
I. They identify iPTF13ajg as a likely candidate and suggested
reclassifying this as an SN Ib. Although the photospheric-phase
properties of SLSNe are clearly quite heterogeneous, a clustering
analysis of their nebular phase spectra by Nicholl et al. (2019) could
not identify multiple populations, suggesting their interiors may be
similar despite differences in their envelopes and environments.

Another possible distinction between SLSNe (and some energetic
SN Ic) and SE-SNe is the observation that they are hosted in different
type of galaxies. SLSNe occur in galaxies of lower metallicity and
higher specific star formation rate than is typical for SE-SNe (e.g.
Wiseman et al. 2020; Schulze et al. 2020a). One possibility is that the
SLSN rate is suppressed in galaxies above a metallicity threshold of
around one-half solar (Perley et al. 2016; Chen et al. 2017; Schulze
et al. 2020a). The high specific star formation rate has been used
to point to SLSNe having progenitors with larger Mzawms (Leloudas
et al. 2015).
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It is then clear that the division between SLSNe and normal
SE-SNe is not as simple as originally proposed. In recent years,
wide-field surveys have revealed a few unusual transients including
transitional objects, in terms of luminosity or spectra evolution (or
both) between SLSNe and normal CC-SNe (Modjaz, Gutiérrez &
Arcavi 2019) such as SN 2017ens (Chen et al. 2018), a transition
between an SLSN and an SN IIn or SN 2019hcc (Parrag et al. 2021),
a SN Il with a classification spectrum typical of a SLSN. In this
work, we present data and analysis on four photometrically unusual
transients that sit in the ‘spectro-luminosity’ region between SLSNe
and SE-SNe, but which are spectroscopically similar to normal SE-
SNe rather than to most SLSNe. Two of these objects, SNe 2019hge
and 2019unb, are spectroscopically similar to both normal He-rich
SE-SNe and to SN 2010md, but with lower luminosity. They have
previously been the subject of a study as part of a Zwicky Transient
Facility (ZTF; Bellm et al. 2019) sample of SLSNe (Yan et al. 2020).

(i) SN 2019cri/ZTF19aanijpu/ATLAS19gnt/Gaial9cpo/PS20axc
was discovered by ZTF on 2019-03-25 07:03:21. It was classified as
a Type Ic-7 on 2019-04-23 08:47:39 (Prentice et al. 2019¢).

(if) SN 2019dwa/ZTF19aarfyvc/Gaial9bxj was discovered by
ZTFon 2019-04-1007:42:31. It was classified as a Type Ic supernova
on 2019-05-16 20:05:46 (Fremling, Dugas & Sharma 2019).

(iii) SN 2019hge/ZTF19aawfbtgATLAS190ch/Gaial9est/PS19elv
was another ZTF discovery from 2019-05-31 11:11:30. It was
classified as a peculiar SN Ilb on 2019-08-23 11:25:41 (Prentice
et al. 2019a), and later as a SLSN-I (Dahiwale, Dugas & Fremling
2019).

(iv) Finally, SN 2019unb/ZTF19acgjpgh/ATLAS19bari/Gaial9fbu
/PS19isr was discovered in the ZTF public stream and reported to
the Transient Name Server! (TNS) by the Trinity College Dublin
transient group on 2019-10-20 12:28:30 (Prentice et al. 2019c). It
was classified as a peculiar Type Il (Prentice et al. 2019d) and later
an SLSN-I (Dahiwale & Fremling 2020).

2 DATA COLLECTION AND REDUCTION

The SNe, shown in context in Fig. 1, were observed with the
Liverpool Telescope (LT; Steele et al. 2004). Optical imaging was
obtained with the 10:0 camera and spectra with the SPectrograph
for the Rapid Acquisition of Transients (SPRAT; Piascik et al.
2014). Optical photometry was reduced with a custom PYTHON script
utilising PYRAF, which was then calibrated to Sloan Digital Sky
Survey (SDSS; Ahn et al. 2014) stars in the respective field. The
SPRAT spectra were reduced and calibrated using the LT:SPRAT
pipeline (Barnsley, Smith & Steele 2012) and a custom PYTHON
script.

Three of the objects were observed as part of the advanced
Public ESO Spectroscopic Survey of Transients (ePESSTO++, for
an overview of PESSTO, see Smartt et al. 2015). These are SNe
2019cri, 2019hge, and 2019unb. For the aforementioned objects,
spectra were obtained using ESO Faint Object Spectrograph and
Camera (v.2; EFOSC2; Buzzoni et al. 1984) on-board the ESO New
Technology Telescope. These spectra were reduced through standard
pipelines.?

We were able to obtain additional spectra using the Intermediate-
dispersion Spectrograph and Imaging System (ISIS) mounted on the
4.2-m William Herschel Telescope (WHT). This was reduced using
a custom IRAF pipeline.

Thttps://www.wis-tns.org/
2https://github.com/svalenti/pessto
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Figure 1. LT r-band images of the SN 2019cri (upper left-hand), SN 2019dwa (upper right-hand), SN 2019hge (lower left-hand), and SN 2019unb (lower
right-hand) as observed in their respective fields. Owing to the distances involved, the host galaxies are small and dim, and at the location of each transient.

Finally, all proprietary data will be made public via the Weizmann
Interactive Supernova Data Repository (WISeREP)3

2.0.1 Distance and extinction

The distance modulus p for each SN was calculated using its redshift,
and cosmological parameters from the 9-yr Wilkinson Microwave
Anisotropy Probe; Hy = 69.32kms™ Mpc %, , = 0.286, =
0.714 (Hinshaw et al. 2013). Reddening within the Milky Way, E(B
— V)mw, Were provided by the dust maps of Schlafly & Finkbeiner
(2011). The spectra of each object were checked for evidence of
absorption by local dust via Na 1 D absorption lines but no indication
was found, thus, we take intrinsic reddening E(B — V)nost for all
objects to be negligible. Relevant values are given in Table 1. All data
were corrected for E(B — V)umw using Ry = 3.1 and the extinction
law of Cardelli, Clayton & Mathis (1989).

Swww.wiserep.org
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2.1 Host galaxies

The spectral energy distributions (SEDs) of the host galaxies were
modelled with the software package PROSPECTOR? version 0.3 (Leja
etal. 2017). We assumed a linear-exponential star formation history,
the Chabrier (2003) IMF, the Calzetti et al. (2000) attenuation model,
and the Byler et al. (2017) model for the ionized gas contribution.
The priors were set as described in Schulze et al. (2021). The results
are shown in Fig. 2.

In order to build the SEDs, we retrieved science-ready coadded
images from the Galaxy Evolution Explorer (GALEX) general release
6/7 (Martin et al. 2005), the SDSS DR 9 (SDSS; Ahn et al. 2012),
the Panoramic Survey Telescope and Rapid Response System (Pan-
STARRS, PS1) DR1 (Chambers et al. 2016), the Two Micron All
Sky Survey (2MASS; Skrutskie et al. 2006), and pre-processed
WISE images (Wright et al. 2010) from the unWISE archive (Lang
2014).5 The unWISE images are based on the public WISE data and
include images from the ongoing NEOWISE-Reactivation mission

4https://github.com/bd-j/prospector
Shttp://unwise.me
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Table 1. Redshift, extinction, and distance of each object. Host extinction is assumed to be negligible.
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SN Type a (J2000) d (J2000) z n E(B — V)mw Comments
(mag) (mag)
2019cri Ic-7 (peculiar) 13:54:02.720 +14:43:46.96 0.041 36.31 0.02 Redshift from host Ha
2019dwa Ic-7 (peculiar) 15:38:57.480 +56:36:18.18 0.076 37.71 0.01 Redshift from host Ha
2019hge Ib-pec/SLSN-1b 22:24:21.210 +24:47:17.12 0.087 38.01 0.06 Redshift from Yan et al. (2020)
2019unb 11b-pec/SLSN-I1b 09:47:57.010 +00:49:35.94 0.064 37.31 0.11 Redshift from Yan et al. (2020)
- SN2019cri | SN2019dwa
15} log M/M, = 8.51+92L . 188 1og Mym, = 746733 |
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Figure 2. The SED of the host galaxies (detections ¢; model predicted magnitudes

Observed wavelength (A)

). The solid line displays the best-fitting model of the SED. The fitting

parameters are shown in the upper left-hand corner. The abbreviation ‘n.o.f.” stands for numbers of filters.

R3 (Mainzer et al. 2014; Meisner, Lang & Schlegel 2017). We
also retrieved deeper optical images from the DESI Legacy Imaging
Surveys (Legacy Surveys, LS; Dey et al. 2019) DR7 for SN 2019dwa
and SN 2019unb. Co-added grz images of the hosts from The Dark
Energy Camera Legacy Survey (DECaLS) obtained through the
Legacy Survey can be seen in Fig. 3.

The field of SN2019hge was observed with the UV/optical
(UVOT; Roming et al. 2005) on-board the Neil Gehrels Swift
Observatory (Gehrels et al. 2004). We use the data, after the SN
faded, to measure the brightness of the host in the UV filters. The
brightness in the UVOT filters was measured with UVOT-specific

tools in the HEASOFT® version 6.26.1. Source counts were extracted
from the images using a region of 6.8 arcsec. The background was
estimated using a circular region with aradius of 39 arcsec close to the
SN position. The count rates were obtained from the images using the
Swift tool UVOTSOURCE. They were converted to magnitudes using
the UVOT calibration file from 2020 September. All magnitudes
were transformed into the AB system using Breeveld et al. (2011).

Shttps://heasarc.gsfc.nasa.gov/docs/software/heasoft/
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Figure 3. grz cut-outs from The DECaLS. Left-hand panel: the host of SN 2019cri. Centre left-hand panel: the host of SN 2019dwa. Centre right-hand panel:
the host of SN 2019hge. Right-hand panel: the host of SN 2019unb. The morphological shape of the hosts of SNe 2019cri and 2019hge provide evidence of

recent interaction.
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Figure 4. The position of the host of the four SNe in comparison with the
PTF sample of Schulze et al. (2020a). While most of the host galaxies have
high star formation and relatively low mass, the host of SN 2019hge stands
out as being the most massive of the four, and comparable to regular CC-SNe.

We used the software package LAMBDAR (Lambda Adaptive Multi-
Band Deblending Algorithm in R; Wright et al. 2016), which is
based on a software package written by Bourne et al. (2012) and
tools presented in Schulze et al. (2021), to measure the brightness of
the host galaxy. The brightness in the Legacy Surveys images were
measured with the aperture-photometry tool presented by Schulze
etal. (2018).7

Fig. 4 shows how these host galaxies compare with the hosts of the
PTF sample of supernovae in star formation rate/stellar mass space.
It can be seen that the hosts of SNe 2019cri, 2019dwa, and 2019unb
have typically higher star formation rates than is usual for the hosts
of ‘normal’ CC-SNe, and are consistent with the hosts of SLSNe. In
terms of stellar mass, the host of SN 2019hge has the largest and is
comparable with the typical hosts of CC-SNe. Finally, by inspecting
the host galaxy morphology in the Legacy Survey images, we can
see that the hosts of SN 2019cri and SN 2019hge have undergone, or
are still undergoing, interaction with another galaxy, Fig. 3.

3 PHOTOMETRY

3.1 Light curves

Fig. 5 shows the multicolour light curves for each object. Also plotted
are the epochs of spectroscopic observations. For both SN 2019hge

"https://github.com/steveschulze/Photometry
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and SN 2019dwa, the unusual nature of the events were only publicly
reported quite late in the evolution of each object, so our observations
began post-maximum. The presence of the public ZTF light curves
are testament to the importance of public data release from large
surveys, as without this data, neither of these objects would have been
identified as being unusual or been subject to a follow-up campaign.
From Fig. 5, there are two obvious defining features for each
event. The first is the long-lived rise to r-band maximum light.
This is at least 65d for SN 2019cri, 35d for SN 2019dwa, 60d for
SN 2019hge, and 70 d for SN 2019unb. The second, are the variations
in brightness prominently seen in SN 2019cri, SN 2019hge, and
SN 2019unb. These variations are highly reminiscent of another
recent event, SN2019stc, which was also identified as a transitional
event between SLSNe and normal SE-SNe (Gomez et al. 2021).

3.1.1 Light-curve morphology

The brightness variations are unlike the typical evolution of SE-SNe,
although they are seen in SLSNe. If we consider SN 2019cri, the
light curves rise to an initial peak after 60d, before they decay
but then level off between 80-100d. The light curves then undergo
another period of decay, but this last little beyond 150 d because the
final observationsat 240 d show little change from the observations
almost 100d prior.

SN 2019dwa shows the least variation in brightness, however,
around 65-70d, some variation is seen in r that is present in both
the LT and the ZTF photometry. A curious aspect of SN 2019dwa’s
light curve, aside from the long rise, is that after peak the light curve
decays for nearly 100 d without ever settling on a %Co tail. This will
be discussed further in relation to other objects in Section 3.1.2.

Next, we consider the complex light curves of SN 2019hge. The
transient rises to a peak over 60-70d. Around 30d, the light curve
appears to “stall” in its rise before continuing up to maximum light.
At around 70d, the light curve drops 0.7 and 1 mag over about a
week for r and g, respectively. The ZTF light curve then begins a
slow rise again, at which point our photometric and spectroscopic
observations start. The rise lasts 12d before decaying further, at a
slightly slower rate than previously. At about 125 d, the decay ceases
and another rise is seen in the ZTF g and r photometry. This decays
again before settling on a relatively flat tail. At this point, the object
was no longer visible during the night, it was not later recovered.

Finally, SN 2019unb evolves in a similar way to SN 2019hge.
There is arise to a plateau over 30 d, the plateau is seen in the optical
bands but not in u, which decays from the first observation. After

55d, the griz light curves rise again until they reach maximum
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Figure 5. The multicolour LT light curves of the four SNe featured here. Included in the figure is the public ZTF P60 photometry. Top left-hand panel:
SN 2019cri. Top right-hand panel: SN 2019dwa. Lower left-hand panel: SN 2019hge. Lower right-hand panel: SN 2019unb. Grey dashed lines denote epochs

of spectroscopic observations.

light at 70d. The light curves then decay until around 95d, with
g decaying more rapidly than r as per SN 2019hge. There is then
a period with much slower decay before the light curves return to
a rapid decay between 120-150d. At this point, the light curve is
sparsely sampled but shows a very flat evolution. The photometry
is not contaminated by the host and was the transient was clearly
detected in the images on these days.

3.1.2 Absolute r-band light curves

To estimate the absolute r-band light curves of the SNe, the relevant
light curve was corrected for E(B — V)uw as per Table 1 then a
K-correction was applied. These were derived from the spectra and
assumed to be constant (the same as the calculated value nearest
in time) outside of the epoch of spectroscopic observations. While
this does miss the time-dependence of the K-correction at these
phases, the overall corrections are relatively small ( |0.1] mag)
and applied at phases away from maximum light. Most affected is
SN 2019dwa, where the g-band K-corrections approach 0.3 mag and
the spectroscopic time-series only covers a few weeks. Finally, the
absolute magnitude was found by subtracting the distance modulus
 from the corrected apparent magnitude. The peak M, and My are
given in Table 2.

Fig. 6 shows these light curves against a selection of SE-SNe
and SLSNe. The four transients have peak M, between —19 and
—20.1 mag, which places them in between the space of the luminous
SNe Ibc and the sub-luminous SLSNe. SN 2019dwa is the least

Table 2. Intrinsic peak magnitude and full width at half maximum light for

Mg and M.

SN Mg Width M, Width
(mag) (d) (mag) (d)

2019cri —19.02 + 0.02 64 —19.45 + 0.03 69

2019dwa —19.0 £ 0.1 29 —19.0 £ 0.1 39

2019hge —19.98 + 0.06 57 —19.86 + 0.07 83

2019unb —202 £ 0.1 64 —20.21 = 0.05 67

luminous of the four in M, and also has the narrowest light curve, as
defined by the length of time the light curve is more luminous than
half its peak luminosity (full width half maximum; FWHM).

Brighter still is SN 2019cri, SN 2019hge, and then SN 2019unb.
As is discussed in Section 4, SNe 2019cri and 2019dwa are spec-
troscopically similar to normal SNe Ic, while SNe 2019hge and
2019unb are similar to SNe Ib/I1b at later phases but at early phases
have a SLSN-like blue spectrum. The well-studied SLSN SN 2015bn
(Nicholl etal. 2016a) peaks at nearly two orders of magnitude greater
than our four objects, which are closer to the luminosity distribution
of SE-SNe.

It was previously noted that SN 2019dwa has an unusual decline
that does not reach a 56Co tail by at least 70d after maximum.
Comparison with the SNe lbc shows how unusual this is, as the
decaying light curve of SN 2019dwa passes through the position
of the late linear tails of many objects that are dimmer at peak
magnitude.
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