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ABSTRACT

We present BVRI and unfiltered (Clear) light curves of 70 stripped-envelope supernovae (SESNe), observed between 2003 and
2020, from the Lick Observatory Supernova Search follow-up program. Our SESN sample consists of 19 spectroscopically
normal SNe Ib, 2 peculiar SNe Ib, six SNe Ibn, 14 normal SNe Ic, 1 peculiar SN Ic, 10 SNe Ic-BL, 15 SNe IIb, 1 ambiguous
SN IIb/Ib/c, and 2 superluminous SNe. Our follow-up photometry has (on a per-SN basis) a mean coverage of 81 photometric
points (median of 58 points) and a mean cadence of 3.6d (median of 1.2d). From our full sample, a subset of 38 SNe have
pre-maximum coverage in at least one passband, allowing for the peak brightness of each SN in this subset to be quantitatively
determined. We describe our data collection and processing techniques, with emphasis toward our automated photometry
pipeline, from which we derive publicly available data products to enable and encourage further study by the community. Using
these data products, we derive host-galaxy extinction values through the empirical colour evolution relationship and, for the
first time, produce accurate rise-time measurements for a large sample of SESNe in both optical and infrared passbands. By
modelling multiband light curves, we find that SNe Ic tend to have lower ejecta masses and lower ejecta velocities than SNe Ib
and IIb, but higher ®Ni masses.

Key words: supernovae: general — galaxies: distances and redshifts.

collapse supernovae (CCSNe). Among CCSNe, those whose spectra
show features of hydrogen are classified as Type II SNe (see, e.g.
It is well established that massive stars (i.e. those having M 2 8 M) Filippenko 1997; Gal-Yam 2017 for reviews of SN classification).
have short lives that end in catastrophic explosions known as core- In contrast, hydrogen-poor CCSNe are classified as Type Ib or Ic,
depending on whether their optical spectra contain obvious helium
features (Matheson 2001). The progenitor stars of hydrogen-poor

1 INTRODUCTION

* E-mail: zwk @astro.berkeley.edu CCSNe have their outer envelopes stripped away before explosion by
T Deceased 2011 December 12 strong winds during the Wolf-Rayet phase (e.g. Conti 1975; Smith &
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Owocki 2006; Gal-Yam et al. 2014), By interaction with a binary
companion (e.g. Podsiadlowski, Joss & Hsu 1992; Sana et al. 2012;
Eldridge et al. 2013), or some combination of these two modes. If
the envelope-stripping process is highly efficient, the helium shell is
also removed before explosion, leading to the differentiation between
SNe Ib (He-rich) and SNe Ic (He-poor). Hydrogen-poor CCSNe are
generally referred to as stripped-envelope supernovae (SESNe).

SESNe are found to be observationally heterogeneous. For exam-
ple, in some cases, the stripping process is incomplete and thus the
envelope is left with some fraction of hydrogen. These SNe typically
show H lines at early times that rapidly disappear after maximum
light (Filippenko 1988; Filippenko, Matheson & Ho 1993), and their
spectra resemble SNe Ib at late times. A small subset of SN Ib-
like events show evidence of interaction with dense circumstellar
material (CSM); having relatively narrow spectral emission lines
(e.g. Foley et al. 2007; Pastorello et al. 2007; Hosseinzadeh et al.
2017), these objects have been dubbed SNe Ibn (‘n” for ‘narrow
lines’). In addition, a subset of SNe Ic characterised by the presence
broad spectral lines which indicate extremely high ejecta velocities
(= 15000kms~') are designated as SNe Ic-BL (e.g. Modjaz et al.
2014). Objects within this subclass have been found to be associated
with long-duration gamma-ray bursts (e.g. Woosley & Bloom 2006).
Recently, a new class, SNe Icn, has been proposed by Gal-Yam et al.
(2021) based on the prototype SN 2019hgp, followed by SNe 2021csp
(Fraser et al. 2021; Perley et al. 2022) and 2021ckj (Pastorello et al.
2021). The early-time spectra of these objects are dominated by
narrow lines with profiles similar to those seen in SNe Ibn, but
originating from carbon and oxygen rather than He. In any case, all
of the aforementioned SN classifications (Ib, IIb, Ibn, Ic, Ic-BL, and
Icn) are, to some extent, related to the envelope of their progenitor
star being stripped. Accordingly, we consider all of them to be SESNe
in the analysis presented herein.

Owing to the efforts of various SN surveys spanning the globe,
the study of SESNe with large light-curve samples has proliferated.
Li et al. (2011) presented a set of roughly two dozen unfiltered
SESN light curves within ~60 Mpc. In the same year, Drout et al.
(2011) presented V- and R-band light curves of 25 SESNe from the
Palomar 60 inch telescope. Bianco et al. (2014) published multiband
light curves of 64 SESNe obtained by the Harvard-Smithsonian
Center for Astrophysics (CfA) SN group, and Taddia et al. (2015)
presented expanded sets of multiband light curves of 20 SESNe from
the Sloan Digital Sky Survey (SDSS) SN Survey II. In addition,
Stritzinger et al. (2018a) published 34 SESN light curves from the
first phase of the Carnegie Supernova Project (CSP-I). Despite these
impressive efforts, the state of large-scale photometric studies of
SESNe substantially lags that of other SNe (e.g. SNe Ia, which are
routinely studied photometrically at the hundreds-of-objects scale).

Over the past two decades, our Lick Observatory Supernova
Search (LOSS; Filippenko et al. 2001) program has invested consid-
erably in both discovering and monitoring all kinds of SNe, including
SESNe. Large light-curve samples have already been published by
Ganeshalingam et al. (2010) and Stahl et al. (2019) for SNe Ia, and
by de Jaeger et al. (2019) for SNe II. In this paper, we release the
light curves of 70 SESNe observed by LOSS since 2003. In the
remainder of the paper, we describe the sample (Section 2) and our
data-reduction strategies (Section 3) before presenting an analysis of
the light curves (Section 4) and offering our conclusions (Section 5).

2 DATA SAMPLE

The Berkeley SESN sample consists of 70 objects observed be-
tween 2003 and 2020. Two main telescopes were used for follow-
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up observations: (i) the fully robotic 0.76-m Katzman Automatic
Imaging Telescope (KAIT; Filippenko et al. 2001), and (ii) the
1-m Anna Nickel telescope, both located at Lick Observatory on
Mount Hamilton, near San Jose, CA, USA. Most SESNe in our
sample were observed in multiple optical passbands (B, V, R, I),
and some have additional Clear-band (unfiltered) data.! For a large
fraction of SESNe in our sample, spectra were also obtained by
our group using multiple facilities. A detailed analysis and release
of the LOSS spectra of SESNe was published by Shivvers et al.
(2019), so the present paper focuses exclusively on our photometric
observations.

Table 1 provides the basic information for each SN in our
sample, including its spectroscopic classification, host-galaxy name,
distance, recession velocity, and Galactic extinction (Schlafly &
Finkbeiner 2011). The listed classifications are adopted from the
Transient Name Server? (TNS), but where they conflict with those
given by Shivvers et al. (2019), we adopt the latter owing to the
more sophisticated and systematic approach that resulted in their
determinations. The single exception to this paradigm is SN 2008fz,
which was classified as an SN Ic by Shivvers et al. (2019) but for
which we adopt the classification of superluminous SN IIn (i.e.
SLSN-IIn) from Drake et al. (2010). In summary, our SESN sample
consists of 19 spectroscopically normal SNe Ib, 2 peculiar SNe Ib,
six SNe Ibn, 14 normal SNe Ic, 1 peculiar SN Ic, 10 SNe Ic-BL, 15
SNe IIb, 1 ambiguous SN IIb/Ib/c, and 2 SLSNe.

The host-galaxy distances reported in Table 1 were obtained from
the NASA/IPAC Extragalactic Database of redshift-independent
distances (NED-D?) when available, and otherwise calculated using
a standard cosmological model with Hy = 70kms~! Mpc~!, Qy =
0.30, and Q, = 0.70. Fig. 1 shows the redshift distribution of
the 65 SESNe in our sample which have reliable host-galaxy
heliocentric velocity measurements. The redshifts range from 0.0015
(SN 2011dh) to 0.0350 (SN 2009er), with an average value of 0.0136
and a standard deviation of 0.0082. In total, 40 SESNe have z > 0.01.
For the remaining five SESNe without host heliocentric velocity
measurements, we adopt redshifts from various literature sources
(see the footnote of Table 1 for more details).

3 DATA REDUCTION

All photometric data published herein were obtained with the Lick
KAIT and 1-m Nickel telescopes. Over the past two decades, the
KAIT CCD and filter have been updated several times, resulting in
four different CCD/filter combinations, which we refer as KAIT1-4
(see Ganeshalingam et al. 2010; Stahl et al. 2019 for more details). In
its current configuration (KAIT4), KAIT is equipped with a Finger
Lakes Instrument camera with 512 x 512 pixels covering a 6.7 x 6.7
arcmin? field of view. The 1 -m Nickel is a human-operated telescope,
but it can be remotely operated from the UC Berkeley campus. It is
equipped with a thinned, Loral, 2048 x 2048 pixel CCD (binned by
a factor of two along both axes to reduce the readout time), and has a
6.3 x 6.3 arcmin? field of view. The filter set on the Nickel telescope
was updated once, in 2009 March; we refer to the configuration
before and after this change as Nickell and Nickel2, respectively
(again, see Ganeshalingam et al. 2010; Stahl et al. 2019 for more
details).

! A small fraction are covered with only Clear-band observations.
2www.wis-tns.org
3http:/med.ipac.caltech.edu/Library/Distances/
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Figure 1. The redshift distribution of the 65 (out of 70 in total) SESNe in
our sample which have reliable heliocentric velocity measurements from their
host galaxies. The average redshift value is 0.0136 with a standard deviation
of 0.0082, and 40 SESNe have z > 0.01.

A novel automated photometry pipeline* was developed by Stahl
et al. (2019) to process the significant volume of SN observations
produced by LOSS consistently and accurately, while at the same
time requiring minimal human intervention. Although we defer
the details to Stahl et al. (2019), we briefly summarise the main
procedures here. All images are first treated to remove the bias
level, and are then flat-fielded before being astrometrically calibrated
using code provided by astrometry.net’ (Lang et al. 2010). Where
necessary, image subtraction is applied so as to remove host-galaxy
contamination, with the template images being sourced on dark
nights using the Nickel telescope after the SNe have faded beyond de-
tection (generally >6 months after discovery). Point-spread-function
(PSF) photometry is obtained using DAOPHOT (Stetson 1987) from
the IDL Astronomy User’s Library.® Nearby stars are chosen from
the Pan-STARRS17 catalogue for calibration. Their magnitudes are
first transformed into the Landolt system (Landolt 1983, 1992) using
the empirical prescription (eq. 6) presented by Tonry et al. (2012),
and then transformed to the appropriate KAIT/Nickel natural system
(i.e. KAIT1-4 or Nickell-2 as appropriate based on the equipment
configuration on the date of observation). All apparent magnitudes
are measured in the natural system, and the final results are then
transformed to the standard system (see equation 1 a—d of Stahl et al.
2019) using local calibrators and the appropriate colour terms as
given by Ganeshalingam et al. (2010) and Stahl et al. (2019). Note
that when transforming from the natural system back to the standard
system, there are additional errors associated with the transformation
that are not accounted for owing to differences between the spectral
energy distributions of SNe and the reference stars (e.g. Stritzinger
et al. 2005).

“https://github.com/benstah192/LOSSPhotPypeline
Shttps://astrometry.net
Shttp://idlastro.gsfc.nasa.gov/
http://archive.stsci.edu/panstarrs/search.php
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4 RESULTS

4.1 Photometry data release

We provide our final photometry in Tables 2 (standard system; see
full Table S4 in the supplementary material) and 3 (natural system;
see full Table S5 in the supplementary material) for all 70 SESNe
in our sample. On average, each SN has 81 observations (median of
58) and 22 photometric points (median of 13 points) per filter, at a
cadence of 3.6 d (median of 1.2 d). SN 2016coi has the best coverage
(434 points), followed by SN 2015ap (351). The total number of
distinct photometric observations published in this work is 5682.
Of the 70 SNe in our sample, 38 have pre-maximum coverage and
thus have their peak brightness measured in at least one band. Note
that although several SNe in our sample have had their photometry
previously published in individual papers, the magnitudes presented
herein supersede these earlier measurements because (i) for some
fields requiring image subtraction we have obtained new, higher
quality templates, and (ii) better calibration sources are now available
that were not used previously. Moreover, our processing is now
significantly more systematic and self-consistent owing to our use
of the battle-tested LOSSPhotPypeline (de Jaeger et al. 2019;
Stahl et al. 2019; Stahl et al. 2020)

Note that in this release, we do not include the systematic
uncertainty of 0.03 mag in BVRI that was determined and discussed in
detail by Stahl et al. (2019). This amount of systematic uncertainty
was estimated by investigating many factors that may contribute
to the error, including evolution of colour terms, evolution of
atmospheric terms, configurations between different telescopes, and
galaxy-subtraction procedures. None of these factors contributed
uncertainty over 0.03 mag, consistent with the estimate of Gane-
shalingam et al. (2010). Though not included in our photometry
tables (Table 2 and 3) or light-curve figures (e.g. Fig. 2 and Fig. S1
in the supplementary material, this uncertainty must be accounted
for when combining our data set with others. Alongside the recent
LOSS photometry release for SNe Ia (Stahl et al. 2019) and SNe II
(de Jaeger et al. 2019), we aim for our SESN photometry to be used
and further analysed by the astronomical community.

4.2 Light curves

Fig. 2 shows the apparent-magnitude light curves of all SESNe from
our sample in the standard Landolt system without any extinction
corrections applied. Note that we also include Clear-band light
curves where available. Although unfiltered and thus non-standard, it
is most similar to the R band (Li et al. 2003). The temporal axes are all
in the observer frame and shifted such that times are measured relative
to the times of maximum V-band brightness as determined by fitting
the near-maximum data with low-order Legendre polynomials. In the
37 cases, where no maximum could be found via this method, the
temporal axes are shifted relative to the time of the first observation.
Such fitting was also applied to other bands if the data — after being
supplemented with corresponding observations from Drout et al.
(2011), Bianco et al. (2014), or Stritzinger et al. (2018a) — had
sufficient near-maximum coverage.

4.3 Colour evolution and host extinction

Fig. 3 shows the (B — V) (top left-hand panel) and (V — R) (top right-
hand panel) colour evolution of the SESNe in our sample which have
the requisite observations in both bands, after correcting for Milky
Way (MW) Galactic extinction (Schlafly & Finkbeiner 2011) but not
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Table 2. Light-curve data in the standard system (only a portion of data is shown here as an example).

W. Zheng et al.

SN MID B (mag) V (mag) R (mag) I (mag) Clear (mag)

2006el 53965.324 - - - - 19.808 £ 0.464

2006el 53972.281 - - - - 18.153 4+ 0.250

2006el 53973.007 18.920 £ 0.069 18.335 £ 0.050 18.022 £ 0.095 17.846 £ 0.121 -

2006el 53973.304 - - - - 17.952 +0.215

2006el 53973.977 18.782 £ 0.057 18.213 4+ 0.048 17.922 £+ 0.067 17.695 £ 0.091 -

2006el 53974.304 - - - - 17.865 + 0.175

2006el 53981.255 - - - - 17.328 £ 0.140

2006el 53993.265 - - - - 17.563 £+ 0.215

2006el 53993.957 19.078 £ 0.093 18.118 £ 0.181 17.549 £+ 0.296 17.367 £ 0.301 -

2006el 53994.925 19.316 + 0.076 18.163 £+ 0.059 17.668 + 0.071 17.287 £ 0.084 -

2006el 54001.269 - - - - 17.888 £+ 0.183

2006el 54021.156 - - - - 18.561 4 0.462

2006el 54028.887 20.778 £ 0.143 19.548 £ 0.079 18.877 £ 0.063 18.171 £ 0.056 -

2006el 54030.193 - - - - 18.679 £+ 0.456

2006el 54039.155 - - - - 18.772 £ 0.341

2006el 54047.126 - - - - 18.751 £ 0.152

2006el 54058.109 - - - - 18.828 £+ 0.284

2006el 54071.111 - - - - 18.917 £ 0.579
Table 3. Light-curve data in natural system (only a portion of data is shown here as example).
SN MID B (mag) V (mag) R (mag) I (mag) Clear (mag) System
2006el 53965.324 - - - - 19.808 £ 0.464 kait3
2006el 53972.281 - - - - 18.153 4+ 0.250 kait3
2006el 53973.007 18.866 £ 0.068 18.366 £ 0.050 18.050 £ 0.086 17.825 +£0.126 - nickell
2006el 53973.304 - - - - 17.952 +£0.215 kait3
2006el 53973.977 18.730 & 0.056 18.243 £+ 0.048 17.948 £ 0.061 17.672 £ 0.095 - nickell
2006el 53974.304 - - - - 17.865 + 0.175 kait3
2006el 53981.255 - - - - 17.328 £ 0.140 kait3
2006el 53993.265 - - - - 17.563 + 0.215 kait3
2006el 53993.957 18.990 £ 0.089 18.169 £ 0.180 17.600 £ 0.269 17.334 £ 0.314 - nickell
2006el 53994.925 19.210 + 0.074 18.224 4+ 0.058 17.712 £+ 0.064 17.248 £+ 0.087 - nickell
2006el 54001.269 - - - - 17.888 £+ 0.183 kait3
2006el 54021.156 - - - - 18.561 4 0.462 kait3
2006el 54028.887 20.665 £ 0.141 19.613 £ 0.078 18.937 £ 0.056 18.110 £ 0.057 - nickell
2006el 54030.193 - - - - 18.679 4+ 0.456 kait3
2006el 54039.155 - - - - 18.772 £ 0.341 kait3
2006el 54047.126 - - - - 18.751 £ 0.152 kait3
2006el 54058.109 - - - - 18.828 £+ 0.284 kait3
2006el 54071.111 - - - - 18.917 £ 0.579 kait3

host-galaxy extinction. Individually, we find that the colours trend
blue at very early times (e.g. ~10d before V-band peak), and then
become progressively more red until ~20d after V-band maximum.
As a whole, however, the colours we observe span a wide range at
nearly every epoch, in part because we have not (yet) performed any
corrections for host extinction. As SESNe often reside in dusty star-
forming regions (e.g. Van Dyk, Hamuy & Filippenko 1996; Kelly,
Kirshner & Pahre 2008), it is likely that the extinction due to the
galactic hosts of our SNe is generally the dominant component of
the total line-of-sight extinction.

One useful way to estimate host extinction is to exploit its
relationship with the equivalent width of Na I D absorption as
measured from high-resolution spectra (e.g. Poznanski, Prochaska &
Bloom 2012; Stritzinger et al. 2018b). Unfortunately, such data
are difficult to obtain, and low-resolution spectra, though easier to
procure, are usually not of sufficient quality for such measurements
(Poznanski et al. 2011).

Distinct from spectral proxies using Na I D absorption, Drout et al.
(2011) found that the (V — R) colour evolution of SESNe has a small
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dispersion at ~10d after V-band peak, and thus can be exploited
as a useful diagnostic for estimating host-galaxy extinction (Drout
etal. 2011; Taddia et al. 2015; Stritzinger et al. 2018b). We therefore
follow the approach of Drout et al. (2011) to estimate the extinction
induced by the host galaxies of the SNe in our sample. To do this,
we measure the (V — R) colour at 10d after V-band maximum, and
apply extra extinction (assumed to be from the host) so that the (V
— R) colour reaches 0.26 mag — the mean (V — R) colour found by
Drout et al. (2011) after all corrections. We successfully applied this
method to 31 SESNe in our sample with available data in both V
and R at 10d after V-band maximum. We note that a few SESNe in
our measured sample have negative implied host-extinction values
by doing this, but such values are sufficiently small to be consistent
with no host extinction.

Fig. 4 shows a histogram of the estimated E(B — V) values for
the 31 SESNe in our sample (also listed in Table 4) assuming a
Cardelli, Clayton & Mathis (1989) reddening law with Ry = 3.1. It
clearly shows that SESNe usually suffer moderately-high extinction
from their host galaxies, with a mean E(B — V) value of 0.32 mag
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Figure 2. Apparent-magnitude light curves of the SESNe in our sample in the standard system (except for SN 2016P, which has data only in the natural system
as shown in Fig. S1 in the supplementary material, without any corrections for extinction. Blue triangles are magnitudes in B, green diamonds are V, red squares
are R, black circles are Clear, and dark-red inverted triangles are /. All dates have been shifted relative to the time of maximum V-band brightness if determined,
and relative to the time of the first epoch otherwise. In each panel, the IAU name and the type are given.
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Figure 2 — continued

and standard deviation of 0.19 mag — consistent with the value
found by other works using different SESN samples (Drout et al.
2011; Taddia et al. 2015; Stritzinger et al. 2018b). This mean host
extinction is higher than recently studied samples of SNe la with
mean E(B — V) ~ 0.11 mag (Burns et al. 2011; Stahl et al. 2019)

MNRAS 512, 3195-3214 (2022)

and SNe II with mean Ay ~ 0.9mag (E(B — V) =~ 0.29; Smartt

et al. 2009).

After correcting for host extinction as described above, we plot
the extinction-corrected (B — V) (bottom left-hand panel) and (V —
R) (bottom right-hand panel) colour curves in Fig. 3. The scatter

® C(Clear
09K Ilb
1 v
16 1 Lo,
T *
L &
L
20
1 | N |
I I
0 200
1 09hy Ic
16
T .‘z "V'“
1 $%¢ iy,
20 ‘MAA ~0m
“*PMAM
| . |
I I
0 40
10hy SLSN-I
18
kS 1Y ¢...
[ J
21

———

0 20
157 12aa Ic
18 | weav e

1 L q,
21+

f—————t—

0 100
12 T 13dk Ic

T "7 ™w,
| oo,
16
[ oo,
T 4
| LR
20_ N | .+‘.+ |
N I N N I
0 15

220z 1udy Lz uo sesn ABojouyoa] Jo ynsu| eluoyieD AQ 8E66759/S6LE/E/Z L G/AI0IME/SeIUW/ W0 dNo"OlWapEo.//:Sd)Y WOy PapeojuMoq


art/stac723_f2b.eps

A B+2 ® V+1 [

LOSS photometry of 70 SESNe 3203

R vV IT-—-1 ® C(Clear

14C Ib 1 14L Ic 14as Ic-BL 16 1 14cp lc-BL
1 \ A L
' T3 B B, 164+ TV [ v
15+ T v v v
1 ¥ 1 :‘L vy 1 ; L ",
] 4 w 1 + b L L] T ¢ * 20T ﬂ'Q
- 1 . 20t *a g
20 } 20 {H ”4? T “\ _ .{\“
] | * L | I H | .‘. o 241 | |
I I I I I I I I
0 500 0 150 0 60 0 150
15T 1ads Ib 12 T 14eh Ic Taei Ib  15G Ibn
_ AT IREE S 151 "'H
18T e 161 #. :" . I r:'-m B W]
4 | ,’ * o] 20+ 4 "y 20+ 4
21 1 1 "“ +A‘ 1 A I ‘
_ 20 T } [ 4 .
. — L : H 24 b 25
0 20 0 30 0 100 0 200
151 15K Ic I 1qmn 150 Ibn [ 15Y Ib
I, 1 i
- 16 1 iy 16+ T, 164+ v
o0 18 * H 1 , 1 ’\ v | v
¥ 1 ! ; [ Jom—y al
E 01 4 ++* 20"+,. 3 [ J N
21 | b ™ | 27 0w
| | T | | 1 | | | |
I I I N I I L I I
0 40 0 200 0 25 0 40
124 15ap Ib 1 16G Ic-BL 151 16ajo b 12-F  16bau Ib
] "‘\v 15 T ﬁ 1 |
16 1+ ] o e 1 1 v
: 20 N . 18"W 'l :::*
1 . | [
20l * 4* T “\ I 201 A e
] I t| 21t e, '
—t WA 25 e . —— S o
0 150 0 150 0 150 0 100
12 + _16coi Ic-BL 1 16gcm Ic 12+ 16gkg llb [ 16gqv lc-pec
- 16T we, | T - [
] | AR T o5 v 17.5
] ™ ey [ .
18 + 20 + L Y . n 16 + v - [ ¢
] W | *u % I tf“"“ o |200F '
] 1 A ““ 1 . ‘A“ * !
24+ §: 241 ) 20 + . :
o ey e e et 22.5 ]
0 400 0 8 0 80 0 8

0
Phase (days)

Figure 2 — continued

in (V — R) colours is significantly decreased at 10d after V-band
maximum, consistent with the results of Drout et al. (2011), Taddia
et al. (2015), and Stritzinger et al. (2018b). However, although its
scatter is modestly reduced, the (B — V) colour curve is by no means
‘tight’ like we observe for (V — R). This is not surprising because

the host extinction is estimated from the (V — R) colour, not the
(B — V) colour as proposed by Drout et al. (2011). This indicates
that the (B — V) colour may not be as good a proxy as the (V —
R) colour, or that the host extinction is more complicated, e.g. the
hosts of SESNe are known to be with a range of Ry (e.g. Stritzinger
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Figure 2 — continued

et al. 2018b), while adopting a constant Ry = 3.1 to derive E(V —
R) would lead to errors in E(B — V) and more scatter. In either case,
a better method for estimating the host-galaxy extinction for SESNe
would be a valuable contribution to the field.

4.4 Absolute light curve and peak magnitude

Fig. 5 illustrates the absolute R-band light curves of the 31
SESNe in our sample for which we are able to fully correct
for extinction (i.e. correct for both MW and host-galaxy effects).
Overall, the SESNe show smooth light-curve shapes with ~10-20d
rise times before maximum brightness (see Section 4.5 for more
details), followed by a slow decay. A few Type IIb SESNe (e.g.
SNe 2011fu, 2016iyc, 2016gkg) exhibit a decline dip at very early
times (~15d before maximum) before rising. The early-time dips
for these SNe IIb can be attributed to the shock-breakout cooling
tail.

The peak R-band absolute magnitude of SESNe spans a wide
range from —16 mag to over —19 mag. In order to compare the peak
magnitudes between different subgroups, we plot the cumulative
distribution of R-band absolute magnitude (after extinction correc-
tion) in Fig. 6. We find that our whole sample (29 SNe with both R
peak and host-extinction measurements) has an average mean peak R
absolute magnitude of —17.9 4= 0.7 mag. We also calculate the mean
peak brightness for each subgroup and find a value for SNe Ib of
—17.6 £ 0.7 mag (ten SNe), —17.9 £ 0.6 mag for seven SNe Ic, and
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—17.9 = 1.0 mag for five SNe IIb. With admittedly small samples
of three SNe Ic-BL and two SNe Ibn, we found —18.1 £ 0.3 and
—18.4 &+ 0.2 mag, respectively — brighter than the other subgroups
(SNe Ib, Ic, IIb) and consistent with the conclusion reported by
Taddia et al. (2015) that SNe Ic-BL are more luminous than both
SNe Ib and SNe Ic, and that SNe Ic appear slightly brighter than
SNe Ib. Our reported mean magnitudes are consistent with the results
from Drout et al. (2011), who found —17.9 4= 0.9 mag for SNe Ib and
—18.5 £ 0.8 mag for SNe Ic in the R band. Taddia et al. (2018) also
reported similar trends, but in the r band, with —17.22 £ 0.60 mag,
—17.66 £+ 0.21 mag, and —17.45 £ 0.54 for SNe Ib, Ic, and IIb,
respectively (see their table 5).

4.5 First-light time and rise time

With progressively more SESNe discovered and observed at very
early phases, it has become possible to measure the true first-light
time by fitting the observed light curve. Overall, the light-curve shape
of SESNe resembles that of SNe Ia. Several empirical functions have
been proposed to fit SESN light curves. For example, Taddia et al.
(2015) used a phenomenological model — which was first employed
by Bazinetal. (2011) for fitting SNe Ia—to fit their SESN light curves.
Taddia et al. (2018) also proposed a three-component function that
has proven to work well. Motivated by the former, we adopt a function
proposed by Zheng & Filippenko (2017) for SN Ia light-curve fitting
(Zheng, Kelly & Filippenko 2017) to fit the SESN light curves in our
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Figure 3. Left-hand panel: (B — V) colour evolution of the SESNe in our sample having simultaneous observations in both bands, after correction for Galactic
extinction (top panel), and with further correction for host extinction (bottom panel) using the empirical colour method (see the text for more details). Right-hand

panel: similar to the left-hand panel, but for the (V — R) colour.
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sample. The function is given as

r—1\* r— 1\ -2/
L:N( °> p+< 0) . ()
Iy Iy

where A’ is a scaling constant, f, is the first-light time, #, is the
break time, o, and a4 are the two power-law indices before and

after the break, and s is a smoothing parameter. We have found that
this function can provide satisfactory fits to the SESN light curves
in our sample. Fig. 7 presents an example of this function fit to
the well-observed SN Ib iPTF13bvn. This method directly takes the
first-light time #, as a parameter in the fitting. Following the same
procedure as Zheng et al. (2017), we fit for each filter with good-
quality data. We finally adopt the mean value of the first-light time
from the fitting if there are more than two measurements in different
filters.

Using the estimated first-light time along with the peak time
derived above (see Section 4.2), one can measure the rise time after
correcting for the redshift. Table 5 gives the first-light time, peak
time, and rise time for the SESNe in our sample. The rise times
for different bands are calculated separately when different peak
times are available. In addition, we collect the infrared peak time in
the Y, J, H, and K; filters for those SNe that are also presented by
Bianco et al. (2014) or Taddia et al. (2018), in order to derive the
rise time in infrared bands. Ten additional SESNe are added to the
rise-time sample for this analysis; they are taken from the samples
published by Drout et al. (2011), Bianco et al. (2014), Stritzinger
et al. (2018a), and Taddia et al. (2018), and are listed at the bottom
of Table 5.

Fig. 8 displays the rise time as a function of the effective
wavelengths for different bands using all available fitting results for
our sample. This figure is similar to fig. 10 of Taddia et al. (2015) and
fig. 3 of Taddia et al. (2018). However, note that Taddia et al. (2015)
use the explosion time — defined as the average between the epochs of
last non-detection and first detection — instead of the first-light time,
and Taddia et al. (2018) use the offset of peak time in different filters
relative to the r-band peak time in their Fig. 10. Consequently, we
claim that the first-light times and rise times presented herein are the
first true measurements of such for a large sample of SESNe. Also
for the first time, we measure accurate rise times of a large sample
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220z 1udy Lz uo sesn ABojouyoa] Jo ynsu| eluoyieD AQ 8E66759/S6LE/E/Z L G/AI0IME/SeIUW/ W0 dNo"OlWapEo.//:Sd)Y WOy PapeojuMoq


art/stac723_f3.eps
art/stac723_f4.eps

W. Zheng et al.

3206

Downloaded from https://academic.oup.com/mnras/article/512/3/3195/6549938 by California Institute of Technology user on 21 April 2022

- 0671 - - €0°Sl 9Tsl - 98¢l - SOLL— §To €e5¥00°0 ar  uAqerdrdt

- 6Ll 8611 - L8V 6£°C1 - LO91 - YSLL— 810 1619000 a1 OILTO0T
- Svvl L8V - [4:274! 61°¢l - 1661 - 6L91 — 240 6692000 o1 uraL10c
- Ll SOLI - 89°L1 66'L1 - S - 9¢91 — L00 §89¢CI0°0 qiI 2419102
- 8911 LYl - 6LVl 6671 - 86°S1 - 9¢°LT — 620 0¥6 ¥00°0 qi 348910C
- SLY1 SOsl - Sl 9¢°G1 - 091 - 66'Cl — LEO 968 €00°0 a1 neqo10c
- 98°C1 991 - LO91 9691 - 8681 - 6L'LTL — LSO 9¥1600°0 Td-31 D910¢
- 6811 60°Cl - 81I°ClL Sl - €66l - 681 — o SLETIOO a1 decroz
- 791 9991 - 8L91 Y891 - LTLT - YILL— cro CLT 8000 a1 AST0C
- 1091 €C91 - evol L9l - ELLI - 1681 — 9¢0 06L€10°0 uqp nsioe
- - 0€°LT - - - - - - - - 0¥y ¥10°0 a1 PrI0T
- LI'GL Iv'Sl - 0¥ Sl €9°¢1 - €¢91 - LS'LT — 110 71901070 1 Yor10C
- 9791 LY91 - 1591 8L91 - €9°L1 - 6081 — LEO 697 C10°0 Td-31 Sey10¢
- - - - - - - - - - - 6208000 1 Tr10C
- LOv1 LS - wyl SO'SI - S§T91 - SSLT — 050 TCLTO00 a1 or10¢
- LOCT - - 4831 LEST - S991 - 8¢8I — €L0 LLY S00°0 31 APET0T
- 8L°C1 - - €C9l1 191 - 6L°L1 - 6081 — 650 SIITI00 Td-31 deziot
- 6v°91 - - L9991 90°LI - 99°L1 - w6l — 17’0 6878100 qi nJrroe
- Ll - - oL’L1 6081 - 16°81 - SLSI — 050 €61 €200 o1 P3010T
- 61°L1 - - €eLl or'L1 - 06°L1 - 1681 — 61°0 1009200 qi us010c
00761 €9yl - 6671 98yl LOST - 99°¢1 - 8L — L00 r6 LOO0 a1 l600T
- LL'LT - - 99°L1 89°L1 - 081 - €9°Ll — 100 — 1€2520°0 31 £46002

- - SO'8I - - - - - - - - §0$920°0 qiI A8600C
STLl - - LI'LT SOLI YTLI - 'Ll - 8¢°61 — 91’0 8661€0°0 oad-qp 19600¢
or'L1 - - or'L1 - STLL 8Y'LI SL'LT 9¢°81 - - 1€1 6200 qix 7600C
- - - €8¢l - 8091 9¢'91 991 oY'L1 - - SILTI00 qi 21600C

- LY'L1 - - ILLT 10°81 - ¥9°81 - Yo'Ll — 0€°0 £€8¢20°0 o1 (38002
- - IS°LT - - - - - - - - 110200 31 M3B00T

- 9L’ Gl - - €091 6£91 - 9¢’L1 - 68°L1 — LEO 19 L0070 a1 49800C
S6°Sl - - - - P8¢l - 0¥'91 - - 00— L6 LOO0 qiI begoo
€9°61 0€°SI - LSST oGl 9L’ Gl - Lol - WLl — 0€°0 6% 900°0 oad-qp Anz00z
- - €9°¢1 - - - - - - - - Y9¥ S10°0 14d-31 nIL00T
WLl - - 9¢°L1 - 99°L1 YLLL oLl 0€81 - wo 668 L10°0 a1 BiLo0T
69°L1 WLl - 8Y°L1 09°L1 S8'LI - - - LT81 — Se0 812200 31 [°L00¢
0s°G1 elsl - 9L Gl 86°CI €191 - 8CLI - 8Ll — 90 ¥09 $00°0 a1 JL00T
Ll IL91 - Ll €TLl L9'LT 6081 16781 6L°61 981 — Sv'0 8¢C910°0 uqp 219002
SO'LL L9l - 61°LL 8691 6€°Ll S9'LL L6'LT LS8 ELLT — Sv'0 PEISTO0 a1 dago0t
Yy LT - - - eeLl 09°L1 - 8¢8I - 88°LT — §To 90 L10°0 qi 129002
OO )T W ) ) @ @ ()™ ™ Y — g 2 2dAL NS

‘sontodod 2AId-1ySIT P dqel,

MNRAS 512, 3195-3214 (2022)



LOSS photometry of 70 SESNe 3207

—20

—18 +

Mg (Mag)

—16 +

—14 t

—¥— O6el
—— 06ep
—= 06lc
—— 07C
- o7d
07kj
07uy
08aq
08eb
08gj
09er
09hy
09jf
10cn
10gd
11fu
12ap
13dk
14C
l4as
14eh
15U
15Y
15ap
—¥— 16G
—&— 16bau
16gkg

16iyc

17ein

17iro

iPTF13bvn

PHOSHEEEET LRI

bhath

0

Days since V42

Figure 5. Absolute R-band light curves of the 31 SESNe in our sample that can be fully extinction corrected, only photometric error, not distance or host-
extinction error, was included in this plot. SESNe show smooth light-curve shapes, with ~10-20d rise times, followed by a slow post-maximum decay. A few
Type IIb SESNe show a decline dip at very early times, which can be attributed to the shock-breakout cooling tail.

of SESNe in infrared bands. These measurements are important for
understanding the explosion properties of SESNe (see Section 4.6).

As can be seen in Fig. 8, the rise time is generally longer in red
filters than it is in blue filters, confirming the similar result found
by Bianco et al. (2014), Taddia et al. (2015, 2018). The rise time
in infrared bands is typically a factor of ~1.5 longer than in blue
bands (U or B). The rise times in different subtypes of SNe also
show differences, which we visualize via the cumulative distribution
of the rise time for each subgroup consisting of SNe Ib, Ic, and IIb
in Fig. 9. A Kolmogorov—Smirnov (K-S) test comparing SNe Ib and
SNe Ic in the B band gives a p-value of 0.013, showing a significant
difference between the two populations, and an analogous K-S test
between SNe IIb and SNe Ib in the B band gives a p-value of 0.025
— also showing a significant difference between the two populations.
We find that the average rise time for SNe IIb, Ib, and Ic are 23.5,
19.9, and 13.8d (respectively) in the B band, and 26.1, 22.6, and
19.2d (respectively) in the R band. It is obvious that for almost all
bands, SNe IIb have the longest rise times, while SNe Ic have the
shortest, consistent with the findings of Valenti et al. (2011) and
Taddia et al. (2015, 2018). We also notice that the different rise times
between each SN subtype are less clear in infrared bands compared

to optical bands, though we caution that the infrared sample is much
smaller.

The bottom row in Fig. 9 shows the difference between rise times
in the selected two bands. Typically, SNe Ic take more time for
redder bands to reach peak after B-band peak compared with SNe IIb,
opposite to the aforementioned rise-time relations.

4.6 Light-curve fitting and modelling

To further study the physical properties of the SESNe in our sample,
we model the multiband light curves using the *Ni model subject
to the following assumptions: (i) the bolometric luminosities of the
photospheres of the SNe are powered by Ni cascade decay (Arnett
1982; Chatzopoulos, Wheeler & Vinko 2012; Wang et al. 2015),
(ii) the spectral energy distributions of the SNe can be described
by the blackbody or ultraviolet-absorbed blackbody function (see
Nicholl, Guillochon & Berger 2017, and references therein), and
(iii) the velocities of the SN photospheres are constant at early
times, and the radii of the photospheres are determined by the
bolometric luminosities and the temperature at the late epochs when
the temperature no longer changes (see, e.g. equations 8 and 9 of

MNRAS 512, 3195-3214 (2022)
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appear, on average, to be more luminous than both SNe Ib and SNe Ic, and
SNe Ic seem to be slightly brighter than SNe Ib.
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Figure 7. An example of multiband light-curve fitting to the well-observed
SN iPTF13bvn using the function (see the text) proposed by Zheng &
Filippenko (2017), which was originally used for fitting SN Ia light curves.
‘Diamond’ data points are included in the fitting while ‘cross’ data points are
not. This example demonstrates that the same function can also be used for
fitting SESN light curves.

Nicholl et al. 2017). We do not consider the case of interactions
with dense CSM, which usually make the light curves flattened at
late times and are more likely related to Type IIn SNe, while the
light curves in our sample do not show enough evidence for such
cases. The definitions, units, and prior ranges of the free parameters
of the *Ni model are given in Table 6, where the prior is uniformly

MNRAS 512, 3195-3214 (2022)

sampled either linearly or in log space over the range. We employ a
Markov chain Monte Carlo method via the emcee Python package
(Foreman-Mackey et al. 2013) to get the best-fitting parameters and
30 confidence ranges of the fitted parameters.

The *°Ni model-fitting results for all SESNe in our sample are
shown in Fig. S2 in the supplementary material, except SN 2009C
for which there is not enough data to meaningfully constrain the
fitting. The best-fitted parameter values are given in Table S1 in the
supplementary material, where we also list in parentheses the median
values for comparison. As one can see, for most of the SNe, though
the B-band fitting deviates more than other filters for some cases, our
5Ni model can fit the general observed light curves with reasonable
physical parameters.

However, for a group of SNe with double peaks or rebrightening
after initial fading (including SNe 2011fu, 2015Y, 2016gkg, and
2016iyc), our simple °Ni model fails to adequately fit the early-
time initial decay. In these cases, we therefore adopt an additional
cooling component and refit the light curve. The new cooling plus
6Ni model contains three additional parameters: (i) the mass of the
extended envelope (M.), (ii) the radius of the extended envelope
(Re. 12), and (iii) the energy passed into the extended envelope (E., 50)
from the SN core (Piro, Haynie & Yao 2021). The cooling plus
Ni model can better fit the light curves as shown in Fig. S3 in
the supplementary material and the new fitting results are given in
Table S2 in the supplementary material.

For another group of four SNe (including SNe 2008fz, 2010hy,
2012aa, and 2018cow), the *°Ni model results suggest extremely
high *°Ni masses, some even higher than the ejecta mass, which
is clearly unphysical. For these four luminous or superluminous
SNe, we therefore adopt the magnetar model (Kasen & Bildsten
2010; Woosley 2010; Chatzopoulos et al. 2012; Wang et al. 2015;
Dai et al. 2016) to refit the light curves. Three new parameters are
included compared to the Ni model (also listed in Table S1 in
the supplementary material): the initial period (Py), the magnetic
field strength of the magnetar (Bp, 14), and the gamma-ray opacity of
magnetar photons (k. mae). The magnetar model fitting is shown in
Fig. S4 in the supplementary material. and the results are given in
Table S3 in the supplementary material. Compared to the *°Ni model,
the magnetar model provides comparable fitting results for the light
curves, but with more reasonable physical parameters, indicating that
a small fraction of SESNe may be powered by central magnetars.’

To summarize, Fig. 10 shows the cumulative distribution of the
four parameters (M., vg, My;, and Ty) from the model fitting. We find
that SNe Ic tend to have lower ejecta masses and also slower ejecta
velocities, on average, compared to SNe Ib and SNe IIb. On the other
hand, the *Ni mass of SNe Ic tends to be higher than in SNe Ib and
SNe IIb, consistent with the findings Of Prentice et al. (2016) (see
table 10 in the paper). Anderson (2019) reached a similar conclusion
(see table 1 in their paper) that SNe Ic have higher *°Ni mass than
SNe IIb, though their estimate of the **Ni mass for SNe Ib is compa-
rable to that of SNe Ic. The temperature floor of the photosphere dis-
tribution shows no significant difference between different subtypes.

5 CONCLUSION

In this paper, we have presented multiband (BVRI, along with some
Clear) light curves of a large sample of SESNe observed by the
KAIT and Nickel telescopes at Lick Observatory under the LOSS

8Note that we cannot exclude the possibility of a hidden (fainter) magnetar
in other SESNe, but those SESNe do not require the fainter magnetar in the
model fitting.
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Figure 8. Rise time derived from 29 SESNe as a function of the effective wavelengths for different bands, colour coded as shown in the top legend. The rise
time is generally longer in redder filters than it is in bluer filters. The rise time in infrared bands is typically a factor of ~1.5 longer than in blue bands (U or B).

follow-up program from 2003 through 2020. Our data are processed
in a homogeneous fashion, and here we publicly release all derived
data products to the supernova community. Our main results are as
follows.

(1) We significantly enlarge the SESN sample by adding 70 SESNe
observed by LOSS.

(i1) We confirm that SESNe usually suffer moderately high extinc-
tion from their host galaxies. Quantitatively, we find a mean E(B —

MNRAS 512, 3195-3214 (2022)

V) value of 0.32 mag, substantially higher than the MW extinction,
and also higher than that of SN Ia and SN II samples.

(iii) The peak R-band absolute magnitude of SESNe shows a wide
range from —16 mag to brighter than —19 mag. SNe Ic-BL are more
luminous than both SNe Ib and SNe Ic, and SNe Ic appear to be
slightly brighter than SNe Ib.

(iv) SESNe exhibit smooth light-curve shapes with an ~10-20d
rising phase before reaching maximum brightness, followed by a
slow decay. A few SNe IIb show a decline dip at very early times
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Figure 9. Top two rows: Cumulative distribution of rise time in eight different filters. K-S tests show significant differences between SNe Ib and SNe Ic, and
also between SNe IIb and SNe Ib. The average rise times for SNe IIb, Ib, and Ic are 23.5, 19.9, and 13.8 d (respectively) in the B band. For almost all bands,
SNe IIb have the longest rise time, while SNe Ic have the shortest rise time. Bottom row: The difference of rise time in the selected two bands. SNe Ic take more
time for the redder band to reach peak after B-band peak compared to SNe IIb, opposite to the rise-time relation.

Table 6. The definitions, units, and prior ranges of the parameters of the fitting models.

Parameter Definition Unit Posterior
0Ni model

Me; Ejecta mass Mo [0.1, 50]

Vg Ejecta velocity 10% cms™! [0.1, 5.0(10.0)]¢

Mnyi SONi mass Mg [0.001, 2.0(20.0)]*

Ky, Ni Gamma-ray opacity of *®Ni-cascade-decay photons cm? g~ [0.027, 10*]¢

Tt Temperature floor of the photosphere 10K [1000, 10, 000]

t;’hiﬁ Explosion time relative to the first data days [ —20,0]
Cooling model with three additional parameters compared to the S°Ni model.

M. Envelope mass Mo [0.01, 30]

Re 12 Envelope radius 102 cm [10, 3000]

E. 50 Energy passed into the envelope from SN core 100 erg s~! [1073, 1031

Magnetar model with three different parameters compared to the °Ni model, but dropped My; and Ky, Ni-

Py Initial period of the magnetar ms [0.8, 50]
By, 14 Magnetic field strength of the magnetar 104G [0.1, 100]
Ky, mag Gamma-ray opacity of magnetar photons cm? g7! [0.01, 10*]¢

“For four luminous or superluminous SNe (SNe 2008{z, 2010hy, 2012aa, and 2018cow; see Table S3 in the supplementary
material), the upper limits of prior of vg and My; are set to be 10 and 20.0, respectively.

bFor the SNe whose explosion date (#p) had been inferred (see Table 5), the fgif; parameter was set to be fixed.
“Parameter was distributed in log space.

bands. Our results show that SESNe rise faster in blue bands than in
red bands.

(vi) Helium-poor SNe (SNe Ic) rise to maximum faster than
helium-rich SNe (SNe Ib and IIb). Average rise times for SNe IIb,

before rising again, which can be attributed to the shock-breakout
cooling tail.

(v) For the first time, we derive reliable, robust measurements of
the rise times for a large sample of SESNe in both optical and infrared
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Figure 10. Cumulative distributions of the four parameters (Mej, v9, Mni, and Tf) derived from model fitting. Compared to SNe Ib and SNe IIb, SNe Ic tend
to have lower ejecta masses and also lower ejecta velocities, on average, but higher °Ni mass. The temperature floor of the photosphere distribution shows no

significant difference between different subtypes.

Ib, and Ic are 23.5, 19.9, and 13.8 d (respectively) in the B band, and
26.1, 22.6, and 19.2d (respectively) in the R band. K-S tests show
significant differences between normal SNe Ib and SNe Ic, and also
between SNe IIb and SNe Ib.

(vii) SNe Ic tend to have lower ejecta masses and also slower
ejecta velocities, on average, compared to SNe Ib and SNe IIb, but
with higher *Ni mass.
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