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ABSTRACT

We present photometry and spectroscopy of four hydrogen-poor luminous super-

novae discovered during the two-month science commissioning and early operations
of the Zwicky Transient Facility (ZTF) survey. Three of these objects, SN 2018bym

(ZTF18aapgrxo), SN 2018avk (ZTF18aaisyyp) and SN 2018bgv (ZTF18aavrmcg) re-
semble typical SLSN-I spectroscopically, while SN 2018don (ZTF18aajqcue) may be an

object similar to SN 2007bi experiencing considerable host galaxy reddening, or an in-
trinsically long-lived, luminous and red SN Ic. We analyze the light curves, spectra, and

host galaxy properties of these four objects and put them in context of the population
of SLSN-I. SN 2018bgv stands out as the fastest-rising SLSN-I observed to date, with a

rest-frame g-band rise time of just 10 days from explosion to peak – if it is powered by
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magnetar spin-down, the implied ejecta mass is only ≃ 1 M⊙. SN 2018don also displays

unusual properties – in addition to its red colors and comparatively massive host galaxy,
the light curve undergoes some of the strongest light curve undulations post-peak seen

in a SLSN-I, which we speculate may be due to interaction with circumstellar material.
We discuss the promises and challenges of finding SLSNe in large-scale surveys like ZTF

given the observed diversity in the population.

Keywords: supernovae:general , supernovae:individual (SN2018avk, SN2018don,
SN2018bym, SN2018bgv) — surveys

1. INTRODUCTION

In the past decade, wide-field transient sur-

veys have greatly expanded the parameter space
of known stellar explosions. One such intriguing

new type of supernova is the “superluminous”
supernovae (SLSNe), initially broadly defined

as supernovae with peak absolute magnitudes
< −21 mag (Gal-Yam 2012; see Gal-Yam 2019

for a recent review). Now with more than 100
such objects reported (e.g., Guillochon et al.

2017; Gal-Yam 2019), the observed diversity of
the class is growing but trends are emerging.

It has been shown that most SLSNe without

hydrogen in their spectra (SLSN-I) form a dis-
tinct spectroscopic class, and can be separated

from other stripped-envelope supernovae based
on their spectra alone (Quimby et al. 2018); the

observed luminosity function of SLSN-I selected
spectroscopically does extend fainter than

−21 mag (Lunnan et al. 2018a; De Cia et al.
2018; Angus et al. 2019). For SLSNe with hy-

drogen in their spectra (SLSN-II), most dis-
play intermediate-width Balmer lines, classi-

fying them spectroscopically as SN IIn. There
are also examples of SLSN-II with broad Balmer

lines, however (Gezari et al. 2009; Miller et al.
2009; Inserra et al. 2018b), as well as objects

classified as SLSN-I based on their peak spec-

tra that show signatures of interaction with
H-rich material at late times (Yan et al. 2015,

2017), complicating the picture.
One reason why SLSNe have garnered so much

attention in the community is that the underly-

ing physical mechanism behind their enormous

luminosities is still not well-understood. One
class of models, particularly for the SLSN-I,

involves energy injection from the spin-down

of a millisecond magnetar born in the explo-
sion (Kasen & Bildsten 2010; Woosley 2010).

This model has proved successful in explaining
the light curves and spectra of a wide vari-

ety of SLSN-I (Inserra et al. 2013; Liu et al.
2017a; Nicholl et al. 2018a; Dessart et al. 2012;

Dessart 2019), including out to very late
times (Nicholl et al. 2018b). Direct evidence

of a central engine, such as the predicted
X-ray breakout at late times (Metzger et al.

2014) has largely remained elusive, however
(Margutti et al. 2018; Bhirombhakdi et al. 2018);

one exception may be the recent detection of
radio emission from the position of the SLSN-

I PTF10hgi consistent with a young magne-

tar nebula (Eftekhari et al. 2019). Alterna-
tive explanations include circumstellar inter-

action, in which large amounts of kinetic en-
ergy can be converted to radiation as the ejecta

collides with and shocks a dense circumstel-
lar medium (CSM) (Chevalier & Irwin 2011;

Chatzopoulos et al. 2012; Moriya et al. 2013;
Sorokina et al. 2016; Wheeler et al. 2017). This

model is certainly relevant to the SLSN-II that
show narrow emission lines indicating CSM in-

teraction; while such spectroscopic signatures
are not seen in SLSN-I, observations such as

light curve undulations (e.g. Nicholl et al. 2016;
Vreeswijk et al. 2017; Blanchard et al. 2018b),

late-time Hα emission (Yan et al. 2015, 2017)
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and the recent direct detection of a CSM

shell around a SLSN-I through a light echo
(Lunnan et al. 2018b) at least shows that some

SLSN-I progenitors experience significant mass
loss close to explosion. Finally, some SLSN-I

have been proposed to be powered by radioac-
tive decay of 56Ni through the pair-instability

explosion of a very massive star (helium core
mass MHe ≈ 65 − 130M⊙; Barkat et al. 1967;

Heger & Woosley 2002; Woosley et al. 2007).
The large ejecta masses and therefore long

implied diffusion times means this model is
only applicable to the slowest-evolving SLSNe,

however, and even for these objects it is de-

bated (Gal-Yam et al. 2009; Nicholl et al. 2013;
Lunnan et al. 2016; Jerkstrand et al. 2016;

Gomez et al. 2019).
The SLSN discovery rate has accelerated

in the past decade, much thanks to untar-
geted transients surveys like the Panoramic

Survey Telescope and Rapid Response Sys-
tem (Pan-STARRS; Chambers et al. 2016), the

Palomar Transient Factory (PTF; Rau et al.
2009), the Asteroid Terrestrial-impact Last

Alert System (ATLAS; Tonry et al. 2018b), the
Gaia Photometric Science Alerts programme1

(Gaia Collaboration et al. 2016), and the All-
Sky Automated Survey for Supernovae (ASAS-

SN; Shappee et al. 2014). The Zwicky Tran-

sient Facility (ZTF), with an upgrade to a 47
square degree camera (compared to 7.8 square

degrees in its predecessor PTF) represents a new
generation of transient surveys, and functions as

an important intermediate step between PTF-
scale surveys and the upcoming Large Synoptic

Survey Telescope (LSST) in the 2020s.
Here, we present the discovery, data, and anal-

ysis of the first SLSN-I from ZTF, discovered
during the commissioning and science validation

period (April-May 2018). The total number of
SLSN-I found during this period was four; we fo-

1 http://gsaweb.ast.cam.ac.uk/alerts/

cus our analysis on two particularly noteworthy

events: SN 2018bgv (ZTF18aavrmcg), which
shows unusually rapid timescales for a SLSN-

I; and SN 2018don (ZTF18aajqcue), a heavily
reddened event that shows unusual light curve

variation post-peak. This paper is structured
as follows. Section 2 details the discoveries,

ZTF photometry and follow-up data. We an-
alyze the supernova properties and place them

in context of the population of SLSNe in Sec-
tions 3 and 4, and do the same with their host

galaxies in Section 5. We discuss our results in
the context of diversity within the population

of (super)luminous supernovae, and prospects

and implications for studying SLSNe with large
surveys such as ZTF in Section 6, and sum-

marize our findings in Section 7. Throughout
this paper, we assume a flat ΛCDM cosmol-

ogy with ΩM = 0.27, ΩΛ = 0.73, and H0 =
70 km s−1 Mpc−1 (Komatsu et al. 2011).

2. DATA

2.1. ZTF Survey Overview

The Zwicky Transient Facility (Bellm et al.

2019a; Graham et al. 2019) is an optical time-

domain survey utilizing a new, 47 square de-
gree field of view camera (Dekany et al. 2016)

on the Palomar 48-inch telescope. A public-
private partnership, the time is divided between

public surveys (40%), surveys undertaken by
the ZTF partnership (40%), and Caltech sur-

veys (20%); an overview of the major surveys
undertaken in Year 1 is given in Bellm et al.

(2019b). The data is processed real-time at
IPAC (Masci et al. 2019), including a novel im-

age differencing algorithm (Zackay et al. 2016)
and machine learning based vetting of candi-

dates (Mahabal et al. 2019; Duev et al. 2019).
Transient candidates are then distributed in

alert packages using the Apache Avro format2

2 https://avro.apache.org/

http://gsaweb.ast.cam.ac.uk/alerts/
https://avro.apache.org/
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and distributed using the Apache Kafka stream-

ing system3 (Patterson et al. 2019).
The objects described in this paper were

identified following alert filtering using the
GROWTH marshal (Kasliwal et al. 2019), first

in a general “science validation” filter requir-
ing multiple detections, positive subtractions,

not coincident with a point source (using star-
galaxy scores derived by Tachibana & Miller

(2018) based on PS1 images) , and not rejected
as an artifact by the machine learning (though

this threshold was set low, as the model was still
being trained at this stage). Thus, these tran-

sients were not initially flagged as SLSN can-

didates, but rather identified as such as more
photometry, spectroscopic follow-up or external

information became available. Our goal here is
not to present a carefully selected or complete

sample, but rather to showcase the variety of
luminous supernovae found in a short time pe-

riod by ZTF, and discuss implications for SLSN
selection strategies in large surveys. We focus

our attention on the two most unusual objects,
SN 2018bgv and SN 2018don, which could have

indeed easily been missed by stricter filtering
on “typical” SLSN properties such as long rise

times, blue colors and/or faint host galaxies.
The full first two year sample of ZTF SLSNe

will be presented by Perley et al. (2019, in

preparation) and Yan et al. (2019, in prepara-
tion).

2.2. SLSNe found in early ZTF data

In this section we list the details of the discov-
ery and classification of the four SNe discussed

in this paper. The coordinates, redshifts and
Galactic extinction for each object are listed in

Table 1. These objects were all detected by
multiple surveys; we describe the survey first

reporting the transient to the Transient Name

Server4 (TNS) as the “discovery” regardless of

3 https://kafka.apache.org/
4 https://wis-tns.weizmann.ac.il/

when the first ZTF detection was. Since all the

objects discussed here are from the beginning
of the survey, the ZTF template images contain

varying amounts of transient flux in most cases.
Thus, the first ZTF alert issued is typically later

than the first ZTF detection of the transient, as
recovered in reprocessing the images.

2.2.1. ZTF18aaisyyp = SN2018avk

SN 2018avk was discovered by Gaia (as
Gaia18ayq) on 2018 Apr 14 and reported to the

TNS on 2018 Apr 16 (Delgado et al. 2018a).
The transient is clearly present in the ZTF

reference images; running subtractions using
a PS1 reference image as described in Sec-

tion 2.3.1 we find the earliest ZTF detection
to be 2018 Mar 25.32 at g = 20.54 ± 0.12 mag.

Due to the presence of transient flux in the ref-

erence, the first ZTF alert was 2018 Apr 11.26
(as ZTF18aaisyyp). A spectrum taken with

the Andalucia Faint Object Spectrograph and
Camera (ALFOSC) on the 2.5m Nordic Optical

Telescope (NOT) on 2018 May 04 gives a red-
shift of z = 0.132 from narrow host galaxy lines,

and features matching typical SN Ic, consistent
with the classification reported by Nicholl et al.

(2018a). Combined with the light curve infor-
mation, this indicates SN 2018avk is a SLSN-I,

with the first spectra taken slightly after peak.

2.2.2. ZTF18aapgrxo = SN2018bym

SN 2018bym was discovered by ATLAS on

2018 May 10 (as ATLAS18ohj) and reported
to the TNS (Tonry et al. 2018a,b); the first

ZTF detection (as ZTF18aapgrxo) was 2018
Apr 21.49, at g = 20.94 ± 0.14 mag. An ini-

tial spectrum taken with NOT+ALFOSC shows

a blue continuum with shallow absorption fea-
tures, consistent with the O II absorptions typi-

cally seen in SLSN-I (Quimby et al. 2011, 2018)
at a redshift z ≃ 0.28 (assuming an expansion

velocity of 10, 000 km s−1). Narrow emission
lines in the classification spectrum reported by

Blanchard et al. (2018a) gives the host galaxy

https://kafka.apache.org/
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redshift z = 0.274, which is also confirmed in

our own follow-up spectroscopy.

2.2.3. ZTF18aavrmcg = SN2018bgv

SN 2018bgv was discovered by Gaia (as
Gaia18beg) on 2018 May 6 and reported to

the TNS on 2018 May 8 (Delgado et al. 2018b).
Again the ZTF reference image contains tran-

sient flux; running host subtraction with PS1
pre-explosion images we find that ZTF caught

the full rise and peak of this transient, with
the first detection on 2018 May 5.18 at r =

19.73 ± 0.06 mag. Again due to significant

transient flux in the reference image, the first
ZTF alert (as ZTF18aavrmcg) was not until

2018 May 22.17, at which point the transient
had already been publicly classified as a SLSN-

I at z ≃ 0.08 by Dong et al. (2018). Narrow
emission lines from the host galaxy seen in our

subsequent spectra give a precise redshift of
z = 0.0795.

2.2.4. ZTF18aajqcue = SN2018don

SN 2018don was first detected in ZTF data on

2018 Apr 14.32 as ZTF18aajqcue, though again
it is also likely present in the reference images.

A spectrum taken with the Double Beam Spec-

trograph (DBSP; Oke & Gunn 1982) on the
200-in Hale telescope at Palomar Observatory

(P200) gives the redshift z = 0.0734 from nar-
row emission and absorption lines, and shows

spectroscopic features similar to slowly evolv-
ing SLSNe such as SN 2007bi (Gal-Yam et al.

2009) and PS1-14bj (Lunnan et al. 2016). This
long-lived transient was also discovered by Pan-

STARRS (as PS18aqo) on 2018 Jun 16, and re-
ported to the TNS by them on 2018 Jul 13,

given the IAU name 2018don (Chambers et al.
2018).

2.3. Photometry

2.3.1. P48 photometry

The ZTF photometric pipeline and data prod-

ucts are described in Masci et al. (2019). How-

ever, since the supernovae discussed here were

discovered at the very beginning of the sur-
vey, the objects have varying degrees of su-

pernova flux present in the reference images,
meaning the pipeline photometry in the alert

packages will report magnitudes that are too
faint. Additionally, if an object falls on multiple

fields/quadrants each of these will have a sepa-
rate reference image which may in turn contain

different amounts of supernova flux, resulting in
considerable scatter in the default photometry

– this is the case for SN 2018don (3 fields) and
SN 2018avk (2 fields).

For this reason, we reprocess the light curves

using the ZTF forced photometry service
(Masci et al. 2019), which performs forced PSF-

fit photometry on the archived difference im-
ages. This allows us to adjust the flux base-

line for each field/filter combination using data
taken after the supernovae has faded below ZTF

detectability (generally, we find this to be the
case for the 2019 observing season). This will

correct the photometry for any transient flux
present in the template, but will not recover

any of the epochs from the time period that
went into making the template images used.

For two objects, SN 2018avk and SN 2018bgv, a
significant part of the light curve is contained in

the images that went into building the reference.

For these, we use FPipe (Fremling et al. 2016)
to redo the subtractions using Pan-STARRS1

(PS1; Chambers et al. 2016; Flewelling et al.
2016) images as references. We find that the

photometry from the two pipelines agree well
up to a small zeropoint offset, and shift the

FPipe photometry to be consistent with the
IPAC forced photometry. All photometry is

reported in Table 2, and the light curves are
shown in Figure 1.

2.3.2. LT photometry

We acquired multi-filter observations of sev-
eral of the SLSNe discussed in this work with

the optical imager (IO:O) on the robotic Liver-



6 Lunnan et al.

pool Telescope (LT; Steele et al. 2004) located

at the Observatorio del Roque de los Mucha-
chos on La Palma. Observations were taken in

the g, r, i, or z bands. We use reduced im-
ages provided by the basic IO:O pipeline, stack-

ing using SWarp in cases where multiple expo-
sures were taken on a given night. Digital im-

age subtraction was performed versus PS1 ref-
erence imaging, again following the techniques

of Fremling et al. (2016). PSF photometry was
performed relative to PS1 photometric stan-

dards.

2.3.3. Wise photometry

In addition, we observed SN 2018bgv in g′ and
r′ band with the 0.71-m C28 Jay Baum Rich and

the 1-m telescopes at the Wise Observatory in
Israel. The data were reduced in a standard

fashion, including bias correction and flat field-
ing and the calibration of the world-coordinate

system, using the Matlab package for astronomy
and astrophysics (Ofek 2014).

These data were obtained when the host con-
tamination was minimal. Hence, we applied

aperture photometry, using the tool presented
in Schulze et al. (2018)5, to extract the light

curve. To measure the zeropoint of each image,

we measured the brightness of several stars in
the same way and compared their instrumental

magnitudes against tabulated measurements in
the SDSS DR9. To mitigate colour differences

between Wise and ZTF filter system, we shifted
the g′-band data by 0.05 mag and the r′-band

data by 0.1 mag.

2.3.4. Swift photometry

Three of the supernovae, SN 2018bym, SN 2018avk

and SN 2018bgv had UV data obtained with the
UV/Optical Telescope (UVOT; Roming et al.

2005) aboard the Neil Gehrels Swift Obser-

vatory (Gehrels et al. 2004). We retrieved

the UVOT data from the NASA Swift Data

5 https://github.com/steveschulze/Photometry

Archive6, and used the standard UVOT data

analysis software distributed with HEASoft ver-
sion 6.197, along with the standard calibration

data to process it.
In each case, we combined individual inte-

grations of a given epoch in each band using
the command uvotimsum. For SN 2018avk and

SN 2018bym, we measured the flux in a 5′′ aper-
ture using the tool uvotsource. No host galaxy

corrections were applied for these two sources,
but the UVOT observations were obtained near

peak; based on the host galaxy brightnesses
(Section 5) we do not expect this data to be

significantly affected by host contamination.

For SN 2018bgv, we do see the UVOT fluxes
leveling off in the later epochs suggesting host

contamination. To correct for this, we use the
data taken between June 22 2018 and Novem-

ber 10 2018 to build a host template. We then
measure the flux of the transient in a 6′′ circular

aperture, and quantify the host flux by apply-
ing the same aperture to the template images.

We then numerically subtract the host flux from
the transient flux to recover the transient pho-

tometry. All Swift photometry is reported in
Table 2.

2.4. Spectroscopy

We obtained classification and follow-up
spectra using the Double Beam Spectrograph

(DBSP; Oke & Gunn 1982) on the 200-in Hale
telescope at Palomar Observatory; the An-

dalucia Faint Object Spectrograph and Cam-
era (ALFOSC) on the 2.5m Nordic Opti-

cal Telescope (NOT); the SPectrograph for
the Rapid Acquisition of Transients (SPRAT;

Piascik et al. 2014) on the 2m Liverpool Tele-
scope (LT); and the Low Resolution Imaging

Spectrometer (LRIS; Oke et al. 1995) on the

10m Keck I telescope. Table 3 lists the de-

6 https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/swift.pl
7 https://heasarc.nasa.gov/lheasoft/

https://github.com/steveschulze/Photometry
https://heasarc.gsfc.nasa.gov/cgi-bin/W3Browse/swift.pl
https://heasarc.nasa.gov/lheasoft/
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Figure 1. Light curves of the four SLSN-I. Filters are offset as indicated in the individual legends, and the
absolute magnitude y-axis on the right side of each plot is calculated assuming a constant K-correction of
2.5 × log(1 + z). Phase is relative to the (rest-frame) g-band peak. ZTF data has been binned by day for
presentation purposes. Epochs of spectroscopy are marked with the letter ‘S’ along the bottom axis.

tails of the spectroscopic observations, and the
spectra are displayed in Figures 2 and 3.

Spectra were reduced using standard meth-
ods, including wavelength calibration against an

arc lamp and using a spectrophotometric stan-

dard star for the flux calibration, using available
pipelines where possible. For SPRAT spectra

we used the automatic reductions supplied in
the archive; DBSP spectrum were reduced using

a PyRAF-based pipeline (Bellm & Sesar 2016);
LRIS spectra were reduced using LPipe (Perley

2019).

2.5. Host galaxy photometry

To measure the brightness of the host galaxies
from the rest-frame UV to the near-IR, we re-

trieved science-ready images from the archives
of the Galaxy Evolution Explorer Data Release

7 (GALEX; Martin et al. 2005), Panoramic
Survey Telescope And Rapid Response Sys-

tem DR1 (PanSTARRS; Flewelling et al. 2016),
Sloan Digital Sky Survey DR9 (SDSS; York et al.

2000), Two Micron All-Sky Survey (Skrutskie et al.
2006), and and the unWISE (Lang 2014) im-

ages from the NEOWISE Reactivation Year-3
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Figure 2. Spectra of three of the SLSN-
I: SN2018bym (red), SN2018avk (blue) and
SN2018bgv (black). Spectra have been smoothed
with a Savitzky-Golay filter; the unsmoothed spec-
tra are shown in the background. Strong host
galaxy emission lines have been clipped. As is
typical of SLSN-I, pre-peak spectra are dominated
by a blue continuum with shallow absorptions,
while later-phase spectra resemble those of SN Ic.
Some of the strongest typical spectral features are
marked.

(Meisner et al. 2017). Furthermore, we aug-
mented the data set of SN 2018bym with deeper

optical images from the Canada-France-Hawaii
Telescope (CFHT, also science-ready) and com-

plemented the data set of SN 2018bgv with
UV data obtained with Swift/UVOT. The

UVOT images were reduced as described in
Section 2.3.4.
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Figure 3. Spectroscopic sequence of SN2018don.
Unsmoothed spectra are shown in gray, while the
spectra shown in black have been smoothed with
a Savitzky-Golay filter. Areas strongly affected by
telluric absorption are marked with a ⊕ symbol,
and some of the strongest features are marked on
the 9-day spectrum. Unlike the objects shown in
Figure 2, SN2018don shows a significantly redder
spectrum and very slow spectroscopic evolution.

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), to measure the brightness of each host.

LAMBDAR has three major input parameters: the
point spread function (PSF), the zeropoint and

source catalogue (coordinates and parameters
of the elliptical apertures) of a given image.

With this information in hand, LAMBDAR can
accurately position an aperture on the pixel

grid, modify its shape by the PSF of the to-
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that of SN2007bi. The bottom (gray) shows a
stack of the near-peak SN2018don spectra, and
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by E(B − V ) = 0.4 mag and assuming RV = 3.1.
This spectrum is a good match to the first spectrum
taken of SN2007bi, shown in blue, with the excep-
tion of the strong [Ca II] emission seen from early
times in SN2007bi. Spectra have been arbitrarily
scaled and binned for display purposes.

be-analysed image, and accurately measure the

brightness while preserving the intrinsic colour.
We used the point-spread functions provided

by the GALEX in the GALEX Technical Doc-
umentation8. For unWISE images, we used the

parameterisation of the PSF from Lang (2014)
to generate templates for W1 and W2. For

2MASS, PS1 and SDSS images, we extracted
the median full-width half-maximum of point

sources in each image and assumed that the
PSFs can be approximated by Gaussian profiles.

We used the tabulated zeropoints for GALEX,
PanSTARRS, SDSS and unWISE. Specifically,

we set the zeropoint of the GALEX FUV
and NUV images to 18.82 and 20.08 mag(AB)

(Morrissey et al. 2007), SDSS images to 22.5 mag(AB)9,

8 http://www.galex.caltech.edu/wiki/Public:Documentation
9 https://www.sdss.org/dr12/algorithms/magnitudes/

PS1 images to 25+2.5×log(Exposure time) mag(AB)10,

where the exposure time is given in seconds, and
unWISE W1 and W2 images to 22.5 mag(Vega)

(Lang 2014). To measure the zeropoint of the
2MASS images, we identified several tens of

stars in a given field from the 2MASS Point
source catalogue and compared the instrumen-

tal magnitudes to the tabulated magnitudes.
The 2MASS and unWISE zeropoints were con-

verted from the Vega to the AB system using
the offsets reported in Cutri et al. (2013) and

Blanton & Roweis (2007).
For SN 2018avk, there is a faint galaxy visible

∼ 2.5′′ east of the transient position (∼ 6 kpc if

at the same redshift). However, there is also
diffuse emission at the location of the tran-

sient, and strong galaxy emission lines seen
in the supernova spectra – given that 6 kpc

would be an unusually large offset for a SLSN-I
(e.g., Lunnan et al. 2015; Schulze et al. 2018),

we assume this diffuse emission is the true host
galaxy. We perform photometry at the transient

location in the same manner as with the other
objects, using an unconvolved aperture radius

of 0.75′′.
Table 4 summarizes all host measurements.

3. LIGHT CURVE PROPERTIES

3.1. Peak luminosities and light curve

timescales

As we do not, in general, have multicolor data
available, we do not attempt to construct bolo-

metric light curves for the purposes of measur-
ing light curve properties. Instead, we use the g-

band (where available) as our baseline for com-
puting light curve properties such as peak mag-

nitudes and timescales, allowing for easy com-
parison with the PTF SLSN-I sample published

in De Cia et al. (2018). We k-correct the light
curves to rest-frame g-band using our available

spectra; for light curve points before the earli-

10 https://outerspace.stsci.edu/display/PANSTARRS/PS1+FAQ+-+Frequently+asked+questions

http://www.galex.caltech.edu/wiki/Public:Documentation
https://www.sdss.org/dr12/algorithms/magnitudes/
https://outerspace.stsci.edu/display/PANSTARRS/PS1+FAQ+-+Frequently+asked+questions
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est spectrum we use the first k-correction mea-

sured; for light curves point after the last spec-
trum we use the last spectrum measured, and

for points in between we linearly interpolate be-
tween the two closest values. This approach

has some drawbacks: as our spectroscopic cov-
erage varies and we will only have a few spec-

tra for some objects, we have to extrapolate the
k-correction which introduces uncertainty. On

the other hand, the alternative of using some
well-measured SLSN (e.g. PTF12dam, as was

used by De Cia et al. 2018) will introduce un-
certainties due to the potentially different color

and spectroscopic evolution of PTF12dam com-

pared to our objects. In practice, since the
redshifts of our objects are all z < 0.3, the

difference between these choices are generally
< 0.1 mag.

To measure light curve timescales, we first
smooth/interpolate the light curves using Gaus-

sian Process regression. Following Inserra et al.
(2018a) and Angus et al. (2019), we use the

Python package george (Ambikasaran et al.
2015) and an optimized Matern 3/2 kernel to

perform the fits. We then measure the peak
luminosity in the g-band, and the rise and de-

cline timescales, defined as when the supernova
flux is a factor of 2 below peak. The resulting

peak times, peak luminosities, and timescales

are reported in Table 5.
Figure 5 shows the peak g-band luminosities

plotted against rise- and decline timescales, re-
spectively. SN 2018bym and SN 2018bgv both

fall within the general cloud of measurements
of the De Cia et al. (2018) sample, though

SN 2018bgv has a faster rise than any of the
objects measured. SN 2018don is both signifi-

cantly fainter and has a longer rise than most
of the PTF objects - if the g-band suffers from

& 1.5 mag extinction, as suggested by spec-
tral comparisons, it would be compatible with

the PTF sample luminosity-wise. The steep
drop in the light curve of this object affects

the measured decline time – had we chosen a

different timescale measure (e.g. one magni-
tude below peak), we would instead have mea-

sured a decline timescale of 59 days, closer to
that of SN 2018avk. We also note that both

SN 2018don and SN 2018avk are examples of
relatively faint and long-lived SLSNe, a combi-

nation that is rare in the PTF sample.
Since we have coverage of the rising phase of

the light curve in g-band for all four objects,
we use this to also estimate the explosion dates.

We do this by fitting a second-order polynomial
to the rise of the observed g-band light curves

in flux space, and extrapolating the fit to zero

flux. (For SN 2018don, where the observed r-
band extends earlier, we use the observed r-

band for this calculation instead, though note
that we get consistent explosion dates within

the error bars using either filter.) The estimated
explosion dates for each object are also listed in

Table 5. Note that the sharp, well-constrained
rise of SN 2018bgv caught in the ZTF data im-

plies that this object had a total rise-time from
explosion to peak of only 10 days.

We also note that none of the SLSNe dis-
cussed here show evidence of a pre-peak light

curve bump, which has been suggested to be an
ubiquitous feature of SLSN-I (Nicholl & Smartt

2016; but see also Angus et al. 2019). Our cov-

erage of the earliest phases of the light curves is
complicated by the issues with supernova flux

in the template images, however; the full ZTF
SLSN sample will be able to address this in more

detail.

3.2. Comparison to other SLSNe

Figure 5 gives some indication of how the

SLSN-I discussed here compare to other SLSNe
in terms of luminosity and timescale. A more

detailed comparison can be done in the phase-
space of luminosity, timescale and color, for

example using the framework proposed by
Inserra et al. (2018a) in their attempt to de-

fine SLSN-I statistically. We use our spectra to
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Figure 5. Peak absolute g-band magnitude plotted against rise timescale (left) and decline timescale (right)
for the H-poor SNe in our sample. Both timescales are defined as the time between peak and half flux. The
smaller circle for SN2018don shows the peak g-band magnitude if correcting for host galaxy reddening of
E(B − V ) = 0.4, corresponding to a 1.5 mag shift in g-band. The PTF sample from De Cia et al. (2018) is
shown as circles for comparison.

calculate K-corrections to the fiducial 400 nm
and 520 nm bandpasses used in Inserra et al.

(2018a), and calculate the peak luminosity and

decline rate over 30 days in the 400 nm fil-
ter, as well as the 400 − 520 color at peak and

at 30 days. We find that only SN 2018bym
falls within their statistical definition of the “4-

observables parameter space”11: SN 2018avk is
fainter than their sample given its slow decline

and relatively blue color 30 days after peak,
while SN 2018bgv’s color evolution is faster than

their sample (i.e., redder than expected 30 days
after peak given the very blue color at peak).

SN 2018don is, as expected, both fainter and
redder than their sample, but this is not sur-

prising if this object is suffering significant host
extinction. We note that even when assuming

11 These four parameters are (1) the peak luminosity
in the 400 nm filter, M(400)0; (2) the decline in mag-
nitudes in the 400 nm filter over the 30days following
peak brightness, ∆M(400)30; (3) the 400− 520 color at
peak, M(400)0 −M(520)0; (4) and the 400− 520 color
at +30 days, M(400)30 −M(520)30

host extinction according to E(B − V ) = 0.4
(which corresponds to 1.8 mag in the 400 nm

band and 1.3 mag in the 520 nm band), this

object is still too faint and red to be consistent
with the “4OPS” parameter space.

Figure 6 shows these same four supernovae
compared to some objects with similar light

curves in the literature. SN 2018bym has
a decay slope similar to SN 2010gx, but its

peak luminosity and rise slope more resembles
PTF09cnd. The timescales of SN 2018avk are

similar to the slowly-evolving PTF12dam, but
the peak luminosity is quite a bit fainter, and

the overall lightcurve resembles PTF10bjp and
PS1-12bqf. For SN 2018bgv, we do not find any

clear equivalents in the literature – the decay
slope may be similar to fast-evolving objects

like PS1-10bzj and SN 2010gx, but the rise is
faster and the peak luminosity fainter than ei-

ther of these. The early light curve appears

similar to PTF13bjz, but this object has very
sparse data so we cannot ascertain exactly how

similar these are.
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SN 2018don, with its steep post-peak drop and

subsequent plateau, is shown in comparison to
several other literature light curves with pro-

nounced bumps. The most similar in terms of
the post-peak slope and second bump is PS1-

12cil, but this object had a much faster rise and
narrower main peak, so that the rise and decay

slope are more consistent. Similarly, iPTF15esb
displays a series of bumps, and is similar to

SN 2018don on the decline – as the rise was
not observed in this object, we cannot ascertain

whether its overall light curve would have been
more similar to PS1-12cil or SN 2018don. Long-

lived SLSNe such as SN 2015bn have also been

shown to display post-peak bumps in their light
curves, but with less contrast between the bump

and an otherwise smooth and slow decline.

3.3. Color evolution

An advantage of the Gaussian Process inter-

polation is that it naturally outputs an estimate

of the predicted magnitude and associated un-
certainty between data points. We use these

g-band magnitudes, together with the interpo-
lated r-band magnitudes, to calculate the g− r

colors of our supernovae. The resulting color
curves are shown in Fig. 7.

With the exception of SN 2018don, all the su-
pernovae show a color starting out blue and

turning redder with time, consistent with an ex-
panding and cooling photosphere. SN 2018bgv

stands out in both having the bluest initial col-
ors, and in having the fastest color evolution by

far. SN 2018don is significantly redder than the
remaining objects throughout its entire evolu-

tion. As previously noted, this object could be

experiencing significant host galaxy reddening.
We also note that the color of SN 2018don

changes during the rapid decline and rebright-
ening, in particular that the decline in g-band

is larger than in r-band. We discuss possible
interpretations of this light curve feature and

associated color change in Section 6.1.2.

3.4. Blackbody fits

We use the code PhotoFit (Soumagnac et al.
2019) to fit blackbody functions to epochs where

we have at least three filters available (typi-
cally, epochs of either Swift/UVOT or LT ob-

servations). As described in the appendix of
Soumagnac et al. (2019), PhotoFit first interpo-

lates the light curve in each filter onto the given

epoch, then fits a Planck function at each epoch
after correcting for extinction, redshift and filter

transmission curves. Both of these fits are per-
formed using Monte Carlo Markov Chain sim-

ulations using emcee (Foreman-Mackey et al.
2013), allowing for uncertainties to be calcu-

lated at each epoch.
The resulting best-fit blackbody temperatures

and radii are shown in Figure 8. SN 2018bym
and SN 2018bgv show the hottest color tem-

peratures, which is consistent with these two
objects also displaying spectra with features

corresponding to higher temperatures, such as
O II, over this time period. As with the color

and overall light curve evolution, SN 2018bgv

shows the fastest temperature evolution. The
two different values plotted for each epoch of

SN 2018don correspond to the results when in-
cluding the potential host galaxy reddening of

E(B − V ) = 0.4 mag versus not.

4. SPECTROSCOPIC PROPERTIES

4.1. Spectral Features and Comparisons

The spectra of SN 2018bym, SN 2018bgv and
SN 2018avk all show features that are typical of

SLSN-I (e.g., Quimby et al. 2018). In particu-
lar, our earliest spectra of both SN 2018bym and

SN 2018bgv show blue continua with the char-

acteristic O II “W” - feature around 4500 Å ,
the strongest of a series of features due to this

ion, marked on the top spectrum in Fig. 2. As
the ejecta expand and cool, the spectra tran-

sition to showing features resembling SNe Ic,
with features from Ca II, Fe II, O I, Si II and

C I, among others.
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Figure 6. Light curves of the four SLSNe compared to some similar SLSNe from the literature. Comparison
data from De Cia et al. (2018), Lunnan et al. (2013, 2018a), Nicholl et al. (2016) and Yan et al. (2017). ZTF
data has been binned by day for presentation purposes. K-corrected data is used where available; in the case
of slightly higher-redshift objects (PS1-12bqf, PS1-10bzj and PS1-12cil) the observed filter closest to rest-
frame g-band is plotted with an approximate K-correction of 2.5× log(1+ z). The light curve of SN2018don
has been shifted upwards by 1.5 mag, as based on our estimate of the extinction from comparing the spectrum
to SN2007bi (Figure 4).

The spectrum of SN 2018don is significantly
redder than the other objects, and shows

features generally consistent with a Type I
SN – while spectral comparison codes like

SNID (Blondin & Tonry 2007) and Superfit
(Howell et al. 2005) finds matches to both SNe

Ia and Ic, the light curve rules out a SN Ia in-
terpretation. Fig. 4 shows a comparison of the

near-peak spectrum of SN 2018don compared to
the first spectrum of SN 2007bi (Gal-Yam et al.

2009). The spectral features match well, but the
continuum of SN 2007bi is significantly bluer –

the spectrum of SN 2018don is a good match
if dereddened by E(B-V) = 0.4 mag. If so,

the implied extinction in g- and r band is
Ag=1.52 mag and Ar=1.09 mag, respectively,

again assuming RV =3.1. This suggests the peak
luminosity of SN 2018don was at least −20 mag

in r-band, and supports the interpretation of
this object as a slowly-evolving SLSN-I.
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Figure 7. Observed ZTF g − r color of the four
supernovae. Color is calculated at the time of the
g-band observations (binned by day), and using
Gaussian Process interpolation to get the r-band
magnitude and uncertainties at the corresponding
times. Two objects stand out: SN2018don, which
shows a nearly constant color evolution and is much
redder than the other objects; and SN2018bgv
which evolves much faster than the other super-
novae.

Compared to the objects shown in Figure 2,

the spectroscopic evolution of SN 2018don is
slow, with the main features changing little over

the nearly 60 days we observe it. The primary
features are again typical of SN Ic, and are

marked on the +9d spectrum in Figure 3. We

do see a clear reddening of the continuum espe-
cially in the +44d spectrum – this is partially

due to the supernova itself turning redder as
the g-band drops faster than the r-band at the

light curve break around 30 days, and partially
because the host galaxy continuum is starting

to contribute significantly to the spectrum at
these late epochs. Such a slow spectroscopic

evolution has been seen in other SLSN-I of this
subtype, for example the well-studied PS1-14bj

(Lunnan et al. 2016), which also showed a spec-
trum similar to SN 2007bi and which hardly

showed any evolution over the ∼ 60 days of

spectroscopic observations in the photospheric

phase.

4.2. Velocities

Velocities in stripped-envelope supernovae are
commonly measured from the absorption min-

imum of the Fe IIλ5169 feature, which has

been suggested to be a good tracer of the pho-
tospheric velocity (Branch et al. 2002). We

use this feature to measure the velocity of the
H-poor SLSNe in our sample, following the

method developed in Modjaz et al. (2016) for
SNe Ic-BL. This method takes a SN Ic template

and applies a blueshift and broadening to match
the Fe IIλ5169 and Fe IIλλ4924,5018 features,

which are often blended together in both Ic-
BL and SLSN-I (Modjaz et al. 2016; Liu et al.

2017b). A complication with applying this tech-
nique to SLSNe is that it is not necessarily obvi-

ous which phase SN Ic template one should use,
since SLSN-I past peak often resemble SN Ic

around or before peak (e.g., Pastorello et al.

2010). In principle the template convolution
method should be insensitive to which template

is used (using a lower-velocity template would
result in a larger blueshift measured but the

same total velocity), though we find that in
spectra of limited S/N there is still some scatter.

Therefore, we try a range of template phases for
each spectrum, and report the median velocity

measured as our best estimate. Typically the
template-to-template scatter is smaller than the

uncertainties of each velocity measurement; in
the cases where it is not we report the standard

deviation from the measurements with different
templates as the uncertainty.

The velocities we measure are plotted in Fig-

ure 9, together with the SLSN-I sample mea-
sured by Liu et al. (2017b) using the same

method. They caution that in pre-peak mea-
surements, there can be some contamination

from Fe III around the wavelength of Fe IIλ5169
in SLSN-I, and only consider measurements

10 days past peak as reliable.
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Figure 8. Derived blackbody temperatures (left) and radii (right) from fitting a Planck function to pho-
tometry epochs with at least three filters available. The smaller points for SN2018don show the inferred
values if assuming host galaxy extinction according to E(B − V ) = 0.4 mag.

An alternative to using the Fe II lines at early

times is to use the O II lines instead. Figure 9
also shows (as open symbols) the velocities in-

ferred from the O II lines in the first spectra of
SN 2018bym and SN 2018bgv, using the wave-

lengths given in Quimby et al. (2018) as the
reference. The velocities from O II are gener-

ally lower than those measured from Fe II for
these two supernovae, despite being at an ear-

lier phase. This is consistent with the trend
found in Quimby et al. (2018) of the O II lines

both tracing lower velocities and declining more

rapidly than the Fe II lines, indicating that the
O II lines form in deeper levels of the ejecta.

5. HOST GALAXY PROPERTIES

Previous studies have shown that SLSN-
I tend to preferentially happen in low-mass,

metal-poor dwarf galaxies (Lunnan et al. 2014,

2015; Leloudas et al. 2015; Perley et al. 2016;
Angus et al. 2016; Chen et al. 2017a; Schulze et al.

2018). In this section, we fit spectral energy
distributions (SEDs) to our compiled archive

photometry of the host galaxies (Section 2.5)
in order to derive basic host properties and

compare to the literature sample.
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Figure 9. Velocities as measured from the
Fe II feature, using the method developed by
Modjaz et al. (2016). Data for other SLSNe, taken
from Liu et al. (2017b), are shown as gray circles
in the background. Also shown, as an open dia-
mond and triangle, respectively, are O II measure-
ments from the earliest spectra of SN2018bym and
SN2018bgv.

To fit SEDs, we use the stellar population

synthesis code FAST (Kriek et al. 2009), using
the Maraston (2005) stellar population library,
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a Salpeter initial mass function (IMF), an expo-

nentially declining star formation history and a
Milky Way-like extinction curve. While we do

not have host galaxy spectra available, several
of our supernova spectra do show host emission

lines, which we use to inform the model grid
metallicities and extinction ranges. In particu-

lar, the host of SN 2018avk has strong emission
lines, where the ratio of Hα to Hβ constrains

the extinction to be close to zero. Similarly, for
the SN 2018bym, SN 2018avk and SN 2018bgv

host galaxies, we assume a model metallicity of
0.5 Z⊙, while for the host of SN 2018don we as-

sume solar metallicity based on the relatively

strong [N II]λλ6548,6584Å host emission lines
compared to Hα seen in the spectra.

The derived host galaxy stellar masses, extinc-
tion, stellar population ages and star formation

rates are listed in Table 6, and the SED fits
are shown in Figure 10. The SEDs of the hosts

of SN 2018avk and especially SN 2018bym are
not particularly well constrained, and the latter

lacks any UV data to constrain the star forma-
tion rate in the fit. The host of SN 2018don

has the best sampled SED, and is the only
galaxy out of the four with derived stellar mass

> 109 M⊙. We note that while the best-
fit model (with a reduced χ2 statistic of 0.6)

has AV = 0, models with AV up to 1.8 are

within the 1σ uncertainty range. If we assume
AV ≃ 1.2 as suggested by the supernova spec-

tral comparisons, the resulting host model has
a similar mass but younger stellar population

age (as expected from the age-extinction degen-
eracy), and the fit has a reduced χ2 of 1.06.

The galaxy photometry is therefore consistent
with the possibility that the supernova is signif-

icantly reddened.
To put the host galaxies in context, we plot

the galaxy stellar masses in Figure 11, com-
pared to literature data over the same redshift

range (Perley et al. 2016; Schulze et al. 2018;
Bose et al. 2018). The hosts of SN 2018avk,

SN 2018bym and SN 2018bgv are consistent

with the bulk of SLSN host galaxies at this
redshift, which are dominated by dwarf galax-

ies. The host of SN 2018don stands out by being
one of the most massive SLSN-I host galaxies

found to date at low redshift – it is not unique,
however: the host of PTF10uhf has a derived

stellar mass > 1011 M⊙ (Perley et al. 2016), and
the host of SN 2017egm similarly has a stellar

mass of several times 1010 M⊙ (Bose et al. 2018;
Nicholl et al. 2017a). Thus, SN 2018don adds

to the small but growing sample of SLSN-I that
occur in high-mass, solar metallicity galaxies.

We caution, however, that the global properties

of the host galaxy do not necessarily correspond
to the conditions at the explosion site, as the

study of the very nearby SN 2017egm has shown
(Chen et al. 2017b; Izzo et al. 2018; Yan et al.

2018).

6. DISCUSSION

6.1. Diversity within the SLSN population

While this paper only presents a few objects,

the first SLSNe discovered by ZTF hints at the
large diversity present in this population. It is

worth noting that out of the four objects dis-
cussed here, only SN 2018bym meets the “orig-

inal” definition of a SLSN (peak absolute mag-
nitude brighter than −21 mag; Gal-Yam 2012)

as well as the definition more recently proposed
by Inserra et al. (2018a). This is consistent

with results from recent compilation studies
from untargeted surveys, however: the SLSN

samples from Pan-STARRS1 (Lunnan et al.
2018a), (i)PTF (De Cia et al. 2018) and DES

(Angus et al. 2019) all find a significant pop-

ulation of objects with spectra consistent with
SLSNe but luminosities extending at least down

to −20 mag (and in the case of DES, down to-
wards −19 mag).

Additionally, the vast majority of SLSN-I dis-
covered to date display rise timescales signif-

icantly slower than the 10 days observed in
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Figure 10. Best-fit host galaxy SEDs, derived with the FAST stellar population synthesis code. Black
points show the observed photometry, while the red lines show the model SED. SN2018bgv and SN2018don
(bottom panels), which have a wider range of data, are shown on a log scale for clarity.

SN 2018bgv (Lunnan et al. 2018a; De Cia et al.

2018). It is not clear whether this reflects

the true underlying distribution of timescales
in the population, or whether shorter timescale

events are underrepresented because an easy
way to discriminate most known SLSNe from

more common transients like SN Ia is to fil-
ter on longer light curve rise times. Com-

plete spectroscopic surveys, such as the ZTF
Bright Transient Survey (Fremling et al. 2018;

Kulkarni et al. 2018), will play an important
role in mapping out the true diversity.

6.1.1. Powering the Fast Light Curve of
SN 2018bgv

With a rest-frame g-band rise time of just

10 days as measured from the inferred explo-

sion date (and 7 days as measured from time
of half peak flux), SN 2018bgv is starting to

approach the timescales of so-called “rapidly
evolving transients” or “fast, blue, luminous

transients” (Drout et al. 2014; Arcavi et al.
2016; Pursiainen et al. 2018; Rest et al. 2018).

There does not exist a unified definition of such
objects, but is generally applied to transients

with luminosities comparable to normal super-
novae but significantly faster timescales, rul-

ing out a 56Ni powering mechanism. We note
that SN 2018bgv would have met the criteria

of Arcavi et al. (2016), who looked at objects



18 Lunnan et al.

0.00 0.05 0.10 0.15 0.20 0.25 0.30

6

7

8

9

10

11

0.00 0.05 0.10 0.15 0.20 0.25 0.30
Redshift

6

7

8

9

10

11

Lo
g 1

0(
S

te
lla

r 
M

as
s/

M
su

n)

Literature sample
SN2018bgv
SN2018bym
SN2018don
SN2018avk

Figure 11. Host galaxy stellar mass plotted as a
function of redshift for the four SLSN-I. Literature
data for other low-redshift SLSN-I host galaxies are
plotted as gray circles.

from the Supernova Legacy Survey with a rise

time of ≈ 10 days and peak magnitudes be-
tween (what was then considered) “typical”

SLSNe and SNe (i.e., Mpeak ∼ −20 mag). The
link to rapidly evolving transients is also in-

teresting because two objects in this category,
detected and followed up in real time by iPTF

and ZTF respectively, showed late-time spec-
tra classifying them as broad-lined Type Ic

SNe (iPTF16asu; Whitesides et al. 2017, and

ZTF18abukavn/SN 2018gep; Ho et al. 2019).
SN 2018gep is particularly interesting in this

context, as its spectrum taken ∼ 4 days past ex-
plosion showed features similar to the hot pho-

tospheric phase of SLSN-I, including the char-
acteristic O II feature. At significantly higher

redshift (z = 0.677), SN 2011kl associated with
the ultra-long gamma ray burst GRB111209A

also showed comparable timescales and peak
luminosity to SN 2018bgv, and has been ar-

gued to show spectroscopic similarities to
SLSN-I (Greiner et al. 2015; Kann et al. 2019;

Liu et al. 2017b). From an empirical point of
view, then, there seems to be a continuous tran-

sition between the properties of some stripped-

envelope supernovae that have been considered

fast, luminous transients, at least one with di-
rect evidence of a central engine, and others

that are considered SLSN-I.
The fast rise, high luminosities and blue col-

ors of such rapidly evolving transients is often
explained by either circumstellar interaction

or shock cooling in an extended circumstellar
medium (Drout et al. 2014; Rest et al. 2018;

Whitesides et al. 2017; Ho et al. 2019). Having
a naturally truncated energy input, such mod-

els can more easily explain short-duration light
curves; recently Chatzopoulos & Tuminello

(2019) found that CSM interaction models

also did a better job of explaining SLSN-I
light curves exhibiting either short-duration or

symmetric light curves. However, a magnetar
model, which can successfully explain both light

curves and spectra of SLSN-I (Kasen & Bildsten
2010; Woosley 2010; Inserra et al. 2013; Mazzali et al.

2016; Nicholl et al. 2017b; Dessart et al. 2012;
Dessart 2019), has also been considered in the

context of luminous transients evolving on this
timescale (Greiner et al. 2015; Whitesides et al.

2017; Wang et al. 2019). To investigate whether
a magnetar model can still account for the un-

usual properties of SN 2018bgv, we use the code
MOSFiT (Guillochon et al. 2018). We find that

a magnetar model can reproduce the multiband

light curve of SN 2018bgv with the following key
parameters: ejecta mass Mej = 1.35+0.27

−0.22 M⊙,

magnetic field B = 4.80+2.66
−1.59×1014 G, and initial

spin P = 7.24+1.28
−1.63 ms. Compared to the SLSN

sample analyzed with MOSFiT in Nicholl et al.
(2017b), this would make SN 2018bgv an out-

lier in all three properties: it has both a lower
ejecta mass, higher magnetic field and slower

initial spin than any object in their literature
sample. This is not in itself an argument against

SN 2018bgv being magnetar-powered, however,
but rather another manifestation that the light

curve properties of SN 2018bgv are unusual
among SLSNe observed to date. The low ejecta
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mass (and relatively high velocities) result in a

short diffusion time, necessary to produce the
fast rise, but the derived ejecta mass is still

within the range found for SN Ic in the litera-
ture, if on the low side (e.g. Drout et al. 2011;

Taddia et al. 2018; Prentice et al. 2019). Thus,
we find that a fast-rising object like SN 2018bgv

can still plausibly be powered by a magnetar,
but requires slightly different parameters than

the population of SLSNe observed to date. Fi-
nally, SN 2018bgv may be explained by a binary

neutron star (like binary pulsar PSR J0737-
3039A/B) model where a low mass ejecta from

a new born magnetar is interacting with pul-

sar wind from the secondary NS companion
(Hotokezaka et al. 2017).

6.1.2. Understanding the Bumpy Light Curve of
SN 2018don

Like SN 2018bgv, SN 2018don stands out from
“typical” previously observed SLSN-I in multi-

ple ways. To begin with, our classification of

this object as a SLSN-I relies on its spectro-
scopic similarity to SN 2007bi (Figure 4) and the

corresponding assumption that the supernova is
experiencing significant host galaxy extinction.

Even if not reddened, however, SN 2018don
would remain a highly unusual object: in this

case it would be classified as an intrinsically
long-lived, luminous and red SN Ic.

Going by the assumption that SN 2018don
is best described as a SN 2007bi-like SLSN-I, it

joins a small but growing sample of such objects
showing significant light curve undulations on

the decline. Such undulations have been seen
in a number of objects, including SN 2007bi

itself (Gal-Yam et al. 2009) and PS1-14bj

(Lunnan et al. 2016), though one of the most
striking examples is SN 2015bn (Nicholl et al.

2016), which had densely sampled multiband
photometry and spectroscopy out to & 100 days

past peak light. Other examples of promi-
nent light curve undulations in SLSN-I include

PS1-12cil (Lunnan et al. 2018a), iPTF15esb

(Yan et al. 2017), iPTF13dcc (Vreeswijk et al.

2017) and PS16aqv (Blanchard et al. 2018b); as
was also seen in SN 2015bn and iPTF15esb, the

undulations in SN 2018don are more prominent
in the bluer bands.

Such light curve undulations are not easily
explained by powering mechanism such as ra-

dioactive decay or magnetar spin-down, which
produce smoothly decaying light curves, at least

under the simplifying assumption of complete
energy trapping and constant opacity. Thus,

explanations for light curve bumps and undu-
lations generally involve either changes in the

opacity, or an alternative power source. For ex-

ample, the model of Metzger et al. (2014) pre-
dicts a UV breakout when the O II layer reaches

the ejecta surface, leading to a rapid drop in
UV opacity. This explanation was considered

by Nicholl et al. (2016) for the “knee” in the
light curve of SN 2015bn around 30 days, which

is also a similar timescale as the temporary flat-
tening seen in SN 2018don. In SN 2015bn this

change was also associated with a change in the
spectrum, which transitioned from the hot pho-

tospheric phase showing O II features prior to
the light curve “knee”, and displayed features

typical of the cool photospheric phase after-
wards. Given that SN 2018don shows features

typical of the cool photospheric phase also be-

fore the light curve drop and plateau, it is less
clear that the same explanation will apply here,

however.
Alternatively, it has been suggested that such

light curve undulations result from circumstel-
lar interaction, either in a light curve entirely

powered by interaction, or as a modulation of
the light curve on top of another power source

such as radioactive decay or magnetar spin-
down. Some SN IIn (whose narrow hydrogen

lines in the spectra are a tell-tale sign of CSM
interaction) have been seen to exhibit such light

curve bumps (e.g. SN 2006jd; Stritzinger et al.
2012, SN 2013Z; Nyholm et al. 2017; see also
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the recent compilation in Nyholm et al. 2019).

In an interaction scenario, such light curve
changes are naturally explained as the ejecta

encounters a change in the CSM density; light
curves with multiple peaks/bumps therefore re-

quire a CSM structure that deviates from a
smooth profile (such as the ρ ∝ r−2 profile

expected from a stellar wind). Light curves
of several SLSN-I showing bumps have been

successfully modelled as powered by interac-
tion with multiple shells of circumstellar ma-

terial (Liu et al. 2018). Such a CSM struc-
ture could arise from an eruptive mass-loss

history; SLSNe in particular have been linked

with stars encountering the pulsational pair-
instability in their final stages of evolution

(Woosley et al. 2007; Chatzopoulos & Wheeler
2012; Woosley 2017), leading to the ejection

of multiple shells of material. Several SLSN-
I, including iPTF15esb, have also shown late-

time Hα emission, interpreted as arising from
the supernova ejecta interacting with a H-rich

CSM shell (Yan et al. 2015, 2017). Recently, a
CSM shell around a SLSN was also detected di-

rectly through a resonance scattering light echo
(Lunnan et al. 2018b). Thus, although SLSN-I

spectra (including SN 2018don) generally do not
show classical signatures of CSM interaction in

the form of narrow emission lines, there is in-

creasing evidence that some SLSN-I progenitors
experience significant, eruptive mass loss prior

to explosion. As such, we consider CSM interac-
tion a plausible explanation for the light curve

variations seen in SN 2018don, although a de-
tailed exploration of the density profile required

is out of the scope of this paper.

6.2. Strategies for selecting SLSNe from large

data sets

The objects discussed in this paper, while few,
serve to illustrate several challenges in identi-

fying SLSNe in large, photometric data sets,
particularly in real-time. As previous compi-

lation studies have found that SLSNe gener-

ally exhibit slower timescales than SN Ibc and

SN Ia (Nicholl et al. 2015; Lunnan et al. 2018a;
De Cia et al. 2018), filtering on long observed

rise times is one obvious strategy for reducing
contamination from more common SNe. Such

a strategy would have missed an object like
SN 2018bgv, and insofar as none of the large sur-

veys presenting samples on SLSNe to date have
been spectroscopically complete, it is tricky to

ascertain whether such short-timescale SLSNe
are intrinsically rare or systematically missed.

While SN 2018bgv, being relatively nearby for
a SLSN (z = 0.079) and having a peak ob-

served magnitude of ∼ 17 mag probably would

have been picked up for classification regardless
of whether it was recognized as a likely SLSN,

it is unclear whether the same had been true
of a similar object at z ∼ 0.2 − 0.3 (which

was the typical redshift of SLSNe found in
PTF and iPTF, De Cia et al. 2018). With cor-

respondingly noisier photometry and slightly
longer observed timescales due to time dilation,

a higher-redshift analogue of SN 2018bgv would
be harder to distinguish against the background

of SN Ia.
However, a striking property distinguishing

SN 2018bgv from SN Ia is its color, showing
g − r ≃ −0.4 mag at peak, while SN Ia typi-

cally show g − r ≃ 0 mag (Miller et al. 2017).

We note that the objects with the fastest rise
timescales in the PS1 SLSN-I sample are also

the ones with the highest measured blackbody
temperatures (Lunnan et al. 2018a), suggest-

ing blue colors may be a way to distinguish
the faster-evolving SLSN-I. This is opposite of

the trend described in Inserra et al. (2018a),
however, who found that faster light curve

timescales were weakly correlated with redder

colors at peak. (Time scale in their work was

measured by the light curve decline 30 days past
peak in the 400 nm filter, though other works

have found that rise- and decline timescales are
tightly correlated in SLSNe; Nicholl et al. 2015;



First ZTF SLSNe 21

De Cia et al. 2018.) The full SLSN sample from

ZTF, providing well-sampled (1-3 day cadence)
light curves in two filters, will be in a good

position to explore this question.
Beyond light curve properties, other contex-

tual information can also be used to pick out
SLSNe. If a host galaxy redshift (photometric

or spectroscopic) is available, this can be used to
pick out intrinsically luminous transients; such

a strategy has been successfully employed to
find likely SLSNe at z & 2 (Cooke et al. 2012;

Moriya et al. 2019; Curtin et al. 2019). Stud-
ies assessing the discovery rate and detectabil-

ity of SLSNe in LSST have also assumed that

at least photometric redshifts will be available
(Villar et al. 2018, 2019). Challenges with this

strategy include that many SLSNe (including
3 out of the 4 discussed in this paper) are

found in dwarf galaxies, requiring correspond-
ingly deeper photometry for reliable photomet-

ric redshifts; conversely requiring host galaxies
with well-determined redshifts could bias the

sample towards objects in brighter host galax-
ies. Additionally, objects like SN 2018don shows

that there can be SLSN-I with significant host
galaxy reddening, which puts the absolute mag-

nitude (as observed) outside of the range of
typical SLSN-I. Similarly, it has also been sug-

gested to exploit the fact that many SLSN-I are

found in dwarf galaxies to use either host galaxy
brightness/colors or the contrast between super-

nova and host galaxy brightness as a filter (e.g.,
McCrum et al. 2015). Again, while such a filter

might have picked up the three objects in more
“typical” SLSN-I host galaxies, it would have

missed SN 2018don, which is neither brighter
than its host galaxy nor located in a partic-

ularly faint or blue host galaxy. The diver-
sity displayed in the first SLSNe discovered by

ZTF thus illustrates that no single parameter
cut is sufficient to distinguish SLSNe from other

types, and we face several challenges in selecting
SLSNe from a large data stream; the strategy

adopted by the ZTF SLSN group will be pre-

sented in Perley et al. (2019, in preparation).

7. CONCLUSIONS

We have presented light curves and spectra
of four luminous supernovae found during the

first months of the ZTF survey, and argue that

they can all be classified spectroscopically as
SLSN-I. Of the four, only SN 2018bym resem-

bles a “classical” SLSN-I as defined by an abso-
lute magnitude < −21 mag (Gal-Yam 2012), or

as by falling into the “4OPS” parameter space
defined statistically by Inserra et al. (2018a).

This variety echoes recent results from previ-
ous untargeted transient surveys, which have

shown that the diversity in spectroscopically
classified SLSN-I is larger than was found in the

earlier literature samples (Lunnan et al. 2018a;
De Cia et al. 2018; Angus et al. 2019).

All four SLSN-I discussed here have at least
nightly (weather-permitting) light curve cover-

age in g and r from ZTF, allowing for excel-

lent coverage of the rising phase of the light
curve including color information, and enabling

estimation of explosion times. We note in par-
ticular that SN 2018bgv shows a rise time (ex-

plosion to peak in the rest-frame g-band) of
just 10 days, the fastest seen in a SLSN-I to

date, and is starting to approach the area of
timescale-luminosity parameter space occupied

by so-called fast, blue, luminous transients. The
properties of SN 2018bgv can still be explained

by a magnetar-powered model, but requires an
unusually small ejecta mass (≃ 1 M⊙) in order

to reproduce the fast rise-time.
Like SN 2018bgv, SN 2018don pushes the

boundaries of properties of observed SLSN-

I to date, with an observed peak color of
g − r ≃ 0.7 mag and a peak observed absolute

magnitude of r ≃ −19.0 mag. Based on spec-
troscopic comparisons with SN 2007bi, we still

classify this object as a SLSN-I, but with sig-
nificant host galaxy reddening (E(B−V )host &

0.4 mag). Under this assumption, SN 2018don
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is compatible with previously observed SLSNe

luminosity-wise, though at the faint and slowly-
evolving end of the distribution. Its other strik-

ing property is significant light curve undula-
tions post-peak, including a drop of 0.75 mag

in g-band and 0.6 mag in r-band over a time
period of ∼ 10 days, followed by a flattening

before the light curve decline continues. These
undulations are of the more extreme seen in

SLSN-I, with iPTF15esb (which later showed
signs of CSM interaction through emerging Hα

emission; Yan et al. 2017) being the closest ob-
served analogue. We speculate that interaction

may also be at play in causing the undulations

in SN 2018don.
The four objects presented here illustrate both

the promise and challenges of finding SLSNe in
large-scale surveys like ZTF. The demonstrated

variety in both light curve timescales, observed
colors, and host galaxy properties show how

filtering on any one attribute is likely to miss
objects that nevertheless should be considered

SLSN-I. At the same time, the large area cover-
age and regular sampling in two filters by ZTF

shows great promise in further mapping out
the properties of SLSN-I, in particular increas-

ing the sample of SLSNe with coverage through
both the rise and decline and with continuous

color information. As the detection efficiency

during science validation will be low compared
to the full survey (due to both lack of reference

coverage and to algorithms still being tuned),
the discovery rate of SLSNe in ZTF over the

lifetime of the survey is expected to be consider-
ably higher than these four objects over a time

period of two months would suggest. Future
work, including discussions on candidate selec-

tion, completeness, rates and the properties of
the first SLSN-I sample from ZTF (Perley et al.,

in preparation; Yan et al., in preparation) will
explore these questions in detail.
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Table 1. List of SLSNe

ZTF name IAU name RA Dec Redshift E(B-V)a

(J2000) (J2000) (mag)

ZTF18aaisyyp SN2018avk 13h11m27.72s +65◦38′16.7′′ 0.132 0.012

ZTF18aapgrxo SN2018bym 18h43m13.42s +45◦12′28.2′′ 0.274 0.052

ZTF18aavrmcg SN2018bgv 11h02m30.29s +55◦35′55.8′′ 0.079 0.008

ZTF18aajqcue SN2018don 13h55m08.65s +58◦29′42.0′′ 0.073 0.009

aFrom Schlafly & Finkbeiner (2011)

Table 2. Photometry

Object MJD Phase Filter AB mag Telescope+Instrument

(days) (rest-frame days)

SN 2018bym 58232.5 -37.7 g 20.82± 0.13 P48+ZTF

SN2018bym 58232.5 -37.7 g 20.52± 0.11 P48+ZTF

SN2018bym 58234.4 -36.2 g > 20.30 P48+ZTF

SN2018bym 58234.4 -36.2 g > 20.30 P48+ZTF

SN2018bym 58234.5 -36.2 g 20.43± 0.14 P48+ZTF

SN2018bym 58234.5 -36.2 g 20.61± 0.18 P48+ZTF

SN2018bym 58234.5 -36.1 g 20.60± 0.18 P48+ZTF

SN2018bym 58235.4 -35.4 g 20.42± 0.25 P48+ZTF

SN2018bym 58235.4 -35.4 g 20.19± 0.20 P48+ZTF

SN2018bym 58235.4 -35.4 g 20.17± 0.22 P48+ZTF

Note—The full table is available in electronic form. A portion is shown here for guidance.
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Table 3. Summary of Spectroscopic Observations

Object Observation Date Phase Telescope+Instrument Gratinga Exp. timea Airmass

(YYYY MM DD.D) (rest-frame days) (s)

SN 2018avk 2018 May 04 -11.66 NOT+ALFOSC Gr 4 1800 1.3

SN 2018avk 2018 May 14.3 -2.56 KeckI+LRIS 400/3400,400/8500 840,800 1.4

SN 2018bym 2018 May 31 -9.34 NOT+ALFOSC Gr 4 2400 1.4

SN 2018bym 2018 Jun 12 +0.08 P200+DBSP 600/4000,316/7500 600 1.13

SN 2018bym 2018 Jun 17.5 +4.4 KeckI+LRIS 400/3400,400/8500 600,570 1.4

SN 2018bym 2018 Jul 12.6 +24.10 KeckI+LRIS 400/3400,400/8500 600,600 2.0

SN 2018bgv 2018 May 20 +4.45 LT+SPRAT Wasatch600 300 1.6

SN 2018bgv 2018 May 23 +7.23 NOT+ALFOSC Gr 4 2× 2400 1.3

SN 2018bgv 2018 May 31 +14.64 NOT+ALFOSC Gr 4 900 1.3

SN 2018bgv 2018 Jun 04 +18.34 NOT+ALFOSC Gr 4 2x2400 1.4

SN 2018bgv 2018 Jun 10 +23.90 NOT+ALFOSC Gr 4 900 1.3

SN 2018bgv 2018 Jun 13 +26.68 NOT+ALFOSC Gr 4 2× 2400 1.3

SN 2018bgv 2018 Jul 17 +58.18 P200+DBSP 600/4000,316/7500 1200 1.7

SN 2018don 2018 May 16.3 -12.95 P200+DBSP 600/4000,316/7500 900 1.2

SN 2018don 2018 May 16.9 -12.39 LT+SPRAT Wasatch600 300 1.2

SN 2018don 2018 May 30 -0.19 NOT+ALFOSC Gr 4 2× 2400 1.1

SN 2018don 2018 Jun 09.4 +9.50 P200+DBSP 600/4000,316/7500 900 1.6

SN 2018don 2018 Jun 25 +24.04 NOT+ALFOSC Gr 4 2× 2400 1.2

SN 2018don 2018 Jul 17.2 +44.72 P200+DBSP 600/4000,316/7500 600 1.4

aComma-separated values indicate setup for blue and red arms, respectively.
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Table 4. Host Galaxy Photometry

Object Filter AB mag Telescope

SN 2018avk g 23.26 ± 0.12 SDSS

SN2018avk r 22.45 ± 0.12 SDSS

SN2018avk i 22.44 ± 0.16 SDSS

SN2018avk gP1 23.26 ± 0.22 PS1

SN 2018avk rP1 22.51 ± 0.12 PS1

SN 2018avk iP1 22.88 ± 0.12 PS1

SN 2018bym g 23.02 ± 0.16 CFHT

SN2018bym r 22.42 ± 0.06 CFHT

SN2018bym rP1 22.46 ± 0.19 PS1

SN 2018bym iP1 22.35 ± 0.14 PS1

SN 2018don NUV 22.01 ± 0.14 GALEX

SN2018don u 20.37 ± 0.17 SDSS

SN2018don g 18.99 ± 0.03 SDSS

SN2018don r 18.26 ± 0.02 SDSS

SN2018don i 17.92 ± 0.02 SDSS

SN2018don z 17.60 ± 0.07 SDSS

SN2018don gP1 19.04 ± 0.04 PS1

SN 2018don rP1 18.31 ± 0.02 PS1

SN 2018don iP1 17.98 ± 0.04 PS1

SN 2018don zP1 17.77 ± 0.04 PS1

SN 2018don yP1 17.58 ± 0.09 PS1

SN 2018don J 17.23 ± 0.18 2MASS

SN2018don H 17.38 ± 0.32 2MASS

SN2018don K 17.46 ± 0.28 2MASS

SN2018don W1 17.94 ± 0.05 WISE

SN2018don W2 18.28 ± 0.09 WISE

SN2018bgv UVW2 20.92 ± 0.07 UVOT

SN2018bgv UVM2 20.77 ± 0.06 UVOT

SN2018bgv UVW1 20.60 ± 0.12 UVOT

SN2018bgv U 20.72 ± 0.26 UVOT

SN2018bgv u 20.96 ± 0.14 SDSS

SN2018bgv g 19.96 ± 0.03 SDSS

SN2018bgv r 19.74 ± 0.07 SDSS

SN2018bgv i 19.26 ± 0.06 SDSS

SN2018bgv z 19.23 ± 0.16 SDSS

SN2018bgv gP1 19.93 ± 0.03 PS1

SN 2018bgv rP1 19.70 ± 0.06 PS1

SN 2018bgv iP1 19.44 ± 0.06 PS1

SN 2018bgv zP1 19.42 ± 0.09 PS1

SN 2018bgv yP1 19.61 ± 0.14 PS1

SN 2018bgv J 19.26 ± 0.32 2MASS

SN2018bgv W1 20.12 ± 0.11 WISE
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Table 5. Summary of Light Curve Properties

Object g-band Peak Date g-band Peak Luminosity Explosion datea g-band rise (t1/2) g-band decline (t1/2)

(MJD) (mag) (MJD) (rest-frame days) (rest-frame days)

SN 2018avk 58255.2 −20.30 58199.0 ± 0.3 35 67

SN 2018bym 58280.9 −22.05 58230.1 ± 0.5 24 30

SN 2018bgv 58253.2 −20.68 58242.5 ± 0.1 7 17

SN 2018don 58268.2 −18.65b 58213.6 ± 0.5 33 36

aAssuming the rise in flux is described by a second-order polynomial. Quoted error bars include statistical uncertainty only,
and do not account for e.g. systematic uncertainty comparing different functional forms for the rise.

b If assuming E(B-V) = 0.4 mag, the reddening-corrected g-band peak magnitude would be −20.09 mag.

Table 6. Summary of Host Galaxy Properties

Object log10(Stellar Mass) AV log10(Age) SFR

(M⊙) (mag) (yr) (M⊙ yr−1)

SN 2018avk 7.82+0.07
−0.08 0.03+0.00

−0.03 8.40+0.51
−0.15 · · ·

SN 2018don 9.78+0.16
−0.28 0.00+1.81

−0.00 9.50+0.29
−1.35 0.087+6.222

−0.008

SN 2018bym 8.58+0.38
−0.64 0.03+1.41

−0.03 8.20+1.22
−1.38 · · ·

SN 2018bgv 8.64+0.11
−0.10 0.00+0.14

−0.00 9.00+0.31
−0.33 0.316+0.120

−0.047


